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 The Al2O3/ZrO2 micro/nano composites have been prepared from powder 

alkoxide mixture with various Zrpropoxide concentrations. The effect of the 

concentration of Zrpropoxide solution on the distribution of ZrO2nano-grains in Al2O3 

matrix was investigated on the correlation with the mechanical properties such as the 

flexural strength, hardness and fracture toughness of composites. 

 It was found that the phase compositions of sintered samples exhibited with 

-Al2O3phase and tetragonal and monoclinic ZrO2 phases. The concentration of 

Zrpropoxide solution was influenced to ZrO2 phase composition. The tetragonal ZrO2 

phase decreased with the increasing of Zrpropoxideconcentration while monoclinic 

increased. The highest relative density of 92.12 0.66  % was obtained with samples 

sinteredat 1700oC. The flexural strength and hardness of composites were increased 

with the increasing of Zrpropoxide concentration and sintering temperature. The 

highest flexural strength and hardness of 1437 MPa and 13.96 GPa respectively, were 

found for the sample prepared with concentrated Zrpropoxide solution and sintered at 

1700oC. However, the highest toughness of 14.22 MPa.m1/2 was obtained with 25wt% 

Zrpropoxide solutionat high sintering temperature. The microstructures of sintered 

composites showed particles of ZrO2 distributed in Al2O3 grains and grain boundaries 
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with wide size distribution. The high uniformity distribution of ZrO2 particles was 

obtained withZrpropoxide concentration of 50 and 75wt%. 

Consequently, the mechanical properties of composite materials could be 

explained by the phase composition and the uniformity distribution of reinforcing 

ZrO2 phase in Al2O3 matrix. 
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CHAPTER I 

INTRODUCTION 

 

Recently, ceramic materials have been used successfully in orthopedic and 

dental applications such as hip-knee prosthesis,dental implants,etc.Ceramic materials 

demonstrate improved wear resistance and excellent biocompatibility compared to the 

ordinary metal and polyethylene materials. Over the past decades, the orthopedic 

implants devices have been rapidly developed. The new generations of metal-on-metal 

and ceramic-on-ceramic hip and knee implants bring new hopes for patients. The 

promise of implants in erasing some of the thorniest issues of old and middleaged 

people has led to an outpouring of demand for these new procedures.  From 2000 to 

2009, the number of yearly joint replacement surgeries in the U.S. has nearly doubled, 

from 575,000 in 2000 to 1.1 million in 2009 (600bn, www, 2010). The total 

expenditures for orthopedic procedures increased more than twofold in the same time 

period, as shown in Figure 1.1. The main reason of growing costsisa 

substantialincrease in the number of complicated procedures performed on patients. 

However, all-ceramic materials are brittle and sensitive to stress. Thus, there is a need 

to improve the mechanical properties of ceramics materials for orthopedic 

applications. 
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Figure 1.1 Total expenditures on orthopedics vs. overall healthcare costs, 

indexed (600bn,www, 2010) 

 

Alumina (Al2O3) was used as a material for orthopedic bearing over the past 

decade. This ceramic is the cheapest and its hardness is 9 on Moh’s scale which ranks 

the hardness of diamond at 10 as the hardest existing materials (McColm, 1990).  

Alumina ceramic is the most often considered as ‘bioinert’ material since no direct 

bone-material interface is created. For implants application, alumina is widely used in 

manufacturing of hip-joints ordental restorations and wear partsbecause of low wear 

rates of bearing components and negligible amount of ion release.Unfortunately, since 

alumina is also brittle and susceptible to slow crack growth (SCG), the fracture rate of 

implants is quite high (De Aza et al., 2002). The old generation of alumina ceramic 

implants was produced using conventional procedure that increases the green density 

(Bocanegra-Bernal et al., 2009). Nowadays, alumina properties are improved for long-

term by several methodssuch as refinement of manufacturing processes and addition 

of additive. 
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Zirconia (ZrO2) is a ceramic material that exhibits the best mechanical 

properties of oxide ceramics as the consequence of phase transformation toughening, 

which increases its crack propagation resistance (Chevalier and Gremillard, 2011). 

The transformations of zirconia phase demonstrate extremely high strength and 

fracture toughness achieved by exploiting the martensitic phase transformation of 

thermodynamically metastable tetragonal phase (Stevevs, 1986).Zirconia is one 

ofmaterialswhich are usually added to alumina for improving its properties as 

structural ceramic (Piconi et al., 1999), because of substantially higher fracture 

toughness and strength. Zirconia has the largest value of fracture toughness of any 

monolithic ceramic. The mechanisms governing thetoughnessof zirconia are the 

phase-stabilizationand phase transformation of the tetragonal zirconia phase to retain 

the high-temperature phase at room temperature, which gives zirconia its desirable 

properties as an engineering ceramic. 

An application of composite materials is the way to improve lifetime and 

reliability of orthopedic implants by enhancing theirfracture toughness and mechanical 

strength.  Many researcheshavealready studiedcomposite materials and have 

successfully proven that alumina, zirconia and other ceramics possess the ability to 

withstand the environment of the human body (Schehl et al., 2002).Alumina and 

zirconia composites havefound practical application as biomaterials due to their 

proven biocompatibility and superior mechanical properties as compared to alumina  

(Piconi et al., 2014).They are considered as biologically inert materials due to the 

formation of a soft tissue interlayer that shields the bone from the implant. Zirconia is 

also used mixed with materials other than alumina to improve their properties. 
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Recently, alumina-zirconia composites were developed as alternative bearing 

materials for orthopedic implant. Two kinds of composites can be prepared by using 

alumina and zirconia: a phase-stabilized zirconia matrix reinforced with alumina 

particles, commonly known asalumina toughened zirconia (ATZ), or an alumina 

matrix reinforced with zirconia particles referred to as  zirconia toughened alumina 

(ZTA). With both materials, the higher toughness was obtained in comparison with 

the single phase ceramics. However, ZTA composite toughness is higherthan that of 

ATZ one. Interactions of the crack front with the second phase (crack blunting, crack 

deviation) and pre-existing micro cracks, formed during the tetragonal – monoclinic 

transformation of zirconia, were considered as the main reasons of the enhancement of 

the fracture toughness. In addition, the transformation toughening associated with the 

tetragonal – monoclinic phase transformation around particles in front of crack, as 

well as other mechanisms, such as crack deflection, crack bridging and the presence of 

micro cracks, may also contribute to the toughness enhancement. 

 

Table 1Coefficients of thermal expansion of alumina and zirconia (Morrell, 1985) 

Ceramics 
α/(10-6 K-1) 

100K 200K 293K 500K 800K 1100K 1500K 
Alumina Al2O3 0.6 3.3 5.5 7.8 8.5 9.4 10.2 

Zirconia 
(ZrO2 stabilized) 

- - 8-9 9-10 11-13 13-15 13-15 

 

The phenomenon of transformation toughening obtained by the difference of 

coefficients of thermal expansion between alumina and zirconiais illustrated in  

Table 1. Thethermalmismatchwasthoughtto create stressfieldaroundZrO2particles. The 

transformations of tetragonal to the monoclinic zirconia phase providevolume 
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expansion, 3-5%, and shear strain ≈ 7%(Stevens andEvans, 1984). The high toughness 

of zirconia ceramics is attributed to the stress induced phase transformation of 

metastable tetragonal grains towards the monoclinic symmetry 

aheadofapropagatingcrack,leadingtoanincrease of the work of fracture(Garvie et al., 

1975). 

Al2O3/ZrO2 composite is one of the mostwidely used composites system for 

orthopedics application. Many researchers have tried to improve the lifetime and 

mechanical properties of materials. Several attempts have been made to develop 

various composite systems such as micro/micro, nano/nano, micro/nano system and 

theirfabricationmethods including infiltration, colloidal route, etc. Both tetragonal and 

monoclinic phases in alumina matrix with 10wt% total zirconia contents provided 

higher strength and toughness than individual tetragonal and monoclinic zirconia 

phase (Tuan et al., 2002). The uniformgrain size distributions of alumina/zirconia 

withhomogeneous microstructure of fine zirconia particles were obtained by powder 

alkoxide mixture method (Calderon-Moreno and Schehl, 2004). The microstructure of 

the alumina–zirconia composites manufactured by the colloidal technique was very 

fine with sub micrometer alumina grains and, mainly intergranular, nano-sized 

zirconia particles with a narrow grain size distribution (De Aza etal., 2002). The 

Vickers hardness ofpowder processed samples decreased indefinitely with increasing 

ZrO2, but the hardness of samples produced by colloidal method increased to highest 

value at 10wt% of ZrO2. Additions of glacial acetic acid were needed to form stable 

suspensions (Rafferty et al., 2009).   The digital image analysis was used for 

microstructural characterization. Digital image processing-assisted quantitative 

analysis of micrographs was carried out and provided plenty of data that are fairly 
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important.The method could apply to other systems(Horovistiz and Muccillo, 

2011).The image analysisof sintered microstructure confirmed the existence of 

correlationsbetween the areal fraction, grain size distribution, uniformity of spatial 

distribution expressed by the void size distribution of each componentand mechanical 

properties of samples such as Vicker’s hardness and transverse rupture strength under 

various sintering temperatures(Kangwantrakoolet al., 2003). 

As mentioned previously, the development of advanced ceramic materials on 

the basis of widely recognized intrinsic relationships between their properties and 

microstructure should, thus, rely on robust and reliable techniques of microstructural 

analysis. When ceramic materials are fabricated, their properties will be determined by 

the morphology of the microstructure, which depends on the process used.  

Therefore, the present research focuses on the relationship betweenthe 

uniformity of distributions of zirconia nanoparticles in Al2O3micro-grainsprepared at 

various conditionsand the mechanical properties of sintered composite. 

 

1.1 Research Objectives 

 The general objective of this research is to improve the mechanical properties 

of alumina by addition of zirconia nanoparticles as a reinforcing material using the 

colloidal method. 

Following are the specific objectives of the study: 

1. To investigate the effects of alkoxide composition and sintering 

temperature on mechanical properties of alumina/zirconia micro-nano composites 

such as hardness, toughness and flexural strength. 
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2. To clarify the relationship between the uniformity of zirconia dispersion 

and the mechanical properties of sintered composites. 

1.2 Scope and limitation of thesis. 

1. Investigate the effect of composition of zirconia alkoxide solution on the 

dispersion of zirconia nanoparticles in the sintered composite material 

2. Clarify the relationships between the mechanical properties, such as 

hardness, toughness and flexural strength, the sintering temperature, and the 

microstructure of alumina/zirconia micro/nano composite materials. 

 

1.3 Expected results 

The main advantages of the research are summarized below: 

1. The highdensity alumina/zirconia micro-nano composite with optimum 

mechanical properties will be obtained by using the colloidal method. This composite 

could possibly be used as the structural material for orthopedic implants. 

2. The proper powder preparation method and the sintering parameters will 

be identified for fabrication of micro-nano composites with superior mechanical 

properties. 

3. The quantitative approach to the microstructure characterization will be 

farther advanced in order to define the correlation betweenmicrostructural 

characteristics and mechanical properties. 

 

 

 

 

 

 

 

 

 



CHAPTER II 

LITERATURE REVIEW 

 

2.1 Materials 

2.1.1 Alumina (Al2O3) 

Alumina is the most widely used oxide ceramic material becauseit 

exhibits an excellent combination of high compression strength, high abrasion 

resistance, high chemical resistance, high thermal shock resistance and high degree of 

refractoriness.It also retains its hardness at higher temperature than other 

ceramics(Suchaneket al., 2010).Thus, alumina has found widespread applications in 

industry and medicine ranging from electronic substrates, grinding media, cutting 

tools, abrasion resistant tiles, to bioceramics(hip-joints).The physical properties of 

alumina are summarizedin Table 2.1.  

Alumina (Al2O3) is the compound of aluminium and oxygen. Al2O3 

usually occurs in nature, mostly as the mineral corundum and other form such as the 

precious gemstones, ruby and sapphire. Alumina exists in several metastable 

crystalline structures: η-, γ-, δ-, θ-, β-, κ-, χ, and α-alumina. Hexagonal α-alumina with 

lattice parameters of a = 4.758 Å and c = 12.991 Å is the most thermodynamically 

stable phase of alumina (Shackelford and Doremus, 2008). 
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Table 2.1Alumina physical properties (Cheremisinoff, 1990) 

Physical properties α – Al2O3 

Density, g/cm3 3.96 
Melting temperature, °C 2054 
Elastic modulus, GPa 520 
Coefficient of thermal expansion (25-1000°C),10-6/°C 8.5 
Indentation hardness,GPa 20 

 

  Alumina as a biomaterial,has been used for more than 40 years, 

because of its good bio-inertcharacteristics, high corrosion resistance, hardness, 

excellent biocompatibility, and stability in the human body. The first generation of 

aluminaproduced for industrial applications was ofpoor microstructure with low 

density, lowpurity and large grain sizes due to long sintering times. Thus, it was 

unsuitable for biomedical applications(ASTM F603-1983; ISO 6474, 1994). Then 

alumina has been developedin a positive wayto producebioceramic materialswith 

satisfactory medical application properties. Therefore, aluminaof high purity with 

goodbiostabilityand biocompatibility characteristicsis suitable for ceramic bone 

substitution materials as bone spacers, bone replacements, and components of 

orthopedics joint prostheses.However, alumina also has disadvantages of low purity 

and low toughness that influenceonquality of alumina materialfororthopedics 

application. Many factors, like grain size, density and purity,influencethe mechanical 

properties of alumina such as the wear rate that decreases with decreasing grain size 

(Mukhopadhyaya and Yiu-Winga, 1993).  

2.1.2 Zirconia (ZrO2) 

Natural zirconium dioxide (ZrO2,zirconia) is generally obtained from 

baddeleyite (ZrSiO2) with a monoclinic crystalline structure.Zirconia has three 

crystallographic forms, namely: monoclinic, tetragonal and cubic phases, as shown in 
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Figure 2.1.Normally pure zirconia has a monocliniccrystal structure at room 

temperature. The tetragonal phase is formed starting from 1170C up to 2730C and 

the cubic phase at higher temperature.The transformation of pure zirconia from the 

tetragonal phase to monoclinic one occurs during cooling at about 950°C. To use the 

full potential of zirconia, the properties of the zirconia should bemodified extensively 

by the addition of a stabilizing oxide. Sufficient amount of additive could help in 

transformation a partially stabilized zirconia (PSZ) to a fully stabilized that is in a 

cubic form. Various oxides such as magnesium oxide (MgO), calcium oxide (CaO), 

and yttrium oxide (Y2O3) are usually addedfor stabilize zirconia to be in the cubic 

phase.  Therefore, zirconia is usefulin a stable phase and whichphase of ZrO2 should 

be stabilizeddepends on application. Upon heating, zirconia undergoes disruptive 

phase changes by addition of small percentages of additives. However, the tetragonal 

phase is ametastable one. When stressesed,the tetragonal phase at a crack tip is 

converted to the monoclinic with the volume expansion of 4.6 vol.%.This 

expansiongenerates both dilatational and shear stresses, and these stresses could 

prohibit the crack propagation and enhance the fracture toughness properties of 

zirconia.This mechanism is known as a phase transformation toughening which 

significantly extends the reliability andlifetime of products made with stabilized 

zirconia (Stevens, 1986). 

 

 

 

 

 

 

 

 



11 

 

Figure2.1Crystallographic forms of zirconia 

 

2.1.2.1 Stabilization of zirconia 

   Magnesium oxide (MgO), calcium oxide (CaO), and yttrium 

oxide (Y2O3) oxides are used as the additive for zirconia stabilizationto form: 

1. Partially stabilized zirconia 

2. Tetragonal zirconia polycrystals 

3. Partially stabilized zirconia in a non zirconia matrix 

Zirconia microstructure and compositeabbreviations are 

explained below: 

 TZP Tetragonal zirconia polycrystals 

 PSZ Partially stabilized zirconia 

 FSZ Fully stabilized zirconia 

 TTC Transformation toughened ceramics 

 ZTA Zirconia toughened alumina 

 TTZ Transformation toughened zirconia 

1170 oC 2370 oC 

4.6 vol % 

Monoclinic Tetragonal Cubic 
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Figure 2.2Transformation toughened zirconia schematic microstructures 

(Birkby, 1994) 

 

2.1.2.2 Partially stabilized zirconia 

Partially stabilized zirconia with tetragonal phaseis formed by 

adding the stabilizing additivessuch as MgO, CaO, and Y2O3 etc. Ideally, the 

stabilizing additive should be uniformly distributed on an atomic scale. The phases of 

zirconia are illustrated on the phase diagram shown in Figure 2.3 for ZrO2-MgO 

system. The ZrO2 with 6-8 mol% MgO content at 2000°C to 2450°C shows the solid 

solution state with cubic phase. However, when the materials are quenched, ZrO2 

phase will change into the tetragonal phase. This process is fundamental for the 

partially stabilized zirconia (PSZ). 

 

Tetragonal 

Cubic 

Partially stabilized zirconia Tetragonal zirconia  
polycrytals 

Partially stabilized 

zirconia 
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Figure 2.3The ZrO2 – MgO phase diagram (Grain, 1967) 

 

2.1.2.3 Tetragonal zirconia polycrystals 

The tetragonal zirconia phase is stabilized using Y2O3 additive 

as a stabilizer. Considering phase diagram of ZrO2-Y2O3 system shown in Figure 

2.4,almost all of zirconia is in the tetragonal-phase fieldin the composition range of 0-

5 mol% of Y2O3 at 1300°C to 1650°C heating temperature. The composition 

containing greater than 5mol% amount of yttriastabilizes ‘non transformable’zirconia 

when cooling to the room temperature.In addition, it has been found that the critical 

grain size also depends on the amount of stabilizer added and the degree of 

mechanical constraint. Such factors are interdependent, as illustrated by the 

relationship of the critical grain size with stabilizer content on ‘as sintered’ surface, as 

shown in Figure 2.5(Stevens, 1986). 
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Figure 2.4The ZrO2 – Y2O3 phase diagram (Stevens, 1986) 

 

 

 

Figure 2.5Dependence of the critical grain size on the yttria content (Stevens, 1986) 

Critical grain size (μm) 

Y2O3 content in ZrO2 (mol%) 

Mole% 

Temperature (°C) 
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2.1.2.4 Partially stabilized zirconia in non zirconia matrix 

The use of fine zirconia particles less than one micrometer 

distributed in the other matrix leads to the formation of so-called partially stabilized 

zirconia in non-zirconia matrix such as zirconia toughened alumina (ZTA) or zirconia 

toughenedmullite (ZTM).  

 

2.1.3 Composite materials 

 Composite materials are materials made from two or more constituent 

materials with significantly different physical or chemical properties.The composite 

material is the one way to produce new materials with characteristics different from 

the individual components. The individual components are separated and distinct 

within the finished structure. The new materials are preferred for many reasons.For 

instance,the composite materials are used in engineering applications where a single 

component material could not provide the specific properties. There are two main 

categories of constituent materials: matrix and reinforcement. The matrix material 

forms a continuous phase that surrounds and supports the reinforcement materials by 

maintaining their relative positions. The reinforcements impart their special 

mechanical and physical properties to enhance the matrix properties.Normally, the 

reinforcements should be harder, stronger, and stiffer than the matrix. They may be 

spherical, platelets, or any other regular or irregular geometry. Thus, the application of 

composite materials opens a new way for materials development to reach target 

forimproving the lifetime of orthopedic implant materials. 

Tuan et al. (2002) reported that,the strength of the Al2O3 / (tetragonal 

ZrO2 + monoclinic ZrO2) composites reached values as high as 940 MPa, which is 

roughly three times that of Al2O3 alone. The addition of both t-phase and m-phase 
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zirconia, also could enhance the toughness of alumina.The toughening effect was 

attributed mainly by the zirconia tetragonal to monoclinic phase transformation.  

Weimin et al. (2008) studied the effects of the contents of ZrO2 3 mol% 

Y2O3 and ZrO2 2 mol% Y2O3 on the densification of composite samples prepared by 

the wet chemical method. The results showed that when the contents of ZrO23 

mol%and ZrO2 with 2 mol% Y2O3 were 15 and 20 vol. %, the relative densities of the 

Al2O3/ZrO2 (Y2O3) composites were 99.6% and 99.1%, and the average grain sizes of 

ZrO2 (Y2O3) were 1.3 and 1.5 µm, respectively. 

Bocanegra-Bernal et al.(2009) studied the densification of submicron 

alumina powders by pressureless sintering and sintered-HIP process. The relative 

density of over 98% was obtained with sample preformed at 150 MPa by using 

uniaxial pressing and sintered at 1350C by sintered-HIP process. The grains of 

submicron size were obtained withpressurelesssinteringand sintered-HIP process. The 

low remaining porosity seems to be responsiblefor the high hardness and fracture 

toughnessof the sample prepared bysintered-HIP process. 

 

2.2 Toughening phase transformation of zirconia 

The addition of zirconia results in anincreaseof both strength and fracture 

toughness of ceramics due tothe tetragonal to monoclinic phase transformation of 

metastable tetragonal particles induced by the presence of the stress field ahead of 

crack. The expansion volume of 3-5% during phase transformation provides the stress 

field around zirconia particles that is useful to inhibit crack propagation in materials, 

and the shear strain. Thestress fields developed in the martensitic reaction were 

recognized as opposing the opening of the crack and therefore acting to increase the 
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resistance of ceramics to crack propagation by stress induced phase transformation of 

zirconia.The micro-cracking can be induced by incorporatingZrO2 particles in ceramic 

matrix such as Al2O3 or mullite.It is generally recognized that apart from crack 

deflection which can occur in two phases ceramics, the tetragonal to monoclinic phase 

transformations can develop significantly improved mechanical properties via this 

mechanism(Stevens, 1986).In addition to the transformation toughening associated 

with the tetragonal – monoclinic phase transformation around particles in front of 

crack, other mechanisms, such as crack deflection, crack bridging and the presence of 

microcracks, may also contribute to the toughness enhancement. 

2.2.1 Stress induced phase transformation toughening 

  During cooling of ZrO2 from over 1200°C to room temperature the 

tetragonal phase will be transformed to the monoclinic one. However, when ZrO2 is 

finely dispersedor constraining pressure is exerted on it by matrixthen the zirconia 

particles can be retained in metastable tetragonal form. The zirconia particles can be 

introduced as a second phase during the initial fabrication. The toughening mechanism 

is considered as a stress induced phase transformation of the metastable tetragonal 

phase to monoclinic form when crack is propagatingunder stress, large tensile stresses 

are created around the crack and especially at the crack tip, as shown in Figure 2.6. 

The zirconia particles are increasing the volume expansion  3% and shear strain  

1-7%, with the resultant compressive strain being generated in the matrix. These 

phenomena occur around the crack(Stevens, 1986). 
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Figure 2.6Stress induced phase transformation of metastable ZrO2 particle in the 

elastic stress field of crack   

 

2.3 Preparation of Al2O3/ZrO2 micro/nano composite 

 The mechanical properties of composite materials depend on several factors 

such as reinforcement type, content, homogeneity and microstructure. Previous results 

have been reported that allfactors mentioned above affect to the effectiveness of 

mechanical properties of materials. Thus,many attempts have been made to develop 

thenew powder processing techniques with Al2O3-ZrO2 systemthat could produce 

better microstructurefor improving the mechanical properties of Al2O3-ZrO2 

composite system. 

2.3.1 Conventional Powder Processing  

The uniformity of thedistribution of reinforcing phases in the sintered 

composite significantly effects on the mechanical properties of materials. Moreover, 

the uniform distribution of the reinforcing particles in the powder mixture used for 

Original metastable zirconia particle 

 

Martensitically transformed zirconia particle 
Stress field around 

Critical crack 
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sintering will largely governthe phase distribution in the sintered composite. However, 

it is really difficult to achieve the uniform mixing of small particles of a few 

micrometers or less than micrometer in diameter by conventional powder processing. 

Ideally, in a binary mixing process the various species should intimately be mixed so 

that any small sample taken from the mixture would contain the optimized proportion 

of the composition. This is considerably hard to achieve, particularly with cohesive 

powder or if the compositions to be mixed aredifferent in size. When the particles are 

cohesive, they naturally to agglomerates and particle mixing involves breaking up 

agglomerates.For the constituents differ in size or density there is an increasing 

tendency for segregation. 

2.3.2 Colloidal Processing  

The new powder processing techniquessuch as sol-gel, CVD and 

powder alkoxide mixture could be utilized to attain the high uniformity dispersion of 

small zirconia particles with narrow size distribution to increase the fracture toughness 

of alumina.Schehl et al. (2002) reportedthatthe colloidal processing route has many 

advantages compared to conventional processing routes. The nano-composites with a 

very small amount of secondary phases can be synthesized and the formation of these 

phases can be predicted by referring to the information presented in phase equilibrium 

diagrams of the powder-alkoxide mixture. New composites can easily be designed 

when consider the phase evolution as a function of temperature and the thermal 

expansion coefficient of the different phases. The powder processing route could also 

produce homogeneous microstructures with a narrow particle size distribution of 

secondary phases and high final densities. 
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Figure 2.7Illustration of mixture model ofcomposite system with particles different 

in size, (a) Conventional Powder Processing and (b) Colloidal 

Processing (powder alkoxide mixture) 
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Figure2.8 Illustration of alumina–zirconia composite via modified colloidal route: 

(a) zirconium precursor and alumina powder are dispersed in liquid 

medium; (b) after drying, alumina powder is coated by a zirconium 

precursor layer; (c and d) during thermal treatments, the layer decomposes 

and zirconia nanoparticles nucleate and grow on the surface of the alumina 

grains (Rafferty et al., 2009) 

  Schehl et al. (2002) investigated the preparation Al2O3/ZrO2 

micro/nano composite via colloidal processing. This system has many advantages 

compared with classical processing route. Nano-composites with a very small amount 

of secondary phases, very homogeneous microstructure with a narrow particle size 

distribution of secondary phases and high final density could be obtained by using 

powder alkoxide mixture method. The reinforcing phases are in nanoscaleuniform size 

and distributed at alumina grain boundaries, thus increasing the effectiveness of the 

reinforcement mechanism that operates in these nanocomposites. 

De Aza et al.(2002) investigated a new generation of alumina–zirconia 

nano-composites having a high resistance to crack propagation, and as a consequence 

may offer the option to improve lifetime and reliability of ceramic joint prosthesis. A 

major research effort was concentrated on a new colloidal processing. The 

microstructure of sintered composite was very fine with submicrometer alumina 

grains and, mainly intergranular, nano-size zirconia particles with narrow grain size 

distribution. The sample density was upto 98% of theoretical density with10vol% of 

zirconia contentsand the value of composite hardness was similar to that of alumina. 

The microstructure obtained by the colloidal technique was very fine with 

submicrometer alumina grains and, mainly intergranular, nano-sized zirconia particles.   
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Ye et al. (2008) prepared the yttria-stabilized ZrO2/Al2O3 (abridged as 

YSZ/Al2O3) nano-composite ceramics by co-precipitation method. The relative 

density of the YSZ/Al2O3nano-ceramics was over 95% and hardness as high as 19.8 

GPa were obtained by the pressureless sintering. 

Rafferty et al. (2009) manufactured the alumina–zirconia composites 

by two routes: powder processing and colloidal processing. Additions of glacial acetic 

acid were needed to form stable suspensions. The composite prepared via the colloidal 

method exhibited much higher mechanical properties than the powder processed 

equivalent.  

Calderon-Moreno et al. (2004) studied the microstructure evolution 

during superplastic creep of alumina-zirconia prepared viapowder-alkoxide 

mixture.The microstructure of alumina-zirconia washomogeneous with a narrow grain 

size distribution. Almostall of zirconia particles were located at the triple junction of 

alumina grains. The composite microstructure is advantageous for achieving 

superplastic deformation without significant creep damage. The zirconia addition 

using powder-alkoxide mixture method can significantly increase the ductility of 

alumina-base composite by controlling grain size and distribution of both phases. 

 

2.4 Characterization 

 2.4.1  Image analysis 

The development of advanced ceramic materials on the basis of widely 

recognized intrinsic relationships between their properties and microstructure should, 

thus, rely on robust and reliable techniques of microstructural analysis. When ceramic 

materials are fabricated, their properties will be determined by the microstructure, 
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which depends on the process used. To characterizethe composite microstructure of 

samples at various sintering temperatures, the corresponding binary images are 

analyzed on the grain and void size distributions, and the areal fraction of each 

component by using the image analysis software.An image analysis is a powerful tool 

that quickly gives objective results on the particle size, dispersion, orientation, shape, 

numbers of objects, etc.The spatial distribution of grains or phase aremeasured by 

generating large number of circles of specified diameter at random positions in the 

image and checking whether they overlap or touch objects on binary image with white 

background, as shown in Figure2.9. 

 

 

 

Figure 2.9Illustration of measurement of grain and void size distributions 

 

The distribution of grain sizes was measured, after detection of 

boundaries of all grains on the binary image of i-component of each grain area, for 

more than 80 grains in terms of the Heywood, projected area equivalent, diameter, 

Deq,i,j as follows: 
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whereAi,jis the area of the j-object of i-component. 

 

 

The percentage of i-component in the sintered sample was computed as 

an areal fraction, Ai : 

 

 

 (2.2) 

 

whereN is the total number of objects of i-component and At is the total analyzing area 

of the binary image. 

The spatial distribution of grains or phase is an important 

microstructure characteristic of sintered composites, which coulddefine the 

mechanical properties.  Here, an existence probability function of circular voidsof 

size, Vd, fitted in the interspaces among grains is used to express the uniformity of 

grain distribution. The void size distributions measured in such a way were fitted with 

a theoretical distribution curve proposed by Alonso et al. (1995). The theoretical 

equation was derived as the distribution of the probability of finding of a spherical 

void of a given size in the random packing of equal-sized spheres. It allows for the 

infinite number of void spheres of any size. In the case of the sintered composite 

sample, the packing of irregular-shaped grains differs from that of the ideal spherical 
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particles. Therefore, an adjustable parameter,vm, was used in the theoretical 

distribution equation instead of vHCP for more close fitting of experimental curves 

(Oidaet al., 1999). The existence probability function, P (2), of finding of the circular 

void of diameter equal or greater than 2 obtained by sectioning the void sphere of 

diameter 3 was evaluated as: 

 

 (2.3) 

 

wherev is the packing density and (1-v) is the probability of finding a void space of 

any size; in other words, when a certain point is selected at random within the cross-

section of a sintered sample, the point has the probability, (1-v),belonging to the void 

space between grains. 2 and 3 are the diameters of the circular and the spherical 

voids normalized with the associated average grain size, respectively.  

Horovistizand Muccillo(2011) developed a digital image processing 

and analysis method to evaluate the microstructural features of chemically synthesized 

gadolinia-doped ceria powders containing small amounts of co-dopants. The effects of 

particles/clusters sizes, porosity and grain size distribution were examined in detail 

and compared to those parameters of the standard composition without co-

dopants.The digital image processing-assisted quantitative analysisof micrographs 

was carried out in thisstudies.The method provides plenty of data that are fairly 

important for the purpose of thestudyand can be extended to other systems. 

Kangwantrakoolet.al. (2003)characterized quantitatively the 

microstructure of WC-Co/TiC-Al2O3 sintered composites by means of the image 

analysis. The areal fraction, the grain size distribution and the uniformity of spatial 
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distribution expressed by the void size distribution of each component have been 

correlated with the mechanical properties of samples such as Vicker’s hardness and 

transverse rupture strength under various sintering temperatures. Void size 

distributions of total components were relatively uniform due to the high degree of 

mixing of powder achieved in ahigh impact machine. Further, more uniform 

dispersions of WC and Al2O3 grains were obtained at low sintering temperature, while 

TiC-WC phase was dispersed uniformly at high temperature. Thus, the areal fraction 

and spatial uniformity of WC and Al2O3 components were most influential to the 

higher strength of composite, while the higher hardness wasgoverned by those of -

phase.  

Thus, the sintered microstructures could be characterized quantitatively 

by measuring void and grain size distributions with the aids of image analysis. These 

data could be correlated with mechanical properties of sintered materials to provide 

important information on composite particles preparation method and sintering 

conditions. 
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CHAPTER III 

EXPERIMENTAL 

 

3.1 Experimental equipment 

Equipment and devices used in this research are listed in Table 3.1. 

 

Table 3.1Equipment and devices used in this research 

Equipment Manufacturer Model 

High Temperature Furnace (1800C) Carbolite HTF 18/10 

Cold Isostatic Press (CIP) 
Avure 

Technologies 
L CIP 22260 

Uniaxial Press Carver 2702 

Microhardness Tester Galileo Microscan/Isoscan Ac Plus 

Universal Testing Machine Instron 5565 

Scaning Electron Microscope (SEM) JEOL JSM-6010 

Energy Dispersion X-ray 

Spectrometer (EDS) 
JEOL JSM-7800 & AURIGA 

X-ray Diffractometer (XRD) Bruker D2 Advance 

Grinding & Polisher Machine Buehler Ecomet5 

High speed Diamond Saw Buehler Isomet 1000 

Ball Mill Cernusco Conlrols 

pH meter Mettler Toledo Seven Compact 
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3.2 Raw materials 

Raw materials used in this research are listed in Table 3.2. 

 

Table 3.2Raw materials used in this research 

Raw materials Chemical formula Manufacturer Grade/Type 

Alumina powder Al2O3 ACC product A-5M 5 micron 

Zirconium IV propoxide, 

(70 wt% solution in 1-

propanol) 

Zr(OCH2CH2CH3)4 Sigma-Aldrich - 

Acetic acid C2H4O2 
VWR BDH 

Prolabo 
100% purity 

Polyvinyl Alcohols 

(PVA) 

Molecular Weight 

77,000-82,000 
Ajax Finechem Analytical grade 

 

3.2.1 Alumina powder (Aluminium oxide) 

Alumina powder (Al2O3) A-5M of average particlesize of 5 

micronswas utilizedto form a matrixof the sinteredcomposite. According to 

information supplied by the manufacturer, the purity of alumina powder is 99.7% by 

weight and themain impuritiesare sodium 0.26%,silica 0.02% and ferric oxide 0.01%. 

 

3.2.2 Zirconium IV propoxide solution 

The zirconium propoxidesolution is the solution of zirconium 

propoxide(70wt%) in 1- propanol. The density of solution is 1.004 g/cm3.Thus, 100 

mlor 100 gof solution contains70 g of zirconium propoxide.The molecular weight of 

zirconium propoxide,Zr(OCH2CH2CH3)4or ZrO4C12H28, is 327.58 g/mole. 

During heating, zirconium propoxide decomposesreleasing carbon 

dioxide and water according to the reaction: 
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Zr(OCH2CH2CH3)4 +18O2                                          ZrO2 + 12CO2 + 14H2O. 

     327.58 g                            123.22 g 

 (3.1) 

 

On the right hand side of equation, only ZrO2remains as a solid.Thus, 

one mole of zirconium oxide is formed from one mole of zirconium propoxide. In 

terms of the molecular weight, this can be expressed as: 

 

 (3.2) 

 

As zirconium propoxide is used as 70 wt% solution, 100 ml of the 

solution contains70  (123.22/327.58) g = 26.33 g of zirconia (Rafferty et al., 2009). 

Therefore, 100 g of composite material consisting of 90 g of alumina and 

10 g of ZrO2 will require:10  (100/26.33) = 37.98 mlof Zirconium (IV) propoxide 

solution. 

 

3.3 Experimental procedure 

 3.3.1 Preparation of composite powder 

  The Al2O3/ZrO2 Micro/Nano composite powderwasprepared via 

chemical route by the powder alkoxidemethod.The composition of composite material 

was fixed at 90wt% (91.59 mole%) of alumina powder and 10wt% (8.41 mole%) of 

ZrO2. Tuan et al.(2002)reported thatthe optimum contentof meta-stable ZrO2 phasein 

aluminaproviding good mechanical properties to composite materialsis 10wt%. To 

study the distribution of nanozirconia particles in alumina matrix,Zrpropoxidewas 

mixed with absolute ethanolin different proportions, as summarized in Table 3.3. The 

absolute ethanol was used dilute Zrpropoxide because of smallermolecule than 

propanol that easier to remove.A flow chart of the preparation procedure of composite 
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powder is shown in Figure 3.1.The compositions of composite materials are shown in 

Table 3.4.-alumina powder(90 g) was mixed withabsolute ethanol (270 g)at a weight 

ratio of 3:1 using ball milling with alumina ballsto obtain colloidal alumina. Acetic 

acid (25 g approx)was used to improve stability of colloidal aluminadispersion by 

adjusting the pH at 7.1.The isoelectric point of alumina particles suspended in 

ethanolwas stable at pH 7.1(Wang et al., 1997).pH of colloidal alumina was measured 

by a commercial pH meter. The zirconium solution was prepared by 

dilutingofzirconium IV propoxidesolutionwith ethanol.The fixed amountof 

Zrpropoxideof37.98 g was mixedwith a specified amount of ethanol (Table 3.4)using 

a magnetic stirrer.The stabilized colloidal aluminawas addeddropwisefrom a pipette 

into Zrpropoxidesolution under stirring to prepare the slurry. The slurry was first dried 

on a heater equipped withmagnetic stirrer at 70C. Then, theresidual ethanol was 

removed by heatingpowder in an oven at 120C for 24 hours. Dried synthesized 

powder wasde-agglomerated using analumina mortar and sieved with screen No. 325 

mesh to less than 45 m. Finely, powder wascalcined at 850C for 2 hoursin air.The 

calcination temperature profile is shown in Figure 3.2. After calcination the composite 

powder was agglomerated and need to be broken down to tens micrometers. Thus, 

powder was again de-agglomerated using the alumina mortarand sieved to less than 45 

m to obtain fine composite powder.  
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Table 3.3Zrpropoxidein ethanol solution compositions 

Sample code 
 

Zrpropoxide: Ethanol weight ratios Zrpropoxide: ethanol 

weight concentration 
Zrpropoxide Ethanol 

100 1 - 100 
75 3 1 75 

66.7 2 1 66.7 

50 1 1 50 

33.3 1 2 33.3 

25 1 3 25 
 

Table 3.4 Thevolume and weight composition of composite material 

Sample code 

Zrpropoxide ethanolsolution 

(ZrO2 10 g) 

Alumina suspension 

(Al2O3 90 g) 

Zrpropoxide 

solution 
Ethanol Al2O3 

(g) 

Ethanol 

(g) 
(ml/g) (ml) (g) 

100 37.98 0 0 90 270 

75 37.98 16.05 12.66 90 270 

66.7 37.98 24.07 18.99 90 270 

50 37.98 48.14 37.98 90 270 

33.3 37.98 96.27 75.96 90 270 

25 37.98 144.41 113.94 90 270 
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Figure 3.1Al2O3/ZrO2 Micro/Nano composite powder preparation process 
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Figure 3.2Diagram of calcination process of composite powder 

 

3.3.2 Sintered composite preparation and characterization  

  The flowchart of sintered composite preparation and characterization 

processesis shown in Figure 3.3. Al2O3/ZrO2micro/nanocomposite powderwas mixed 

with0.5 wt.%polyvinyl alcohol (PVA) binder withmolecular weight ranging from 

77,000 to 82,000g/mol. 10wt% PVA solution was prepared bydissolving PVA in 

deionized water.Then, binder was sprayed into composite powder andthecomposite 

powder was screened through a 60 mesh in order to obtain composite granules. 15 g of 

composite granuleswere preformedin 3.5  3.5 cm iron mold at 100 MPa by using 

anuniaxial press and subsequently consolidated by cold isostatic pressing (CIP) at 350 

MPa to improve the green strength of samples. The CIPed composite samples were 

sintered at three different sintering temperatures,1600C, 1650C and 1700C for 4 

hoursunder pressureless sinteringusing an electric furnace to investigate the effect of 

sintering temperature on the microstructure and mechanical properties of sintered 

850 oC 
5oC / min 

Natural cooling 

2 hrs. 

TR 
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composite.The diagram of sintering process is shown in  

Figure 3.4. 

 

 

 

Figure 3.3Al2O3/ZrO2 Micro/Nano composite preparation and characterization 
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Figure 3.4Diagram of sintering process of composite 

 

3.4  Characterization 

 3.4.1 Phase characterization  

  Crystalline phases and thepercentage of crystallinity of synthesized 

composite powder and sintered composite sample were examined by powder X-ray 

diffraction (XRD) using Bruker Model D2Advance for composite powder and Bruker 

model D8Advance forsintered compositeunder the following conditions: 

Radiation   = Cu-Kα 

Generator voltage = 40 kV  

Generator current = 40 mA 

Start angle 2  = 20o 

End angle 2  = 80o 

Step time  = 0.5 s 

Step size   = 0.02o 

1600, 1650, 1700oC 
5oC / 
min Natural cooling 

4 hrs. 

TR 
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  The quantitative of each elements of composite was analyzed by using 

TOPAS program. 

 3.4.2 Density measurement 

The density of sintered samples was measured following ASTM C373-

88 standard (1994). The Archimedes’ methodwas utilized for measuring the density of 

sintered composites using deionized water.The dry weight of 5 specimens of sintered 

composite was measured after heating specimens in an oven at 150C and cooling 

down in desiccator (WD).Then specimens were boiled for 5 hrs and soak for an 

additional 24 hrs. After thatdeterminethe mass of each specimen while suspended in 

deionizedwater (Wss) and thesaturated mass (Ws)were determined 

The density of sintered samples was calculated by: 

 Volumeof sample (V)  =  WS-WSS  

 Bulk density   =  WD/ V  

where WSS is the apparent weight of the sample in fluid, 

 WS is the weight of the saturated fluid, 

 WD is the dry sample weight. 

 

   The bulkdensity of sintered composite was compared to 

theoreticaldensity of 90% alumina and 10% zirconia calculated following rule of 

mixtureas: 

Theoretical density of 90% Al2O3 and 10% ZrO2 

 

 
% (ρ ) + % (ρ ) = 	 ρ  (3.3) 
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where %i is percentage of i component 

 %ii is percentage of ii component 

 i is density of i component 

 ii is density of ii component 

 

Relative density =	 	
	

× 	100% (3.4) 

 

 3.4.3 Mechanical properties 

   3.4.3.1 Flexural strength 

    The flexural strength of sintered composite was measured using 

the three-point bending method following ASTM C1161-94 with Universal Testing 

Machine (UTM). The composite materials were cut with diamond blades rotated at 

150 RPM under 150 g of load. Specimenswere chamfered with sandpapers from No. 

400 to 1500 and testedunder the following conditions: 

 Sample size (mm)   5 x 5 x 30 

 Span length (mm)  = 20 

 Crosshead speed (mm/sec) =  0.2 

 Number of specimens  = 5 

 Room temperature 
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Figure 3.5Illustration of three-point bending method 

 

The flexural strength of sintered specimen wascalculated by: 

 

 MOR =   MPa (3.5) 

 

where MOR =  Flexural strength of specimen (MPa) 

 P = Critical load (N) 

 L = Supporting span length (mm)  

 b = Specimen width (mm) 

 d = Specimen height (mm) 

 

 The mean of flexural strength can be expressed as: 

 

 X = ∑  (3.6) 

 

P 

L 
b 

d 
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where X = Mean of flexural strength 

 ∑X = Summation of flexural strength values 

 N = Number of specimens 

 

   The standard deviation of flexural strength was evaluated as: 

 

 S.D. =
∑ ( )

 (3.7) 

 

where S.D. =  Standard deviation of flexural strength 

 x  = Flexural strength of specimen 

 X = Mean of flexural strength 

 N =  Number of specimens 

 

   3.4.3.2 Vickers hardness 

    The hardness of sintered composite was determined by using 

Vickershardness indentation method with GALILEO micro-hardness tester. The 

surface of specimen was polished with sandpapersfrom No. 180 to 1500in various 

directions as shown in Figure 3.6.Then, thesurface of material was finished using 

0.3micron alumina polishing slurry. Finally, the specimen was cleaned upwith ethanol 

before testingunder the following conditions: 

 Load (kg)    = 5 (49.033 N) 

 Soaking time (s)    = 15 

 Number of indentations   = 25 

 Magnification for measure indentation  = 400 
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 Indenter     = 136 

 

 

Figure 3.6Sandpaper machining procedure 

 

 

 

Figure 3.7Illustration of Vickers hardness method 

 

No.     180       400        600       1000               1500 
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The Vickers hardness of specimen can be expressed as: 

 

 Vickers hardness (N/mm2) = 
. ∙ , (3.8) 

 

where d = Arithmetic mean of the two diagonals, d1 and d2 (mm) 

 F = Load (N) 

 

   3.4.3.3 Fracture toughness 

    The fracture toughness of sintered composite was measured by 

utilizing the single edge notch beam (SENB) method with INSTRON universal testing 

machine (UTM). The specimen was cut with0.3 mm in thicknessdiamond bladerotated 

at 150 RPM underload 150 g following sample size and chamfered with sandpapers 

No. 400 to 1500. The sampleswere center-notched to half of their thickness using 0.3 

mm thick diamond blades as show in Figure 3.8. Finally, the specimen was cleaned up 

by ethanol. Theconditions for measuring follow: 

 Sample size (mm)    3 x 5 x 20 

 Supporting span length (mm), (S) = 15 

 Notch depths (mm), (c)   1.5 

 Crosshead speed (mm/sec)  =  0.1 

 Number of specimens   = 5 

 Room temperature 
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Figure 3.8Illustration of single edge notch beam (SENB) method 

(Wang et al., 2007) 

 

 The fracture toughness of sintered specimen was evaluated by: 

 

  KIC = / 	 	f	( ) 

 f	 = 2.9
/
− 4.6

/
+ 21.8	

/
 (3.9) 

  −37.6
/
+ 38.7

/
 ,  

 

where  Fc =  Critical load (N) 

 B =  Specimen width (mm) 

 S = Supporting span length (mm) 

 f  =  Stress intensity shape factors 

 c =  Saw depth (mm) 

 w = Specimen height 

 3.4.4 Microstructure characterization 

   The cross-section surface ofsintered composite was polished with 

sandpapers (No. 180-1500)as shown in Figure 3.6.Then, the surface of material was 

c 
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finished with 0.3micron alumina polishing slurry and thermallyetched at 100C below 

the sintering temperature for 1 hour to obtain clearly grain boundaries of each 

components. This procedure was used toprepare cross-section surface of sintered 

composite sample for analyses the elements of composite and microstructure. The 

distribution of individual elements ofzirconia and aluminain the sintered samples was 

detected by an energy dispersive x-ray spectrometry (EDS)(JEOL JSM-7800 & 

AURIGA). Themicrostructures were observed by means of a scanning electron 

microscopy (SEM), (JEOL JSM6010LV). The specimenSEM micrographs weretaken 

at magnification X2000. Each SEM image covers a real sampling area of 64 x 48m2. 

  3.4.4.1 Image Preparation 

   A flowchart of the SEM image preparation and analysis 

procedureis shown in Figure 3.9. The digitized SEM imagestaken from sintered 

samples were importeddirectlyto a computer, as illustrated in Figure 3.10 (a). In the 

case of composite materials, the discrimination of components caused a major 

problem in image analysis, since the component gray levels were very close to each 

other. Therefore, the enhancing software was usedtoadjust thecontrast of image to 

getreach sharpenedges of each component images, as shown in Figure 3.10 (b).It 

enabled us to separate accurately the individual phasesofZrO2 and Al2O3. Then, the 

threshold level of the enhanced image was manually adjusted by using anintensity 

histogram. This step isextremely important, because it correspondsto the maximum 

loss of information (Coster and Chermant, 2001). After that, the image having a total 

range of up to 256 different shades of gray wasconverted into the binary (black and 

white) one, where white pixelsrepresent Al2O3 grains and ZrO2grains are recognized 

by theirblack color. To analyze ZrO2particles in Al2O3 matrix, image was adjusted by 
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using software (ImageJ) to removeAl2O3grain boundaries and pores.Then remaining 

ZrO2particleslocated in Al2O3 matrix wererendered as shown in Figure 3.10 (c). 

Finally, only ZrO2particlesembedded in Al2O3grainswere selected by utilizing 

function in ImageJ program(Figure3.10(d)). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9Flow chart of image preparation and image analysis procedure 
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Figure 3.10Example of phases separation of SEM image of sintered sample 

(a) original gray scale SEM image, (b) outline of Al2O3grains 

(white) and ZrO2 particles(black), (c) total ZrO2particles  

and (d)ZrO2 particles embedded inAl2O3grains. 
 

3.4.4.2 Grain size distribution 

The distribution of grain sizes was measured, after detection of 

boundaries of all grains in the binary image of i-component in terms of the Heywood, 

is the equivalent of diameter of circle that has the same area as projected area Deq,i,jas 

follows: 

 

 (3.10) 

     

a b 

c d
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whereAi,jis the area of the j-object of i-component. 

3.4.4.3 Areal fraction of component 

The percentage of i-component in the sintered sample was 

computed as an areal fraction, Ai:  

 

 

 (3.11) 

 

whereN = total number of objects of i–component. 

At = total analyzing area of the binary image. 

 

3.4.4.3 Void size distribution 

The spatial distribution of grains or phases is an important 

microstructure characteristic of sintered composite, which is closely related to the 

mechanical properties.  Here, an existence probability function of circular voidsof 

size, dvoid, fitted in the interspaces among grains was used to express the uniformity of 

grain distribution. For this purpose, the large numberof circles of various sizes 

wasrandomly positioned all over the binary image of the cross section of the sintered 

sample.Then, the existence probability ofvoid of certain size was estimated as the 

proportion of the number of successfully arranged circles to that of the total trials. The 

void circle was assumed tobe arrangedsuccessfully in the intergrainspace, if it didnot 

overlap grains or touch grain boundaries, as shown in Figure 3.10. For every size of 

the void circle, 300,000 trialswere made to position circle all over the imageto 

measure the spatial distance between grains of zirconia.The results of this process will 

express the uniformity of zirconia grains distribution in alumina matrix. 
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Figure 3.11Illustration of measurement of grain and void size distributions 

 

The spatial distribution of ZrO2 in Al2O3 matrix was analyzed 

using the image analysis software ImageJ. The macro-program was written for this 

purpose. At first, the size of the circle was chosen. Then, the loop counter variable 

was set to 1 and trails started. The coordinates of the circle center were generated 

using a random number generator.The circle was positioned on the image and the 

image area covered by circle was checked on existence of black pixels (grains). If no 

black pixels were detected than the number of successfully arranged circles was 

increased by one.  Then, the next circle of the same size was generated until the loop 

counter reaches the specified number of trials (100,000). The existence probability of 

void of chosen size was calculated as the ratio of successfully arranged voids to the 

number of trials. Thereafter the procedure repeated for circles of various sizes.The 

illustration of void size distribution measurement is shown in Figure 3.11. 
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Figure 3.12Illustration of circular voids generatedby macro-program 

 

To evaluate the uniformity of ZrO2 particles distribution in the 

sintered samples, the void sizes distribution data from image analysis were 

approximatedby the polynomial regression equation: 

 

푝 = 	 푐 + 푐 . 푑 + 푐 . 푑 + 푐 . 푑 + 푐 . 푑 	

+푐 . 푑 + 푐 . 푑  (3.12) 

 

wherepis the probability distribution, dvoidis the void diameter and c is regression 

coefficients 

 

 

 

 

 

 

 

 

 



49 
 

 

   The regression coefficients were calculated using the regression 

data fit software (www.arachnoid.com/polysolve). Then,the void diameter 

corresponding to the 50% probability, dvoid,50, was calculated by numerical solution 

ofnonlinear equation (3.13) using Solver function in MicrosoftExcel.  

 

 푝 = 0.5 = 	 푐 . 푑 , + 푐 . 푑 , + 푐 . 푑 , 	

+푐 . 푑 , + 푐 . 푑 , + 푐 . 푑 ,  (3.13) 

 

Here, dvoid,50is the point at which the slope is calculated.To find the slope of 

approximation curveby the equation (3.13) at the point dvoid,50regression coefficientsci 

and dvoid,50 were substituted in Eq. (3.14) as 

 

푠푙표푝푒 =
푑푝
푑푑

=	 푐 + 2 ∙ 푐 푑 , + 3 ∙ 푐 ∙ 푑 , +⋯ .	

+푖 ∙ 푐 ∙ 푑 ,  (3.14) 

 

Figure 3.13illustrates the results of evaluation ofuniformity of 

spatial distribution of ZrO2 particles in Al2O3 matrix of sintered sample. 
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Figure 3.13Illustration of evaluation of uniformity distributions 
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CHAPTER IV 

RESULTS AND DISCUSSION 

 

4.1 Effect of Zrpropoxide concentration on phase composition 

 Al2O3/ZrO2 micro/nano composites have been prepared via powder alkoxide 

mixture method at various Zrpropoxide solution concentrations. The composite 

composition was fixed at 90wt% ofalumina and 10wt% of zirconia using Zrpropoxide 

solution. The effect of the concentration of Zrpropoxide solution on the phase 

composition was investigated. 

4.1.1 Phase composition of composite powder 

The X-ray diffraction (XRD) analysis was carried out to confirm the 

presence of a single phase of -Al2O3 at 2 = 35.153 (JCPDS No. 46-1212), the 

tetragonal ZrO2 phases at 2 = 30.223 (JCPDS No. 79-1769) and the monoclinic ZrO2 

phases at 2 = 28.213 (JCPDS No. 89-9066)with all samples (Schehl et al.,2002).The 

TOPAS program was used for analyzed the quantitative of various phase composition 

of sintered composite. XRD patterns of synthesized 

(90wt%)Al2O3/(10wt%)ZrO2powder are shown in Figure 4.1. The XRD analysis of 

everysampleconfirms the presence of the diffraction peak of a single phase of -

Al2O3and the absence of diffraction peaks of tetragonal/monoclinic ZrO2 phases. 

Therefore, the formation of ZrO2 from Zrpropoxidedid not take place during drying of 

composite powder at 120C. However,  
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the diffraction peaks of the tetragonal and monoclinicZrO2 phases were detected in 

every samples of composite powder calcined at 850C for 2 hours as shown in Figure 

4.2. The results indicate that the concentration of Zrpropoxide influences on the phase 

composition ofcalcined composite powder. The total 10wt% of ZrO2 in composite 

materials exhibited the monoclinic ZrO2 phase increases with an increase in 

Zrpropoxide concentration while the tetragonal phase significantly declines at higher 

concentration of Zrpropoxide.  

 

 

Figure 4.1XRD patterns of (90wt%)Al2O3/(10wt%)ZrO2 Micro/Nano 

composite synthesized powder:  = -Al2O3. 
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Figure 4.2XRD patterns of (90wt%)Al2O3/(10wt%)ZrO2 Micro/Nano composite 

calcined powder:  = m-ZrO2;  = t- ZrO2;  = -Al2O3. 

 

 4.1.2 Phase composition of sintered composite  

Figure 4.3 shows the XRD patterns of (90wt%)Al2O3/(10wt%)ZrO2 

composite sintered at 1600C.The diffraction peaks of the -Al2O3 and the tetragonal 

and monoclinic ZrO2 can be detected as shows on this figure. The monoclinic ZrO2 

phase slightly increaseswhile the tetragonal phase decreases with 

increasingZrpropoxideconcentration. However, sample with 75wt% concentration of 

Zrpropoxide the intensity of tetragonal ZrO2 rises. The XRD results indicated 

Zrpropoxide concentration influenceson the ZrO2 phase composition of samples 

sintered at 1600°C. 
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Figure 4.3XRD patterns of (90wt%)Al2O3/(10wt%)ZrO2 micro/nano composites 

sintered at 1600oC:  = m-ZrO2;  = t- ZrO2;  = -Al2O3. 

 

The XRD patterns of composite samples sintered at 1650oC are shown in 

Figure 4.4. The sintered composites consist-Al2O3 andboth of tetragonal and monoclinic 

ZrO2 phases. However, the tetragonal ZrO2 phase intensitieswere slightly lower in comparison 

with those of composite samples sintered at 1600oC. This is because the transformation rate of 

zirconia phase depends on the particle sizes (Stevens, 1986). While ZrO2 particles were larger 

at high sintering temperature (grain growth) the transformation rate of the tetragonal ZrO2 

phase decreases. However, the effect of Zrpropoxide concentration on phase composition of 

samples sintered at 1650oC was exhibited with similar trend samples sintered at lower 

temperature, i.e. the tetragonal ZrO2decrease with increasing of Zrpropoxide concentration 

and sample with 75wt% concentration of Zrpropoxidealso increased as same as samples 

sintered at 1600oC. 
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Figure 4.4XRD patterns of (90wt%)Al2O3/(10wt%)ZrO2 micro/nano composites sintered  

at 1650oC:  = m-ZrO2;  = t- ZrO2;  = -Al2O3 

 

The phase composition of samples sintered at 1700°C is shown in 

Figure 4.5. The phase compositions of these samplesare similar to the compositions of 

samples sintered at 1600°C and 1650°C. The higher concentration of Zrpropoxide 

provided the lower intensity of tetragonal ZrO2. Therefore, composite samples 

sintered atdifferent sintering temperaturesshowsimilar behavior on variation 

ofZrpropoxide concentration.  
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Figure 4.5XRD patterns of (90wt%)Al2O3/(10wt%)ZrO2 micro/nano composites 

sintered at 1700oC: = m-ZrO2;  = t- ZrO2;  = -Al2O3. 

 

The XRD results of sintered samples confirmed that the concentration 

of Zrpropoxide and sintering temperature influence on the ZrO2 phase composition. 

The monoclinic ZrO2 is the predominant phase and the tetragonal ZrO2 phase 

decreases with increasing of Zrpropoxide concentration except for the sample with 

75wt% concentration. This might be because of the good dispersion of Zrpropoxide in 

colloidal alumina that provides fine particles of ZrO2 in Al2O3 matrix and effects to 

ZrO2 in tetragonal phase. In addition, sintering at high temperature results in the low 

amount of tetragonal phase. To confirm the quantity of each phases, we used TOPAS 

program. 
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The XRD results of samples with the same concentration of Zrpropoxide 

25wt% sintered at various sintering temperatures are shown in Fig. 4.6. The results confirmed 

that the sintering temperature affects to the intensity of ZrO2 phases. The peak intensity of 

tetragonal phase decreases with increasing of sintering temperature for samples sintered at 

1600C and 1650C. However, the intensity of tetragonal ZrO2 for sample sintered at 1700C 

did not differ much compared to the sample sintered at 1650C. This is because of ZrO2 grain 

growth at high sintering temperature and the larger amount of ZrO2 is normally in monoclinic 

phase than in tetragonal phase with larger grain(Stevens, 1986). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6XRD patterns of (90wt%)Al2O3/(10wt%)ZrO2 micro/nano compositeswith 

25wt% Zrpropoxide concentration sintered at various sintering temperature: 

 = m-ZrO2;  = t- ZrO2;  = -Al2O3 
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As results of XRD analysis, phase compositions of various sintered 

composites were quantitative analyzed using TOPAS program. The percentage of various 

phases are summarized in Table. 4.1. Quantitative results confirmed the phase composition of 

sintered composites with various Zrpropoxide concentrations. The composite materials had a 

weight percent composition of 90 1.5% alumina and10 1.5% zirconia. The compositions of 

sintered composites follow the specified values of 90wt% Al2O3 and 10wt% ZrO2(Tuan et al. 

2002). However, the results show the fluctuation variation of percentage of Al2O3 

andZrO2 because of homogeneity of composites. The phase composition of composite 

samplesare affected by Zrpropoxide concentration, i.e. at high Zrpropxide concentration the 

amount of tetragonal zirconia phase decreases while monoclinic zirconia phase rises. The only 

exception is the sample with 75wt% of Zrpropoxide. The variations of the phase composition 

of sintered composites with Zrpropoxide concentration show similar behavior for different 

sintering temperatures. The high content of tetragonal ZrO2 was obtained with samples 

sintered at low temperature and low concentration of Zrpropoxide because the 

monoclinic phase of ZrO2 dominates over the tetragonal phase at higher sintering 

temperature (Sachin et al. 2015). 
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Figure 4.7Content of tetragonal ZrO2 as function of Zrpropoxide concentration at various 

sintering temperatures 
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Table 4.1Results of quantitative analysis of phase composition of sintered 

(90wt%)Al2O3/(10wt%)ZrO2 composites 

Sintering 

temperature 

Zrpropoxide 
concentration 

(wt%) 

Alumina 

(%) 

m-ZrO2 

(%) 

t-ZrO2 

(%) 

Total ZrO2 

(%)  

25 91.15 6.62 2.22 8.85 

33.3 91.27 6.74 1.99 8.73 

1600C 50 91.37 7.06 1.56 8.63 

66.7 91.59 7.26 1.14 8.41 

75 91.12 7.12 1.76 8.88 

100 91.17 7.65 1.18 8.83 

25 90.63 7.75 1.62 9.37 

33.3 90.61 7.80 1.38 9.39 

1650C 50 90.91 7.83 1.26 9.09 

66.7 91.25 7.67 1.08 8.75 

75 90.78 7.95 1.26 9.22 

100 90.96 8.05 0.98 9.04 

25 90.77 7.89 1.37 9.27 

33.3 90.66 8.10 1.24 9.34 

1700C 50 90.56 8.38 1.06 9.44 

66.7 91.11 8.06 0.83 8.89 

75 91.07 7.83 1.10 8.93 

100 91.01 8.20 0.79 8.99 
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4.2 Effect of sintering temperature on the characteristics of  

sintered composites 

 4.2.1 Density of composite  

The bulk densities of the composite of 90wt% Al2O3 and 10wt% ZrO2 

sintered at various sintering temperatures are shown in Table 4.2. The highest density 

of composite with 3.82±0.027g/cm3 was obtained with samples sintered at 1700°C 

and 3.62 ±0.031g/cm3 with samples sintered at 1650°C. The bulk density of sintered 

composite increases with increasing of sintering temperature due to the high 

densification rate of compact powder at higher temperature.Furthermore, the samples 

of various concentration of Zrpropoxide sintered at 1700°C and 1650°C differ only on 

 0.1 g/cm3. However, the bulk density of samples sintered at 1600°C differ 

significantly with various Zrpropoxide concentration. The samples synthesized using 

100wt% Zrpropoxide were 0.4 g/cm3 denser than those produced using 25wt% 

solution. This might be related to the thermal stress during sintering process and 

variation of phase composition of samples sintered at 1600°C with Zrpropoxide 

concentration. High concentration of Zrpropoxide provided high amount of 

monoclinic ZrO2 phase with larger volume that pushed to another grain and created 

micro crack at grain boundaries because they are not as strong as boundaries in 

samples sintered at higher sintering temperature. Moreover, the diffusion rate is lower 

in samples sintered at 1600°C than that in simples sintered at 1650°C and 1700°C. 
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Table 4.2 Bulk densities of sintered (90wt%)Al2O3/(10wt%)ZrO2 composites  

Zrpropoxide 

concentration (wt%) 

Bulk density (g/cm3) 

1600°C 1650°C 1700°C 

25 2.75 ±0.023 3.57 ±0.049 3.82 ±0.027 

33.3 2.89 ±0.031 3.50 ±0.143 3.76 ±0.033 

50 2.98 ±0.033 3.59 ±0.029 3.79 ±0.028 

66.7 3.05 ±0.036 3.54 ±0.027 3.77 ±0.067 

75 3.07 ±0.033 3.56 ±0.017 3.74 ±0.089 

100 3.14 ±0.018 3.62 ±0.031 3.80 ±0.018 

 

The bulk densities ofsintered composite were compared to the 

theoretical density of 90wt%Al2O3 and 10wt%ZrO2 calculated by Eq. 3.3. The relative 

densities of (90wt%)Al2O3/(10wt%)ZrO2micro/nano composites are summarized in Table 

4.3. The relative density of sample with low concentration of 25wt% Zrpropoxide 

concentration sintered at 1700°C was reached to highest value with 92.120.66 %. 

However, the results of bulk density were not significantly different for samples with 

various concentration of Zrpropoxide because of composition of the composite was 

fixed at 90wt% Al2O3 and 10wt% ZrO2. 
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Table 4.3 Relative densities of sintered (90wt%)Al2O3/(10wt%)ZrO2 composites  

Zrpropoxide concentration (wt%) 
Relative density (%) 

1600°C 1650°C 1700°C 

25 66.350.57 86.051.20 92.120.66 

33.3 69.65 0.86 84.303.45 90.610.81 

50 71.900.80 86.620.71 91.330.68 

66.7 73.530.88 85.330.66 90.901.01 

75 74.070.81 85.900.41 90.150.45 

100 75.620.43 87.330.77 91.700.43 

 

Figure 4.8 shows the relative density of Al2O3/ZrO2 Micro/Nano 

composite related to the density of 90%Al2O3 and 10%ZrO2Thesample with the 

highest density of 92.12 0.66% was obtained with 25% Zrpropoxide concentration 

at sintering temperature of 1700°C. This is because, the wide size distribution (Figure 

4.10) and relatively uniform spatial distribution(Figure 4.16)of ZrO2 particles as well 

as the high diffusion rate of particlesfacilitates compaction of the composites during 

sintering at high temperature. The density of composite increased with the increasing 

of sintering temperature. However, the increase of sintering temperature on 50°C 

from 1600°C to 1650°C resulted in increase of density of sintered sample around 

14%. On the other hand, as for the samples sintered at 1700°C, the densities are 

increasingonly on 5% from those at 1650°C. This is because, even the diffusion rate 

of particles is high,the densification rate declines at high sintering temperature as the 

samples sintered at 1650°C are already of quite high density. 
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Figure 4.8Relative densities of (90wt%)Al2O3/(10wt%)ZrO2 micro/nano composites  

sintered at 1600oC, 1650oC and 1700oC 

Therefore, the concentration of Zrpropoxide did not significantly 

influenceon the relative density of composite sintered at high sintering temperature 

because the composition of sintered composite was fixed. The variations of relative 

density of composite were happened due to homogeneity of composite and 

fabrication procedure. 
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 4.2.2 Microstructure 

Figure 4.9shows the SEM micrographs of cross-sections of 

Al2O3/ZrO2Micro/Nano composite prepared by powder-alkoxide mixture method and 

sintered at 1600°C, 1650°C and 1700°C.The images were taken at a magnification of 

X2,000. Thecomposite microstructure shows ZrO2 (brighter phase) distributed in 

Al2O3 matrix (darker phase) both at grain boundaries and embedded in the 

aluminagrain. The most of zirconia grains are located at grain boundaries of Al2O3.  

The changes in microstructure of Al2O3/ZrO2 Micro/Nano composite correspond to 

the variation of relative density of sintered composite.  

The microstructure of composites which were densified to  66-75% 

relative density during sintering at 1600oC exhibited a lot of open pores of various sizes 

that distributed all over the image (Figure 4.9(a)). This sintering temperature istoo low to 

influence on the diffusion rate of Al2O3 grains to close open pores. Thus, the results of 

microstructure analysis are correlated with densification results. 

Figure 4.9(b) illustrates the microstructure of composite samples sintered 

at 1650oC and densified to  84-87% relative density. The image shows compaction of 

Al2O3 and ZrO2 grainsin accordance with the value of relative density. The increase of 

sintering temperature on 50°Ceffected to the reduction of open pores, thus, providing 

better densification of materials than sample sintered at 1600oC. However, open pores 

still remained in the sample sintered at 1650oC and could be influenced to mechanical 

properties of materials.  
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Figure 4.9(c) illustrates the microstructure of sample sintered at 

1700oC.The highest density of sintered composite was obtained with samples sintered at 

1700oC with 90-92% relative density. The SEM micrograph shows dense 

microstructure of composite. The ZrO2 particles are located at the inter grain space 

and intra grain of Al2O3 matrix. The composite exhibited smaller amount of open 

pores to yield the higher density in comparison with one sintered at low temperature.  

 

 

 

Figure 4.9(a)Scanning electron microscope images of (90wt%)Al2O3/(10wt%)ZrO2 

micro/nanocomposites sintered at 1600oC 
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Figure 4.9(b)Scanning electron microscope images of (90wt%)Al2O3/(10wt%)ZrO2 

micro/nanocomposites sintered at 1650oC 

 

 

 

Figure 4.9(c) Scanning electron microscope images of 

(90wt%)Al2O3/(10wt%)ZrO2micro/nanocomposites sintered at 1700oC 
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Here, it can be concluded that the sample of the highest density was 

sintered at 1700oC. Furthermore, ZrO2 particles located within Al2O3 grains and at the 

grain boundaries were of rounded shape with wide size distribution. In addition, ZrO2 

located at the Al2O3 grain boundaries was in the form of agglomerated particles. The 

particles size distributions of ZrO2illustrated in Figures 4.10 and 4.11 were determined 

by image analysis ofsamples sintered at 1700C.The results show ZrO2 grains having a 

wide size distribution with ZrO2 located at the Al2O3 grain boundaries in the size range 

of 300 - 8500 nm (0.3 - 8.5 m) considered to 90% of ZrO2 grain are less than 2000 nm 

(2 m) and ZrO2 grains of broad size distribution with sizes of 40 to 3500 nm (0.04 - 3.5 

m) distributed intra grain of Al2O3. The Zrpropoxide concentrations did not 

significantly affect to the grain size distribution of ZrO2. The microstructure of the 

composite was governed by the combination of the sintering temperature with 

interaction between grains, pores and phase transformation from tetragonal to 

monoclinic zirconia (Harmid et al., 2008).  
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Figure 4.10ZrO2 size distributions in Al2O3 matrix 

 

Figure 4.11illustratesthesizedistributionof ZrO2grainslocatedintra grain of 

Al2O3. ZrO2 grains in samples with various concentration of Zrpropoxide were of the 

same size range, except the sample with 100wt% concentration of Zrpropoxide which 

demonstrated a bit larger size of ZrO2.Nevertheless, 90 % of intra-granular 

ZrO2particleswere in the size range of45- 350 nm. A critical size of ZrO2 particles for 

phase transformation was reported to be 20 – 50 nm and particles of smaller size 

exhibited no transformation in the first three testing cycles (Fujio et al., 1997). As ZrO2 

particles synthesized in our experiments are of larger sizes, it is expected that zirconia 

phase transformation takes place during testing. 
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Figure 4.11ZrO2 size distributions located intra grain of Al2O3 

The effected various concentration of Zrpropoxide with Al2O3 grain size 

representedinFigure 4.12. The size of Al2O3 grain was shows with wide size distribution 

in size range of 2.5 – 10m and illustrated in cluster with various concentration of 

Zrpropoxide, over 60% Al2O3 grain were exhibited with grain growth that larger than 

starting material of 5 m Al2O3 powder due to high sintering temperature (Mullins, 

1986).In addition, the microstructures of sintered composite were shows abnormal grain 

growth of Al2O3.Thus, grains of Al2O3 are affected with sintering temperature. However, 

the concentrations of Zrpropoxide were not effect to Al2O3 grain. 
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Figure 4.12 Size distributions of Al2O3 grain 
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4.3 Effect of the Zrpropoxide concentration on uniformity of ZrO2 

distribution 

The microstructures of sintered composites with various concentrations of 

Zrpropoxide were analyzed to study theamount and spatial distribution of ZrO2 grains 

in Al2O3 matrix. The areal fraction and uniformity of distributionof ZrO2reinforcing 

phase were determined by using the image analysis software (ImageJ). The size 

distribution of voidsamong ZrO2 grains was measured and parameters of distribution 

curves were calculated to characterize the distribution uniformity.Figure 4.13 shows 

microstructure of compositessintered at 1700oC with various concentrations of 

Zrpropoxide in ethanol solution (a) 25, (b) 33.3, (c) 50, (d) 66.7, (e) 75 and (f) 

100wt%. Samplessintered at 1700oC were used to determinethe distribution of ZrO2 

because the microstructure of sintered sample shows clearly both of Al2O3 and ZrO2 

grains. 
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Figure 4.13SEM photographs of composite sintered at 1700oC with various Zr 

propoxide concentrations : (a) 25 (b) 33.3 (c) 50 (d) 66.7 

(e) 75 (f) 100wt% 
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(d) (c) 
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Figure 4.14EDX mapping of (90wt%)Al2O3/(10wt%)ZrO2 micro/nano 

composite material 

 

Thedistribution of ZrO2in the sintered materialswas confirmed by EDX 

analysis shown in Figure 4.14. The result confirmed the composition of sintered 

composite. The sintered samples exhibited both components of alumina (Al2O3)and 

zirconia (ZrO2)phase on microstructure. 
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4.3.1 Areal fraction of ZrO2 

The areal fraction of theZrO2 reinforcingphase in Al2O3matrix was 

measured as a ratio of the area occupied by black pixels to the total image areausing 

the image analysis program. The result shows the difference in the areal fractions of 

ZrO2 phasewhich is correlated to the Zrpropoxide concentration as presented in Figure 

4.15.The areal fractions of ZrO2 phase incomposite materials with 25, 33.3 and 50wt% 

concentration of Zrpropoxideare in the range of 3.9 - 4.5 arealfraction andareal 

fraction of those samples decrease with increasing of Zrpropoxide concentration. 

However, the areal fraction ofZrO2 phasein samples with Zrpropoxide concentration 

over 50wt% increases with increasing Zrpropoxide concentration. The highest areal 

fraction of ZrO2 phase of 6.23 percentage was obtained with 100wt% Zrpropoxide. 

Furthermore, theZrO2phase with value of areal fraction 0.52-0.69 which is located in 

theAl2O3grains influences on the toughness of material. The highest areal fraction of 

ZrO2 embedded in Al2O3grain was obtained with the sample 66.7wt% concentration of 

Zrpropoxide (Chevalier et al., 2005) and the areal fraction of ZrO2become high at high 

concentration of Zrpropoxide. The results of areal fraction measurementof ZrO2are 

summarized in Table 4.4.In addition, the areal fractions of ZrO2 differ from ZrO2 

content in Al2O3 matrixmeasured by XRD in Table 4.1.This is partially because of 

limiting resolution of SEM images used for image analysis as well as due to the 

random choice of cross-sectional areas for image analysis in the composite body that 

might have nonhomogeneous distribution of ZrO2 in some areas. 
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Figure 4.15Effect of Zrpropoxide concentration on the areal fraction of ZrO2 

inAl2O3matrix 

 

Table 4.4 Areal fraction of ZrO2 in Al2O3 matrix 

Zrpropoxide concentration 
(wt%) 

Areal fraction (%) 

Total ZrO2 ZrO2 inter grain   ZrO2 intra grain 

25 4.50 3.98 0.52 

33.3 4.21 3.62 0.59 

50 3.93 3.30 0.62 

66.7 5.62 4.93 0.69 

75 5.59 4.90 0.69 

100 6.23 5.59 0.64 
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4.3.2 Uniformity of spatial distribution of ZrO2 

The uniformity of spatial distribution of ZrO2was determined both for 

total zirconia inter and intra granular particles and only for intra granular particles in 

sintered samples with various Zrpropoxide solutionconcentrations. The distribution 

curves of inter and intra granular zirconia particles are shown in Figure 4.16. 

 

Table 4.5Slope anddvoid, 50of ZrO2 grain in Al2O3 matrix 

Zrpropoxide 
concentration 

(wt%) 

Total ZrO2 in Al2O3 matrix Intra ZrO2 in Al2O3 matrix 

Absolute value 
of Slope 

dvoid, 50(m) Absolute value 
of Slope 

dvoid, 50(m) 

25 0.21 2.79 0.12 5.04 

33.3 0.23 2.29 0.14 4.42 

50 0.25 2.11 0.14 4.12 

66.7 0.21 2.55 0.11 5.62 

75 0.24 2.24 0.16 3.49 

100 0.20 2.71 0.11 5.23 
 

The results of calculation of the slope and dvoid,50for distribution curves 

of both total ZrO2  and intra ZrO2in alumina matrixare summarized in Table 4.5. The 

high absolute value of the slope is an indication of the uniform distribution of 

ZrO2grainsin Al2O3matrix. The high uniformity of total ZrO2distribution was obtained 

for sample with 50wt% of Zrpropoxide concentration. This is possiblebecause of the 

stable surface charge of zirconium precursor at 50wt% of Zrpropoxide 

thatprovidesuniform dispersion of zirconium precursor in solution. On the other hand, 

considering the mechanical properties of this sample, the flexural strength, hardness 

and toughnessvalues are in the middle group of all samples.The high amount of 
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monoclinic zirconia phase is believed to be mainly responsible for high strength and 

the high amount of tetragonal zirconia phase for high toughness for these samples. 

 

 

 

  

 

 

 

 

 

Figure 4.16Effect of Zrpropoxide concentration on void size distribution of total  

ZrO2 grains in Al2O3 matrix 

 Results of ZrO2 distribution intra grains of Al2O3are shown in Figure 

4.17. The uniformity of ZrO2grain distributionin Al2O3matrix as stronger materialis 

expected to influence the mechanical properties of the sintered composite material. 

Moreover, the mechanical properties such as toughness could vary depending on the 

phase composition of ZrO2 that provides theresidual stress field responsible for the 

toughening mechanism of materials. The uniformity of spatial distribution of ZrO2 

embedded in Al2O3 grains was illustrated byvalues of slope anddvoid, 50 as mentioned 

before.The results indicate that the spatial distributions of ZrO2 embedded in Al2O3 

grain arewider than those of the total ZrO2 in Al2O3 matrix. The most 
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uniformdistribution of intra grainZrO2wasobtained forthe sample with 75wt% of 

Zrpropoxide concentration and that of both inter and intra grain ZrO2 for 50wt% 

sample. The results shown in Figs. 4.16 and 4.17indicatethat there is a relationship 

between Zrpropoxideconcentrations and uniformity distribution of ZrO2. The high 

uniformity distribution of ZrO2wasobtained with samples 75 and 50wt% of 

Zrpropoxide concentration. However, the mechanical properties of material 

aredepending on several parameters such as phase composition, areal fraction and 

distribution of ZrO2. Thus, the results of the analysis on uniformity of 

ZrO2distribution in Al2O3 matrix indicated that the phase composition of ZrO2 more 

influenced on the mechanical properties of sintered composite than thedistribution 

uniformity. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.17Effect of Zrpropoxide concentration on void size distribution of intra 

ZrO2 grains in Al2O3 matrix 
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Nevertheless,the uniformity becomes the second important parameter 

that influenced to the mechanical properties of the sintered composite. For example, 

the sample with 50wt% of Zrpropoxideexhibited higher distribution uniformity of 

ZrO2 particles, and low areal fraction and lower amount of tetragonal ZrO2 phase 

than sample with 33.3wt%. The sample with 50wt% of Zrpropoxide demonstrated the 

higher toughness than the sample with 33.3wt% concentration of Zrpropoxide at 

various sintering temperatures, even we expected an opposite results as toughness 

usually decreases with an increase of tetragonal ZrO2 phase. Thus, we can explain the 

high toughness of the sample with 50wt% of Zrpropoxide concentration by high 

uniformity of ZrO2 distribution. This sample shows the highest value of uniformity of 

all, inter and intra granular, ZrO2 particles and the second highest value of uniformity 

of intra granular ZrO2 distribution.The distribution uniformity mainly influenceson 

toughness because the distributed ZrO2 particles provide residual stress field to 

improve materialtoughness.Thus, it can be concluded that the uniformity of spatial 

distribution of ZrO2 particles shows the influence on mechanical properties of 

composites even not as strong as ZrO2 phase composition. 
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4.4 Effect ofZrpropoxide concentration on mechanical properties of 

sintered composite 

 Table 4.6 summarized the results of measurement offlexural strength of 

sintered, Vickers hardness and fracture toughness K1Cof sintered composite. The 

results show that mechanical properties of materials improved with increasing 

sintering temperature. The samples with high concentration of Zrpropoxide solution 

exhibitedhigh strength and hardnessbecausethe high monoclinic ZrO2content provides 

the strength and hardness, while the high fracture toughness was measured for 

samples with low concentration of Zrpropoxide. The higheststrength and hardness of 

sintered composite were obtained forthe samplewith 100wt% of Zrpropoxide 

concentration sintered at 1700C. On the other hand, the highest toughness of 

materials was obtained with the sample contained 25wt% of Zrpropoxide in solution 

because of the high amount of tetragonal ZrO2phase and high uniformityof ZrO2 

particles distribution. The samples of high strength and hardness (100wt%) and high 

toughness (25wt%), the uniformity of ZrO2 distribution is not the predominant factor 

influencing to the mechanical properties of composite materials. 
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Table 4.6Mechanical properties of sintered composite.  

Sintering 

temperature 

(C) 

Zrpropoxides

olution 

concentration 

(wt%) 

Flexural strength 

(MPa) 

Vickers 

hardness 

(GPa) 

Fracture 

toughness 

K1C(MPa1/2) 

  

  

1600C 

  

  

  

25 404.66 49.05 2.060.20 5.57 0.19 

33.3 503.679.84 2.060.06 4.51 0.14 

50 554.91 66.70 2.860.05 4.58 0.88 

66.7 659.79 44.46 3.270.04 4.45 0.13 

75 634.81 47.17 3.180.06 3.57 0.39 

100 674.44 21.58 3.550.07 3.58 0.15 

  

  

1650C 

  

  

  

25 638.47 63.42 5.960.49 9.23 0.52 

33.3 650.53 11.29 6.340.12 8.03 0.15 

50 617.70 16.24 7.100.28 8.56 0.49 

66.7 700.8914.31 7.520.51 8.49 1.83 

75 693.93 31.64 6.210.32 7.39 0.48 

100 707.63 8.15 7.240.03 7.68 1.02 

  

  

1700C 

  

  

  

25 1089.10 36.63 9.040.25 13.06 1.23 

33.3 1091.07 42.05 10.30 0.12 8.91 0.17 

50 1135.50 109.64 9.82 0.67 10.49 0.80 

66.7 1369.45 108.09 11.120.60 9.87 0.59 

75 1304.90 168.34 10.630.10 10.04 1.80 

100 1437.77 108.07 13.960.43 8.92 0.40 
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4.4.1 Flexural strength 

The results of flexural strength measurements ofAl2O3/ZrO2 

Micro/Nano composites at room temperature are shown in Figure 4.18as a function of 

Zrpropoxide concentrationand sintering temperature. Results demonstratedthat the 

flexural strength of samples tends to increasewith increasing of Zrpropoxide 

concentration because the high amount of monoclinic ZrO2phase was obtained at high 

concentration of Zrpropoxide, asconfirmed by XRD results.The similar trends were 

observed at various sintering temperatures. However, the flexural strength values for 

samples with 50wt% and 75wt% concentration of Zrpropoxide solution were slightly 

lower than those for samples of other compositions. The highvalues of flexural 

strengthwere obtained with samples of 100wt% concentration of Zrpropoxide at 

various sintering temperatures. The sample sintered at 1700°C showed the highest 

flexural strength of 1437 MPa because of high density, phase composition (high 

amount of monoclinic phase) and areal fraction of ZrO2 phase.Al2O3/ZrO2 composite 

exhibits higher mechanical properties than both monolithic alumina and zirconia 

ceramics. The bending strength of 1075 MPa was reached with alumina/zirconia 

composite sintered at 1510 °C (Sarraf et al., 2008).Sommer et al. 2012 reported that 

the bending strength strongly depends on zirconia content and reaches of 1288 MPa at 

24% of ZrO2 with sample hot pressed at 1475C under 50 MPa axial load. This study 

revealed that the gain in the flexural strength of Al2O3/ZrO2 Micro/Nano composite 

samples with an increase in sintering temperature on 50°C from 1650°C to 1700°C is 

more than three times of strength gain by rising sintering temperature from 1600°C to 

1650°C. Therefore, the results of flexural strength indicated that the higher 

concentration of Zrpropoxide solution and higher sintering temperature contribute to 
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the enhanced strength of materials due to the high areal fraction of ZrO2 and high 

content of monoclinic ZrO2 phase with good densification of material. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.18Effect ofZrpropoxide concentrations on flexural strength of 

sintered composite 
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4.4.2 Vickers hardness 

Figure 4.19 illustrates the indented Vickers hardness of 

compositessintered at various sintering temperatures. The SEM images taken at the 

same magnificationdemonstrate clearly that indention sizes differ for each sintering 

temperature. The indentation size was measured using image analysis software 

(ImageJ) and the hardness of sintered composite was expressed by Eq. (3.6). The high 

hardness was obtained withsamples sintered at 1700C.Moreover, withSEM 

imagesconfirmed the difference in density of sintered compositeswith sintering 

temperature that influenced to the hardness of materials. Furthermore, the crack paths 

did not appear by indented Vickers hardness testing. 
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Figure 4.19Indented Vickers hardness of composites sintered at various sintering 

temperatures. (a) 1600C,(b) 1650C and(c) 1700C 

(a) 
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(c) 

 

 

 

 

 

 

 

 



87 

The results of hardnessmeasurement of(90wt%)Al2O3/(10wt%)ZrO2 

micro/nano composite samples at room temperatureare shown in Figure 4.20 as a 

function of Zrpropoxide concentration and sintering temperature.The Vickers 

hardness results for samples of all compositions sintered at 1600°C, 1650°C and 

1700°C show that an increase of sintering temperature on 50°Cfrom 1600°C to 

1650°C and from 1650°Cto 1700°C leads to the improvement in hardness of materials 

on approximately 4.00GPa. Thus, the increasing sintering temperature is effective 

forhardness enhancement of composite material. This behavior could be explainedby 

the relationship between the density and hardness of sintered samples. Moreover, 

hardness data show an increase in trend with the increasing of Zrpropoxide 

concentration. However, the low hardness valueswere measured for sampleswith 

75wt% concentration of Zrpropoxide at all sintering temperaturessimilar to the 

flexural strength results. In addition, samples sintered at 1700°C exhibited  50% 

increase in hardness of samples with lowest and highest concentration of Zrpropoxide. 

The highest hardness value of 13.96 GPa obtained for the sample with 100wt% 

concentration of Zrpropoxide sintered at 1700°C was slightly lower than the Vickers 

hardness of the Al2O3-ZrO2 ceramics with micro-nano structure of 14-15 GPa reported 

by Gong et al., 2004, because of the low densification of material. In addition, the 

hardness values of composite sintered at 1700°C in this study was higher than the 

hardness in the range of 6.0-7.2 GPa measured by Maiti and Sil, 2010 for pure 

alumina samples.The mechanical properties of compositesin this study as flexural 

strength and hardness exhibited with similar trends. These mechanical properties were 

governed by the phase composition of ZrO2.The monoclinic zirconia phase is great for 

hardness with larger grain size (Liu et al., 2011). Considering the phase composition 
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by XRD analysis, the enhancement of hardness could be related to the increase of 

monoclinic phase and corresponding decrease of tetragonal phase when increasing of 

Zrpropoxide solution concentration. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.20Effect ofZrpropoxide concentrations on Vickers hardness of sintered 

composite 
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4.4.3 Fracture toughness 

The Single-Edge-Notched-Beam (SENB) toughness was measured 

according to Tuan et al.(2002) and Wang et al. (2007). The variations of fracture 

toughness with concentration of Zrpropoxide show similar trends for samples sintered 

at various temperatures, as illustratedin Figure 4.21. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.21Effect ofZrpropoxide concentration on fracture toughness of 

sintered composite 
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The highest toughness reached to 14.22 MPa.m1/2 for the sample of 25% 

Zrpropoxideconcentration sintered at 1700°C. The highest toughness value was obtained 

with samples of 25wt% concentration of Zrpropoxide for every sintering temperature. The 

toughening of materials decreased with increasing of Zrpropoxideconcentration. 

However, the toughness of sample with 33.3wt% Zrpropoxidewas slightly lower than that 

of sample with 50wt% due to the lower uniformity of spatial distribution of ZrO2 particles 

in 33.3wt% sample as explained on page 83. The fracture toughness results are in 

accordance with the phase composition of materials that the tetragonal zirconia decreased 

with increasing of Zrpropoxide solution concentration. High toughness of composite was 

obtained with high amount of tetragonal ZrO2 (Cahn et al, 1993). As well known, the 

toughening potential of Al2O3/ZrO2 Micro/Nano composite areproviding by both 

tetragonal ZrO2 and monoclinic ZrO2 phase composition. However, the higher amount of 

tetragonal ZrO2 is advantages to improve toughness of materials (Tuan et al., 2002). That 

is the reason why,the toughness value of the sample with 25wt% concentration of 

Zrpropoxide was high compared to other samples with various Zrpropoxide 

concentration.The high intensity of tetragonal ZrO2 corresponding to ZrO2 phase 

composition was observed at low concentration of Zrpropoxideaccording to XRD results. 

However, we also need to consider that the high areal fraction of ZrO2 is one of 

confirmed reasons of improving the toughness of materials.The ZrO2 areal fractions in 

Al2O3matrix were measured by image analysis using ImageJ software as shown in Figure 

4.14. The samples with 66.7 and 75wt% Zrpropoxide concentration have high ZrO2 areal 

fraction but lowamount of tetragonal ZrO2phase. Therefore, our results confirmed that the 

amount of tetragonal ZrO2 phase more strongly influences the fracture toughness of 

Al2O3/ZrO2 Micro/Nano composite than the areal fraction of ZrO2. As the results, high 
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toughening of composite material was obtained with high amount of tetragonal ZrO2 

phase in samples with low concentration of Zrpropoxide sintered at high sintering 

temperature. 

 

 

 

 

 

 

 

 

 



CHAPTER V 

CONCLUSIONS 

 

 The(90wt%)Al2O3/(10wt%)ZrO2 micro/nano composite material was 

fabricatedvia powder alkoxide mixture method.Themicrostructure of sintered 

composites and mechanical properties were investigated for various Zrpropoxide 

concentrations in ethanol mixture and sintering temperatures. Particularly, the effects 

of zirconia phase compositions and uniformity of zirconia distribution were explored 

in relation to the mechanical properties of composites.Thefollowing conclusions have 

been draw from this study.  

 

5.1 Effect of Zrpropoxide concentration 

  1.The concentration of Zrpropoxide in the solutionhas been found to have 

significant influence to the phase composition of sintered composite materials.The 

tetragonal ZrO2 phase declines while monoclinic one rises at higher Zrpropoxide 

concentration. 

  2.The uniform spatial distributions of ZrO2 particles in Al2O3 matrix were 

obtained with sample 75 and 50wt% of Zrpropoxide concentration because high stable 

of surface charge of zirconium precursor in ethanol solution. 

  3. Zrpropoxidesolution concentrations did not have significant effect onthe 

relative density of sintered compositesbecause the composition of composite materials 

was fixed at Al2O3 90wt% and ZrO2 10wt%. The highest relative 
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density of 91.70% was obtained with the sample 25wt% of Zrpropoxide concentration 

sintered at 1700C due tothe wide size distribution andhigh amounts of tetragonal and 

total ZrO2phase with relatively uniform spatial distribution of ZrO2 particles as well as 

the high diffusion rate of particlesat high sintering temperature. 

  4. The samples with 25wt% concentration of Zrpropoxideprovided high 

amounts of tetragonal and total ZrO2 phase that archived highest toughness of samples 

with various sintering temperature. 

 

5.2 Effect of sintering temperature 

  1. The samples of high density were sinteredat 1700C for 4 hours. However, 

the grain sizes become bit larger during sintering at high temperature. The denser 

microstructure was obtained at 1700C of sintering temperature due to the higher 

diffusion rate of Al2O3 and ZrO2 particles. 

 2.The flexural strength of sintered composite was found to increase with 

increasing sintering temperature. The rise in the sintering temperature on 50°C from 

1650°C to 1700°C resulted in an increase of the flexural strength of sintered 

composite over 500 MPa ormore than three times of strength gain obtained by rising 

the sintering temperature from 1600°C to 1650°C, due to the higher diffusion rate at 

higher sintering temperature. 

 3.The increasein sintering temperature is effective inenhancing hardness of 

sintered composite. The rise of sintering temperature on 50°C from 1600°C to 1650°C 

and from 1650°Cto 1700°C leads to an increasein the materialhardness on almost 

4.00GPa due to higher density of material. 
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 4. The toughening of materials increases with increasingsintering temperature. 

The highest toughness of 13.06 1.23 MPa1/2was obtained with the sample sintered at 

1700°C with 25wt% of Zrpropoxide concentration. In addition, the fracture toughness 

results were corresponding to the phase composition of materials and uniformity of 

spatial distribution of ZrO2 particles in alumina matrix. 

 

5.3 Microstructure characteristics 

 1. Thesintered composites of high density withlarge Al2O3grainswere obtained 

at high sintering temperature at 1700°C. ZrO2particles exhibitedwith spherical shape 

and wide size distribution located in Al2O3 grains and at the grain boundaries. 

2. The areal fraction of ZrO2was increased with increasing of Zrpropoxide 

concentration. The sample with 25wt% Zrpropoxide concentrationwas of high 

toughness and of low areal fraction of ZrO2. This is because the high amount of 

tetragonal ZrO2 phase was obtained at low concentration of Zrpropoxide, as confirmed 

by XRD results.  

  3.The high uniformity distributions of ZrO2 were obtained with samples 75 and 

50wt% of Zrpropoxide concentration owing to the uniform dispersion of zirconium 

precursor in solution as a result of the stable surface charge.  

 In summary,the (90wt%)Al2O3/(10wt%)ZrO2 Micro/Nano composite were 

successfully prepared via powder-alkoxide mixture.It was found that theZrpropoxide 

concentration and sintering temperature are influenced to the mechanical properties of 

the composites. The amount of tetragonal zirconia decreased and monoclinic 

increased with increasing Zrpropoxideconcentration. The microstructure of 

composites demonstrated zirconia particles of the spherical shape with wide size 
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distribution both embedded in Al2O3grains and located at the grain boundaries. The 

high mechanical properties such as hardness and strength were obtained with 

concentratedZrpropoxidesolution at high sintering temperature. The high toughness 

was measured for the samples with dilute of Zrpropoxide solution. 

 The outcome of this research is expected to be useful for the production of 

(90wt%)Al2O3/(10wt%)ZrO2 composites material to be associated with better 

mechanical properties and longer lifetime. 

 As the result of this study, the following recommendation could be suggested 

for the future research development: 

The mechanical properties of composite materials obtained via colloidal 

method using Zrpropoxidecan befurtherimproved by controlling the size distribution 

and orientation of reinforcing particles.To use the composite material for implant 

applications, the wear resistance should be measured and the biocompatibility testing 

should be conducted. 
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