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Preface 

Ceramic matrix composites combine reinforcing ceramic phase with a 

ceramic matrix to create materials with new and superior properties. The 

primary goal of the ceramic reinforcement is to enhance characteristics such as 

toughness, hardness, electrical conductivity, thennal conductivity. thennal 

expansion coefficient and thennal shock resistance. The combination of these 

characteristics makes ceramic matrix composites attractive alternatives to 

traditional processing industrial materials such as high alloy steels and 

refractory metals. 

The properties of ceramics are determined by the properties of each 

phase present in the sample. There are several factors that detennine the phase 

distribution and how they operate in ceramic systems. Preparation methods also 

play a key role in the properties of sintered ceramics. The increasing industrial 

application of nanocomposites related to thennal. electronic, machinable and 

bioceramics fields have generated considerable interest in developing 

nanocomposites through novel methods like sol-gel core shell approach in 

addition to solid state method. 

The thesis entitled "Sol-Gel AlumJna Nano Composites for 

Functional Applications" investigate sol-gel methods of synthesis of a1umina 

Danocomposites special reference to alumina-aluminium titanate and alumina­

lanthanum phosphate composites. The functional properties such as thennal 

expansion coefficient and thennal shock resistance, machinability of 

viii 



composites as well as thermal protection are highlighted in addition to novel 

approach in synthesis of composites. 

A general introduction of alumina matrix composites materials, 

followed by brief coverage of alumina-aluminium titanate and alumina­

lanthanum phosphate composites is highlight of the first chapter. The second 

chapter deals with the sol-gel synthesis of aluminium titanate and alumina­

aluminium titanate composite. The synthesis of machinable substrate, based on 

alumina and lanthanum phosphate forms the basis of the third chapter. The 

fourth chapter describes the sol-gel coating of mullite on SiC substrate for the 

possible gas filtration application. 
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Chapter I 

An Introduction to Alumina Matrix Composites, Sol-Gel 

Approach and the Present Work 

1.1 Introduction to Composites: An Overview 

Ceramic materials are generally high temperature inorganic compounds 

such as oxides, nitrides, carbides, boride and structurally stable system. 1
.
2 

Ceramics are generally classified as conventional or traditional ceramics which 

consist of clay and clay based materials, and high-tech or advance ceramics which 

are from synthetic raw materials and having specific structural and functional 

properties.} The major attraction of structural ceramics has always been the 

capability of operating at temperatures far above those of metals. Structural 

applications include engine components, cutting tools and chemical process 

equipments. Electronic applications for ceramics with low coefficient of thermal 

expansion and high thermal conductivity include superconductors, substrates, 

d 
. 4 magnets, an capacitors. 

Ceramic matrix composites were developed to overcome the intrinsic 

brittleness and lack of reliability of monolithic ceramic, with a view to introduce 

ceramics in structural parts used in severe environments, such as rocket and jet 

engines, gas turbines for power plants, heat shields for space vehicles, fusion 

reactor first wall, and heat treatment fumaces. 5 Ceramic matrices can be 

categorized as either oxides or non-oxides and in some cases may contain residual 



metal after processing.6
,7 Some of the more common oxide matrix includes 

alumina, silica, and mullite. Of these, alumina and mullite have been the most 

widely used because of their in service thermal and chemical stability and their 

compatibility with common reinforcements. 

Ceramic matrix composites combine reinforcing ceramic phase with a 

ceramic matrix to cerate materials with new and superior properties. The primary 

goal of the ceramic reinforcement is to enhance characteristics such as toughness, 

electrical conductivity, thermal conductivity, thermal expansion coefficient, 

thermal shock resistance and hardness of the composites.x,'! The combination of 

these characteri sties makes ceramic matri x composi tes attracti ve altemati ves to 

traditional processing industrial materials such as high alloy steels and refractory 

metals. The properties of ceramics are determined by the properties of each phase 

present in the sample. There are several factors that determine the phase 

distribution and how they operate in ceramic systems. Preparation methods also 

play a key role in the properties of sintered ceramics. Secondary phases in 

ceramics have several advantages, Such phases can produce important 

microstructural modifications and change all the properties of the monolithic 

materials. For example, phases that form a strong interface with the matrix could 

drastically reduce the creep rate at high temperatures. 

1.1.1 Composites-Definition 

There is no universally accepted defmition of composite materials. 

Definition in the literature differs widely, A working definition of composite 

2 



materials which can take into accour.t both the structural form and composition of 

the material constituents follows. "A composite material is a material system 

composed of a mixture or combination of two or more macroconstituents differing 

in form and/or material composition and that are essentially insoluble in each 

other". 10 

1.1.2 Constituents of Composites 

In principle, composite can be constructed of any combination of two or 

more materials, whether metallic, organic, or inorganic. Although the possible 

material combinations in composites are virtually unlimited, the constituent forms 

are more restricted. Major constituent forms used in composite materials are fibers, 

particles, laminae or layers, flakes, fillers and matrixes. The matrix is the body 

constituent, serving to enclose the composite and give it its bulk form. The fibers, 

particles, laminae, flakes and fillers are the structural constituent, they determine 

the internal structure of the composite. Generally, but not always, they are the 

additive phase. 

1.1.3 Classification of Composites 

Based on the nature and structure of composites, a working classification of 

composites can be made. Several classification systems have been used, including 

classification (I) by basic material combinations, e.g. metal-organic or metal­

inorganic, (2) by bulk-form characteristics, e.g. matrix systems or laminates, (3) 

by distribution of the constituents, e.g. continuous or discontinuous and (4) by 

3 



function, e.g. electrical or structural. The classification system mainly used is 

based on the form of the structural constituents. This gives five general classes of 

composites Figure 1. 

I. Fiber composites composed of fiber with or without a matrix. 

2. Flake composites, composed of flat flakes with or without a matrix. 

3. ParticuJate composites composed of particles with or without a matrix. 

4. FiIled (or skeletal) composites, composed of a continuous skeletal matrix 

filled by a second materials. 

5. Laminar composites, composed of layer or laminar constituents. 

The fiber type composite has evoked the most interest among engineers 

concerned with structural applications. Initially most work was done with strong, 

stiff fibers of solid. circular cross section in a much weaker, more flexible matrix. 

Then development work disclosed the special advantages offered by metal and 

ceramic fibers. In structural application flakes appear to offer several advantages 

over fibers. For example, as long as the flakes are parallel. flake composite can 

provide uniform mechanical properties in the plane of flakes. Flakes composites 

also have a higher theoretical modulus than fiber composites and can be packed 

closer and with fewer voids. Compared with fibers. flakes are relatively 

inexpensive to produce and can be handled in batch quantities. 

Particulate composites have an additive constituent which is essentially one 

or two dimensional and macroscopic. Particulate composites differ from the fiber 

and flake types in that distribution of the additive constituent is usually random 

4 



rath.:r than controlled. In the lillcd composites. there is a continuous 3D structural 

mafriX. infiltrated or impregnated with a second phase filler material. The filler 

also has a 3D shape determined by the void shape. The matrix itself may be an 

ordered honeycomb. a group of cells. or a random sponge like network of open 

pores. laminar or layered composites have been made up of films or sheets and 

they are easier to design. produce. standardize and control than other type of 

composites. The most successful application of the laminar principle has been the 

development of sandwich materials. Composite materials have many 

characteristics that differ from those of more conventional engineering material s. 

Most common engineering materials are homogeneous and isotropic. In contrast. 

composite malerials arc oflcn both in homogeneous (or heterogeneous) and non 

isotropic (or anisotropic). 

B BB 
Particulate composite 

Fiber composite Laminar composite 

Flake composite Filled composite 

F· In Igure I. Classes of composites 



1.2 Alumina 

Alumina (Aluminium oxide. Alz03) is mostly prepared from mineral 

bauxite (AI20 3+ 5i02+ Ti02+ Fe203) by the Bayer process. which involves the 

selective leaching of the alumina by caustic soda. followed by the precipitation of 

aluminium hydroxide. I I There are a lot of applications for alumina. Alumina is 

mainly used in ceramic. refractory and abrasive industries. High thermal 

conductivity. hardness. wear resistance and electrical resistivities are some 

properties of alumina that are considered better than other substances. Alumina 

(Ah03) exists in various crystallographic forms (1, ~, <5 and r. 12 The most stable 

crystallographic form of alumina is (1- Al20 3 which exists in corundum crystal 

structure. 13 

Table l. Some of the properties of alumina 14 

Crystal structure 

Theoretical density 

Thermal expansion coefficients 

Thermal shock resistance 

Thermal conducti vity 

Melting point 

Vickers Hardness 

Facture toughness 

Young's modulus 

6 

Hexagonal 

3.97 glcm1 

7.2-8.6 x 10-6 IK 

500 K"I 

27.2 W/mK at 400K 

2000 - 2050 QC 

18-23 GPa 

2.7-4.2 MPa.m 1/2 

380 GPa 



Some of the properties listed above can be varied according to the starting material 

and processing method . 

..J:..-. 

"Igure 2, Crystal structure a -Alumina (a- AI20 ) ). The ionic radii are proportional 

to 0.55 A O for A13• (red) and 1.35 N for 0 2
. (blue) (Adopted from the reference: 

Acta. Crystallographica, 849, 1993,937-980) 

The crystal structure of u- AI20 ) has hexagonal cell containing six fonnula 

units per unit ce ll with lattice parameters 'a ' and 'c' of 4.754 and 12.982 A D 

respect ively. The structure of u- Al20 .1consists of planes of (.·Iose· packed oxygen 

inns in the A-8-A-8 sequence interleaved with pl anes of alumin ium ions in an a-

b-c-a-b_c sequence. In each aluminium plane. the aluminium ions occupy only 



two-thirds of the available octahedral sites. In this way. u- AIzOJ maintains charge 

neutrality with four A1 3
+ for every six 0 2 

.• A hexagonal crystallographic cell is 

formed from the repeated sequence A-a-B-b-A-c-B-a-A-b-B-c. 15 

1.3 Literature Survey of Alumina Matrix Composites 

Alumina ceramics are widely used as structural materials because of their 

high melting point and excellent mechanical properties, as well as electrical 

resistance and chemical durability. ID The application of alumina range from high­

speed cutting tools. dental implants, electrical and thermal insulators, wear 

resistance parts and coatings. It is anticipated that alumina-based nano-sized 

ceramic composites will demonstrate novel and favorable properties in 

comparison with their micro-sized crystalline eounterparts. 17 Alumina forms 

composites with other materials ranging from metals, intermetallics, to ceramics. 

The starling materials for composites are carefully selected such that even if a 

reaction occurs between them, at least two phases must be distinct in the material 

and the interaction of these phases in the matrix would not affect the properties of 

the matrix. Some of the commonly used alumina matrix composites are described 

below. 

To increase the fracture toughness of alumina. zirconia is added as a second 

phase material. Clausen et al. published the first work related to the high fracture 

toughness of composite in the Al20rZr02 system by transformation toughening. 

The fracture toughness of alumina can be increased from 4 to 7 MPa ml12 by the 

8 



addition of Zr02 contents between 10 to 20 wt%.18 - .. _ .. ~ A fine grained Ah03-

2O%Zr02 composite showing super plasticity at 1500 QC was reported by Wakai et 

aJ. 19 

Alumina-SiC nanocomposite. having very high hardness and fracture 

toughness was prepared by Nihara.~This composite also show improvement in 
ilIA 

strength. creep resistance and wear resistance over monolithic alumina. The 

improvements in mechanical properties appears as a results of incorporation of 

the inert nanosized SiC particles by reducing the flaw size or by residual stress due 

to thermal expansion mismatch between the alumina matrix and the SiC inclusion. 

The conventional processing technique used is the solid state mixing of alumina 

and SiC. The synthesis of alumina-SiC by sol-gel route was reported by Haaland et al. 

21 The processing of alumina-SiC composite by pre coating of SiC was also 

reported by Hareesh et al.22 But the Ah03 -SiC nanocomposite is a 

thennodynamically metastable system at elevated temperatures in air or in 

presence of oxygen the SiC will undergo oxidation at a temperature above 1000 

°C by preferential fonnation of silica. 

Alumina-cerium oxide nanocomposite electrolyte for solid oxide fuel cell 

application is also reported.23 Kumar et al. reported synthesis of yttria and ceria 

toughened alumina composite for cutting tool application.24 Gu et al. reported the 

synthesis of siIica-alumina composite membranes for hydrogen separation by 

chemical vapour deposition method (C VD). A thin layer (30-40 nm) of a dual-

9 



element silica-alumina composition was deposited on a porous alumina support by 

chemical vapour deposition in an inert atmosphere.25 

Alumina- mullite nanocomposite has high strength, creep resistance, good 

thermal and chemical stability, and 10\" dielectric constant.26
•
27 Alumina-mullite 

ceramics with a low content of a glassy phase may have a high potential for 

annour and wear resistance applications.28 In recent years research has been 

focused to reduce the inherent brittleness of the mullite ceramics. One way is to 

make alumina-mullite fiber composite. The important applications of such 

composite are components and structures for gas turbine engines, burner tubes and 

heat shields for re-entry space vehicles. 29 

The emergence of carbon nanotubes (CNTs) for toughening ceramics also 

needs to be mentioned, seeing the unsurpassed mechanical properties of CNTs. 

Efforts for reinforcing ceramics with CNTs are being made but significant 

improvements are still uncommon. Recent literature shows that there are few 

interesting studies of carbon nanotube reinforced ceramic matrix composites. 

Chang et al. fabricated the alumina matrix composites containing 5-20 vol% of 

multiwall carbon nanotubes. An improvement of 24% on fracture toughness 

compared with that of the single phase alumina was observed. The effective 

utilization of nanotubes in composite applications depends strongly on the ability 

to disperse CNTs homogeneously throughout the matrix. Sung et al. reported an 

effective way to improve the mechanical properties of alumina-carbon nanotube 

composite by adjusting the surface p'operties of alumina and that of carbon 

JO 



nanotube by a colloidal processing route. The addition of only 0.1 wt % carbon 

nanotubes in alumina composites increases the fracture toughness from 3.7 to 4.9 

MPa mll2, an improvement of 32% compared with that of the single-phase 

alumina?OWang et al. reported the toughening effect of adding single-wall carbon 

nanotubes to Ah03 composites.31 More research needed in this area as well as to 

strengthen ceramic-CNT interface strength, dispersion and survival of CNT after 

high temperature sintering. 

Alumina is widely used as a biomaterial because of its high bio-

compatibility and its good mechanical properties except toughness. A120 3-Zr02 

composite is also used in orthopedics application. Alumina offers better 

tribological characterstics and high chemical-physical stability, but poor toughness. 

On the other hand, zirconia is tougher and less stable.32 Zirconia toughened 

alumina has been regarded as the next generation orthopaedic graft material due to 

its excellent mechanical properties and biocompatibility. Porous ZTA (zirconia 

toughned alumina) is reported ceramics with good interconnectivity can 

potentially be used as bone graft for load bearing applications. 33 It was also 

reported that the mechanical properties of Ah03 like strength and fracture 

toughness can be improved by the addition of TiN. This composite can he used as 

better wear resistance composite in the living environments.34 Leivo et al. reported 

that osteoblast response to sol-gel derived high-purity alurninosilicate ceramic 

. . 35 coatmgs, on alununa subs!rate. 
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The thennal shock resistance of A}z03 (500 QC) can be improved by the 

addition of TiC. You et at. studied the influence of AIz03 and TiC, starting particle 

size on the thennal shock resistance of the A120 r TiC composite. Decreasing grain 

size can improve the thennal shock resistance and increase in density improves 

thermal shock resistance even further. The critical thermal shock temperature 

difference (~Tc) of A120 3-TiC composite is 100 QC higher than the Tc of monolith 

aIumina.36 

Thennal shock behaviour of an aluminalzirconia functionally graded 

material is also reported which was prepared by electrophoretic deposition. 

Thermal shock resistance of particular layers was studied using indentation­

quench method. The results were compared to those obtained from a reference 

non-layered composite material, prepared by the same fabrication technique. 37 The 

possibility of improving the thennal shock behaviour of aIumina under mild 

thermal conditions by the addition of sub-micron-sized and homogeneously 

dispersed aluminium nitride (AlN) particles is reported by Nieto et al.38 The 

thennal shock resistance of alumina-mullite (5-15 vol%) composites with 6 vol% 

tungsten carbide39 have been studied and compared with reference alumina 

ceramic.40 

The a1umina- aluminium titan ate (AT) composite offers high temperature 

stability and high thermal shock resistance. Alumina is excellent for mechanical 

properties but has poor thermal shock resistance. On the other hand, aluminium 

titanate is superior in thermal shock but lacks mechanical toughness. Generally, 
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the alumina- aluminium titanate composite can be prepared by solid-state reaction, 

infiltration, and sol-gel reaction methods. 

1.4 Alumina-Aluminium titanate Composites 

Aluminium titanate (AI2TiOs. AT) is a promising engineering material 

because of its low thermal expansion coefficient, excellent thermal shock 

resistance, good refractoriness, and non wetting with most metals. AT has a high 

melting point of 1860 GC, and a highly anisotropic thermal expansion (i.e., widely 

differing expansions along the crystallographics axes) of about a.= 10.9 x 10.6 Kt, 

ot,= 20.5 x 1O~ Kl, uc= -2.7 X 10.6 Kl.41 AT exists in two allotropic forms a and ~ 

and the low temperature phase is ~ Ah TiOs.42 The extreme anisotropy causes the 

formation of internal stress within large AT grains. This results in severe 

microcracking while cooling from high temperature which is attributed to its 

anisotropic coefficient of thermal expansion.43 AT exhibits a bulk CTE ranging 

from about -3 to +9 x 10'7 I QC depending on the grain size and degree of 

microcracking. Larger grain growth and subsequent microcracking, however, 

produce a low strength material. Each A13
+ or Ti4

+ cation is surrounded by six 

oxygen ions forming distorted oxygen octahedra. These AI06 or Ti06 octahedral 

fonn (001) oriented chain is weakly bonded by shared edges. Such a structure is 

responsible for the thennal expansionmisotropy that leads to the generation of 

lOCalised internal stresses and microcracking during cooling from the sintering 

temperature. This display of microcracking is believed to be grain-size dependent 
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and is responsible for imparting poor mechanical strength and low thermal 

expansion coefficient but outstanding thermal shock resistance.44 Thomas and 

Stevens et al. in 1993 reported that the grain size of aluminium titanate can be 

controlled by the addition of MgO and Zr02•
4S The presence of spinel or zirconia 

serves to inhibit grain growth and reduce microcracking. Hamano et al. reported 

that introducing additives like MgO and Si02 could increase the strength of AT.46 

Addition of 5% MgO, Fe203 or zr02 has also been shown to improve the bending 

strength of AT.47 

Freudenberg et al. has studied the formation of AhTiOs in an equimolar 

Ah03" Ti02 powder mixture of small particle size and moderate purity. Two 

reaction stages were identified during isothermal treatment around 1580 K.48 

Stamenkovic prepared aluminium titan ate in 1989 by heating single oxides 

(mechanically mixed) with an excess of 2 wt% MgO at 1450 QC. The composite 

ceramics built from aluminium titanate matrix and rutile as a dispersed phase was 

obtained by sintering at 1500 °C and hot pressing at 1350 qc. Hot pressed 

Ah TiOs-Ti02 ceramics reached a density level of over 96% of the theoretical 

density, contained low intergranular porosity and a fine-grained structure, the 

mean grain diameter was 3-8 !lm and no size change with Ti02 content was 

noticed.49 Wohlfromm et al. reported that AI2TiOs formation in Ah03ffi02 

multilayer composites obtained by slip casting has been studied in the temperature 

interval ranging from 1200 to 1450 qc. It has been found that nucleation plays a 

fundamental role in Ah Ti05 formation. so Segadaes et al. reported the submicron 
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Ah TiO~ powders through combustiun synthesis technique, using the 

corresponding metal precursors-urea mixtures.51 Ibrahim et a1. synthesied 

aluminium titanate via the urea formaldehyde route. Nano particle size of tialite 

(aluminium titanate) was prepared through resin formation of 1 :2:2 urea, 

formaldehyde and ethylene glycol, respt ctively. 52 

. - .- : Advanced AT ceramics have been prepared from nanosized 

reactive powders to improve thermal and mechanical properties and 

sinterability.53.54,55 Takahashi et al. reported that AT ceramic doped with alkali 

feldspar «Nao.6K o.4)AISi30 8), exhibited an extremely low thermal expansion 

coefficient, comparable to undoped AT ceramics and high thermal stability, high 

refractoriness up to 1800 °C and relative by large flexure strength (46.8 MPa).56 

Recently Korim reported effect of Mg2+ and Fe3+ ion on the formation mechanism 

of aluminium titanate.57 

The a1umina-aluminium titanatc:: composite exhibits functional as well as 

structural properties for application such as thermal barrier coating, exhaust filter 

components for diesel engines and high temperature ceramic substrates.58 Studies 

show that the addition of aluminium titanate to alumina results in improved flaw 

tolerance due to induced residual stresses by virtue of the thermal expansion 

mismatch between alumina and aluminium titanate.s9 Increasing content of 

aluminium titanate particles of controlled size would improve the thermo­

mechanical response of the composite. 60 
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Hasselman and co-workers reported synthesis of alumina-aluminium 

titan ate composite made by directed metal oxidation process.61 Aluminium alloy 

powder was blended with stiochiometric ratio of Ah03 and Ti02, in a proprietary 

composition incorporating stabilizers, which when reacted in air gave a porous 

alumina-reinforced aluminium titanate composite. The density was approximately 

2.6 g/cm3
, with a pore content of about :;0%. The mean grain size is of the order of 

10 Jlm. The microstructure also shows the presence of microcracks. 

Usually alumina-aluminium titanate composite is synthesised by solid state 

reaction between alumina and titania.62
•
63 However, the high processing 

temperatures (> 1600 QC) result in heterogeneous microstructure and abnormal 

grain growth in addition to the presence of unreacted residual titania phase. Dense 

and micro crack-free Al20 3/AlzTiOs composites (10, 30 and 40 vol.% of AI2TiOs) 

were prepared by colloidal filtration and reaction sintering, using alumina and 

titania as starting powders which was sintered at 1450 cC but the average grain 

size was above 5 ).lm for 10% additior, of aluminium titanate.64 Manurung et al. 

studied the effect of P spodumene (maximum 15 wt %) addition on the thermo­

chemical reaction of alumina-aluminium titan ate composite and concluded that B 

spodumene addition less than 5 wt% results in aluminium titanate formation 

commencing at 1380 °C.65 Green compacts made of alumina powder covered by 

titanium isopropoxide precursor followed by heat treatment at 1300 °C resulted in 

high density alumina-20 vol % of aluminium titanate composite. However, 
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composites with larger second phase contents (20-40 vol%) gave lower densities 

(95% of theoretical).66 Alumina-aluminium titanate was synthesized by in-situ 

reaction using Fe203+ FeTi03 as stabilizer for aluminium titanate decomposition, 

was sintered at 1450 0c.67 Park et a1. reported the effect of starting powder on the 

morphology and grain growth of alumina-aluminium titanate, depending on the 

composition of starting powders, various AhTi05 morphologies, such as rod-like, 

polyhedron-like, and irregular shape were observed.68 

If alumina is present as an additive in the composite system, it will affects 

the microstructure and bending strer;.gth of aluminium titan ate. Similarly if 

aluminium titanate is present as an additive in the composite system, the 

mechanical and thermal properties of alumina will be influenced. Also, the more 

efficient and flexible sol-gel method in view of the high order of homogeneity of 

phases has not been subjected to any detailed investigation for the preparation of 

these nanocomposites. 

1.4.1 Thermal Properties 

Investigation into other properties of alumina-aluminium titanate like 

thermal expansion coefficient and thermal shock resistance are reported and the 

data are provided in the Table 2.69 Most of solid materials expand on heating and 

contract when cooled. In many material, linear coefficient of thermal expansion is 

anisotropic in nature. Aluminium titan ate exhibits a bulk CTE range from about I 

X 10.6/ QC which is very low compar~d to alumina. 
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Table 2. Thermal expansion coefficient 

Materials Thermal expansion coefficient I QC 
_____ -----.,. ____________ X 10.6 ____ _ 

Silica 0.55 

1033 

SiC 4.0 

AhTiOs 1.0 

1.4.2 Thermal Shock Resistance 

Aluminium titan ate shows better thermal shock compared to alumina due to 

the low thermal expansion coefficient Thermal shock resistance depends on 

multiple parameters. It depends not only on size and shape of samples, but also on 

thermal, physical and mechanical properties of the material.7o In order to increase 

thermal shock resistance of materials they can be reinforced by strong filament 

monocrystals (whiskers) or be strengthened by other methods.7
! The thermal shock 

resistance of ordinary alumina ceramics cannot withstand an 800 QC quench into a 

cold airflow. 72 

Despite these positive results, research aimed at increasing thermal shock 

resistance of ceramics by reinforcements suffers an obvious disadvantage, it does 

not seek to decrease the level of stresses from thermal shock. The level of thermal 

shock stresses that appear in a solid body is directly proportional to the thermal 

expansion coefficient (TEC) and Young's modulus and increases with the 
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POis'son's ratio.73 Decreasing the last two values is neither easily accomplished nor 

desirable. Decreasing the TEe, on the other hand, is desirable in every respect, as 

long as it does not affect other properties, and can be achieved by introducing 

additives that possess low or negative values of TEe into the initial ceramic. 

The maximum temperature increment that the material can stand without 

fracture, Tc is given by, 

Te = k Gr/Ea 

Where k= conductivity, O"f= strength, E= Young's modulus, a= thermal expansion 

coefficient. 

1.4.3 Mechanical Properties: Hardness, Young's modulus and Toughness 

The problem which limits the use of aluminium titanate as a structural 

ceramic material is attributed to the extensive microcracking occurring during 

cooling the sintered material which also reduces the mechanical strength. Buch et 

al. explained that the microcracks were associated with thermal anisotropy.74 Ohya 

et al. explained the grain hOlJndary microcracking of AT by measuring the change 

in the length of the sample and acoustic emissions during heating and cooling.75 

They suggested that the critical grain size of AT is dependent on the sintering 

temperature and the critical grain size increases with temperature. The presence of 

extensive cracks severely lowers the mechanical strength of aluminium titanate, 

and the corresponding data are provided in the Table 3. 
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Table 3. Mechanical properties 

Material Strength (MPa) Hardness (GPa) Toughness (MPa.m 172) -

Indentation 

Ah0 3 364 19 3.9±O.3 

AIzTiOs 15 5 I.S±O.3 

Ah03 -1 0 Alz Ti05 360 17 3.S±O.2 

LaP04 130 5 1.0±O.1 

1.5 Alumina-Lanthanum phosphate Composites 

AJumina, an amphoteric oxide (exhibiting both basic and acidic properties), 

is chemically inert with a few oxides. LaP04 is monoclinic, it belongs to a large 

structural family which includes chromates, vanadates, selenates and other 

phosphates. In LaP04 phosphorus is 4 co-ordinated in a distorted tetrahedral 

environment. La is 9 co-ordinated by 0 in an unusual arrangement while 0 is 3 or 

4 co-ordinated to 2 or 3 La and IP.76 The density of LaP04 is 5.13 glcm3
• Interest 

in monazite ceramics during the eighties was due to its high temperature stability, 

high melting point (> 1900 QC) higher than that of alumina (AJ20 3), low thermal 

conductivity and diffusivity.77 Later. in mid nineties search for high temperature. 

oxidation resistant and weakly bonded interface materials for ceramic composites 

had also ended up in monazite ceramics. especially lanthanum phosphate 
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(LaP04).78 Due to the identical thermal expansion coefficients of Ah03 and LaP04, 

their composites were widely investigated and were found to be chemically inert. 

The melting temperature and linear thermal expansion coefficient of monazite type 

monoclinic LaP04 were 2072± 20 QC and 10.0 x 10-6
, QC at 1000 QC respectively. 

These values are close to alumina ceramics (9.0 x 10-6
, QC at 1000 QC). Therefore 

LaP04 is suitable to fabricate composite with A120 3. 

LaP04 in the AI 20 3 composites is quite stable and no reaction occurs 

between the two phases up to 1650 QC provided the La:P ratio in the monazite is 

close to 1. Recently, according to Davis et al. two-phase composites consisting of 

LaP04 or CeP04 and alumina, mulIite or zirconia were cut and drilled using 

conventional tungsten carbide metal-working tool~~organ et al. reported that 

monazite-type LaP04 was stable and phases were compatible with Ah03 at 1750 

DC in air, for use in high-toughness composites. the LaP04-Ah03 interface was 

shown to be sufficiently weak interfacial debonding prevented cracks from 

growing from LaP04 in to Ah03.7a 

LaP04 is also of interest for coating on films and for tiber-matrix interface 

debonding and to confer damage tolerance to oxide composites. Research has been 

conducted on developing rnonazite sol and solution based precursors that can be 

used either to produce monazite as a matrix constituent or as a discrete fiber 

coating. The advantages of incorporating monazite tiber coating into a1umina-
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based composites have been demonstrated via improved composite strength and 

strain to failure at elevated temperature. 80 

Usual procedures for synthesis of these composites utilize solid state and 

wet mixing methods and also reactive hot pressing has been attempted.81 ,82,83 Even 

when nanosized precursors are used for the synthesis of the composite, sintered 

grain sizes approach micron range in most cases. Surprisingly, reports on AhOr 

LaP04 nanocomposites are rare. Also, the more efficient and flexible sol-gel 

method has not been subjected to any dt-tailed investigation for the preparation and 

machinability of these nanocomposite, which is ideal for the preparation of 

nanocomposites and improved properties are expected for nanocomposites. 

Flexible use of advance ceramic material is restricted due to high hardness 

which makes conventional machining very difficult or even impossible. Reduced 

hardness leads to good machinability. It has been reported that lanthanum 

phosphate has low hardness as 4.2 GPa84 which is close to that of machinable mica 

glass-ceramic (3 GPa)85 and layered ternary compound Ti3SiC2 (4-5 GPa).86 

Further Davis and co-workers demonstrated that two-phase composite containing 

LaP04 and alumina were cut and drilled using conventional tungsten carbide metal 

working tools. The Young's modules and toughness of lanthanum phosphate is 

also lower than alumina. 

1.6 Sol-Gel Process in General 

Sol-gel process is a wet chemical process which is superior to other 

preparation methods in view of its efficiency in intimate mixing of components 
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which ensures homogeneity of final product. Application from coatings to 

powders can be addressed with a single preparation scheme. A schematic 

representation of the sol-gel technique is presented in Figure 3. The sol-gel 

process. as the name implies, involves the evolution of inorganic networks through 

the formation of a colloidal suspension (sol) and gelation of the sol to form a 

network in a continuous liquid phase (gel).87 A sol is a dispersion of solid particles 

in a liquid phase where the particles are small enough to remain suspended 

indefinitely by Brownian motion.ss 

Sol are classified as lyophobic if there is a relatively weak solvent/particle 

interaction and lyophilic if this interaction is relatively strong. Gel is a solid 

containing a liquid component and an internal network structure so that both the 

solid and the liquid are in a highly dispersed state. Not all sols can be converted to 

gels. An important criterion for gel formation is that there will be a strong 

particle/solvent interaction so that at least part of the solvent is bound. Gelation 

process influences structure, pore volume and gel pore size and depends on many 

factors like pH, concentration of the medium and chemical nature of the 

precursors. 

1.6.1 Stability of Sol 

Although sol is thennodynamically unstable, they can be made kineticaIly 

stable by electrostatic repulsion between the particles (electrostatic stabilisation) 

Or by a screening envelope of organic molecules (steric stabilisation). 
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1.6.2 Electrostatic Stabilisation (DL VO Theory) 

The stabilization of colloids by electrostatic repulsion is successfully 

described by the DLVO theory. The net force between particles in suspension is 

assumed to be the sum of the attractive Van der Waals forces and the electrostatic 

repUlsion created by charge absorbed on the particles. The repulsive barrier 

depends on two types of ions that make up the double layer. Charge determining 

ions that control the charge on the surface of the particle and counter ions that are 

in solution in the vicinity of the particle and act to screen the charges of the 

potential determining ions. It is the value of zeta potential which largely 

determines whether the suspension will be f10cculated or deflocculated.88 

For hydrous oxides the charge determining ions are H+ and Off which 

establish the charge on the particle by protonating the MOH bonds on the surface 

of the particle. 

M-OH + H ----. M·OHl + (1) 

M-OH+ OH· ----. M ·0' + H20 (2) 

The ease with which the proton are added or removed from the oxide depends on 

the metal atom. The pH at which the particle is neutral1y charged is called the 

Point of Zero Charge (PZC). At pH greater than PZC equation (2) predominates 

and the particle is negatively charged, whereas at pH less than PZC equation (1) 
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gives the particle a positive charge. The magnitude of the surface potential 

depends on the departure of the pH from the PZC, and that potential attracts 

oppositely charged ions (counter ions) that may be present in the solution. 

According to the standard theory, from Figure 4. the potential drops 

linearly through the tightly bound layer of water and counter ions, called the stern 

layer. Beyond the Helmholtz plane h=H, that is, in the Gouy layer, the counter 

ions diffuse freely. In this region the repulsive electrostatic potential of the double 

layer varies with distance from the particle, h, approximately according to 
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Figure 4. Schematic of Stem and Guoy layers. Surface charge on the particle is 

asSumed to be positive 
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Where IlK is called the Debye Huckel screening length. When the 

screening length is large (i.e. K is small), the repulsive potential extends far from 

the particle. This happens when the counter ion concentration is small. When 

counter ions are present, the potential drop more rapidly with distance. Since the 

repulsive force is proportional to the slope of the potential, 

FR= dVR/dh a K e- K1b-H) 

The repulsive force increases with small additions of electrolyte (i.e. FR increases 

with K). Large amount of counter ions collapse the double layer. As the 

concentration of counter ions increase, the double layer is compressed because the 

same number of charges are required to balance the surface charge and they are 

now available in a smaller volume surrounding the particle. On further increase in 

the concentration of counter ions, the double layer repulsions are reduced to the 

point that net particle potential is attractive and the colloid will coagulate 

immediately. 

When an electric field is applielt to a colloid, the charged particles move 

towards oppositely charged electrode, and this is called electrophoresis. When the 

particle moves, it carries along the adsorbed layer and part of the cloud of the 

counter ions, while the more distant portion of the double layer is drawn towards 

the opposite electrode. The slip plane (plane of shear) separates the region of fluid 

that moves with the particle from the region that flows freely. The rate of 

movement of the particle in the field depends on the potential at the slip 

plane . This potential is called the zeta potential. The pH at which zeta potential is 
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zero is called the isoeleclric point (IEP). The slability of the colloid correlates with 

zela polcntialto be around 30-50 mY.ss 

1.6.3 Sleric Slabilisation 

Sleric stabilisalion is due 10 the adsorption of sterically crowded organic 

molecules on the surface of colloidal particles. The adsorbed organic layer 

c(lOstilUtes a steric barrier. which cnthalpically and entropically discourage close 

approach of the particles and prcvcntthem being coagulaled.K~ 

Xerogel mm 

_""",,;.-.I~ 

Figure 3. Sol-gel process and its various products 
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1.7 Sol-Gel Process as a Synthesis Tool for Composites 

The worldwide goal of all sol-gel process has been ultra homogeneity, 

while this area has been switched in the early 1980's to the preparation of 

nanocomposites that exhibit ultra heterogeneity or nano heterogeneity. The 

concept of nanocomposite materials was a new direction for sol-gel research. The 

goal of ceramic material processing science via ceramic nanocomposite is to 

exploit the thermodynamics of metastable materials and in particular to utilize the 

heat of reaction of the discerete phases and the advantages offered by epitaxy. The 

term and concept of nanocomposite was formally adopted for ceramic materials by 

Roy, Komarneni and colleagues.9
(),91 They developed hybrid ceramic metal 

nanocomposite material synthesised by sol-gel process, The concept of structural 

nanocomposite was proposed by Niihara in 1991 and can be seen as an adoption of 

the nanocomposite approach for nanostructural tailoring of structural ceramic 

composite.92 

There are five major families of nanocomposites based on their material 

function, physical and chemical differences, and temperature of formation,9J 

1. Sol gel nanocomposites- Composites which are made at low temperature 

[<100 DC], These nanocomposite precursors can lead to homogeneous single 

crystalline phase ceramics or multiphase crystalline ceramics upon high 

temperature heating, 
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2. Intercalation type nanocompO! ites- These can be prepared at low 

temperatures [<200 QC] and lead to useful materials upon heating to modest 

temperatures [<500 QC]. 

3. Entrapment type nanocomposites- These can be' prepared from three 

dimensionally linked network structures such as zeolites which can also be 

synthesised at Jow temperature [<500 QC]. 

4. Electro-ceramic nanocomposites - These can be prepared by mixing nano 

phases of ferroelectric, dielectric, superconducting and ferric materials in a 

polymer matrix at low temperatures [<200 QC]. 

5. Structural ceramic nanocomposites These are prepared by traditional ceramic 

processing at very high temperatures [1000 QC-1800 QC]. 

The sol-gel processing has been used for the preparation of different type of 

sol-gel nanocomposite, like mullite, alumina, and zirconia ceramic which have 

numerous technological application such as infrared transmitting material, 

refractory materials, substrate materials and high temperature structural materials. 

The sol-gel process has been extended to the preparation of new diphasic xerogel 

leading to new ceramic nano composite Figure 5. Two preparation routes are used 

in making ceramic nanocomposites. Method (a), Solution mixing of all 

components simultaneously. Method (l.) uses a pre-made sol to which a further 

solution is added beforl! gelation. 
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(a) One solution (b) Sol + Solution 

Steps 1 
Sol l- . ]1----

Gel !~ 
hoiJeous 

Xero : -

~--------;o!---&fl-a-S1~-___;:!__9_l1 

Figure 5. Flow chart for different type of synthesis procedure for the preparation 

of nanocomposites. 

A new development in the processing of ceramic composites is through 

precoated powders. This can be accomplished by sol-gel and in situ solution 

precipitation process. The benefit of using coated powder is by achieving 

enhanced homogeneous distribution, fast densification and improvement of 

homogeneity of microstructure of the sintered material, and the reported high 

green compact strength. Sol-gel processing exhibits many significant advantages 

over conventional ceramic processing in terms of high purity, homogeneity and 

low temperature densification. The most outstanding advantage is in processing 

multicomponent systems where the chemical homogeneity of the individual 

constituents can be controlled down to the atomic level. This is quite often very 

difficult to achieve in simple mechanical mixing of powders. Moreover, the 
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nucleation and growth of the primary particles can be controlled in order to get 

particle of a given shape, size and size distribution. 
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Definition of the Present Research Problem 

Alumina ceramics have been widely used as structural materials because of 

their high melting point and excellent f'lechanical properties, as well as electrical 

resistance and chemical durability. It is anticipated that alumina-based nano-sized 

ceramic composites will demonstrate novel and favourable properties in 

comparison with their micro-sized crystalline counterparts. Significant research 

efforts are reported on alumina matrix composite with special reference to 

alumina-aluminium titanale and alumina-lanthanum phosphate composites for the 

last few years due to a range of promising applications such as low thermal 

expansion, high thermal shock resistance and machinable ceramics. Earlier efforts 

for synthesis of alumina matrix nanocomposite were based on solid state reaction. 

This will result in high temperature sin'ering of the composites and grain growth. 

Synthesis of alumina-aluminium titanate composite through a sol-gel coating 

method is not investigated in depth for the preparation of alumina composites. 

Therefore present work has been designed based on the following: 

1) Aluminium titanate ceramic (AT) will be prepared at low temperature through 

sol gel synthesis using boehmite and titanium hydroxide precursors, by controlling 

the particle size at nano scale following in-situ peptisation of hydroxide precursors. 

The formation characteristics of AT phase, particle size distribution, sintering, 

microstructural features and thermal expansion behaviour will be studied. 
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2) Synthesis of alumina-aluminium titanate composite has been of considerable 

interest in recent years owing to great potential in low thennal expansion and high 

thenna) shock resistance. Usually alumina-aluminium titanate was synthesized by 

solid state method which results in high temperature formation of aluminium 

titanate and grain growth. Hence alumina-aluminium titanate will be synthesized 

through a sol-gel core-shell method. Effect of sol-gel core-shell method on the 

formation temperature of aluminium titanate, and sintering of composite will be 

investigated. 

3) The reports on machinability of AI20 3 - LaP04 nanocomposites are seldom 

found in the literature although this material is projected as a potential ceramic 

composite for easy shaping. Also the more efficient and flexible sol-gel method 

has not been subjected to any detailed investigation for the preparation of these 

nanocomposites, which is ideal for the preparation of nanocomposites and 

improved properties are expected for such nanocomposites. The synthesis of 

alumina-lanthanum phosphate will be carried out through sol-gel method. The 

mechanical properties of the iiintered composites are also investigated. 

4) Silicon carbide is a (;ommonly used filter material because of its high 

temperature strength and thermal shock resistance. One potential barrier for such 

applications is their environmental durability. Mullite is highly compatible with 
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SiC because of close coefficient of thermal expansion. MulIite was coated on SiC 

by plasma spray coating techniques and contains metastable phases because of 

rapid cooling from high temperature. One key issue with plasma-sprayed mulIite 

coating is phase instability. We attempt sol-gel coating of mullite on SiC substrate 

where mullite is being formed in-situ and its characterization using SEM, particle 

size and gas permeation analysis. 

The thesis has been designed on the above objectives. The results obtained 

have been discussed and correlations h~ve been derived between the experimental 

parameters and the properties. 
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Chapter Jl 

Alumina-Aluminium titanate Composites 

& 

2.1 Aluminium titanate- Introduction 

Aluminium titanate (AT, AhTiOs) is an excellent thermal shock resistant 

ceramic which has a pseudo brookite structure. I AT exists in two allotropic forms 

a and p and the low temperature phase is fJ-AhTiOs. However, AT has two major 

problems limiting its wider application,2 such as decomposition to alumina and 

titania in the range of 800 to 1280 QC 1 and spontaneous microcracking due to the 

thermal expansion anisolropy in the sintered ceramics which ultimately results in 

poor mechanical strength. Microcracks are found to develop predominately above 

the critical sintered grain size of 1.5 ).tm and therefore tine grained microstructure 

is necessary.4 Additives such as AbO], MgO, Si02 and zr02 are employed in thc 

AT precursor to suppress decomposition of the phases.5.o.7.g.9.1O Another approach 

is to control the sintered grain size to below 1.5 ).tm, for which nano size starting 

particle size is a possibility. Also in some cases sintering aids and grain growth 

inhibitors are uscd. 9 AT ceramic has many potential applications, such as thermal 

protection layers in internal combustion engines, kiln furniture and pouring spouts 

for foundry applications, due to its low thermal expansion coefficient (CTE: 0.2 x 

10-
6 

to I X 10-6 K-'), low thermal conductivity (0.9-1.5 Wm-IK-I) and high thermal 

shock resistance (about 500 Wm-I).11 AT is also recognized as a second phase 



material for improving the thermo-mechanical properties like thermal shock 

resistance, toughness, and flaw tolerance behaviour of many ceramic matrix 

composites.1 2 No detailed work has been reported in the synthesis and sintering 

features of aluminium titanate by aqueous sol-gel methods involving hydroxide 

precursors without any additives~"'rherefore we adopted a novel approach for the 

synthesis of nano size AT powders using Ti(OH)4 and AIOOH nano precursors 

containing particle of size- 100 nm. The hydroxide precursors have less volatiles 

and enhanced reactivity. 

The usual synthetic methodologies for the synthesis of aluminium titanate, 

often requires heat treatment at high temperature which will result in considerable 

grain growth. Aqueous sol-gel approach for the synthesis of aluminium titanate 

associated with low tempearure formation of the phase and lower grain sizes are 

less reported. The role of precursors on the low temperature AT phase formation, 

sintering behaviour, grain growth effect, thermal expansion coefficient and 

microstructural features are studied and discussed in this chapter. 

2.1.1 Experimental 

Boehmite, (AIOOH) (99% purity, alumina content 70%, Condea Chemie, 

Germany) having BET surface area of 230 m2/g and crystallite size 48-60 A 0 was 

used as precursor for alumina. Titanium hydroxide was prepared from titanium 

tetrachloride (99% Purity, M/s Kerala Minerals and Metals Ltd, Kollam India) 

using the following procedure. In a typical experiment, titanium tetrachloride was 
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diSSolved in ice cold distilled water (0.2 M) and was hydrolysed by drop wise 

addition of ID % ammonium hydroxide solution (S.D. Fine Chemicals, India) 

under constant stirring at room temperature. Once the reaction mixture attained 

pH=9.0, precipitate was formed, which was separated by filtration and repeatedly 

washed with distilled water for a minimum of six times to ensure the absence of 
., 

free chloride which was further confirmed by AgCI test. 13 The aluminium titanate 

precursor sol was obtained by dispersing boehmite (2.45 g) and titanium 

hydroxide precipitate (24.92 g) in \000 mL of double distilled water under stirring 

for 3 h. Peptisation was carried out by the addition of 20% HN03 (Merck, India) 

and the pH was controlled at 2.5. The sol was aged for 24 h and then subjected to 

evaporation at 70°C in hot air oven. The process flow sheet is presented in Fig.I. 

The dried precursor was powdered and was subjected to DT A (DT A - 50H: 

Shimadzu, Japan) and TGA (TGA-50H, Shimadzu, Japan) analysis at a heating 

rate of 5 °C min· l up to 1400 cc. Cylindrical pellet of size 6 mm diameter and 8 

mm height made by uniaxial compaction (200 MPa) was used for the dilatometric 

studies by thermo mechanical analyzer (TMA- 60H, Shimadzu, Japan) at a 

heating rate of 5 °C lmin up to 1400 cc. 

43 



TiOCh solution 

(O'1
2M

) 10% Nl40H 

pH 9-10 

Titanium hydroxide precipitate 

W"shing + Boehmite -1 
Mixed Irecursor sol 

Drying & Calcination 

AT Precursor powder 

1 Compaction + 2 wt%PV A 

AT Precursor pellets 

1 Sintering 

Sintered AT p~llets 

Figure 1. Flow diagram for the powder synthesis of aluminium titanate 

The precursor was further heat treated at temperatures 400, 600, 800, 1000, 

1320 QC respectively in muffle furnace at a heating rate of 3 QC/min and then 

subjected to X-ray analysis in the 28 range of 20-60 CuKa (Philips PW 1170, The 

Netherlands), The particle size analysis was carried out using Laser Particle Size 

Analyzer on the powders calcined at 1000, 1200 and 1320 QC (Zeta Sizer, Malvern 

Instruments UK), The sample for the particle size analysis was made by ultrasonic 

dispersion of the respective powders (1 g) in aqueous medium (lOO mL) at pH 
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<2.0. Average of three measurements with in a standard deviation of 3.0 % IS 

reported. 

The AT powder calcined at 1000 DC was compacted uni-axially at a 

pressure of 200 MPa using 2 wt% PV A as binder to form cylindrical pellets with 

dimensions 12 mm diameter and 2 mm height. The samples were sintered in the 

range 1350 to 1600 cc. The typical sintering schedule was as follows: RT to 800 

QC at a rate of 3 °C/min and then up to the sintcring temperatures at 10 DC/min. 

Density of the sintered samples was measured by Archimcdcs principle. 

Microstructure was observed on polished and thermally etched specimens using 

scanning electron microscopy (SEM, JEOL, JSM 5600 LV, Japan). The average 

grain size was calculated by the linear intercept method using the relation G = 

1.5UMN where 1.5 is a geometry dependent proportionality constant, L is the 

total test line length, M the magnification and N the total number of intercepts. For 

the grain size determination four representative micrographs with magnification of 

5000X were analyzed. A test line of 9 cm length was marked on the micrograph 

and the number of intersections of the line with grain boundaries were counted. 

The linear thermal expansion behavior of the sintered AT ceramics was 

observed using thermo mechanical analyzer (TMA 60H, Shimadzu, Japan). The 

sintered specimen having dimensions of 5 mm diameter and 7 mm height was 

Used for the CTE measurement with a constant heating and cooling rate of 5 

DC/min. Average value of CTE obtained from three measurements was reported. 
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2.1.2 Results and Discussion 

2.1.2.1 Characterisation or Aluminium Titanate Precursor Powder 
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Figure 2. TG-DTA curve of the AT precursor measured at heating nue 5 "C/min 

in the now of ai r 

Figure 2. shows the TG/DT A analysis or the mixed gel precursor dried at 

70 "e. The TG analysis shows that the decomposition of the AT precu rsor takes 

place in two steps below 500 "c. A total weight loss or 25 % is observed in this 

range. The first step below 200 "C is due to the dehydration of the mixed gel and 

above this range the weight loss is may be due to the dehydroxylation or the Ti 

(OHkAlOOH inorganic moieties and decomposition of nitrates. From 600 to 

1000 "C the weight loss is only 1.2%. The DTA pattern showed a sharp 

cxothcrmic peak at 328 "C and one hroad endothermic peak at 1200 "C rollowed 

hy a small endotherm ic peak at 1320 "c. The firs t cxothermic peak at 328 "c is 



due to the decomposition of nitrates. 14 Rutilation occurs above 900 QC followed 

by the conversion of boehmite to alumina at 1000 QC. 

40 
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Figure 3. DT A of mixed gel precursor calcined at 600 QC 

Figure 3 & 4 show the DT A curves of AT precursors calcined at 600 and 

1000 QC. The AT phase fonnation is independent of the calcination conditions. In 

both the cases, the AT phase formation is observed only at 1320 QC. AT phase 

fonnation was examined by varying the heating rates Figure 5. It appears that at 

very slow heating rates (5 °C/min), the phase formation temperature is slightly 

shifted to lower range of temperature. The lowering of phase formation 

temperature is not very significant. Since the reaction between alumina and titania 

for resulting aluminium titanate is relatively a slow reaction, comparatively high 

temperature is essential for the completion of the AT phase. 
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Figure 5. Effect of beating rate on AT phase fonnation 

1200 1400 

XRD pattern of mixed gel precursor was amorphous as seen from Figure 6. 

The anatase phase starts to crystaJlize at 800 dc. However. at 1000 DC major 
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phases are rutile, anatase and transition alumina. DT A indicates aluminium 

titanate formation by an endothermic peak at 132() "C, which is lower than earlier 

reports, probably due to the smaller initial particle size in the precursor. The 

formation of ~- AT at low temperature is attributed to nucleation and growth 

pro<:t!SS. The XRD analysis of powder calcined at 1320 QC indicates the 

completion of formation of aluminium titanate phase. Vasudevan et al. reported 

AT formation at 1362 QC from aluminium nitrate derived boehmitc and titanium 

isopropoxide. ' \ 

AY 

i 
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od ... c -

20 30 40 50 60 
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Figure 6. XRD patterns of AT precursor calcined at a) 400 QC b) 600 QC c) 800 

QC d) 1000 QC e) 1320 0c, (A) anata<;e. (R) rutile. (AI) transition alumina. (AT) 

aluminium titanate. (B) Boehmite 
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The panicle size distribution of a stable suspension of mixed gel precursor 

calcined at ( 1000, 1200, 1320 QC) is presented in Figure 7. The boehmite sol 

shows an average particle size of 90 nm (Figure 7a). The particle size of the 

aluminium lilanale precursor powder calcined al 1000 °C ha" a fine particle size of 

100 nm (Figure 7b). 

The precursor calcined at 1200 cC shows (Figure 7c) an average panicle 

size of 430 nm. The average particle size of sol-gel prepared aluminium titanate 

after calci nation at 1320 °C was 700 nm (Figure 7d). XRD resu lts show that the 

aluminium titanatc fonnation was completed at 1320 dc. The presence of a 

bimodal distribution of aluminium lilanate is due 10 Ihe presence of aggregation in 

the nano range to form pri mary agglomerates (first peak). It. The average particle 

size of aluminium litanate precursor synthesized through combustion was reported 

to be 930 run. 17 
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.5 30 
# 

20 

10 

0 
10 100 1000 

01.,..." nm 

.~igure 7. Particle size distribution of a) Boehmite sol. b) AT precursor calcined at 

loon qc. c) AT precursor calcin\!d al J 200 °C d) AT precursor calcined at 1320 "C. 
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Figure 8. show~ the di latometric measurements of aluminium tilanate 

prtl'ursor at different heating rate. The fIrst peak represents the formation 

tc=mpcrature of nuile titania and the second peak corresponds to the sintering 

starting temperature of aluminium titanate. The fonnation temperature of rutile 

lilania ( J(X)() GC) is similar for 5 and 10 °C/min heating rate hut sli ghtly higher for 

15 ~CJmin. Thc siOlering starting temperature for the 5 and 10 °C/min heating rate 

is similar (1300 °C) but highcr for the heating rate of 15 GC/min beeause the 

formation of aluminium titanate is delayed at higher heating rate . 
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Figure 8. Dilatometric measurements curve of aluminium titanate precursor al 

different heating rales 
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Figure 9. Dilalomelric curves of AT precursor calcined at 1000 "C 

The dilalometric curves of me compact s made from AT precursor calci ned 

al 1000 °C shows three step densificat ion (Figure 9. ) .The firs l slep occurs above 

900 °C due 10 the fonnation of rulile phase followed by conversion of boehmite 10 

alumina above 1000 °C (second step). The large shrinkage step is between 1200-

1320 °C, where the alumi nium titanate format ion is also confi nued by XRD data. 

After the formation of alumi nium titanate Ihe further shrinkage was arrested. 

2.1 .2.2 Sintering Cbaracteristics 

The sintcred density of alu mi nium titanate prec ursor calcined at lQCK) cc 

wi th respecl to temperature is presented in Figure 10. The pre-calcined AT 

precursor powder was compactcd and sintered in the rdnge of 1350-1600 cC. at il 

heating rate of 10 °C/min and soaking for 2 h. The samples sintered al 1350 DC 

attained 84% Iheoretical valuc. which is increa..ed 10 86% al 1450 "c. The high 
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sintered density is retained up to the sintering temperature of 1550 qc. At this 

temperature about 94% relative density was achieved. Above 1550 °C the density 

drop may be due to grain growth and microcracking. Hareesh et al. used 

suspension containing 2 wt% aluminium titanate as nucleating seed for the 

densification of AT at 1300 °C/30 min and retains fine grained distribution. 18 
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Figure 10. Effect of sintering temperature on densification 

The thennal expansion curve of AT is presented in Figure 11. The a-A1 20 3 

(CfE: 8 X 10-6 KI) was used as reference material. The thermal expansion 

coefficient of aluminium titanate calculated from the measured data for the range 

200-600 °C is 1.1 X 10-6 KI. This may be due to reduced final grain size of 2-3 Ilm 

of sintered AT which is further indicated by microstructural analysis. 
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Figure 11. Thennal expansion curves of AT sinlered al 1550 0C/2 h. Heating and 

cooling rate: 5 DClmin 

Figure 12. SEM of polished and thennally etched surface of AT sinlered al 1550 

°cn h. 
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The microcracks are fonned in the aluminium titanate sample sintered at 

1550 °C may be due to the thermal expansion anisotropy of aluminum titanate. 

These microcracks are responsible for the high thermal shock resistance of this 

material. '9 Parker et al. reported that aluminium titanate sintered at 1450 °C shows 

a sintered grain size of 13.3 ~m and the corresponding thermal expansion 

coefficient -1.5 x 1 O~ K-'. On further increase in the sintering temperature (at 1575 

DC) the grain size increases to 13.7 ~m and thermal expansion coefficient of -1.2 x 

IO~ K-', but at 1650 °C, the grain size further increases but the thermal expansion 

coefficient remains the same.20 This shows that the thennal expansion coefficient 

depends on grain size and sintering temperature. In our method the grain size of 

aluminium titanate sintered at 1550 °C is controlled in the range of 2-3 ~m, but 

due to presence of microcrack (for large grains), material shows low thermal 

expansion (Figure U.). Kuszyc et al. have reported the existence of an abrupt 

grain size effect in relation to microcracking of polycrystalline ceramics composed 

of materials having high thermal expansion anisotropy.21 Microcracking. therefore, 

must occur at a certain grain size, corresponding to a given firing period at a 

higher temperature, resulting in a thermal expansion hysteresis loop, as shown in 

Figure 11. 

The AT synthesized by the co-precipitation of titanium tetrachloride and 

aluminium nitrate with 2 wt% MgO sintered at 1550 °C with soaking over a period 

of 4 h shows an average grain size of 3.6 Jlm.22 Micrograph of AT sintered at 1350 
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DC over a period of 2 h shows that grain is in the range of 2-3 Jlm as in Figure 

13(8). SEM of the sintered AT (1550 DC) is shown in Figure 13 (b)-I3(c). The 

grain size is in the range of 2-3 Jlm and not associated with any cracks while larger 

grains show microcracks. Isolated closed pores are seen which may due to specific 

sintering schedule, since there is no presence of any liquid phase. In the process, 

direct sintering was adopted without any additives and the fine grain size should 

be due to the initial particle size as well as the enhanced reactivity of the 

hydroxide precursor. Stamenkovic reported that AT prepared by solid state 

reaction (mechanically mixed) with addition of 2 wt% MgO and sintered by hot 

press at 1450 DC and microstructure had a mean grain diameter of 3.8 Jlm?3 In the 

present case the hydroxide precursors due to the fineness, high compaction 

efficiency and surface reactivity result in small grain size. 
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2.2 Alumina- Aluminium titanate Composite- Introduction 

Aluminium titan ate has drawn much attention as a high temperature 

material due to the low thermal expansion coefficient24and high thermal shock. 

resistance.25 Aluminium titan ate exhibits two allotropic forms such as a and ~, 

where ~ aluminium titanate is the low temperature stable phase.2~ Aluminium 

titan ate is usually formed by the solid state reaction between alumina and titania 

above the eutectoid temperature 1280 qc. 27 Aluminium titanate exhibits 

microcracking during cooling from the sintering temperature due to the thermal 

expansion anisotropy.2s Microcracks are found to develop predominantly above a 

critical sintered grain size of 1.5 !lm and therefore fine grained microstructure is 

necessary~he excellent properties like thermal shock resistance and low thermal 

conductivity coupled with good chemical resistance to molten metals (particularly 

aluminium) enable aluminium titanate for fulfilling several metal contact 

applications in the foundry industry.2? 

However a1umina lacks thermal shock resistance and has a relatively high 

thermal expansion coefficient of 8.7 x 10-6 °C 1
.
30 Earlier reports indicate that 

addition of higher quantity of aluminium titanatc particles of uniform size would 

improve the thermo-mcchanical response of the composite. The alumina­

aluminium titanate composites exhibit functional as well as structural properties 

for applications such as thermal barrier coating, insulating components for diesel 

engines and high temperature substrate. 
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Usually alumina-aluminium titanate composite is synthesised by solid state 

reaction of alumina and titania.31 However, the high processing temperatures (> 

1600 0c) result in heterogeneous microstructure and abnormal grain growth in 

addition to the presence of unreacted residual titania phase. Alumina- aluminium 

titan ate composites with controIled microstructure can be achieved starting from 

mixture of alumina and previously reacted aluminium titanate powders at high 

temperature. 32,33 Manurung et al. studied the effect of p- spodumene (maximum 

15 wt%) addition on the thermo-chemical reaction of alumina-aluminium titanate 

composite and concluded that less than 5 wt% p -spodumene addition results in 

the formation of aluminium titanate which starts commencing at 1380 0c.34 The 

green compact of alumina-20 vol.% of aluminium titanate composite, which was 

prepared by covering titanium isopropoxide precursor on alumina powder and on 

subsequent heat treatment at 1300 QC resulted in high density. However, 

composites with larger second phase contents (20-40 voL %) gave lower densities 

(95% of theoretical).35 Padture et al. reported that alumina-aluminium titanate 

composite with a uniform distribution of alumina particles results in excellent flaw 

tolerance.36 Different techniques are adopted for the fabrication of alumina­

aluminium titanate composite The aims of different techniques are to reduce the 

fonnation temperature of aluminium titanate as well as to avoid microcracking due 

to the thermal expansion anisotropy of aluminium titanate. Recently microcrack 

free alumina-aluminium titanate composite was prepared by colloidal filtration 
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method using alumina and titania as precursors and was finally sintered at 1450 QC 

but the average grain size reported here was above 5 !lID for the 10% addition of 

aluminium titanate.37 In many of the reports the sintered grain size of aluminium 

titanate is much higher than 1.5 !lm which is the critical limit to initiate 

microcracking.38 To the best of our knowledge no attempt has been made to 

synthesise aluminium titanate in alumina matrix through a simple sol-gel core­

shell approach, which is shown to have advantage with respect to controlled fine 

grain size and homogeneity of distribution of phases. 

Over the last decade there have been immense efforts to fabricate core shell 

materials with tailored structural, optical, and surface properties.39 Earlier reports 

reveal that similar approach has been attempted in other composite systems such 

as AT-25% mullite composite40 and MgAh04 - Zr02 nano composite.4J Alumina 

was coated on silicon carbide particles to further process Al20 r 5 vol% SiC 

nanocomposite at low temperature where silicon carbide particles could be 

dispersed preferentially at grain boundary of alumina very effectively. 42 The main 

application of nanocoated particles may either be seen in the fonnation of 

diffusion barriers to avoid grain growth or in the modification of physical 

properties of the core and the chemical properties of the surface.43 Techniques 

similar to core-shell approach have been reported for preparing powder having a 

unifonn coating of BaTiOJ on Ni particles. The reduction in shrinkage rate is 

achieved by preventing Ni from oxidation during sintering. which make it useful 

as a multi layer ceramic capacitor.44 Monodisperse silica spheres with magnetic 
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c;ores were fonned by silica precipitation on to magnetite particles.45 Titania coated 

silica spheres have received a lot of attention because of their potential use in 

catalytic, pigment, and photonic crystal application.46 Micrometer sized iron 

particles were coated with silica by the hydrolysis of TEOS in order to improve 

the oxidation behaviour of iron particles.47 Recently, boehmite coating on Si3N4 

was found to improve the consolidation density as well as the green-state plasticity 

of Si3N4. Therefore, the ceramic coating not only can improve the distribution of 

sintering aids, but also modify the rheological and consolidation behaviour of a 

ceramic suspension.48 Microcomposite particle consisting of alumina core and 

amorphous silica coating to form mullite phase are reported in which full 

densification is achieved at as low as 1300 °C. The problem of heterogeneity of 

the second constituent in the preparation of ceramics can be considerably solved 

by the core-shell approach. 

In the present technique, nano titania coated alumina preferentially reacts 

to fonn aluminium titanalC in the composite. This approach of in-situ reactive 

fonnation of aluminium titanate results in low temperature sintering of the 

composite. These results demonstrate that such powders can be sintered at 1350 

°C and that a sintered grain size 1.5-2.0 Jlffi can be achieved. This method is 

effective in controlling the grain size of alumina and aluminium titanate, low 

temperature fonnation of aluminium titanate and further low temperature sintering 

of the composite. The synthesis procedure, fonnation of high temperature phase, 
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densification and microstructural details of alumina-aluminium titanate are 

presented in this chapter. 

2.2.1 Experimental 

Titanium tetrachloride (99%purity MlS Kerala Minerals and Metals Ltd, 

Kollam, India) A16 SG alumina powde;- (99%purity ACC-ALCOA Chemicals, 

Kolkata, India, Av. Particle size 0.3 ).tm), HN03 (Merck, India) solution, and 

Ammonia solution 25% (S.D. Fine chemicals India) were used. 

In a typical experiment, to prepare the titania sol, titanium tetra chloride 

was dissolved in ice cold distilled waer (0.2 M) and was hydrolysed by slow 

addition of ammonium hydroxide (25% S.D. Fine Chemicals, India), solution 

under constant stirring at room temperature, until the reaction mixture attained 

pH=9.0. The precipitate was separated by filtration and was washed free of 

chloride ions (as was confirmed by the AgCl test) with hot distilled water. The 

precipitate (5 g) was further dispersed in 1000 mL water and was peptised by the 

addition of 20% HN03 (Merck, India) solution.49 

The estimated titania sol was used to coat on alumina kept in suspension, 

which was prepared by dispersing alumina powder (depending on the respective 

compositions Table I.) in 1000 mL of water. Stirring was continued for 30 min 

and the additional titania required for aluminium titanate was added in the form of 

titanium hydroxide precipitate (depending on the required compositions Table.I). 

The whole mixture was then peptised to a stable suspension by the addition of 20 
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iIJfI HN03 (Merck. India) which was flocculated by slow addition of ammonium 

bydroxide to bring to pH= 6.5 and was further dried in an oven at 80 DC.50 The 

process flow sheet is provided in Figure 14. 

Zeta potential was measured using Zetasizer Malvern Instrument UK. 

Small amounts of A}zOl, Ti02, and Ah03 @ Ti02 powder were separately 

dispersed in water and the pH was adjusted using 0.1 M HN03 or NaOH for acidic 

and basic solution respectively. The final zeta potential was the mean value 

averaged from three measurements. 

The particle size analysis wa~ carried out using Laser Particle Size 

Analyzer on the powders calcined at 80 DC and 1000 DC (Zeta Sizer. Malvern 

Instruments UK).The sample for the particle size analysis was made by ultrasonic 

dispersion of the respective powders (1 g) in aqueous medium (100 mL) at pH 

<2.0. Average of three measurements with in a standard deviation of 3.0 % is 

reported. 

The coating of titania on alumina particle was observed under 

Transmission Electron Microscope (FEI, TECNAI 30 S- Twin (Netherlands» 

operated at 300 kV and equipped with an energy-dispersive X-ray analyzer 

(EDX». The powder was dispersed in acetone and a drop of the suspension was 

deposited on a carbon-coated copper grid (TEM) and dried. 

X-ray Photoelectron Spectroscopy (XPS) was performed using a Quantum 

2000 device by Ulvac-Phi, Japan, on the composite precursor sample calcined at 
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lOOO°C. 

The dried precursor gels were subjected to DTA analysis (Shimadzu, DTA-

50H) at a heating rate of 5 °C min- I up to J400 QC. The dried gels were 

individually heated at 1350 °c in electrIc muffle furnace and then cooled in air to 

room temperature. The phase identification was done using XRD (Philips PW 

1170) in the 28 range of 20-60 Cu Ka. The structure evolution was done by the 

FTIR analysis. 

The precursor was calcined at 900°C compacted uniaxially at 200 MPa 

using 2 wt% PV A as binder and sintered in the range ] 350-] 450°C. 

Morphological characterization of the sintered pellet was perfonned using 

scanning electron micrograph (SEM, JEOL, JSM 560 LV, Japan) on samples after 

polishing and thennally etching at 1325 qc. The average grain size was calculated 

by the linear intercept method using the relation G = ] .5UMN where 1.5 is a 

geometry dependent proportionality constant, L is the total test line length, M the 

magnification and N the total number of intercepts. For the grain size 

detennination four representative micrographs with the magnification of 4000X 

were analyzed. A test line of 9 cm length was marked on the micrograph and the 

number of intersections of the line with grain boundaries was counted. 

2.2.2 Preparation of a Reference Sample 

In order to compare the reactivity of the titania coated alumina particles as 

well as the properties of final alumi:la-aluminium titanate powders with the 
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conventional solid-state process, a mixture of the same alumina powder used for 

the coating process and Ti02 (anatase Ti02 Sigma AIdrich) was prepared by ball 

milling in water. The powder was subjected to similar thermal treatment as that of 

the coated precursor. 

Table 1. Alumina and titanium hydroxide in wt% used in 50 g batch of AI-AT 
composites 

Composite AM5%AT AM20%AT AM40%AT AMSO%AT 

Alumina 47.5 g 40.0 g 30.0 g 25.0 g 

Al20 3 

Titanium 
hydroxide 1098 mL 39.86 g 113.08 g 149.66 g 
Ti (OH)4 (Titania sol) 
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Alumina 

20% HN03 
pH 2.0-2.5 

TiOCh solution 
(0.2M) 

1 10% NH40H 
pH 9-10 

Titanium hydroxide precipitate 

1 ~20%HN03 pH 2.0-2.5 

Titania SOl 

Alumina-titania 
mixed sol 

~ 1 
· 

Gelation, Calcination & Sintering 

1 

Titanium 
hydroxide 

Figure 14. Flow sheet for the preparation of alumina-aluminium titanate 

composite 
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2.2.3 Results and Discussion 

11lc synlhesis of the precursors were done aI controlled pH condition which create 

high zda potential in aqueous suspension of alumina and nano Si7.e tilania soJ. 

When alumina particles are dispersed in water. protons or hydroxyls are adsorbed 

on the surface of the alumina particle. The addition of titanium hydroxide to this 

dispersion may result in a substitution reaction between the titanium hydroxide 

and the -OH groups on the surface of alumina. This may be the possible 

mlX"hanism for titania coating over alumina particle. SI Such a situation provides 

excellent distribution of titania species on individual alumina particles facilitating 

low temperature formalion of aluminium titanate. 
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Figure 15. Zcta potential measuremenl of alumina. titania and titania coated 

alumina panicle 
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Zeta potential of the alumina, titania. and the titania coated alumina were 

measured with Malven Zeta Sizer. The results are shown in Figure 15. The 

isoelectric point of alumina was located at the pH 7.8 which has shifted to 4.5 after 

coating with titania. Study reported on alumina coated SiC shows that the 

isoelectric point of SiC is shifted from pH 4 to pH 8 after coating with alumina. 52 

The shift in the isoelectric point is explained on the basis of specific adsorption of 

alumina on SiC surfaces. In another study. the isoelectic point of u-A120J was 

found to shift from pH 7.5 to pH 2.2 due to the specific adsorption of poly acrylic 

acid (PAA).53 In the present work alumina suspension was prepared at pH=3.0 

leading to a zeta potential value of +60 mY. Similarly titania sol prepared at 

pH=3.0 has a zeta potential value of +2.9 mY. Therefore the titania nanoparticles 

produced by the hydrolysis of the titanium tetrachloride solution will have a 

spontaneous tendency to self-assemble on the surface of the alumina particles by 

heterocoagulation. Since even a single layer of titania is sufficient to alter the 

electrokinetic behaviour of surface of alumina particles. this may indicate the 

uniformity of titania coating achieved in the present procedure. 
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Figure 16. Variation in zeta potential of alurnina suspension with respect to titania 

sol addition 

The process of coating of titania on alurnina was monitored by the addition 

of 5 mL to 25 mL titania sols to a1umina suspension separately and measuring the 

zeta potential of the suspension. The corresponding results are shown in Figure 16. 

The initial pH was 2.0 and the zeta potential is 22.0 mY. The addition of titania sol 

from 5 mL to 25 mL causes a dramatic decrease of zeta potential values from 22.0 

mV to -10 mY, while the pH value of tile a1urnina suspension increased from 2.0 

to 2.4. The sharp decrease in zeta potential indicated that titania particle had 

already got adsorbed on to the surface of a1umina particle and is progressive with 

increasing titania concentration as sh~wn in Figure 16. 
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Differential thermal analysis (DTA) of A-20%AT composite precursor, 

presented in Figure 17 shows an endo:hennic peak at 80°C which indicates the 

removal of physically adsorbed water. Rutile formation is observed at 1100 cC and 

an endothennic peak in the DT A at 1300 °C shows the presence of aluminium 

titanate in the composite. Earlier reports indicate that alumina-a1uminium titanate 

composite synthesized by partial infiltration of a porous a1umina preform with 

titanium ethoxide results in aluminium titanate formation at 1350 °CS4 and /l-

spodume addition in alumina-aluminium titanate composite results in the 

fonnation temperature of aluminium titan ate at 1380 °C.5S In the present method 

titania-a1umina reaction is preferentially enhanced due to the high reactivity of the 

coated precursors. 
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Figure 17. DTA analysis of A-20%AT composite. 
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Figure 18. X-ray diffraction pattern of a) alumina b) alumina-aluminium titanate 

precursor dried at 80 cC c) alumina-aluminium titanate precursor calcined at 1000 

"C. A alumina. R rulile titania 

Figure 18. XRD patterns of Ih~ as--coatcd and dried powder show only the 

peaks of alumina. meaning that the TiO~ coating is mainly amorphous. The 

intensity of the litania diffraction pattern was much lower than that of A1 20 .1 hence 

it was very hard to detect such pattern from nonnal XRD pallem. The 1000 °C 

calcined powder shows highly crystalline peaks for titania. The coati ng is 

confirmed hy the rcsulls of the X-ray photoelectron speclroscopy (XPS) studies. 

According to literature the highest intensity peaks of Al (25) & AI (2P) are 

observed at 74.0 eV and 74.2 eV respective ly.S(. The results of XPS (powder 
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calcined al I(X)() 0e) show thal Ihe hi ghesl inlcnsity peaks of alumina arc 

allcnuatct! and hence il is confirmed Ihat a uniform coating of titania exit>. over 

alumina (Figure 19 a) . The XPS spcctmrn also shows Ihe presence of major peaks 

ofTi (2P) 458.5 eV:~7 
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Figure 193. XPS survey of AI- 201k AT precursor calc ined at I()(X} "C 

• 
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Figure 19 b. High resolution XPS spectra of the 01 s o f Ihe A I-2()fk AT precursor 

~:alcincd al I ()(X) " e 

Figure 19 c. High resoluti un X PS spectra ut' {he Ti 2P of Ihc AI- :::!U!AAT 

precursor calcined al WOO ~C 



The high resolution XPS spectra of the 01s and Ti 2p are shown in Figure 

19b & 19c respectively. The peak ofTi 2P at 458.5 eV is shifted compared to pure 

litania. The 0 I s peak of Ti02 coated alumina particle was shown in Figure 19b 

which indicates that the main peak of 01 s consists of a main peak and a 

shoulder. 58 According to literature one peak can be assigned to bulk 0 2
- and the 

other peak to -OH. The -OH and bulk 0 2
- peaks of the coated AlzOJ particle 

surface are assigned to Ti (OH)4. The intensity of -OH is large compared to the 

bulk 0 2- and this is due to the adsorbed coating film of hydrous Ti(OH)4 rich in -

OH. 54 The absence of alumina peak in the titania coated alumina particle suggested 

that a thick coating of titania is formed on the alumina particle. flo Therefore only 

the peaks of titanium, oxygen and carbon are observed in the spectra of titania 

coated alumina particle.61 

The microstructure of titania coating on alumina was observed by TEM and 

details are presented in Figure 20a. Alumina particles are fully covered by titania 

with an average thickness of almost 24 nm. The Ti02 coated alumina powder 

calcined at 1000 QC shows the presence of a smooth layer of titania coating. In 

some case a cluster of alumina particles is uniformly coated with nano Litania 

layers with an average coating thickness of 24 nm or sometimes titania coated 

alumina particles are stacked together as is shown in Figure 20b. Particles even 

larger than 200-400 nm could be easily coated by the present approach. 
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(a) 

Figure 20a. Typical TEM image of Ti02 coated AhO) single particle 

Figure 20b. Typical TEM image ofTiO~ coated AI=O l a duster of particles 

Figure 2Oc. Morphology of TiO] coated AI20~. and insert the corresponding 

SAED pattern 

The coming ""US crystalline .. s shown by the SA EO pattern presented in 

. ·igure 2Oc. The macroscopic driving forces respons ihle for the spontaneous 

assembly of the nanocrystal s in the shell are related to the replacen~nt of solid· 

liquid interfaces by solid-solid intcrfaclo! tlf lower \.'nr.:rgy. Also the entropy is 

increased because water and ah\;llrbed ions arc removed ,'" The l'l'nlrc of the 



alumina particle is darker than their outer regions because the centre of a 

spherical particle is thicker.62 

Many researchers refer to electrostatic attraction in order to explain the 

coating of the shell-particles on a core in an aqueous medium because of opposite 

surface charges. Other suggested mechanisms are the heterogeneous nucleation 

on the core particle or ion adsorption on the core. Furthermore Wu et al. 

suggested the collision of the shell-particle and core particle substrate followed by 

• 6-1 
a condensatIOn between them. -

The particle size distribution of TiOz coated AI20 3 dried at 80 QC and 1000 

QC is presented in the Figure 21. The powder dried at 80 QC shows an average 

particle size of 340 nm with a PDl value (poly dispersity index) of 0.4, where as 

1000 QC calcined sample shows 486 nm average particle size with a PDl value of 

0.6. AbO) mIXhanically mixed (solid state mixing) with Ti02 shows higher 

particle size distribution. The sample at 1000 QC shows a higher particle size due 

to aggregation of the particle in aqueous medium compared to as dried powder. 
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Figure 21. Particle size of sol-gel coated A-20%AT al 80°C and 1000 °C 

The XRD analysis of the reference sample calcined at 1300 °C presented in 

Figure 22. shows the presence of alumina and rutile lilania phase where as the 

core-shell approach shows the presence of alumina and aluminium lilanatc phases. 

This shows that the present core-shell approuc;h was effecti ve in the low 

temperature formalion or aluminium tilanate compared to the conventional solid 

stale mixing roule because of the faSler diffusion rale due 10 proximity of alumina 

and tilaniu. 

The formation of aluminium titanatc occurs above the eutecloid 

temperature 1280 qc. The solid slate reaction between AhOJ and Ti02 involves 

the vapour phase tran spon or bulk diffusion of one or bolh of the reactants. 

Aluminium tilanale fonnalion is a nucleation growth process. A slow first stage 

76 



which involves nucleation is followed by a rapid second stage associated with an 

appreciable increase in the reaction rate and grain growth. The activation energy 

for the reaction of 229 ± 45 kJ.65 This value corresponds closely to that for the 

diffusion of Ti in presence of small amounts of alumina. 

------... ~ AI2TiO~ 

Heating above 1280°C was accompanied by rapid grain growth resulting in 

formation of microcracks. It was reported that titanium has limited solubility in 

alumina (0.5% per AhO] unit) and the diffusion of the titanium is also slow. An 

initial rapid period characterised by the nucleation and growth of the aluminium 

titanate cells, followed by subsequent removal of the remaining unreacted oxides 

governed by diffusion which occurs slowly. The faster diffusion rate of titania into 

the alumina matrix can be achieved through the core-shell approach, compared to 

the solid state mixing where the contact area of the reactant is minimum. This is 

similar to mechanism of formation of BaTi03 by a core-shell approach. The 

formation of BaTiO) layer is explained to occur at the BaCOyri02 interface, and 

further the growth proceeds by diffusion of the barium ion across the perovskite 

layer toward the BaC03ffiO/j/j 
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F igure 22. XRD of AJ-20%AT (a) solid slate mixing and (h) sol-gel coating at 

1300 QC, R ru lile !ilama, A alumina. AT alumi nium lilanale 

The XRD analysis (Figure 23.) of composite precursor calcined at 1350 QC 

shows the presence of a- alumina. aluminium lilanale and the absence of rulile 

phase. The XRD peak intensity of aluminium titanale increases with the amount (lf 

aluminium titanalc. The diffraction intensitics of the (110) & (023) planes of AI-

5%AT. AI-20%AT. AI-40%AT. AI-50%AT, arc larger compared with those of 

alumina ind icating the presence of ani sotropic grains oriented along the (110) & 
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(OH) planes./>.! XRD analysis shows that 5t1% addition of aluminium titanate in the 

composite dominates in aluminium titanate phase. 

20 30 40 50 60 

2 Theta Degrees 

Figure 23. XRD of alumina-aluminium titanatc composite calcined al 1350 °C/3h, 

(a) Alumina, (b) AI-5%AT (c) AI-20%AT (d) AI-40%AT (c) AI-50%A T. 

• A1umina, _ Aluminium titanate 

The densification behaviour of the composi te precursor (A I-20%AT) and 

alumina calci ned at 900 °C was monitored hy dilal0metry as shown in Figure 25. 

The dcnsifil.:ation takes place in onc step up 101 350 0c. DifferC:nlial of shrinkage 
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curve of composite shows that the shrinkage rate is higher compared to pure 

alurnina. In the composite, the shrinkage starts at 1100 QC and continues up to 

1350 dc. The former is due to the formation of rutile phase (confirmed by XRD 

Figure 24., and the latter is due the formation aluminium titan ate phase. The 

major shrinkage is seen to take place in the temperature range 1100-1350 qc. 
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Figure 24. K.RD of alumina-aluminium titanate compositc precursor (AI-20%AT) 

calcined at 1100 cC/3 h. Alumina •. Rutile •. 

The sintering of alumina-alurninium titanate precursor compact was carried 

out at tcmperature range of 1350-1450 DC with 3 h soaking time. The typical 
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silllering schedule was as follows: RT to 800 QC al a rate of 3 QC/min. 800 to 1200 

nC at a rate of 5 nC/mi n and then up to maximum sintering temperatures at 

10 °C/min. The relative density of the sintered spec imen was calculated hy rule of 

mixtures. The theoretical density of alum,ina and aluminium titanate was taken as 

3.97g1cm·1 and 3.70 glenr1 respectively . Alumina without any additi ves sintered to 

85% density at 1350 QC (green density 66.4%) and 95% at 1450 ne. The sintering 

temperature of alumina was further reduced considerably (by 100 QC) in presence 

of aluminium titanate. Addition of as low as 5 %( weight) aluminium titanate was 

able 10 rai se the demity by abou l 98% at 1350 QC (green density 66%). The 

tendency of enhanced sintering is shown up to an addition of 40% aluminium 

titanalc after which higher temperature is necessary. 

o,Oi~~-----~ 

--AI·2Q% AT 
-, -- Alumina 

Temperature, QC 

Figure 25. Differential shrinkage behaviour of alumina and AI-20%AT 

compos ites 
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The low temperature sintering is due to the faster diffusion rate in core-shell 

particle compared to the conventional solid state sintering route. The average grain 

size of aluminium titanate and alumina is 1.5 ~m, 2.0 ~m respectively. Figure 26 

(a) & 26 (b) show SEM micrograph of sintered AI-5%AT and AI-20%AT 

composites at 1350 °C respectively. The addition of AT to AI20.l is expected to 

control the grain growth of both alumina and aluminium titanate. On the other 

hand, Figure 26(c) indicates further grain growth observed and this sample was 

sintered at 1450 dc. No microcracks are observed in any of the samples sintered at 

lower temperature indicating the· absence of abnormal grain growth of AT grains. 

Under the present conditions of preparation the aluminium titanate particles were 

preferentially distributed at the grain boundaries and this could be due to the novel 

approach of the pre-coated precursor. The homogeneous distribution of aluminium 

titanate grains in the alumina matrix was confirmed by SEM-EDX analysis as 

shown in Figure 27. The microstructure analysis of the composite shows that the 

grain size of aluminium titanate is lower than the initial particle size of alumina. 

The titania in the precoated alumina particles get converted to rutile at 1200 °C 

and get distributed at the grain boundaries of alumina which could initiate the 

sintering process. Further, the aluminium titanate formed in-situ may act as centre 

for controlling the grain growth of alumina. Hence the grain growth in alumina is 

prevented and the composite gets sintered at a low temperature. 

82 



Figure 26. AI-AT composile s intered at 1350 °C/) h. (a.b) AI- IO%AT. (c.d) AI-

20%AT. (e.f) AI-40%AT 
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Figure 27. AI-20%AT composite sintered al 1350 QC (marked area is the spot 

were the EDX analysis was pcrfomted) 

FflR spectrum (Figure 28. ) has been used 10 follow the in-silu formation 

of the high temperature aluminium lilanalc phase. The spectral rangc .~ (1) )(XX)-

!!4 



1500 cm-I, where the OH vibrations of water and OH groups appear and (ii) 200-

850 cm-I where the AI-O and Ti-O stretching and bending vibration are followed. 

The AI-20%AT gel dried at 80 "C, shows a very board band above 3000 cm-I with 

a peak at 3436 cm-I, which is assigned to the stretching mode of absorbed water. 

The intensity of these bands decreases gradually with increase in temperature. The 

IR band of the gel calcined at 250 "c shows a shoulder at 850 cm-I which is due to 

the metal-oxygen bond (AI-O tetrahedral). It was reported that during the 

aluminium titanate formation all the AI-O tetrahedral vibration changes to 

octahedral AI-O vibration. The sample (AI-20%AT Fi~ure 29. calcined at 1300 

QC shows complete absence of an intense band at 441 cm· 1 which clearly indicates 

the absence of tetrahedral vibration but the sample shows the presence of an 

intense band at 465 cm-I which is due to the presence of octahedral vibration. The 

reference sample shows an intense band at 436 cm-I which clearly indicates the 

presence of tetrahedral vibration.(>K The FfIR studies show that the core shell 

approach is effective in the low temperature fonnation of aluminium titanate 

compared to the solid-state mixing. 
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Figure 28. FTIR Spectrum of AI-20%AT calcined at (a) 80 QC (b) 250 QC (c) 1000 QC 

and (d) 1300 QC 
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Figure 29. FfIR Spectrum of AI-20ck AT calcined at 13{X) ''C (a) reference sample 

t h I core-shell sample 
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2.2.4 Coefficient of Thermal Expansjon 

The linear thennal expansion coefficient of AJ-20% AT composite 

compared with alumina are presented in Figure 30&31. The average linear 

thennal expansion of alumina is 8.62 x 1O.fi Qe l and aluminium titanate is -9.7 x 

1006 Qe l
. The alumina-20% aluminium titanate sintered at 1350 QC shows a 

thennal expansion coefficient value of (5.77 x 10-6 Qe l
) which is about 44% less 

of that of alumina. The aluminium titanate shows an average thermal expansion 

0.30 

0.25 

• 1°.20 

£ 0.15 
fI. 
::r 0.10 
::J 

" - 0.05 

0.00 

o 200 400 600 800 1000 1200 

Temperature, QC 

Figure 30. Coefficient thermal expansion plot of AJ-20% AT sintered at 1350 QC 
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Figure 31. Coefficient of thermal expansion plot of alumina sintered at 1600 °C 

2.2.5 Thennal Shock Resistance 

Alumina is regarded as one of the most promising ceramic materials 

because of its attractive properties such as wear, deformation resistance and 

chemical inertness but lacks thermal shock resistance which limits its high 

temperature application. The maximum temperature drop. ATe that the material 

can sustain without cracking is a measure of its thermal shock resistance. The 

classic equation that describes the thermal shock resistance of brittle materials 

under mild thermal shock condition was established by Hasselrnan in 1969.69 The 
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maximum temperature increment that the material can stand without fracture, Tc is 

given by, 

R= k olEa 

where k= conductivity, C'f(= strength, E= Young's modulus. CJ.= thennal expansion 

coefficient. It was difficult to vary the strength, thermal conductivity and thennal 

expansion coefficient of monolith but we can control these parameters by the 

addition of second phase. A second phase with lower young's modulus and 

thermal expansion coefficient than alumina matrix would improve its resistance to 

thennal shock. The main factors affecting the thennal shock damage of ceramic 

material are surface fmish, strength, thennal expansion coefficient, thermal 

conductivity, elastic modulus, dimension of the sample and Poisson's ratio.10 

The beneficial effect of mullite, neodymium titanate, aluminium titanate, 

aluminium nitride as second phase on the thermal shock resistance of alumina was 

reported by other authors. In a previous work Budian et al. reported that 10 vol% 

mullite as a second phase in alumina matrix shows good thermal shock resistance 

(::::12%) was due solely to the decrease of the product E·a.71 It was also reported 

that for a composition AJ-lO%AT flTc was further increased (::::30-40%) due to 

the toughening effect of the second phase.12 Aluminium nitride (AJN) is also used 

as second phase material to improve the thermal shock resistance of alumina. AlN 

might have some toughening effect on the composite due to its thermal expansion 
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mismatch with alumina, as observed for alumina-aluminium titanate composites.73 

The alumina-aluminium metal composites with improved thermal shock 

resistance under severe thermal shock conditions have been reported by 

Aghajanian et al.74 Wang et al. reported that alumina shows 120 DC higher thermal 

shock than the monolith with the addition of piezoelectric secondary phase like 

neodymium titanate. 75 

Water quenching technique was used for thermal shock tests. The sintered 

specimens were heated at a rate of 5 DC/min to a pre-set temperature and held at 

this temperature for 3 h. Then the hea::ed specimens were dropped into a water 

bath which was maintained at 20 DC. At least three specimens were tested to obtain 

the average compressive strength. The compressive strength is measured using a 

Universal Testing Machine (INSTRON 1195), using sample size where the height 

of the sample is 2 times higher than the diameter. 
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The thermal shock behaviour of the composite was measured based on the 

strength degradation in {he composite with respect to the temperature increment 

(Figure 32). The strength of a range of alumina-aluminium titanate composite was 

measured after thermal shock. The AI-20% AT shows comparable strength before 

and after thermal shock resistance at 800 "C, but the strength degradation start at 

1000 "e. This shows that the AI-20% AT composite show better thermal shock 

resistance compared to monolith alumina at 800 "e. The quenching cycle 

experiment on AI-20% AT was also performed which shows that the strength 

gradually degrades after each thermal cycling (Figure 33). 
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Figure 34. Vickers hardness of different aluminium ritanate content in the alumina 

matrix 
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Hardness is an important parameter as an indication for machinabiIity of 

ceramics. For sintered ceramics hav:ng comparable grain sizes, and lower 

bardness values indicate better machinability. Vickers hardness (HMV 200, 

Shimadzu) was measured under a load of 4.9 N and at a dwell time of 14 s on the 

polished surface of the composite sintered at 1350 QC and pure alumina sintered at 

1650 0c. Figure 34. shows the experimental relationship between Vickers 

hardness and different aluminium titanate content in the alumina matrix. Along the 

addition of aluminium litanate, a sharp decrease in the hardness of the Ah03/AT 

composites due to the soft interface formation. The hardness of alumina­

aluminium titanate composite containing varying aluminium titanate addition was 

measured. The results show that the ha~dness of alumina decreases with increase 

in addition of aluminium titanate. 
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2.3 Conclusions 

The effect of hydroxide precursors on the sol-gel synthesis of aluminium 

titanate was studied. The in-situ peptisation of the hydroxide precursors resulted in 

nano scale starting particles which facilitate the fonnation of aluminium titanate 

phase at considerably low temperatures. The average particle size of 100 nm was 

achieved for the aluminium titanate precursor calcined' at ] 000 qc. The aluminium 

titanate phase fonnation was observed at lower temperature of ] 320°C. This may 

be due to close proximity of hydroxide of both alumina and titania. The aluminium 

titanate sintered at 1550 QC showed 94% relative density. The microstructure 

indicates crack free dense aluminium titanate grains of size 2-3 /.lm. The thennal 

expansion coefficient was as low as 1.1 x 10-6 KI over a temperature range of 

200-600 QC. 

Further, a novel synthesis route blsed on core-shell approach for alumina­

aluminium titanate composites as well as the low temperature sintering resulting in 

a fine grained microstructure was reported. Fonnation of amorphous titania shell 

on alumina particles which are kept in suspension without segregation was 

achieved at hig~ zeta potential value of +20 mY. The formation temperature of 

aluminium titan ate from the precursO! containing Ah03 and Ti02 can be 

drastically reduced by the Ti02 coated Ah03 precursor particles instead of using a 

mechanical mixture of alumina and titania. The low temperature formation of 

aluminium titanate in the alumina matrix can be attributed to maximum contact 

area between the reactants in the core-~llell approach when compared to the solid 
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state mixing route. The present approach results in good densification without 

significant grain growth. The composite sintered at 1350 QC shows a sintered 

density of 98% with an average grain size of 2 flm and 1.5 flm for alumina and 

aluminium titanate respectively. 

The thermal shock resistance of in situ-formed alurnina -AT composites 

was evaluated by water-quenching technique. Alumina with 20wt% addition of 

aluminium titanate shows excellent thermal shock resistance as indicated by 

critical temperature differential without fracture. Thermal stress developed in the 

material during quenching can be reduced by the high toughness value alumina­

aluminium titanate composite by its bridging mechanism. The retained strength of 

the composite compared to alumina also is indicative of good thermal shock 

resistance. The results demonstrate that the addition of 20wt% aluminium titanate 

can improve the thermal and mechanical properties and hence improve the thermal 

shock resistance. 
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Chapter III 

Alumina-Lanthanum Phosphate Composites 

3.1 Introduction 

Ceramics are increasingly being used in engineering components such 

as bearings, rotors, nozzles, valves, and heat exchangers. Most of these 

components have complex shapes and require a good tolerance and surface 

finish. Such characteristics are usually achieved by machining, which is both 

costly and potentially damaging to the strength of the component. Machining is 

emerging as an inevitable requirement for flexible use of advanced ceramics, 

especially for structural ceramics. However, the extremcly high hardness and 

brittleness of ceramics makes conventional machining very difficult or even 

impossible. In some cases (especially optical and electronic applications), 

machining damage may be so intrusive as to necessitate additional polishing 

operations. I In this context the machining may be seen as a major limiting step 

in ceramics manufacturing. 

In the past years, much research has been focused on the improvement 

of ceramic machinabiIity?·lA Generally, two methods werc used for improving 

the machinability of ceramic materials. One method is to introduce a weak 

interface or layered structured material in the matrix to facilitate crack 

deflection or healing during machining. such as mica containing glass­

ceramic.s The other method is the structure-design method, where the 

machinability of ceramics is optimized by adjusting the distribution of phase 

and porosity." 



The most popular machinable glass-ceramics, consisting of finely 

dispersed mica platelets in a glass matrix, can be cut and drilled using 

conventional metal-working tools. The ease of cutting derives from the 

cleavage of the mica crystals beneath the cutting tool, and material removal by 

linking of the microcrack. These materials are used in a variety of applications 

requiring their high-temperature properties, high hardness, electrical or thermal 

insulation, or dielectric properties, combined with the convenience of 

machining. However, their high temperature use is limited by softening of the 

glass phase or coarsening of the crystallites, usually at temperatures above 800 

°C.7.R Attempts have been made to develop analogous, more refractory systems. 

Barsoum et al. showed that Ti3SiC2, consisting of large, plate-shaped, easily 

cleaved grains, could be drilled and tapped using high-speed steel tools.9 

Padture et a1. showed that material removal rates during diamond grinding and 

drilling of silicon carbide could be substantially increased by incorporating 

elongated grains, weak interphase boundaries, and high internal stresses into 

the microstructure. lO The microstructure was consisted of plate-shaped SiC 

grains with a second phase of yttrium-aluminium garnet with relatively weak 

interphase bonding. Machinability has also been reported in very fine-grained 

silicon carbide containing porosity and free carbon, I I Another important high 

temperature ceramics which can be used as a machinable ceramic is lanthanum 

phosphalc.1 2 

Interest in monazite ceramics during the eighties was due to its high 

temperature stability, high melting point (> 1900 "C) higher than that of 
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alumina (Ah~) and low thermal conductivity and diffusivity.13 Later, in mid 

nineties search for high temperature, oxidation resistant and weakJy bonded 

interface materials for ceramic composites had also ended up in monazite 

ceramics, especially lanthanum phosphate (LaP04).14 Due to the identical 

thermal expansion coefficients of Alz0 3 and LaP04 their composites were 

widely investigated and were found to be chemically inert. 

Morgan et al. reported that monazite-type LaP04 was stable and its 

phases were compatible with Ah03 at temperatures at least as high as 1750 °C 

in air and two-phase composites consisting of LaP04 or CeP04 and Ab03. 

mullite or zirconia were first found to be machinable.15.16.17 Chawla et al. 

reported that the incorporation of LaP04 interphase coating by the sol-gel dip 

coating method is an effective way of creating weak interfacial bonds between 

Moreover the Ah03 - LaP04 composites has a layered structure suitable 

for inhibiting crack growth and along with their better toughness qualifies well 

for use as interface material. 19 Usual procedures for synthesis of these 

composites utilise solid state and wet mixing methods and also reactive hot 

. h b d20212ZE h 'ed ed pressmg a~ een aLLempte . .. ven w en nano SIZ precursors are us 

for the synthesis of the composite, sintered grain sizes approach micron range 

in most cases. Also, the more efficient and flexible sol-gel method has not been 

investigated in detail for the preparaLiJn of these nanocomposites. Mechanical 

properties of these nanocomposites are also not reported. 
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3.2 Experimental 

The starting materials were lanthanum nitrate (purity 99% Chempur, 

Karlsruhe, Germany) and orthophosphoric acid (Purity 85% Chem Solute, 

Renningen, Germany). For the synthesis of 20 g lanthanum phosphate, 0.05 M 

solution of La (N03h6H20 in distilled water was first prepared. 

Orthophosphoric acid solution was added slowly to the lanthanum nitrate 

solution while keeping the solution under stirring. White precipitate of 

lanthanum phosphate formed wa'> completely flocculated using 25% ammonia 

solution at pH=6 and then filtered. The precipitate was then washed with hot 

water, acetone and fmaJly with hot water again to remove the nitrate and excess 

phosphates. Then the precipitate was peptized in distilled water by adding 20% 

nitric acid and maintaining the pH between 1.8 and 2.2.23 The suspension was 

kept under stirring for about 4 h until a stable sol was obtained. To prepare the 

composite, AI20 3 (mean particle size of 0.2 I1m, purity of 99.99%, Taimei 

Chemical Co., Ltd., Japan ) required for the nanocomposite composition was 

added to the stabilized LaP04 sol and stirred well for 2 h. This composite 

precursor suspension was tlocculated with ammonia (purity 25%, Chem solute, 

Renningen, Germany) at pH=5. The compositions synthesised were 10,20, and 

30 wt%, of lanthanum phosphate added alumina. The precursors were calcined 

at 400 OC and were ground, attrition milled in water and dried. The process 

flow sheet is presented in Figure 1. 

The typical sintering schedule was as follows: RT to 800 QC at a rate of 

3 QC min'[ and then up to the sintering temperatures at 5 QC min- I
. The densities 
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of the sintered materials were measured on ground specimens by the 

Archimedes principle using distilled water as the reference medium. The 

theoretical densities were calculated using the values of3. 97 g/cm J for alumina 

and 5.07 g/cm1 for LaP04 . 

Lanthanum nitmtc solution (0.05M) 

Lanthanum phosphate sol 
x =0 10, 211, 30 wt% 

1 Orth. pho,p,",,;, .dd 

Lanthanum phosphate 

j 
Washing, peptisation using 
20% HNO.I 
Stirring for 4 h 

LanthanulII phosphah~ sol 

---'1· Alumina powder (0.2 ).lm) 

AhO.JLaP04 composite precursor 

1 
Flocculation at pH 5 
Attrition milling, 2 h 
Drying, Calcination at 400 "C 
CIP, sintering 

Nanocrystalline AllOy' LaP04 

composite 

Figure 1. Row diagram for the sol-gel synthesis of alumina-Ianthanum 

phosphate 

Bars of dimensions 4.5 mm x 6 mm x 40 mm were compacted by un i-

axial pressing at 20 kN, followed by cold isostatic pressing at 200 MPa. The 

sintering was conducted in a chamber furnace at temperatures ranging from 

1450 to IS00 QC, with a soaking period of 3 h under air atmosphere. 
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The phase content of the nanocomposite powder precursors was 

examined by X-ray diffraction with Cu Ka radiation (D8 Discover, Bruker 

AXS, Karlsruhe, Germany). The microstructures of the sintered materials were 

investigated by scanning electron microscopy (LEO 1530 FESEM, 

Gemini/Zeiss, Oberkochen, Germany). SEM specimens were polished and 

thermally etched at 1420 QC for 20 min in air atmosphere. The grain size 

analysis was done by the linear intercept method using a correction factor of 

rrl2. 

The flexural strength of composite samples was measured by four point 

bend testing. A schematic representation of a typical four point fixture is 

represented in Figure 2. The samples were ground to bars of dimensions 3 mm 

x 4mm x 40 rrun and the tensile face and adjoining sides were polished down 

to 1 f.lm surface finish. The edges were uniformly chamfered at 45°. The 

strength testing was performed on a universal testing machine (Series 1600, 

ATS, Butler, PA) with a crosshead speed of 0.5 mm/min. The inner and outer 

spans of the loading rig were 15 and 25 mm, respectively. The breaking loads 

for the samples give the tlexural strength using the standard formula for the 

strength of a beam in four point flexure, as 

(}B=MB/W 

MB = PD. (11-12/4) 

W= bh 2/6 

Here 'MB' represents the bending moment at fracture and 'w' is the section 

modulus. 'PIl' is the fracture force, 'b' is the width and 'h' the height of the 
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sample. For every test series, ten values were to be determined. The values and 

their mean value as well as the standard deviation are also determined.24 

--.. b 

Figure 2. Schematic illu:-;tration of a four point bending fixture 

Fracture toughness (KIc) was measured by the Single Edge V-notch 

Beam (SEVNB) method. A schematic representation of a typical SEVNB' s V-

notch is represented in Figure 3. For that purpose the notch was cut with a 

diamond saw blade of 120 ~lm thickness and sharpened with a razor blade in a 

special mechanical appliance (SEVNB). Using diamond paste of 6, 2.5 and I 

~m grain size, the curvature radius of the notch tip wa<; reduced to less than 10 

25 
~m. 
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FJaure 3. Schematic illustration of a V -notch of a SEVNB 

The fracture toughness can be computed from the maximum k>ad F ..... 

Where fl= l-a 

S. - Span 
a - Notch depth 
B - Specimen width 
W - Specimen height 
a=a / W 

Hardness (H) measurements were conducted at room temperature using 

a Vickers diamond indentor (CLEMEX JS 2000) under a load of 2 Kg with a 

loading time of 10 s. An average hard.,ess was then calculated from the results 

of 5 indentations using !.he following equation: 

H=F /2a 2 (2) 

Where a is the half length of the indent and F is the Joad.26 
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3.3 Results and Discussion 

The XRD diffraction patterns of LaP04, AI10 J-30LaP04 nanocomposite 

heated at 400 QC were analysed and presented in Figure 4 & 5. The XRD 

analysis of the composite shows the presence of LaP04, a-AI20 J phases but 

LaP04 sample shows the presence of amorphous LaP04 phase. The XRD 

diffraction patterns of AI 20 J-30LaP04 nanocomposite heated at various 

temperatures were analyzed. All the peaks were well assigned and we do not 

find any reactive phase at 1450 0c.27 Diffractograms of compositions of the 

various composites heated at 1450 °C are presented in Figure 6. At this 

temperature LaP04 is in monazite monoclinic phase (JCPDS file no. 35-0731) 

and AhO) is in the alpha phase (JCPDS file no. 10-173) is presented. 

-m 
!:: 
c 

::J 

.Q ... 
-t ->-
!:: 
m 
c 
Cl) -.E 

La LaP0
4

400°C 

T.=-

La 
La 

La 

~ ~ ~ ~ ~ ~ ~ ~ ~ 

2 Theta Degrees 

Figure 4. XRD of LaPO~ calcined at 4(X) °C 
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Figure S. XRD or AhO..-30LaPOJ calcined al400 "C 

-- Al,O,-lC1'11.L..PO, 
-- AI,O,-2O'1. "'1'0, 

Al,o.-3O% LlPO, 

20 30 40 50 60 70 
2 Theta Degree 

Figure 6. XRD of AI!O.-IOLiPOJ . AI!O.l-20LaPO,1. AhO,·JOLaPOJ . 

composite calcined at 14~O "c 
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The sintered densities of the composites were measured using the 

Archimedes method. A density of 98-99% was obtained for the composite 

when sintered at 1450 QC and presented in Table 1. To the best of our 

knowledge, this is the lowest temperature reported for achieving such densities 

for Ah03-LaP04 composite. The superior densification obtained in the present 

method could be due to the nano size of the particles and the high surface area. 

Recently Gong et al. reported relative density of 91-95% was reported for 

pressure less sintered Al2~- LaP04 composite.28 Wang et al. has shown that 

Al20)- LaP04 composites can be sintered at a lower temperature of 1450 OC by 

hot pressing?9 Min et al. reported the synthesis of Ah~-LaP04 composite 

where the LaP04 was s)1lthesized from La20 3 and H:JlO4 as starting precursor 

and the composite can be sintered at 1600 OC.30 

Table 1. Density results of Ah03-LaP04 composites 

Content of Calculated density Sintered Relative 
LaP04 (glcm3) density(glcm~ density 

% 

0 3.99 3.96±0.01 99.2 

10 4.01 4.00±0.01 99.7 

20 4.13 4.08±0.Q1 98.7 

30 4.25 4.20±0.01 98.8 
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According to Table 1. although due to high density of LaP04 (=5.07 

glcm3
), the bulk density of composites increased with increasing LaP04 

addition, at the same time the relative density of composites decreased 

compared with pure Al20 3 and LaP04 ceramics. LaP04 addition is found to 

have reduced the sinterability of ~lzO:JLaP04 composites, leading to a 

decrease of mechanical properties of composites.31 

3.3.1 Mechanical Properties 

Figure 7. showed the influence of LaP04 content on the bending 

strength of AlzO:l·LaP04 composites. Incorporating LaP04 particles 

remarkably reduced the fracture strength of Ah03. The monolithic Ah03 

sintered at 1500 °C exhibited a maximum strength of 424±24 MPa, while the 

strength of 30 wt% AIzO)-LaP04 composite and LaP04 ceramic are 174±11 

and 68±11 MPa respectively. Due to the weak bonding between AhO) and 

LaP04 and layered soft LaP04 phase, the microstructure greatly affected the 

mechanical properties such as fracture strength, elastic modulus and hardness. 

Generally, the refinement of the matrix grain size and homogeneity in the 

matrix grain size distribution will result in improvement of mechanical 

properties.32 It is well known that the strength is proportional to (maximum 

grain size) .In. However, due to the weak bonding of Al20 3 and LaP04 and 

layered soft LaP04 phase, the fine and homogeneous microstructure by LaP04 

addition resulted in the reduction of mechanical properties of the composites. 
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Figure 7. Effect of LaP04 content on the bending strength of AhO]-LaPO" 

composites 

The fracture toughness value of AhO] remains the same with increasing 

LaPO" addition showed in Table 2, the facture toughness remains 2.16 ± 0.22 

even after 30 wt% addition ofLaP04• 

Table 2. Fracture toughness results of Ah03-LaPO" composites 

Sample details 

2.60±O.20 

2.49±O.l5 

2.16±O.22 

Hardness is an important parameter as an indication of ceramic 

machinability. Generally, lower the hardness. more excellent machinability. 
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Yickers's hardness was measured on the polished surface of the composites. 

Figure 8. showed the effects of LaP04content on the hardness change of 

Ah03- LaP04 composites. The decrease of hardness can be attributed to the 

crack weakening at crack tip, and bridging at process zone wake by second 

phase. In this system, the crack propagated along weak bonding of Ah03 and 

LaP04 and layered LaP04 phase. Therefore the improved crack deflection 

ability may contribute to the machinability improvement in the composites. 

The Yick.ers hardness of 30 wt% Al20 3- LaP04 composite and LaP04 was 

8.6±0.5 and 4.6±0.5 GPa, respectively. Those values are close to that of 

machinable mica glass-ceramic (3 GPa)33 and layered ternary compounds 

ThSiC2 (4-5 GPa).)4 This indicated l.'1at LaP04 ceramic and 30 wt% Ah~-

LaP04 composite could possess excellent machinability. Figure 9. shows the 

optical images of the Yickers indent made of various composite samples. 

20 

:. 15 
CJ 
lA 

! 
1! 10 
la 

:J: 

5 

o 20 40 60 80 100 

Lanthanum Phosphate, wt% 

Figure 8. Effect of LaP04 content on the hardness of AI20,-LaP04 composites 
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Figure 9. Optical images of the indentation made OD the composite (1000 X) 

(A) AhOJ·1 OLaPO .. (8) AI2<h·20LaPO. (C) AhOl·30LaPO. 

3.3.2 Microstructure 

Scanning electron micrographs illustrating the microstructures of 

AhO;ILaPO .. composites with different LaPO. addition are shown in Figure 

10. The SEM of Al20f LaPO. (90:10 wt%. 80:20 wt % and 70:30 wt%) 



composites are provided in Figure 10(8), (c) & (e). respectively. The 

micrographs show that LaP04 grain growth was restricted to around 1-2 Ilm 

whereas that of Ah~ was restricted to 2-3 Ilm for all compositions. Increasing 

LaP04 content in the composite increased the restriction of Alz0 3 grain growth. 

This synergistic effect of restriction of mutual grain growth is however 

contradictory to that observed by other researchers. Researches have observed 

the restriction of grain growth of AhDJ by LaP04 in their composites but 

simultaneous growth ofLaP04 grains was also observed.20
•
29 

The dependence of the grain size on the second phase content can be 

explained by using Zener's equation. which suggests a relationship between 

grain size of matrix and volume fraction and particle size of the second phase 

G= K (r/f) 

where G, k, r and f are mean grain size of matrix, constant, mean grain size of 

second phase and volume fraction of second phase, respectively. The equation 

shows that the grain size of matrix depends on particle size and volume fraction 

of second phase. The Zener's equation also suggests that mean grain size (G) 

decrease with increasing volume fraction (f) of LaP04.3~ From the 

microstructure of composites, it was also obvious that the addition of LaP04 

prohibited the abnormal growth of alumina grains. In the present sol-gel 

derived composites, mutual restriction of grain growth could be achieved. Such 

fine-grained, sintered microstructure should result in better mechanical and 

structural properties.36 



Figure 10. SEM of polished and thermally etched .~urface of si ntered A1 20 r 10 

LaPO~ (a. b). AhOl-20 LaP04 (c. d). and AI10 r 30 LaP04 (e. 0 at 1450 "C/3h. 
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3.3.3 Grinding Studies 

Machining test was conducted on the four samples from each batch 

alumina- lanthanum phosphate composites. having dimension rectangular bars 

3 mm x 4 mm x 35 mm. The prospective test surfaces were diamond polished 

to I /lm surface finish. Grinding tests were performed on an automatic grinding 

machine. Four samples from alumina, lanthanum phosphate. alumina­

lanthanum phosphate composite were glued symmetrically about the centre of a 

circular metal plate, which was then attached to the grinding machine. The 

specimens were ground on a 220 particle (SiC) per inch grit for 60 min (nomlal 

pressure 2 bar or 30 psi). The thickness of material removed from each of the 

specimens was mea<;ured at 15 min intervals using a precision micrometer 

(accuracy ± 0.1) and the removal rales (depth removed per unit time) thereby 

evaluated. 37 

In the grinding tests on the A}z03, Ah03-30LaPO./, LaP04 • the mean 

surface removal rate for the LaP04 is the highest and presented in Table 3. The 

mean surface removal rate for AhOJ-30LaP04 is higher compared to AbO) by 

a factor of 2. This was a good indication of better machinabililY of alumina­

lanthanum phosphate compared to alumina.J8 The values obtained for various 

materials given below. 
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Time 

Table 3. Surface removal rate results 

30mln 
(pmls) 

Not determined 

60min 
(pmls) 

9.5 ±O.3 

4O±2.0 Not determined 

Not determined 4.5±O.2 

The layered structure of LaP04 and the weak interface at the AhoyLaP04 

grain boundaries are the main reasons for the improvement of the 

machinability.39 Both of them enhance the crack deflection and avoid the 

catastrophic failure of the material during drilling. According to study of An et 

al. weak grain/interphase boundaries can promote the formation of bridging 

sites and coarse grains and residual thermal stresses enhance the bridging 

intensity.40 Thus ceramic materials can be toughened by grain bridging in the 

wake of propagating cracks. The very weak-interface characteristic that 

promotes easy grain detachment suppresses macrocrack formation. 

To characterize the machinability of the composites, we calculated the 

brittleness index B (B=H,lKld of the composites and the results are presented 

in Table 4. shows the brittleness index B of the composites as a function of 

LaP04 content.41 It can be observed that the brittleness index of composites 

decreases with increasing LaP04 content. Especially, when the LaP04 content 



was higher than 30 wt%. the brittleness index of the composites exhibited a 

dramatic decrease. 3.79 ~m-112 and it was much lower than that of glasses and 

ceramics. whose values are generally in the range from 3 to 7 ~m -Ill, which 

suggests that the composites have exceIlent machinability.42 

Table 4. Brittleness index results of Alz03-LaP04 composites 

Sample Details Brittleness index B (pm .m) 

7.78 

5.20 

3.79 

Table S. Bending Strength results of AI20 3-LaP04 composites after grinding 

Bending Strength Bending Strength 
Samples Details before grinding (MPa) after grinding 

(MPa) 

Al20 3 424±20 229±\O 

A\a03-30LaPO .. 174±11 16O±12 

LaPO .. 69±5 39±5 



To characterize the ability of machinabi lity of the composites sample we 

conducted a bending strength measurement on the sintered sample after 

grinding fo r I h . We have selected AhO.l. LaP04 and AhOr30 LaPo., as 

testing sample. Four samples from alumina. lanthanum phosphate. alu mina­

lanthanum phosphate composite are ground for I h and the sample used for 

bending strength measurement. Table S. shows the bending strength values of 

the samp les before and after machining. llle bending strength value of AI20 l 

reduces from 424±20 10 229±1O where as in the case of the A1l 0)-30 LaP04 

the reduction in the bending strength is smaller compared with the alumina 

(t74±11 to 16O±1 2). This was an indication o f better machinable substrate for 

various engineeri ng applications.4) 

Microstructure o f the ground portion were taken and presented in 

Figurell . The ground surface micrograph of AI 10.\-30LaPO~ composite 
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indicale relalively plain morphology with less surface defecls after Ih of 

grind ing. 

Figure Il. Micrographs of ground samples (a) AhOF30LaP04 (bl AhO.l 

The ground micrograph of AhO.l ancr grinding lesl indicale more surface 

damagc. The lanthanum phosphate forms weak interface wilh aJumina. Thus 

lanthanum phosphate addition can cause crack dcncclion, branching and 

blunting which help to prevent microscopic fraclures from propagaling in the 

composite compare 10 alumina.u 
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3.4 Conclusions 

Alumina-lanthanum phosphate composite was synthesised by sol-gel 

method. A lower sintering temperature for the composite was achieved as low 

temperature as 1450 °C due to the nano size particles. The XRD analysis of the 

sintered a1umina-lanthanum phosphate showed no reactive additional phase 

formation at the sintering temperature. The grinding studies indicated that the 

mean surface removal rate for the LaP04 is the highest. The mean surface 

removal rate for Al20 3-30LaP04 is higher compared to Alz~ by a factor of 2. 

This was a good indication of better machinability of a1umina-lanthanum 

phosphate compared to alumina. The bending strength and hardness of the 

composite decreases with increasing the LaP04 content. The monolithic Alz03 

sintered at 1500 °C exhibited a maximum strength of 424±24 MPa. while the 

strength of 30 wt% AhO]-LaP04 composite and LaP04 ceramic are 174±1l 

and 68±11 MPa respectively. The Vickers hardness of 30 wt% Alz0 3- LaP04 

composite and LaP04 was 8.6±O.5 and 4.6±0.5 GPa, respectively. The sintered 

micrographs of the AI20 3-LaP04 composite show that LaP04 grain growth was 

restricted to around 1-2 J.lm whereas that of Al20 3 was restricted to 2-3 J.lm for 

all compositions. Increasing LaP04 content in the composite increased the 

restriction of Ah~ grain growth. Aft~r the grinding studies of the composite 

the bending strength value of A12~ reduces from 424±20 to 229±1O where as 

in the case of the Ah03-30 LaP04 the reduction in the bending strength smaller 

compared the a1umina (174±11 to 16O±12). This means that the strength of the 

composite is maintained even after 1 h of grinding. 
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Chapter IV 

Mullite -SiC Composites 

4.1 Introduction 

Ceramic filters are widely used in locations where hot gas cleaning is 

crucial particularly in application such as coal combustion and gasification in 

the power generation industryY.3 The "dirty" gases emitted require adequate 

filtration to minimise partieulate waste to a gas stream and also the atmosphere 

and surrounding environment. Leading ceramic IiIter candidates [or high 

temperature use are cordierite, mullite, alumina and silicon carhide. The design 

requirements for these ceramic filters, whose main function is removal of fine 

particles at elevated temperature, are high porosity (:::::50 to 80%), adequate 

strength (generally exceeding 5 MPa at the operating temperature based purely 

on the gas pressure used), oxidation resistance, erosion resistance, thermal 

shock resistance and decent flow or permeability characteristics.4 

Films and coatings represent the earliest commercial use of sol-gel 

processing. Sol-gel films can be deposited by spraying, dip coating, and spin 

coating. Sol-gel techniques offer the following advantage in coating, control of 

microstructure, pore size and surface area. By controlling these parameters, the 

film properties can be tailored. Irregularly shaped surface can also be coated. 

Porous film can be prepared by changing the reaction conditions and the 

amount of porosity in a sol-gel dcrived film can be controlled by the pH. A 

higher porosity can be achieved when base catalysed sols are used. The sol-gel 



film fonned strong bonds to both oxide powders and substrate by interaction 

with functionalised surface hydroxyl groups on the oxide powders and the 

oxide layer of substrates which reduces cracking. Also to avoid cracking 

caused by large capillary stress during evaporation of the solvent in the drying 

process, either slow evaporation (slow process) or supercritical drying (fast 

process) is used. Thick coating through sol-gel process are also reported. The 

problems of shrinkage and cracking and the limitation of coating thickness can 

be addressed by increasing the particle loading in the sol-gel process.5 This 

approach involved dispersing large size ceramic powder in sol-gel solution and 

applying the mixture on the substrate by various methods such as dipping and 

spraying. Coating with a thickness up to 200 J.l m was also possible. The 

shrinkage problem associated with the conventional sol-gel approach was 

minimized due to the high loading of ceramic powders. 

Silicon carbide is a commonly used filter material because of its high 

temperature strength and thermal shock resistance. One potential barrier to 

such applications is their environmental durability.h,7,M,'J The oxidation 

behaviour of SiC can be divided into two oxidation modes, passive and active. 

Passive oxidation forms a coherent, dense Si02 layer on the surface, which 

suppresses further oxidation. lo On the contrary, active oxidation forms gaseous 

SiO, which dissipates away from the surface, promoting further oxidation and 

hence, the oxidation becomes severe. 1
1.l

2
•
L1 The temperature, at whieh the 

oxidation mode ch,mges, from passive to active, decreases with decreasing 

oxygen partial pressure. For most applications, the oxidation of SiC should be 
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constrained within the passive oxidation regime.14 He et al. observed that the 

onset-temperature for significant oxidation of the SiC powder of smaller 

particle size is much lower than that for the SiC powder of larger particle 

. IS sIze. 

One strategy to protect SiC ceramic is to use refractory oxide coatings 

with little or no silica activity. S~veral researchers have also explored 

possibility of providing a1uminosilicate coating with a coefficient of thennal 

expansion (CTE) that is reasonably close to the CTE of the underlying ceramic. 

For example, being the simplest aluminosilicate, mullite has an average CTE of 

5.1 X 10.6 QC that is only slightly higher than the average CTE of 4.7 x lOo{) QC 

for SiC. 16 Also, experiments show that mullite coating can extend the life of Si-

based ceramic components under some conditions. 

Mullite (3A120 3 2Si02) is one of the important ceramic materials for 

high temperature application because of its special properties like low thennal 

expansion coefficient, high creep resistance and low dielectric constant. The 

crystal structure of mullite can be described as a modified defect structure of 

sillimanite (Al203 Si02). SilIimanite consists of edge-sharing aluminium-

oxygen octahedral chains cross-linked by double chains of ordered Si04 and 

Al04 tetrahedra.17 The low coefficient of thennal expansion (CTE), low density 

and low thermal conductivity of mulJite make it useful for optical applications 

as mid-infrared windows. IS Its low dielectric constant and dielectric loss, 

coupled with a smaller CTE mismatch to silicon than Ah03 also make it a 

valuable material for use in microelectronics packaging and substrates. 19 
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Different approaches are adopted to synthesize phase-pure mullite, such 

as solid-state mixing of fine oxides of alumina and silica, co-precipitation from 

mixed salt solutions and sol-gel methods involving both particulate sols and 

alkoxides.20
,21.22.23.24 The sol-gel method is found to be one of the best 

especially in view of the excellent homogeneity of the precursor phases.25 The 

formation characteristics of muIlite dep~nd largely on the nature of precursors. 

Molecular level mixing of the aluminum and silicon species and low­

temperature crystallization of mullite at around 980°C by an exothermic 

reaction are reported in precursors involving an aluminium salt and TEOS.26 

On the other hand, in diphasic colloidal gels obtained by mixing sols of 

boehmite and silica, the crystallization takes place in the range 1250-1350 °C.27 

Possibility of providing a coating of mullite as a barrier for oxygen 

diffusion which can improve the oxidation resistance of silicon carbide ceramic 

has been reported?8 Mullite coated SiC exhibits excellent oxidation resistance 

by forming a slowly growing SiO scale at the muJIite-SiC interface.29 Mullite 

coating was reported for protecting carbon, SiC, and Si3N4 ceramic from 

oxidation by pulsed- laser deposition, chemical vapour deposition and plasma 

spraying techniques. Chemically vapour deposited (CVD) mullite coating is 

reported to improve the resistance of silicon-based ceramic to corrosive or 

oxidative attack by molten salt. Howt-ver. the microstructure and composition 

of CVD mulIite can vary depending on deposition conditions, which may 

substantially influence coating oxidation resistance. The coating thickness also 

varies with temperature. 30 MulIite was coated on SiC by pla~ma spray 
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techniques and contains metastable phases because of rapid cooling from high 

temperature. One key issue with plasma-sprayed mullite coating is phase 

instability.3l The mullite processed with conventional plasma spraying contains 

a significant amount of metastable amorphous phase because of the rapid 

cooling of molten mulIite during the solidification on a cold substrate. A 

subsequent exposure of the muJlite to a temperature above )(X)() °C causes the 

crystallization of the amorphous phase. Shrinkage accompanies the 

crystallization, leading to cracking and delamination of the mullite. Dipcoating 

processes are mostly used to produce mullite layers from mixed oxide or 

mullite suspensions or from sol-gel systems respectively. Damjanovic et al. 

reported that electrophoretic deposi: ion (EPD) is a suitable technique to 

produce mullite layers for acceptable oxidation protection of c/C-SiC 

composites. Combining sol-gel synthesis of 3Ah03 2Si02 mullite through 

hydrolysis and condensation of tetraethoxysilane (TEOS) and aluminum-tri­

sec-butylate (AI-(ORu),) with EPD yields sufficiently thick and homogeneous 

layers, which transform into mullite at 1300 0c. 32 

This chapter presents a procedure for sol-gel muIlite coating on SiC 

substrate, where the mullite preferentially forms in-situ from the precursors at a 

low temperature of 1300 "c. The formation of needle shaped mullite grains at 

low temperature of 1300 cC is also presented for the first time which will 

enhance the mechanical properties of the coating. The muIlite coated SiC 

substrates have been tested for gas filtration. 
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4.2 Experimental 

Boehmite sol was synthesized from Al(N03)3·9HzO by controlled 

precipitation followed by peptisation with dilute nitric acid at pH 3-3.5 as 

reported earlier.33 Boehmite sol and TEOS were used as the precursors for 

a1umina and silica respectively. Mullite precursor sol was prepared by reacting 

boehmite sol and TEOS in a stoichiometric ratio 3:2 at a pH of the sol 3.5. The 

detailed flow chart is presented in Figure 1. 

Boehmite sol I TEOS r- 20%HN03 

Mixed mullite 
precursor sol at 

pH=3.5 

I 
Infiltration 

Mixed mullite 
precursor sol 
stirred for 6h 

_____ ~ Coating over SiC 

1 
Mixed mullite 
precursor gel 

1 
Dried at 70°C 

1 
Heat treatment of 
mullite coated SiC 

Figure 1. Flow chart for the synthesis of mullite precursor sol and coating over 

SiC 
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In a typical experiment 5.21 mL of TEOS was added drop wise to 

262.11 mL of boehmite sol (5 g basis of mullite) during vigorous stirring, 

keeping the pH of the mixture at 3.5. The mixture was stirred for 6 h to achieve 

maximum homogeneity and then aged for 10 h at 30 0c.34 

The particle size analysis was carried out using Laser Particle Size 

Analyzer keeping refractive index as I on the boehmite sol and mullite 

precursor sol (Zeta Sizer, Malvern Instruments UK). Five measurements were 

done and the average value was taken. The dried precursor was powdered and 

was subjected to DT A (OT A - 50H, Shimadzu, Japan) and TGA (TGA-50H, 

Shimadzu, Japan) analysis at a heating rate of 5 °C min- l up to 1200 qc. 

Cylindrical pellet of size 6 mm diameter and 8 mm height made by uniaxial 

compaction (200 MPa) was used for the dilatometric studies by Therrno 

Mechanical Analyzer (TMA- 60H, Shimadzu, Japan) at a heating rate of 5 °C 

min-1 up to 1200 qc. 

The viscosity of mixed sol was measured using RheoLab MCl Reho 

viscometer, (Anton Paar (Physica) Germany). 

The portion of precursor were further heat treated at temperatures 

1200, 1250, 1300 °C respectively in muffle furnace at a heating rate of 3 °C 

min') and then subjected to X-ray analysis in the 28 range of 20-60 eu Ka 

(Philips PW 1170, The Netherlands). 

The morphology of boehmite and mullite precursor powder calcined at 

800 QC was observed under Transmission Electron Microscope (FEI, TECNAT 

30 S- Twin (Netherlands» operated at 300 kV and equipped with an energy-
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dispersive X-ray analyzer (EDX). The powder was dispersed in acetone and a 

drop of the suspension was deposited on a carbon-coated copper grid (TEM) 

and dried. The substrate (SiC) was coated with rnullite sol by infiltration 

method based on the gravitational flow of the sol. The coated substrate was 

further first slow dried at room temperature and then the substrate was sintered 

at 1300 QC for 2 h. The typical sintering schedule wa') as follows: RT to 800 QC 

at a rate of 3 QC min' I and then up to the sintering temperatures at 10 QC min- l. 

Microstructure was observed on fracture of sintered mulIite coated SiC 

specimens using scanning electron mlcroscopy (SEM, JEOL, JSM 5600 LV, 

Japan). 

Gas permeation analysis of mullite coated SiC was also conducted. Gas 

permeability of the materials was studied using a permeability apparatus based 

on the ASTM standard and the flow chart is presented in Figure 2.35 Air was 

passed through the chamber in which the sample is tightly held in a central hole 

of a thick polyurethane holder and two sensors measured the pressure in the 

inlet and outlet ga~ line at ambient temperature. A flow meter was used to 

determine the gas flow, Q, in litres per minute. The permeability of a porous 

material is governed by Darcy's law.36
,37 

Specific permeability = (Row rate x Viscosity of air x Thickness) / 

(pr.drop x Area) m2 

Where 

Viscosity of Air = 1.84 x 10-5 P sec 

Viscosity of nitrogen=o 1.75 x 10-s P sec 
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Figure 2. Schematic diagram of penneability apparatus used in this work 

1- Air Supply, 2- Pressure valve, 3- Gas manometer, 4- Sample holder, 5- Gas 

flow meter 

4.3 Result and Discussion 

The particle size analysis of boehmite sol and the mixed sol (boehmite 

and TEOS) were measured by using Malvern zeta sizer (Zeta Sizer, Malvern 

Instruments UK). The average particle size of boehmite sol was 205 nm and the 

mixed sol shows an average particle size of 250 nm. Both the boehmite sol and 

mixed sol give mono modal particle size distribution (Figure 3&4). The mono 

modal distribution is due to the homogeneous mixing of boehmite and TEOS 

and also near identical particle size distribution. 
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Figure 3. Particle size distribution of boehmite sol 
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Figure 4. Particle size distribution of mixed sol 

The viscosity of mixed sol was measured using Anton paar (physica) 

Gennany. The viscosity of the mixed sol was measured at a pH of 3.5. The 

viscosity was 0.35 cP at a shear rate of 800 s·/ (Figure S.). The viscosity of the 

sol increases with increase in shear rate which is due to the shear thickening 

behaviour.38 
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Figure S. Viscosity measurement of mixed sol 
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.. 
Figure 6. TEM image of aggregated boehmile sol panicles calcined at 600 OC 

- ....... - .... ... 

Figure 7. TEM image ofmuJlile precursor sol panicle calcined at 600 "C 

l1le TEM observation indicates that boehmile particle has rod shaped 

morphology and mostly aggregated in lhe powder fo rm when ca1cined at 600 

"C (Flgul'f: 6.). The aggregation was due to fonnation of hydrogen bonding 

between lhe panicles,J9 Lee et al. reponed that ac idic condition fa voured the 

formation of nano rods of bochmilc nano panicle and basic condition fa voured 

lJ7 



the formation of nano flakes under hydrothennal condition. In other words. the 

acidic conditions are favourable for the fonnalion of the 10 nanostrucrure, and 

the basic conditions favour the formation of the 20 nanostructures . .N The 

mullite precursor calcined at 600 <>c also shows rod shaped particle 

morphology (Figure 7.). 
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Figure 8. TG-DTA curve of the mullile precursor measured al heating rate 5 

<>c min·1 in the fl ow of air 

To gain the insight into the fonnation behaviour of mullite from the 

diphasic mullite precursor. DTA W<lS carned out and presented in the Fig.S . 

One exothermic peak is presented above the temperature 11 00 <>C. based on 

XRD results which were due 10 the formation of mullite. The 

thennogravimetric curve of the mu lli te precursor indic<ltes a three step 

decomposition in volving weight losses both due to absorbed water, the 

organics and the chemicall y bound gel water.oM 1 The major decomposi tion peak 

is supported by an endothennic tran sition at above 150 "C. The endmhcnn 
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above 400 "c could be due to the fomlation of precursor oxide phases along 

with the elimination of bonded water. The small exulhemlic peaks at higher 

tempcmlUre (ahove 1100 "C) are due to the formation of mullite from 

paniculate precursor. based on XRD results the multile formalion stan al 1200 

"c and completed at I 300 "C. 
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,"' igure 9. Differential shrinkage behaviour of mullite precursor. 

The shrinkage and differential shrinkage behaviour of mullite precursor 

is shown in Figure 9. The gel shows very )jule shrinkage around 700 "c. 

Another shrinkage around 1200 cC indicates the fomlation of mullite. 

The XRD pallems of the mullite precun;or powder caJcined at 1200, 

1250. and 1300 DC are presented in the Figure 10. This indicates Ihat the 

mullite formation stans at 1250 CC and hi ghly crystalline phase of mullite is 

fonned at 1300 "C (JCPDS· 15-(776). The low temperature fomlation of 

mullite is attributed 10 the homogeneous mixing of nano size boehmite and 

sitica Ihrou gh Ihe so l-gel process. As in a dirha.~ic mullite gel. mullitc 
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formation in the sample was likely !hrough a nucleation and growth 

mechanism.41 
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Figure 10. XRD analysis of mullite precursor calcined at (a) 1200 QC (b) 1250 

"C and (c) 13(K) "C 

Enhanced phase formation was earlier reported for the samples prepared 

from y-AhOJ-TEOS mixture compared 10 Ihe precursor gel prepared from 

boehmite sol and TEOS.42 However. the fonner one resul ts in the fonnation of 

Irace.'t of a.-AI2o.\ phase also along with mulli tc. while !he lattcr one directly 

transform~ to phase-pure mullite. In d iphasic precursors. the mullitization 

occurs mainly by the reaction betwcen tr-.rnsilional alu mina and silica or somc 

times by transformation from AI-rich spinel 10 mu llite. Another study has 

reported the pos~ibi1ity of transitional alumina p·erystnbali te reac li{)n . ~ ' 
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However, in the present study no p-crystobalite is observed, even at a high 

temperature, and the reaction to form mullite is observed to be between 

transitional alumina and amorphous silica. 

4.3.1 Different Coating Methods Attempted 

Different types of coating methods are attempted to understand the 

variation in the microstructure (Figure 11). I) Vacuum infiltration 2) 

Infiltration method 3) Dip coating method. The vacuum infiltration and 

infiltration methods are more effective because these two methods cover most 

of the pores. Here we adopted the infiltration method for coating SiC disc. 

1. Vacuum infiltration 

The substrate was kept in a beaker containing mullite precursor sol and 

place in a vacuum desicator and the vacuum was applied using a vacuum 

pump (pressure at (WO 1 Torr. RPM= 600). 

2. Infiltration method 

In infiltration method the sol was infiltrated through the substrate by 

gravitational flow of the mullite precursor sol. 

3. Di P coating method 

In dip coating method the substrate was dipped in the precursor sol, held for 

3min after which it was drawn and kept for drying. 
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Figure It. SEM of mullitt= coated SiC di sc by different coating methods (the 

coating method is indicated in the SEM) 
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The SEM of SiC disc before coat ing indicated that (he pore size distribution is 

in the range of 20-50 ~m and presen ted in Figure 12 . . the samples also show 

large amount of closed pores. Figure IJ. shows the mullile precursor sol 

coated SiC disc calcined at 1300 QC in an inert atmosphere. The mullite grdins 

have evenly covered the surface of SiC and the grai n morphology is nearly 

spherical (Figure 14.). The mullite is coated in the pore channels without any 

crack . 

Figure 12. SEM of SiC disc 
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Figure 13. SEM of SiC disc coated with mullite precursor sol and fired at 1300 

"C 

Figure 14. SEM of SiC disc coated with mullile precursor sol -size of coated 

particles < 500 nm and fired al 1300 "C 

14. 



4.3.2 Boehmite Sol- High Solid Content 

Boehmite sol having high solid content (by increasing the molar 

concentration of aluminium nitrate 0.9 M) was prepared through sol-gel route. 

The high solid content boehmite sol was achieved by varying the molar 

concentration of aluminium nitrate solution and the solid content was increased 

from 0.37 gll00 mL to 2.5 gllOO mL. The particle size analysis ofboehmite sol 

and the mixed sol (boehmite and TEOS) were measured using Malvern zeta 

sizer (Zeta Sizer, Malvern Instruments UK). The average particle size of 

boehmite sol was 165 nm and the mixed sol shows an average particle size of 

170 nm. Both the boehmite sol and mixed sol give mono model particle size 

distribution (Figure 15 & 16.). 
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Figure 16. Particles size analysis of mullite precursor having high alumina 

content 

The viscosity of the mixed sol was measured at a pH of 3.5. The 

viscosity of mullite precursor sol having high boehmite content shows a 

viscosity of 6 cP at a shear rate 800 S·1 as presented in Figure 17. which is 

higher than the low content boehmite mullite precursor sol. 
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Figure 17. Viscosity of Mullite precursor having high solid content 



The viscosity of the sol increases with increase in shear rate which is 

due 10 the shear thickening behaviour. The modified mullite precursor sol was 

used to obtain a thicker coating over SiC disc. The stereo microscope image 

indicated that the panicles are much more packed in the coated sample 

compared to the uncoatoo SiC disc (Figure 18.). 
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Figure 18. Stereo microscope image (1000 X) of SiC disc coated with thicker 

mullite precursor sol 

Figure 19. show the high boehmite content mullite precursor sol coated 

SiC disc calcined at 1300 "C under an inen atmosphere. The mullite is coated 

at pore channel or SiC were the mullite coating appears to be much thicker than 

the coaling ofmullite using low boehmite content. 
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Figure 19. SEM of SiC (A,B, C. D) coated with hi~h alumina conlent- mulli tc 

precursor sol fired at 1300 "C 

4.J.J Gas Permeation Study on Mullile Coated SiC Disc 

The gas pennealion analysis of mullitc coated SiC disc wao; conducted al 

BHEL Bangalore. The SiC disc was coated with mullite precursor sol for 3 to 4 

limes. The gas penneation analysis indicates Ihat mullile is found to be coated 

on the SiC surface hence a pressure drop was found in the gas penneation 

analysis for 3 and 4 limes mullile coated SiC samples (.' igure 20.). 
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Figure 20. G3.li pcnneation analysis of mullite coated SiC disc 

4.3.4 Sol· P.rtkle Size Variadon 

In order to increase the particle size of thc= wilting precursors and 

also the thickness of the coatings. the particle size of mullite precursor sol was 

varied by the addition of mul1ite precursor powder and funhcr stabilising: the 

sol using glycerine as a dispersant (2 wl%). 111e powder addition varied from 2 

wt% to 20 WI ll> and the sol was stabilised al a pH of 3.5. This method is 

effective in varying the panicle size from 217· 102 1 nm. Particle size of 

modified mullile precursor sol was measured using Malvern Zeta Sizer (Figure 

21.). The sample with powder addition of \{) wt% and 20 wt% shows a bi· 

model particle size distribulion because the sol was oot completely stabilised. 

This shows that above IOwl% addition of mullile precursor powder needed 

more amount of dispersant 10 the slabilise the sol. Higher the solid content in 

the sol greater is the chance 10 peel off the coatin g after dryin~ . 
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Figure 21. Panicle size distribution of mu llile precursor sol comai ning different 

weighl percentage addition mullite precursor powder. 

Table 1. Particle .~ize resu lt s of mullile precursor powder added mullite 

precursor sol 

No Mullite added in wt % Avenge particle size (om) 

2 217 

2 5 

3 10 .. 3 

4 20 1021 

The surface of mullite coated SiC after heat treatment al 1300 QC inert 

atmosphere wa .. analysed using X-ray diffmction (Figure 22 & 23.). This 

clearly coincided with the XRD analys is mullite precursor powder calci ned at 
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1300 "C. which was also indicating the presence of mullite formation at low 

lempcmturc. 
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Figure 22. Surface XRD ofmullile coated on SiC subSlrale fired at 1300 "C 

Tab&e 2. XRD pattern list 
Rtf. Codt ,"",re Compound SClIe ChemkaJ 

N_ Factor Fonnula 
00-006-0258 23 Mullile 0,168 3AhO, 2 

Si~ 
00-031·1232 4' Silicon 0.593 SiC 

Carbide 
OO..()49·1429 23 Sil icon 0.357 SiC 

Carbide 
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Figure 23. Surface XRD of mulJitc precursor +10 wl% mul lite precursor 

powder coated on SiC subsrrate fired al 1300 "C 

Table 3. XRD pattern list 

Ref. Code Scort Compound Scak Factor Cbrmkal 
NII~ Fonnula 

01-089· 1396 30 Silioon 0.559 Si C 
Carbide 

01-082·1237 16 Mutlile. syn 0.1 JO AIMS 
5iO.35 
09.175 

The SEM micrographs of fractured mullite cooted SiC disc clearly indicate the 

presence of above 3 f.U1l thickness mullite coating on SiC SUbS1T'o:lte and 

presented in Figure 24. The SEM micrograph also shows the presence of 

mullite in needle like shapes (Figure 25.). 
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Figure 24. SEM microgr-d.ph of mullite coated SiC disc fired at 1300 oc. 

Figure 25. SEM micrograph of mullite coated SiC disc fired al 1300 "C 

The SEM indicates 2-5 JUll long and 0.2-0.4 ).1m thick mullite needles 

typicill of morphology of mullite derived in pre.~ence of silica . The: si lica 

originated either from the mullite precursor or from the glilssy phase ilvililable 
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on the surface of the sintered SiC as a result of partial oxidation. However, 

these mullite needles will provide sufficient compressive stress at the coating­

SiC interfaces and it could be maintained that the coatings could have 

adherence. The needle like mullite formation is also dependent on the heat 

treatment schedule adopted in this work. More importantly, needle like mullite 

has better thermal shock resistance and mechanical properties than granular 

mullite because of "jigsaw" bonds among the particles. 44 Okada et al. reported 

that synthesis of the needle like mullite particle as well as mullitc tiber or 

whisker is strongly dependent upon starting materials and synthesizing 

methods.45 

According to literature, the sintering temperature strongly influences the 

grain shape of mullite.46 The effects of the initial pH conditions of the solon 

the final formation and morphology of mullite were considered based on 

Ring's study.47 Ring suggested a model for the effects of initial pH conditions 

on the gelation and growth of silicon ethoxide in a non aqueous system. In 

acidic solutions, hydrolysis is achieved by a bimolecular displacement 

mechanism that substitutes a hydronium ion (H+) for alkyl, showing rapid 

hydrolysis, compared to condensation of the hydrolyzed monomers. Therefore, 

the acidic conditions promote the development of larger and more linear 

molecules. Under basic conditions, hydrolysis occurs by nucleophilic 

substitution of hydroxyl ions (OH-) for alkyl groups. Here hydrolysis is rapid, 

relative to condensation. Huang et a1. reported that the formation of a glass 

phase at high temperature leads to the formation of rod like mullitc grains due 
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to enhanced the anisotropic grain growth of mullite.48 Matsuda et al. reponed 

that addition of float glass in a kaolin or kaolin/Al203 mixture significantly 

enhanced the fonnation of needle like mullite grains in the sintered sampJes.49 

It is also reponed that needle like mullite grains increases the mechanical 

properties of coating.~lO 
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4.4 Conclusions 

The mullite precursor sol was prepared using sol-gel method. The 

average particle size of boehmite sol and mullite precursor sol was measured 

and it was found to be 205 nm and 250 nm respectively. The mullite precursor 

sol was used to coat the as received BHEL SiC disc. The coated samples were 

further treated at ] 300 QC under an inert atmosphere. The SEM observation of 

coated SiC disc indicated that mullite is coated at the pore channels without 

crack. Thicker coating in the range 300 nm was also possible over SiC using a 

modified mullite precursor sol. The morphology of coating was observed under 

stereo microscope. 

The mullite precursor sol havmg high boehmite content was prepared 

using sol-gel method. The high solid content boehmite sol was prepared by 

varying the molar concentration of aluminium nitrate solution and the solid 

content was increa~ed from 0 .37 g/lOO mL to 2.5 gllOO mL. The average 

particle size of boehmite sol and mullite precursor sol was measured and it was 

found to be 165nm and 170nm respectively. The SEM analysis shows that the 

coating appears to be much thicker than the mullite coating using boehmite sol 

having low solid content. The high solid loading in boehmite sol increases the 

mullite coating thickness to 3 ~. The gas permeation analysis of mullite 

coated SiC disc shows that mullite coated on SiC disc results in decrease in 

pressure. 

The particle size of mullite precursor was varied by the addition of 

mullite precursor pcwder. The coating thickness was not varied much and high 
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solid content mullite precursor coating increases the coating thickness of 

mullite on SiC substrate but the thicker coating peals off during drying. Up to 2 

wt% addition of mulIite precursor powder will give a smooth coating. 

The XRD surface characterisation of mullite coated SiC disc shows that 

the mullite is coated on the SiC disc. The SEM indicates 2-5 !lI1l long and 0.2-

0.4 Iilll thick mullite needles typical of morphology of mullite derived in 

presence of silica. These mullite needles impart compressive strength at the 

coating interface of mullite and SiC particles. Mullite coating thickness of 

above 3Jlm was achieved through the present sol-gel method. 
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SUMMARY 

Ceramic matrix composites combine reinforcing ceramic phase with a 

ceramic matrix to create materials with new and superior properties. The 

primary goal of the ceramic reinforcement is to enhance characteristics such as 

toughness, electrical conductivity, thermal conductivity, thermal expansion 

coefficient, thermal shock resistance and hardness. The comhination of these 

characteristics makes ceramic matrix composites attractive alternatives to 

tradilional ceramic materials and often suhstitute conventional metal matrix 

such as high alloy steels and refractory metals. The increasing industrial 

application of nanocomposites in the field of thermal, electronic, machinahle 

and biological fields have generated considerahle interest in developing 

nanocomposites. One of the recent approach to achieve uniform dispersion of 

minor constitutes in ceramic composite systems, is by sol-gel core shell 

approach in addition to the conventional route hased on solid state method. The 

alumina-aluminium titanate composite exhibits functional as well as structural 

properties for application such as low thermal expansion, high thermal shock, 

thermal barrier coating, exhaust filter components for diesel engines and high 

temperature ceramic substrates. Due to the nearly similar thermal expansion 

coefficients of Ah01 and LaP04. their composites were widely investigated for 

applications like machinability and were found to be chemically iner1. The 

thesis entitled "Sol-Gel Alumina Nano Composites for Functional 

Applications" invesligates sol-gel methods for the synthesis of alumina 
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nanocomposites with special reference to alumina-aluminium titanate and 

alumina-Ianthanum phosphate composites. 

Formation of aluminium titanate (AT) has been achieved at a low 

temperature of 1320 QC through sol-gel process using boehmite and titanium 

hydroxide as precursors by controlling the particle size at nano scale followed 

by in-situ peptisation. DT A and XRD analysis have been performed to contirm 

the formation of AT. Aluminium titan ate having 94% relative density was 

obtained at 1550 °C with controlled grain size in the range 2-3 ~m. 

A simple sol-gel based core-shell approach for the synthesis of alumina­

aluminium titanatc composite was successfully developed where alumina is the 

core and titania is the shell. The coating of titania has been performed in 

aqueous medium on alumina particle by means of heterocoagulation of titanyl 

chloride. Further heat treatment results in low temperature formation of 

aluminium titan ate as well as low temperature sintering of alumina-aluminium 

titan ate composites. The lowering of the reaction temperature can be attributed 

to the maximization of the contact surface between the reactants due to the 

core-shell approach involving nano particles. The mechanism of formation of 

aluminium titanate and the densification features in the present process are 

compared with that of mixture of oxides under identical conditions. The 

sintered alumina-aluminium titanate composite has an average grain size of 2 

Ilm. The composite can be sinrered al 1350 ne to 98% density with 1.5 to 2.0 

Ilm grain size. Other composites containing 5-50 wt% aluminium titanate were 

also sintered at a low temperature. The thermal shock resistance of in situ-
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fonned alumina -AT composites was evaluated by water-quenching technique. 

Alumina with 20wt% addition of aluminium titan ate shows excellent thennal 

shock resistance as indicated by critical temperature differential without 

fracture. 

Machining is emerging as an inevitable requirement for flexible use of 

advanced ceramics, especially for structural ceramics. However, the extremely 

high hardness of ceramics makes conventional machining very difficult or even 

impossible. The synthesis of grain size :ontrolled Ah03-LaP04 has been done 

by sol-gel method. The low temperature sintering of Ah03-LaP04 is achieved 

at 1450 QC. The strength and hardness Al20 r LaP04 composite decreases with 

increasing the addition of LaP04. In the grinding tests on the Ah03, Ah03-

30LaP04, LaP04, show that the mean surface removal rate for the LaP04 is the 

highest. The mean surface removal rate for Ah03-30LaP04 is higher compared 

to Al20 3 by a factor of 2. This was a good indication of better machinability of 

alumina-lanthanum phosphate compared to alumina. 

Films and coatings represent the earliest commercial use of sol-gel 

processing. Sol-gel films can be deposited by spraying, dip coating, and spin 

coating. Sol-gel techniques offer the following advantage in coating, control of 

microstructure, pore size and surface area. By controlling these parameters, the 

film properties can be tailored. Irregularly shaped surface can also be coated. 

Porous film can be prepared by changing the reaction conditions and the 

amount of porosity in a sol-gel deri\~d film can be controlled by the pH. A 

dense mulIite coating having thickness of 3 J.lm on SiC porous substrates was 
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successfully produced by coating a sol-gel mulIite precursor at low temperature 

heat treatment at 1300 QC. The low tempearture formation of mulIite was 

characterised by XRD. Mullite grains formed on the SiC have needle like 

morphology. The mulIite formation has been explained on the basis of reaction 

between the silica-alumina nano precursor and the needle lik:e morphology has 

been similar to that formed from a Ii(~uid phase. The gas permeation analysis 

showed that there is considerable difference between gas pressure while using 

SiC substrate before and after coating and hence clearly indicated reduction in 

pore size. 

The thesis covers a systematic investigation of sol-gel core shelI 

approach for the preparation of ceramic matrix composites for various 

applications like alumina-aluminium titanate composite for low thermal 

expansion, high thermal shock and alumina-Ianthanum phosphate composite 

for machinable ceramic. Sol-gel muIlite coating on SiC substrate for hot gas 

filtration applications is also investigated. The products developed as part of 

the investigation are shown below. 
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(A) Titania coated alumina particle (8) Grinded AI 20 .I - LaPO. composites IC) 
Mullite coated SiC ( D ~ AhO.l-AT tubes (E) AI10yAT crucibles! F ) AhO)-AT 
disc and rods 
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