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ABSTRACT 
 

 

MICROWAVE SINTERING AND CHARACTERIZATION OF ALUMINA 
AND ALUMINA MATRIX CERAMIC NANOCOMPOSITES 

 

 

Kayıplar, Burcu 
M.S., Department of Metallurgical and Materials Engineering 

Supervisor: Assist. Prof. Dr. Arcan F. Dericioğlu 
 

April 2010, 106 pages 

 

 

Efficiency of microwave heating on the sintering of ceramic materials has been 

investigated in comparison to conventional processing. Monolithic alumina with 

or without sintering additives such as MgO, CaO, Y2O3 were fabricated by both 

conventional and microwave sintering at temperatures ranging from 1000˚C to 

1600˚C with a constant soaking time of 1 hour. Based on the densification results 

on monolithic alumina, nanometer-sized SiC or stabilized ZrO2 particle-dispersed 

alumina matrix ceramic nanocomposites were sintered by both methods at 1300˚C 

and 1500˚C for 1 hour. Sintered ceramic materials were characterized in terms of 

densification, microstructural evolution, chemical composition and mechanical 

properties such as hardness and indentation fracture toughness.  

 

Microwave sintering was determined to be a remarkably effective method in the 

production of Al2O3 ceramics at considerably low temperatures (≤1400˚C) 

compared to conventional sintering in achieving enhanced relative densities 

reaching to ∼97% with improved microstructural characteristics and mechanical 

properties. Usage of sintering additives at temperatures higher than 1400˚C was 

determined to be effective in densifiying Al2O3 by both methods. Second phase 



v 

particle incorporation yielded poor densification resulting in a decrease of 

hardness of the fabricated ceramic nanocomposites; however, their fracture 

toughness improved considerably caused by the crack deflection at the dispersed 

particles and grain boundaries reaching to ∼4 MPa·m1/2 in the case of SiC particle-

dispersed nanocomposites. Compared to conventional sintering, microwave 

sintering is more effective in the processing of alumina and alumina matrix 

nanocomposites leading to similar densification values along with improved 

microstructural and mechanical characteristics at lower temperatures in shorter 

soaking periods.  

 

Keywords: Ceramic nanocomposites, ceramic processing, microwave sintering, 

Al2O3, SiC, stabilized ZrO2, microstructure, mechanical properties. 
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ÖZ 

 

 

ALUMİNA VE ALUMİNA MATRİSLİ SERAMİK NANOKOMPOZİT 
MALZEMELERİN MİKRODALGA İLE SİNTERLENMESİ VE 

KARAKTERİZASYONU 
 

Kayıplar, Burcu 
Y.Lisans, Metalurji ve Malzeme Mühendisliği Bölümü 

Tez Yöneticisi: Yrd. Doç. Dr. Arcan F. Dericioğlu 
 

Nisan 2010, 106 sayfa 

 

Mikrodalga ısıtmanın seramik malzemelerin sinterlenmesi üzerindeki etkinliği 

konvansiyonel yöntemle mukayese edilerek incelenmiştir. MgO, CaO ve Y2O3 

gibi sinterlemeye yardımcı katkı maddeleri içeren veya içermeyen monolitik 

alumina (Al2O3) 1000˚C ila 1600˚C sıcaklık aralığında 1 saatlik sabit bekleme 

süresi ile hem konvansiyonel hem de mikrodalga sinterleme yöntemleri ile 

üretilmiştir. Monolitik aluminanın yüzde yoğunlaşım sonuçlarına dayanarak, 

nanometre boyutundaki SiC veya kararlılaştırılmış ZrO2 parçacıkları dağıtılmış 

alumina matrisli seramik nanokompozitler her iki metodla 1300 ve 1500°C’de 1 

saat süre ile sinterlenmiştir. Sinterlenmiş seramik malzemeler yüzde yoğunlaşım 

değerleri, mikroyapısal değişimleri, kimyasal bileşimleri ve sertlik ve girinti 

kırılma tokluğu gibi mekanik özellikleri bakımından incelenmiştir. 

 

Mikrodalga sinterlemenin konvansiyonel sinterlemeye kıyasla nispeten düşük 

sıcaklıklarda (≤1400˚C) gelişmiş mikroyapılı, ~%97’ye varan yüksek yoğunlaşım 

oranlarına ve daha iyi mekanik özelliklere sahip Al2O3 seramiklerinin üretiminde 

daha etkili bir yöntem olduğu belirlenmiştir. 1400˚C’den daha yüksek 

sıcaklıklarda sinterlemeye yardımcı katkı maddelerinin kullanımının her iki 

yöntemle de aluminanın yoğunlaştırılmasında etkin olduğu belirlenmiştir. 
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 İkincil faz parçacıklarının ilavesi ile düşük yoğunluğa ve bu sebeple düşük sertlik 

değerlerine sahip seramik nanokompozitler elde edilmiştir, ancak SiC parçacıkları 

dağıtılmış nanokompozitlerin kırılma tokluğu parçacık ve tane sınırlarında 

görülen kırık sapması davranışı ile ∼4 MPa·m1/2 seviyelerine yükselmiştir. 

Konvasiyonel sinterlemeye kıyasla, mikrodalga sinterleme daha düşük sinterleme 

sıcaklık ve sürelerinde sağladığı daha yüksek yoğunlaşım oranları ve gelişmiş 

mikroyapısal ve mekanik özellikler ile alumina matrisli nanokompozitlerin 

üretiminde çok daha etkin bir yöntem olduğunu ortaya koymuştur. 

 

Anahtar kelimeler: Seramik nanocompozitler, seramik prosesleri, mikrodalga 

sinterleme, Al2O3, SiC, stabilize ZrO2, mikroyapı, mekanik özellikler. 
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CHAPTER 1 
 
 

INTRODUCTION 
 

 

Alumina (Al2O3) is a widely used, relatively feasible structural ceramic for many 

engineering applications because of its specific features such as high stiffness to 

weight ratio, high temperature stability, resistance to corrosion and abrasion etc. 

Nevertheless, their low fracture resistance limits the widespread usage of 

monolithic Al2O3 ceramics in various engineering applications [1]. To overcome 

this deficiency, studies have focused on forming nanocomposites by dispersing 

ceramic nano-particles in alumina matrix. Conventional processing of such 

ceramic materials is usually inefficient in terms of tooling/maintenance cost and 

time because of the high temperatures and/or simultaneous pressure application 

required. The deficiencies associated with conventional processes can be 

overcome by an alternative method, namely microwave sintering, which has been 

demonstrated to reveal improved densification, microstructural morphology and 

mechanical properties at lower temperatures and times in the processing of 

ceramics and ceramic nanocomposites. 

 

In the current study, preliminary aim was to make a comparative analysis between 

the sintering efficiencies of conventional and microwave heating methods based 

on monolithic Al2O3 as a representative material. For this purpose introductory 

experiments were conducted on the microwave sintering of monolithic Al2O3 at 

varying temperatures between 1000 and 1600˚C. Results showed that microwave 

sintering is more effective than its conventional counterpart at temperatures below 

1400˚C, which is remarkably low for the processing of alumina ceramics, where 

~15% higher relative densification has been achieved at these mild temperatures. 

In correlation with the achieved densification levels, hardness of microwave 

sintered monolithic Al2O3 followed an increasing trend with the process 
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temperature up to 1500˚C, after which hardness values of both conventional and 

microwave sintered Al2O3 started to decrease due to abnormal grain growth.  

 

In addition to the microwave sintering studies on plain Al2O3, three different types 

of sintering aids were added to further improve its densification by inhibiting 

abnormal grain growth especially observed at elevated temperatures. 

Nevertheless, it was determined that usage of sintering aids did not provide 

additional improvement in densification at temperatures lower than 1400˚C for 

both microwave and conventional sintering, where the relative density of 

microwave sintered plain monolithic Al2O3 has already reached to ~97%. 

Microstructural observation of sintered Al2O3 ceramics revealed that addition of 

sintering aids suppressed grain boundary mobility excessively at the low sintering 

temperature regime. At higher sintering temperatures hardness values of sintering 

aid containing Al2O3 ceramics processed by both methods increased reaching to 

values as high as ~19 GPa due to enhanced densification, where that of plain 

Al2O3 showed a decreasing tendency caused by the abnormal grain growth. 

Similarly, decreasing indentation fracture toughness of conventional sintered 

monolithic Al2O3 was attributed to abnormal grain growth. On the other hand, 

indentation fracture toughness values of microwave sintered Al2O3 ceramics did 

not show remarkable change with temperature and sintering additive type showing 

the effective suppression of grain growth related complications by the use of 

microwave heating. 

 

During its principal stage, current study has focused on the processing of 

nanometer-sized SiC (Al2O3/SiCp) and yttrium stabilized ZrO2 (Al2O3/YSZp) 

particle-dispersed Al2O3 matrix ceramic nanocomposites by both conventional 

and microwave sintering at two different temperatures of 1300˚C and 1500˚C. 

Addition of SiC or YSZ particles led to reduction in densification compared to 

monolithic Al2O3 for both of the methods. The negative effect of particle 

dispersion on densification was less pronounced in the case of zirconia addition 

compared to that observed in SiC addition to Al2O3. Hardness values of the 

Al2O3/SiCp nanocomposites were considerably lower than those of the monolithic 
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Al2O3 due to the inefficient densification which did not show a strong second 

phase content dependence. Contrary to the observed change in hardness, 

indentation fracture toughness of Al2O3/SiCp nanocomposites processed by both 

methods showed an improvement reaching up to ∼4 MPa.m1/2 compared to that of 

monolithic Al2O3 which is on the order of ∼2.5 MPa.m1/2. Achieved fracture 

toughness improvement was attributed to the change of fracture mode of Al2O3 

from inter to transgranular by the addition of SiC particles which is more 

dominant in the case of microwave sintering. Different than those of the 

Al2O3/SiCp nanocomposites, hardness of Al2O3/YSZp nanocomposites did not 

reveal remarkable difference with respect to the hardness values of monolithic 

Al2O3, even though the densification achieved in Al2O3/YSZp nanocomposites 

was relatively lower. On the other hand, as opposed to the fracture toughness 

improvement achieved in Al2O3/SiCp nanocomposites, indentation fracture 

toughness of Al2O3/YSZp nanocomposites showed a decreasing trend with 

increasing ZrO2 content mainly because of the reduction in densification. 

 

In conclusion, according to the results of this study, microwave sintering was 

determined to be an efficient alternative method specifically for the fabrication of 

alumina and alumina matrix nanocomposites because of the relative densification, 

microstructure evolution and resulting mechanical properties achieved at lower 

temperatures in shorter soaking periods compared to conventional sintering. 

Despite the presence of difficulties associated with microwave sintering such as 

accurate temperature measurement and stabilization together with the material and 

geometry dependence of volumetric heating, this alternative processing method 

should further be studied in detail for various material systems due to the 

prospective practical advantages such as time and energy savings it provides in 

addition to the above-mentioned improvements from the materials science point 

of view. 
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CHAPTER 2 
 
 

LITERATURE REVIEW 
 

 

2.1 Solid State Sintering Theory 

 

Production techniques like casting, machining, forging, stamping, welding are not 

readily applicable to ceramic materials because of their refractory and brittle 

nature. Thus, they are generally produced by powder metallurgical methods which 

mainly involve blending and mixing of ceramic powders, pressing them to desired 

shapes and subsequent heat treatment of the compacts –sintering- (Fig. 2.1). In 

some cases, heat and pressure can be applied at the same time to increase 

densification of final product by the methods like hot pressing or hot isostatic 

pressing. 

 

 

Figure 2.1 Main processes of powder metallurgy. 

 

 

Sintering is the process of heating a compressed material (green compact) or a 

powder mass to a temperature below its melting point to allow bonding of the 

particles and reduce porosity (densification) which strengthens the compact [2, 3]. 

The main driving force during solid state sintering is the tendency to decrease free 

energy of the system associated with surfaces/interfaces. System decreases its 
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total free energy by with the reduction of total free surfaces, elimination of 

solid/vapor interfaces, creation of grain boundaries and ultimately by grain 

growth. Therefore, increasing surface area of the initial powders, i.e. starting with 

finer particles, increases total surface energy, and thus enhances sintering rate.  

 

Mass transport is the main mechanism of solid state sintering which occurs by 

atomic diffusion. Transport of the materials is affected by externally applied 

pressure, curvature of the particle surfaces and chemical reactions due to change 

in the surface energy.  Increasing temperature increases the mobility of the atomic 

features which gives rise to neck formation between touching particles by mass 

transport. Figure 2.2 shows the mass transport mechanisms occuring during solid 

state sintering process. Surface diffusion (1), lattice diffusion from the surface (2) 

and vapor transport (evaporation-condensatiton) mechanisms (3) are non-

densifying mechanisms, atoms move from the particle surfaces to the neck 

causing neck growth and coarsening of the particles without densification. Most 

important densification mechanisms are grain boundary diffusion (4) and lattice 

diffusion (5) from grain boundaries and from the bulk to the pores which result in 

densification and shrinkage beside the neck formation [3].  
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Figure 2.2 Schematic representation of the sintering mechanisms [3]. 

 

 

Sintering proceeds in consequtive three stages which are first, intermediate and 

final stages. At the first stage, small contacts between the particles of green 

compact start to grow and necks form between particles as in Figure 2.3 (a) and 

(b). Shrinkage (densification) is rather poor during this stage (~5%). Second stage 

is the most important one in terms of densification. After the neck formation, 

individual particles start to loose their identity. A continuous, channel-like 

structure of pores occur, grain growth starts and grain boundaries extend from 

pore to pore. This stage continues until pores become isolated and closed Figure 

2.3 (c). Most of the achieved densification (nearly 90%) occurs during this stage. 

At the final stage, all of the pores become isolated and smoother Figure 2.3 (d). 

Mobility of pores and grain boundaries start to decrease at this stage which results 
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in lower densification rate. As a result, achievement of fully densified, non-porous 

structure is very difficult because of residual voids containing enclosed gases 

which cannot diffuse out as a consequence of local equilibrium established 

between gas pressure and interface surface tension. Application of pressure and 

temperature simultaneously or sintering in vacuum or liquid phase sintering can 

help overcome this limitation.  

 

 

 

Figure 2.3 Three stages of sintering following (a) bond growth, (b) Initial stage 
(the pore volume shrinks), (c) Intermediate stage (grain boundaries form at the 
contacts), (d) Final stage (pores become smoother) [4]. 
 

 

During the final stage, grain growth occurs in addition to pore elimination. 

Average grain size increases with time yet grain size distribution remarks 

homogeneous. Total dwell time at high temperatures is an important factor that 

affects grain growth and grain size distribution. It can cause discontinuous 

exaggerated grain growth called “abnormal grain growth (AGG).” During 

abnormal grain growth some grains grow at a higher rate with respect to their 
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neighbors which results in larger grains within a much smaller grain sized matrix. 

It effects densification due to pores trapped within the larger grains and render full 

densification almost impossible. Furthermore, abnormally large grains can be 

detrimental for mechanical properties. Reasons of abnormal grain growth can be 

listed as higher grain boundary mobility and lower energy of some grains than the 

surrounding matrix, non-uniform powder packing and inhomogeneous segregation 

of dopants or impurities on the grain boundaries [2, 3, 5-7].  

 

In order to inhibit abnormal grain growth and enhance densification very small 

amounts of additives which form transient liquid phase around the matrix particles 

during sintering is used. Insoluble, homogeneously distributed secons phase 

additives prevent grain boundary motion by pinning. For example, addition of 

MgO to Al2O3 suppresses grain growth and enhances pore mobility and shrinkage 

[6, 8]. Another way to overcome AGG is the addition of fine and inert second 

phase inclusions which can also provide strengthening effect. Second phase 

particles increase diffusion distances and change interfacial reactions which retard 

the grain growth of the primary phase. For example, addition of sub-micron SiC 

particles to Si3N4 or Al2O3 matrices or ZrO2 additions to α-Al2O3 reduce grain 

sizes and improve strengths of the materials [7, 8]. In addition to these methods, 

rapid heating rate could also be a good alternative to obtain fine grain size and 

higher densification. Samples can pass low temperature regions, where surface 

diffusion mechanism is more active, by high heating rates, so fine grained 

microstructure could be brought up to high temperatures where lattice and grain 

boundary diffusions are predominant [9]. Fast firing, microwave sintering and 

plasma sintering are some examples to rapid heating methods.  



9 

Microwave Sintering Theory 

 

2.2.1 Electromagnetic Radiation and Microwaves 

 

Electromagnetic (EM) radiation is a form of energy generated by accelerating 

electric charges which are in the wave form at a travelling speed of light. The 

radiated waves are composed of electric and magnetic fields which oscillate at the 

right angles to each other and also at the right angles to the propagation direction 

of the waves. Electromagnetic waves cover a wide range of frequencies in the 

range of 104 to 1020 Hz which are classified as radio waves, microwaves, infrared 

radiation, visible light, ultraviolet radiation, X-rays and gamma rays. Figure 2.4 

shows the spectrum of electromagnetic wave. [10, 11]. Microwaves (MWs) are a 

form of electromagnetic waves with frequencies ranging from 0.3 to 300 GHz and 

wavelengths ranging from 0.001 to 1 m (Fig. 2.4) [3].  

 

 

 
Figure 2.4 Electromagnetic wave spectrum [10]. 
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After the discovery of electromagnetic induction by Faraday in 1831, Maxwell 

began to work on Faraday’s concept and suggested the theory of electromagnetics. 

Following the study of Maxwell, electromagnetic waves first detected by Hertz 

using electrical sources [3, 11]. The properties of microwaves like electrical and 

magnetic field components, amplitude and phase angle as well as the ability to 

propagate enable the interaction of microwaves with materials and production of 

heat in some materials [3]. Firstly, discovery of microwaves led to the 

development of radar concepts during World War II to detect the enemy aircrafts 

and submarines. After that discovery, application areas of the microwaves started 

to expand in addition to radar applications. Some of the microwave applications 

include communication, navigation, radar detection, microwave heating of 

materials (i.e. drying of food items, sintering of ceramics and metals etc.), power 

transmission, electronic warfare, medical applications (i.e. MRI) and weather 

control [10].  

 

2.2.2 Interaction of Materials with Microwaves 

 

Microwave heating is a function of the material being processed. Materials absorb 

electromagnetic energy and convert it into heat, largely within the sample itself; 

unlike the conventional heating where there are significant thermal energy losses 

because of the indirect heating of the materials. Generated heat depends on the 

interaction of material with the electric and magnetic field components of the 

microwave. Microwave frequencies couple with internal polarized species and 

create oscillations of free electrons, ions, molecules, space charges and lattice. 

Polarization of a material is a consequence of its dielectric constant of material in 

an electric field, and loss tangent is a measure of absorption of microwaves by the 

material. The dielectric constant is defined by complex permittivity (ε*) for 

dielectric materials, where complex permeability (μ*) is used for magnetic 

materials. Following formula defined the complex permittivity: 

 

)( ııeffır

oııı ii εεεεεε −=−=∗                                       Eq. 2.1 
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where εı is dielectric constant, εıı is dielectric loss factor, εo is permittivity of free 

space, ır
ε is relative dielectric constant, ııeff

ε  is effective relative dielectric loss 

factor, and i= 1− . Loss tangent is defined by the formula of 

ıo
ır

ııeff

f εεπ
σ

ε

ε
δ

2
tan ==                                                  Eq. 2.2 

where it represents the losses arising from all possible mechanisms for a certain 

frequency, ƒ, of incident wave in GHz, and conductivity, σ, of the material. The 

average absorbed energy can be calculated by using 

δεεπεεπ tan02
0

"02
0

ıfEfEP ==                                   Eq. 2.3 

where P is the average power dissipated per unit volume and E0 is the amplitude 

of the electric field [3, 12]. 

 

The dielectric constant and loss tangents of the materials are functions of 

temperature which means that the degree of interaction between microwaves and 

especially ceramics changes with temperature. Most of structural ceramics reveal 

dielectric loss mechanism in microwave field, such as Al2O3, ZrO2 and Si3N4. 

They have low absorption ability at lower temperature and an increased 

absorption at higher temperatures. Figures 2.5 and 2.6 shows the changes of loss 

tangents and dielectric loss factors of several ceramics with temperature [3]. 

Change in tangent loss of SiC and ZrO2 with temperature has been implemented 

to Fig. 2.5 schematically combining various data given in literature [13] due to 

lack of accurate quantitative data comparing the tangent loss of SiC with those of 

the others. 
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Figure 2.5 Dielectric loss tangent change with temperature (for the frequencies 
between 8-10 GHz) for some ceramic materials [3, 13]. 

 

 

 

Figure 2. 6 Change of dielectric constant as a function of temperature (for the 
frequencies between of 8-10 GHz) for some ceramic materials [3]. 

 

 

ZrO2 

SiC 
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Depending on the electrical and magnetic properties, materials can be divided into 

three categories in terms of their interaction with microwaves. Materials with low 

loss tangents are transparent to microwaves and absorbance of microwaves is very 

low. At room temperature Al2O3, MgO and SiO2 are transparent to microwaves; 

however, after a certain critical temperature they start to couple with microwaves 

[3]. Extremely high loss materials, which are considered to be opaque to 

microwaves, such as metals, have a thin skin depth and they reflect microwaves. 

Materials which have intermediate loss tangent values at room temperatures 

absorb microwaves more efficiently and coupling starts at room temperature. In 

addition to those materials incorporation of second phase microwave absorbing 

particles to low loss ceramics can alter the absorption of microwaves (Fig. 2.7) [3, 

12]. 

 

 

Figure 2.7 Schematic diagram illustrating the interaction of MWs with materials 
[3]. 
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Skin depth, SD, is an important parameter which is the propagation depth of 

microwaves through the material and defined by  

δεπμσπ tan2
1

ıf
c

f
SD == .                                 Eq. 2.4 

where, f is frequency, μ is magnetic permittivity, and σ is conductivity. According 

to this formula, frequency of the microwave and the tangent loss of the material is 

inversely proportional to its skin depth [3, 12]  

 

2.1.3 Comparison of Conventional and Microwave Sintering 

 

Fundamentally, microwave heating of the materials differs from conventional 

heating methods. In conventional furnace heating, heat is generated by an external 

source (i.e. resistive heating element) and transferred to the material by thermal 

electromagnetic radiation. Maximum intensity, I, of this radiation, which is in the 

infrared range, is very small (I<<10-4) for the majority of solid materials. 

Consequently, energy is localized within a thin layer near the surface of the 

material leading to thermal energy transfer from hotter near surface to the colder 

inner region. Therefore core temperature is lower than the outside of the material 

[Yu V bykov, high temp microw processing of mtls]. Figure 2.8 shows the heat 

distribution during conventional heating process. 
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Figure 2.8 Heat distribution within a material during conventional heating process 
[10]. 
 

 

Contrary to the conventional sintering heating is generated within the material 

during microwave processing due to the penetration of microwaves into the 

material. However, in microwave sintering heat is generated at the core and 

radiates towards the colder outer zone of the material, and thus, heat losses occur 

from the surface of the material. Therefore, core of the material is generally hotter 

than the surface of the material (Fig. 2.9). 
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Figure 2.9  Heat distribution within a material during microwave heating 
process [10]. 

 

 

Hybrid heating method is an optimum solution for heating low loss materials and 

inhibits temperature gradients within the material during microwave sintering 

process. By placing susceptors (high loss materials at room temperature) around 

the sintered component uniform heating is achieved during microwave sintering. 

By this method, heat evolves from both inside to outside and outside to inside of 

the material being sintered. Hybrid heating is also provides advantageous for 

heating of low loss materials by microwaves. Using susceptors makes it possible 

to microwave sinter materials like Al2O3 and MgO which are transparent to 

microwaves at room temperature. Susceptors are used to heat them to 

temperatures where these materials start to couple with microwaves. Figure 2.10 

illustrates the hybrid heating mechanism schematically [10].  
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Figure 2.10  Schematic of heating directions during hybrid heating using 
microwa 
ves [10]. 
 

 

In general, advantageous of the microwave sintering over conventional methods 

can be listed as; 

 Time and energy saving. 

 Rapid heating rates (>400ºC/min). 

 Considerably reduced processing time and temperature. 

 Fine microstructures, and hence, improved mechanical properties and 

product performance. 

 Unlike conventional heating, a volumetrically distributed heat source 

due to the penetration of microwaves into materials.   

However, there are some difficulties related to microwave sintering such as; 

 Accurate control of the sintering process and 
 Uniform heating of complex shapes [14, 15]. 

 

2.3 Microwave Sintering of Ceramic Materials 

 

The ability of many ceramics to absorb MW radiation above a critical temperature 

has led to the use of microwaves for processing of ceramics including drying, 

clinkering, sintering, melting and joining [16]. At present, microwaves at 915 

MHz and 2.45 GHz frequencies are almost universally used for industrial and 
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scientific applications where interaction of the material and the EM wave results 

in generation of heat [12]. Reasons for the growing interest in the use of 

microwave energy in ceramic industry include rapid heating, enhanced 

densification rate and improvement in final microstructures [15]. Microwave 

heating of ceramics has also the potential to provide cost savings relative to the 

conventional heating systems, which is directly related to lower activation energy 

observed during microwave sintering [17, 18]. Although many potential 

advantages of utilizing microwaves to process ceramics have long been 

recognized, there are very limited studies about this particular subject [12]. 

Alumina [17], zirconia [19], tungsten carbide, PZT ceramics [20], hydroxyapatite 

[21], ferrites, glass ceramics, uranium oxide [12] are some of the ceramic 

materials on which microwave sintering studies have been conducted.  

 

2.3.1 Microwave Sintering of Monolithic Alumina 

 

Among the polymorphs of Al2O3, which are alpha, eta, gamma, delta, theta and 

kappa, alpha (α) Al2O3 is the most stable phase of alumina at all temperatures and 

ambient pressure. Theoretically, phase transformation of α-Al2O3 (corundum) can 

be obtained after 78 GPa, however experimental studies showed that no phase 

transformation occurs up to 175 GPa pressure [22]. Stability of α-Al2O3 makes it 

the most preferred polymorph of Al2O3 for many engineering applications. 

Usefulness of Al2O3 comes from its superior set of properties which are high 

strength, high melting temperature, abrasion resistance, electrical and chemical 

resistivity as well as optical transparency [2, 22]. These properties put alumina 

forward among the other common oxide ceramics. Some examples to the 

conventional usage of monolithic alumina can be summarized as pottery 

sculpture, sanitary ware, tiles and furnace components. Besides its traditional 

usage, recent studies have been shown that monolithic alumina can be a good 

advanced ceramic candidate as catalyst substrates, arc lamps tubes, laser hosts, 

capacitors, transistors and biomaterials. [22] 
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To manufacture dense alumina, application of melting techniques is not 

preferable. This is mainly because of the difficult process control and poor 

feasibility resulting from high melting point of Al2O3 (2054˚C). This method is 

generally used when manufacturing materials like gem stones and laser hosts 

where cost is of secondary importance. Other alumina materials are produced by 

powder processing completed by sintering. In this case typically ceramic powder 

is first consolidated to the desired shape (green compact), and then firing is 

performed to densify the material. For Al2O3, sintering temperatures are generally 

higher than 1400˚C. Pressureless sintering, hot-pressing, hot isostatic pressing and 

plasma spraying are some examples of conventional processing techniques used 

for the production of alumina ceramics. However, they are usually inefficient in 

terms of tooling/maintenance cost and time. To overcome this problem usage of 

microwave sintering technique has been suggested as a new method which 

provides higher densification at relatively lower sintering temperatures and times 

compared to conventional sintering [17, 18, 23]. Results showed that to achieve 

comparable densification values conventional sintering has to be conducted at 

temperatures 200-250˚C higher than those used for microwave sintering which is 

thought to be the consequence of lowered activation energy of microwave 

sintering compared to conventional sintering which are 85-160 kJ/mole and 520-

575 kJ/mole, respectively [17, 18]. This leads to the accelerated diffusion of O2- in 

the structure during sintering, and hence enhanced densification [17, 18]. 

Microwave sintering can also provide finer microstructures as a consequence of 

rapid heating and sintering. Microwave sintering activates grain boundary as well 

as lattice diffusion at the early stages of sintering where surface diffusion 

mechanism is predominant in conventional sintering which causes rapid grain 

growth. Contrarily, during microwave sintering, material can pass through the 

early stages more rapidly, and thus small grain sizes can be sustained at higher 

temperature regimes. With the help of the MgO addition and fast firing ultrafine 

microstructured Al2O3 were obtained by microwave sintering [24]. On the other 

hand, recent studies have showen that grain growth is not necessarily dependent 

on heating rate. Grain growth paths seemed to be similar for conventional and 

microwave methods for identical densification values [17, 18].  
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Studies have demonstrated that microwave heating is an effective method to 

produce fully densified monolithic Al2O3 at relatively lower temperatures 

compared to conventional sintering, which provides energy and cost savings. 

Following this observation, some studies have particularly focused on the 

commercialization potential of microwave sintering method. Cheng et al. built a 

continuous microwave sintering set-up for the production of large batch (up to 10 

kg) alumina abrasive grits. Results showed that to obtain fully densified products 

by a continuous process sintering time and temperature should be controlled quite 

sensitively. Besides the densification data, results showed that hardness and 

abrasion index of the grits were superior than those of conventional sintered 

products.  

 

As mentioned earlier, Al2O3 can be optically transparent material when in single 

crystalline form (sapphire) or in highly pure and fine grained polycrystalline form. 

Although production of transparent Al2O3 is available by powder methods, it is 

rather challenging because of extremely high temperatures (up to 1900˚C), long 

soaking intervals (several hours) and high vacuum or pure hydrogen atmosphere 

required. Usage of microwaves gave rise to production of transparent Al2O3 with 

rapid and uniform heating at lower sintering temperatures (1750˚C) in shorter 

soaking times (15 min) providing finer microstructures [25]. 

 

In conclusion, microwave sintering method is advantageous for the production of 

fully densified monolithic Al2O3 ceramics. While it provides advantages on 

structural properties such as strength and abrasion resistance, other physical 

properties such as some optical transparency can be achieved via microwave 

processing. However, a well accepted explanation on the effective sintering 

mechanisms during microwave sinteringis still not available. Lowered activation 

energy, and hence increased diffisuvity of O2- seems to be the most important 

factor in achieving enhanced densification at relatively milder sintering 

conditions.  
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2.4 Ceramic Nanocomposites 

 

Despite their advantageous properties, brittleness of ceramic materials is the main 

drawback of the ceramic materials. To toughen the structural monolithic ceramics, 

composites have being used for many years. Especially for over a few decades 

incorporating particulates, fibers or whiskers to ceramic bodies have been studied 

by many researchers.  

 

Nanocomposites are a newly developed concept to promote the mechanical 

properties of ceramics by dispersing second phase nano-particles into the matrix 

grains and on the grain boundaries [26]. Addition of second phase particles 

improves the fracture toughness, flexural strength [27], creep resistance [28], the 

wear resistance [29, 30] and hardness [31]. 

 

2.4.1 Alumina-SiC Nanocomposites 

 

Silicon carbide (SiC) is an important second phase candidate to improve the 

mechanical properties of Al2O3 ceramics [2, 26, 27]. Dispersion of submicron-

sized SiC particles into Al2O3 matrices, and hence forming nanocomposites is a 

developing concept which results in improved mechanical properties such as 

fracture toughness [32], creep resistance [33], hardness [34] and wear resistance 

[31]. Addition of second phase submicron sized SiC particles to ceramic materials 

have been first investigated by Niihara and co-workers in the 1991 which involve 

Si3N4/SiC and Al2O3/SiC composite systems. Niihara’s study showed that even 5 

vol% SiC addition to monolithic alumina (Al2O3) increases the strength from 380 

MPa to 1 GPa and fracture toughness from 3.25 to 4.70 MPa·m1/2 [35].  Following 

this initial work, various studies have been done to understand the effects of the 

SiC content (1, 2, 5, 10, 15, 20 wt% SiC), the particle size changes of SiC and/or 

Al2O3 from sub-micron to nanoscale to understand the toughening of monolithic 

Al2O3. The main mechanisms effective on the achieved fracture toughness 

enhancement, are: (1) fracture mode change from intergranular for monolithic 

Al2O3 to transgranular type for Al2O3/SiC nanocomposites, which increases with 
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SiC content [29-31, 36-39], (2) Zener pinning effect which reduces grain growth 

[40, 41], (3) crack impediment by intragranular particles [29], (4) weakening of 

the matrix with decreasing SiC grain size promoting transgranular type fracures 

[36]. In addition to these, thermal expansion mismatch between Al2O3 and SiC 

increases fracture toughness, hardness and flexural strength as a consequence of 

residual compressive stresses in the matrix [27]. 

 

Grain size of the dispersed SiC particles could be an important factor which 

affects mechanical properties significantly. Many studies have shown that smaller 

SiC particles located within the grains and larger particles dispersed on the grain 

boundaries lead to the reduction in the grain size of the matrix. However, there is 

a conflict between the results achieved by different groups. There are 

contradictory results about particle size of SiC. Some researches suggest that it 

should be in the sub-micron range to lower both grain size and the critical flaw 

size of the matrix to obtain toughness increment [38]. However, some researches 

show that decreasing SiC particle size optimizes the weakening effect on the 

matrix, and hence increases fracture toughness [36]. On the other hand, some of 

the studies did not reveal any dramatic effect of grain size reduction or SiC 

amount on the mechanical properties of Al2O3 [37].  

 

Some of the studies on the mechanical properties showed that rather than SiC 

addition machining (grinding) induced surface residual stress and strength 

recovery behaviors in nanocomposites generate the enhancement of fracture 

toughness. According to these results, surface grinding increases the strength of 

Al2O3/SiC nanocomposites and after annealing, strength of Al2O3 decreases 

slightly, while strength of the Al2O3/SiC nanocomposites shows an enormous 

improvement as a consequence of residual compressive surface stresses 

introduced by machining, which can not be completely removed by annealing, 

and also healing of surface flaws after annealing process [42, 43]. However, full 

surface recovery of nanocomposites is not possible because of chips which are 

formed by machining. which did not heal with annealing as a consequence of the 

reduction in the local fracture stress [44].  
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Besides their toughening effect, sub-micron sized second phase particle additions 

have been shown to improve the creep resistance of Al2O3 as well [28, 30, 31, 33, 

45, 46]. Creep behaviors of Al2O3 and nanocomposites are different from each 

other in the sense that Al2O3 reveal accelerated and steady state creep while 

transient creep prevails in the nanocomposites caused by the rotation and plunging 

of nanoparticles in the Al2O3 matrix during grain boundary sliding. As a result, 

creep rate of the monolith is higher and creep life is lower than the Al2O3/SiC 

nanocomposites. Also, the pinning of SiC particles on grain boundaries which 

limits grain boundary sliding increases creep resistance of nanocomposites. 

Furthermore, the interface of Al2O3/Al2O3 is weaker than the interface of 

Al2O3/SiC particles. Because, many TEM observations shows that at the 

Al2O3/Al2O3 interfaces there is glassy phase and wide atomic disorder in contrast 

to Al2O3/SiC interfaces. And that lowers the creep resistance of monolithic Al2O3 

[33]. 

 

In addition, Al2O3 is a good alternative for abrading materials because it is a low 

cost mass production material compared with the other expensive abrasive 

materials such as diamond and boron nitride. Wear resistance of monolithic 

alumina increases with the decreasing grain size of the material. As addition of 

SiC particles hinder the grain growth and change the fracture mode, resulting 

substantial reduction in the wear rate of Al2O3/SiC nanocomposites compared to 

the monolithic Al2O3 with same grain. Changing the particle size of SiC does not 

reveal significant advantage on wear. Even though this is the case, use of 

moderate particle size and high proportion of intergranular SiC particles shows 

some beneficial effects. Such adjustments provide decrease in wear as well as area 

fraction of pullouts are resulted from the variations in the dimensions of the 

individual pullouts, which lead to the change of the fracture mode change from 

intergranular to transgranular [29, 30]. Wear behavior of monolithic Al2O3 

depends on grain boundary sliding distance which rises with distance 

catastrophically. On the contrary, Al2O3/SiC nanocomposites show stable wear 

behavior most probably because of the improved grain boundary strength. With 

increase in the amount of SiC pitting increases which is  the consequence of local 
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tensile stresses in the matrix resulting from thermal expansion mismatch between 

Al2O3 and SiC [31].  

 

In addition to the mechanical property investigations, many researches have 

focused on different processing techniques of Al2O3/SiC nanocomposites with 

various motivations such as overcoming the high temperature and high pressure 

processing requirement [47] and suppressing glassy phase formation or reducing 

the particle sizes to nanoscale and providing a homogeneous second phase 

distribution [48, 49], or decreasing the shrinkage rate [50]. 

 

Up to date many of the studies mainly pointed out fracture mode change in the 

nanocomposites where most of the results are conflicting. Recently, there are 

some studies have focused on converting this fracture mode change to provide 

superior increase in the fracture toughness. Doping rare earth elements like Nd3+, 

La3+, Y3+ to Al2O3/SiC nanocomposites convertes fracture mode from 

transgranular for undoped composites to intergranular which increases crack 

deflection and hence results in fracture toughness improvement. The factor that 

causes fracture mode change is the segregation of rare earth dopants to the grain 

boundaries leading to weakening of the grain boundaries [39, 51]. To overcome 

the densification problem of Al2O3/SiC nanocomposites addition of Y2O3 and/or 

SiO2 which form glassy phase on the grain boundaries, have been applied. 

Addition of Y2O3 to monolithic Al2O3 which had a positive influence on 

densification especially at 1550˚C; however increasing the temperature to 1650˚C 

causes increase in intragranular porosity resulting in of abnormal grain growth. 

Contrary to Y2O3, SiO2 addition alone decreases densification because it causes 

excessive grain growth leading to isolated porosity within the grains of Al2O3. In 

case of Al2O3/SiC nanocomposite production, Si segregates on the grain 

boundaries of Al2O3 and thus hindering densification. Contrarily, although Y2O3 

addition delay onset of the sintering, final densification enhanced despite of 

inhibition of sintering by SiC particles. Due to glassy phase formation between 

SiO2, Al2O3 and Y2O3 final density of the added nanocomposites containing both 

Y2O3 and SiO2 increased resulting in fracture toughness enhancement [52]. 
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As a conclusion, SiC addition to Al2O3 ceramics provides some advantages on 

strength, fracture toughness, wear resistance and creep resistance when compared 

with monolithic Al2O3 of the equivalent grain size. So far there is no clear 

explanation available on strengthening mechanisms. However, fracture mode 

transition from intergranular to transgranular, crack tip bridging by the dispersed 

particles, healing of the cracks after machining and annealing as well as Zener 

pinning effect seem to be the main factors in the improvement of fracture 

toughness along with wear and creep resistances.  

 

2.4.2 Alumina-Yttria Stabilized Zirconia Nanocomposites 
 

Addition of second phase particles to oxide ceramics such as Y2O3 doped zirconia 

improves their fracture toughness [53, 54]. Zirconia has three crystallographic 

forms, from high to low temperatures: monoclinic, tetragonal and cubic phases. 

Transformation of tetragonal to monoclinic phase is at 1170°C, however, doping 

of CaO, MgO or Y2O3 suppresses this transformation temperature, thus at room 

temperature, stabilized zirconia with cubic and tetragonal structure could be 

obtained. Additionally, partially stabilized tetragonal zirconia could transform into 

monoclinic structure under stress which is accompanied by a volume expansion of 

4 % [2, 55]. 

 

Partially stabilized zirconia doped alumina have higher fracture toughness and 

required stress to induce crack propagation compared to monolithic alumina 

utilizing this volume expansion of partially stabilized zirconia [55]. So, there is a 

trend to develop mechanically reliable ceramics for biomedical applications in 

addition to the high temperature applications [56, 57]. In recent years, there is a 

considerable increase in interest over alumina/zirconia nanocomposite materials 

with their improved mechanical properties [1]. Tuan W. H. et al. also showed that 

the addition of a small amount of ZrO2 nanoparticles to Al2O3 reduced the grain 

size of Al2O3 matrix grains and this enhanced the strength of  Al2O3 [58]. 
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2.5 Aim of the Study 

 
To investigate the efficiency of microwave sintering of ceramic materials in 

comparison to conventional processing under identical conditions. Monolithic 

alumina with or without sintering additives such as MgO, CaO, Y2O3 as well as 

nanometer-sized SiC or stabilized ZrO2 particle-dispersed alumina matrix ceramic 

nanocomposites will be fabricated by both conventional and microwave sintering. 

Sintered ceramic materials will be characterized in terms of their densification, 

phase content, microstructural evolution and mechanical properties such as 

hardness and indentation fracture toughness. 
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CHAPTER 3 

 
 

EXPERIMENTAL PROCEDURE 

 

 

 

In the following section, detailed information about used raw materials, applied 

processing methods and characterization of microstructural and mechanical 

properties are presented. 

 

3.1 Sample Preparation  

 
3.1.1 Sample Preparation for Monolithic Alumina Samples 
 
3.1.1.1 Powder Preparation Stage  
 

To understand the effect of microwave heating on the sintering of ceramics, 

preliminary studies were conducted on monolithic Al2O3. In all of the experiments 

only one type of Al2O3 powder [α-Al2O3 (99.95%, Alfa Aeser GmbH & Co KG, 

Karlsruhe, Germany) with a mean particle size of 0.4 μm was used. 

 

A comparison was made between conventional sintering and microwave sintering 

at different sintering temperatures for constant duration. In addition to the 

production of plain Al2O3 different sintering aids were added (MgO, Y2O3, CaO) 

with the weight percentage of 0.1 to enhance densification of Al2O3.  

 

To distribute sintering additives homogeneously and to achieve coverage on the 

alumina powders which will create a thin glassy phase between Al2O3 grains for 

enhanced sintering, additives were added to Al2O3 in the liquid form. Solid 

sintering additives (MgO, CaO) were converted to aqueous solutions in the nitrate 
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form. To make aqueous solutions, sufficient amount of nitric acid was added to 

the MgO and CaO powders until a clear liquid solution was obtained. 1 cm3 of 

obtained solutions was containing 25 mg sintering additive. Following formulas 

show the formation of nitrates. 

OHNOMgHNOMgO 2233 )(2 +⇒+                                       Eq. 3.1 

OHNOCaHNOCaO 2233 )(2 +⇒+                                         Eq. 3.2 

Another sintering additive was Y2O3 which was already in the crystal form of 

Y(NO3)3.6H2O. To convert it to liquid form it was dissolved in the deionized 

water to obtain 25mg Y2O3/cm3 of concentration. 

 

Before the compaction stage, Al2O3 powder and aqueous solutions were mixed 

within a mortar in isopropyl alcohol medium. Following mixing, to remove NO3 

from the mixture, it was first heated to 100˚C to evaporate excess water and 

alcohol, then the temperature was raised to 600˚C with a heating rate of 4˚C /min 

and dwelled for 2 hours at that temperature. Obtained powders were then crushed 

in the mortar to eliminate agglomerates.   

 

3.1.1.2 Powder Compaction Stage  
 

To obtain disc-like compacts approximately 15 mm in diameter and 4 mm in 

thickness, uniaxial pressing method was applied using cold work tool steel dies 

with 15 mm inner diameter. Applied pressure was 60 MPa which is high enough 

to reach maximum achievable green density for the powder used and to produce 

pellets resistant to handling. Figure 3.1 shows the schematic of the steel die used 

for uniaxial compaction.  
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Figure 3.1 Schematic of the uniaxial compaction die made from cold work 
tool steel. 

 

3.1.1.3 Sintering Stage  
 

To compare the effectiveness of microwave and conventional sintering processes 

on the densification, monolithic Al2O3 samples were sintered at seven different 

temperatures of 1000, 1100, 1200, 1300, 1400, 1450, 1500, 1550 and 1600˚C for 

1 h using both methods. Conventional sintering experiments were conducted 

using a home-built muffle furnace capable of 1800˚C of maximum operating 

temperature with its MoSi2 heating elements. 

 

Microwave sintering was conducted using a commercial 4.8 kW microwave 

sintering furnace (MKH-4.8, Linn High Therm GmbH, Eschenfelden, Germany) 

which has six magnetrons with 800 W maximum power each. Furthermore, output 

power of the magnetrons is adjustable from 15% to 100% of maximum level. 

Frequency of the electromagnetic waves produced by the magnetrons is 2.45 GHz 

+/- 0.05 GHz. Dimensions of the effective heating chamber are 135x135x135 mm. 

Temperature measurement was done from surfaces of the samples during sintering 

with an infrared pyrometer (Impac 140, LumaSense Technologies GmbH, 

Frankurt, Germany) which is located at the top of the furnace. In addition, 
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microwave furnace is capable of providing protective gas atmosphere (Argon, 

nitrogen or helium) as well as vacuum. Figure 3.2 shows the microwave furnace 

in this study which is located at the Electromagnetic Materials Laboratory of the 

Metallurgical and Materials Engineering Department of Middle East Technical 

University.  

 

 

 

 

An “insulation cage” (Fig. 3.3) built of high purity alumina insulation boards 

(Type: SALI-2,  Zircar Ceramics, Inc., FL, USA) was designed and adapted to the 

heating chamber of the microwave sintering furnace (Fig. 3.4) in order to 

minimize heat losses from the specimen surface which has provided heating and 

soaking stability during sintering. SiC powder was used as the susceptor material 

which has provided initial heating until the alumina-based ceramics start to couple 

with the microwaves and generate heat by themselves. The samples were placed 

Figure 3.2 High temperature microwave sintering furnace. 

Infrared Pyrometer 
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in a high purity alumina crucible which was then placed to the center of a bigger 

high purity alumina crucible filled with the susceptor powder.  

 

 

 

 

 

 

 

 

 

  

  

 

SiC Susceptor 

Powder 
Specimen 

Alumina 

Crucibles 

Insulation 

Boards 
 

 

Figure 3.3 Home-built “insulation cage” composed of high purity alumina
insulation boards and alumina crucibles providing holding cavity for the specimens
and the SiC susceptor powder. 
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3.1.2 Production Al2O3/SiC and Al2O3/ZrO2 Nanocomposites 

 
3.1.2.1 Powder Preparation Stage  
 

To compare densification and mechanical properties of the Al2O3-based 

nanocomposites formerly mentioned α-Al2O3 powder was used. As the second 

phase dispersion β-SiC powder (Alfa Aeser GmbH & Co KG) with an average 

particle size of 100 nm or yttria stabilized (3 and 8 mol% Y2O3) ZrO2 powders 

(MSE Engineering, İstanbul, Turkey) with D50 less than 0.5 μm were used as 

starting materials in this study.  

 

Five different dispersant contents were selected to determine the optimum second 

phase content resulting in improvement in mechanical properties. 1, 5, 10, 15 and 

20 wt% SiC or ZrO2 particles were added to Al2O3 starting powder, and the 

mixtures were ball-milled for 16 hours in isopropyl alcohol using 10 and 1.5 mm 

 
 

Figure 3.4 Picture of home-built “insulation cage” placed within the heating 
chamber of the microwave sintering furnace. 



33 

diameter yttria stabilized zirconia balls as the grinding medium. The mixture was 

then dried at 50˚C in a drying oven for 4 hours. Dried lumps were crushed in the 

mortar and to inhibit agglomeration mixture was sieved using 140 mesh sieve.  

 

3.1.2.2 Powder Compaction  
 

For nanocomposites a different pressing method was applied compared to that 

used for monolithic Al2O3. Incorporation of the second phase particles decreased 

compaction efficiency, and hence achieved green and final densities. To overcome 

this problem compaction pressure had to be increased. However, during uniaxial 

compaction friction occurring between the walls of the die and the powders leads 

to stress formation and thus less uniform compaction and reduced green density. 

For this reason, increasing uniaxial compaction pressure is not a good solution to 

enhance compaction efficiency of nanocomposites [47]. To overcome this 

problem and obtain better compaction cold isostatic pressing has additionally been 

applied to uniaxially pressed green compacts. 

 

In this set of materials, initially samples were uniaxially pressed at 30 MPa to 

obtain disk-shaped pellets approximately 15 mm in diameter and 4 mm in 

thickness following this green compacts were cold isostatically pressed (CIPed) at 

150 MPa pressure to enhance densification and to provide homogeneous packing 

of the powders. Figure 3.5 shows the picture of home-built and custom-designed 

cold isostatic press in Electromagnetic Materials Laboratory of the Metallurgical 

and Materials Engineering Department of Middle East Technical University. 
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Figure 3.5 The pictures of home-designed and custom-built Cold Isostatic Press 

 

 

3.1.2.3 Sintering Stage  
 

Nanocomposites were sintered at 1300˚C and 1500˚C for 1 h under argon 

atmosphere, which were chosen as the most suitable conditions for the 

comparison of the efficiencies of microwave and conventional sintering methods. 

Schematic of heating and cooling cycles for conventional and microwave 

sintering is provided in Fig. 3.6 and Fig. 3.7, respectively. 
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Figure 3.6 Heating and cooling cycle of conventional sintering process. 

 

Figure 3.7 Heating and cooling cycle of microwave sintering process. 
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3.2 Materials Characterization 

 
3.2.1 Density Measurements 

 
Following the production stages, densities of all samples were measured using 

Archimedes’ method in xylene as immersion medium to determine the 

densification of the samples with respect to their theoretical densities. 

 

Theoretical density calculations were done according to rule of mixtures using the 

equation; 

∑ ⋅= iiltheoretica ρωρ                                            Eq. 3.3 

where ωi is the weight percent of the constituent and ρi is the theoretical density of 

the constituent in the mixture . 

 

To calculate the densities of the samples after sintering Archimedes’ method were 

used which has a formula of 

..

*

suspsat

dryxylene

WW
W

−
=

ρ
ρ

                                             Eq.3.4 

where Wdry is the dry weight, Wsat is the saturated weight after keep the samples at 

24 h in xylene and Wsusp is the suspended weight of the sample. Density of the 

xylene is 0.86 g/cm3. The inaccuracy during the density measurements was ca. 1% 

due to equipmental limitation. 

 

3.2.2 Phase Analysis 

 

Phase analysis was conducted by X-Ray Diffraction (XRD) method using a 

standart X-ray diffractometer (RINT 2200, Rigaku Co., Tokyo, Japan) using 

Cu_Kα radiation between 10 – 90˚ of 2θ values with 2˚/min scan rate. 
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3.2.3 Surface Preparation 

 

Following density measurement, surface preparation was performed on the 
sintered ceramics by using standard metallographic methods. The samples were 
ground in order to remove the surface roughness. After grinding, the surfaces of 
the samples were polished up to 0.25 µm surface finish by diamond slurry. Table 
gives brief information about the sample preparation steps. 
 
 

Table 3. 1 Details of the grinding and polishing operations 
 
 

Grinding Operations Polishing Operations 
15 μm 9 μm 6 μm 3 μm 1 μm 0.25 μm 

Wheel 
speed 
(rpm) 

∼300 ∼300 ∼150 ∼150 ∼150 ∼150 

Duration 
(min) 120 300 300 360 360 360 

 

 

3.2.4 Microstructural Characterization 

 

Changes in the physical and chemical characteristics of the samples with the 

applied processing parameters may result in alterations in the densities, 

microstructures and mechanical characteristics of the components. To determine 

these alterations, microstructural observations were conducted on selected 

samples by scanning electron microscopy. 

 

For the microstructural characterization sintered ceramics and nanocomposites 

were thermally etched for 15 min in air at a temperature 100˚C lower than the 

applied sintering temperature to reveal the grain boundaries. Thermally etched 

surfaces as well as fracture surfaces of the sintered ceramic and nanocomposite 

materials were observed using a field emission type scanning electron microscope 

(FE-SEM, Nova NanoSEM 430, FEI, Eindhoven, Netherlands). Fractured 

surfaces of nanocomposites and monolithic Al2O3 were studied observing fracture 

modes of the samples.  
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3.2.5 Mechanical Characterization 

 

3.2.5.1 Hardness Measurement 

 

Effect of ceramic particle (SiC and ZrO2) addition on the mechanical 

characteristics of Al2O3 was studied applying hardness and indentation fracture 

toughness measurements. For both of the measurements Vickers indenter was 

employed. Hardness measurements were conducted using a microhardness tester 

(Shimadzu HMV 2 E, Shimadzu, Kyoto, Japan) with 1 N of maximum applied 

load and 10 s dwelling time. Hardness values, Hv, were calculated from the mean 

of the two diagonal lengths, a, of the residual impressions on the specimen surface 

using; 

2v a
P 1.854H =                                                   Eq. 3.5 

according to ASTM 1327-08 where P is the applied load.  

 

3.2.5.2 Fracture Toughness Measurement 

 

To determine the fracture toughness values of manufactured ceramics indentation 

fracture toughness, Kc, method was used. Vickers indentation was applied onto 

polished surfaces of the ceramics which created radial cracks emanating from the 

corners of the residual impressions. Observed crack lenghts are inversely 

proportional to the toughness of the material, and by measuring these crack 

lengths, fracture toughness can be estimated. Under small indentation loads small 

Palmqvist cracks (a<c) form which create residual tensile stress areas only around 

of the cracks (Fig. 3.9.a). If the c/a ratio is less than 3.5, Palmqvist crack model 

can be used to calculate Kc according to [59] 
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EaHKc                     Eq. 3.6 
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where c is the half length of the radial cracks, E is the Young’s modulus of the 

specimen. E values of the specimens were calculated considering the remnant 

residual porosity inside the materials (closed pores) using  

2(1 1.9 0.9 )oE E p p= − +                                      Eq. 3.6 

where Eo is the modulus of elasticity of the nonporous material, and p is the 

porosity volume fraction in the sintered body [60]. 

 

However, Palmqvist crack method is not an effective method to calculate Kc for 

indentation cracks with c/a>3.5 (median cracks), which create residual tensile 

stress areas around both residual impression and emanating radial cracks as 

illustrated in Fig. 3.9.b [59]. Considering these limitations, Anstis et al. developed 

a simplified model for all types of cracks in order to calculate Kc [61]; 

1
2

C 3
2V

E PK α
H c

⎛ ⎞⎛ ⎞
= ⎜ ⎟⎜ ⎟

⎝ ⎠ ⎝ ⎠
                                       Eq. 3.8 

where α is an indenter geometry dependent empirical constant which is 0.016 for 

the Vickers indenter. 200 N of indentation load, P, was applied using a standard 

hardness testing equipment to measure indentation fracture toughness, which has 

resulted in the best radial crack morphology at the corners of the residual 

impressions. In addition to this, in the majority of the studies reporting on the 

mechanical properties of bulk ceramics the model of Anstis is frequently preferred, 

which renders the results of the current study conveniently comparable with the 

literature data. 
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(a)                                                              (b) 

 

Figure 3.8 Crack formation and crack types by Vickers indentation [59]. 
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Figure 3.9 Flow chart summarizing the processing and characterization steps
followed throughout this study. 
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CHAPTER 4 
 

 
RESULTS AND DISCUSSION 

 

 

Following sections include the results of densification, hardness, and indentation 

toughness measurements along with microstructural characterization of 

conventional and microwave sintered;  

 

• Monolithic Al2O3 with three different kinds of sintering additives, 

•  Al2O3/SiCp nanocomposites, 

• Al2O3/YSZp nanocomposites.  

 

4.1 Characterization of Monolithic Alumina 

 

At the initial stage, the study has focused on the comparison of the sintering 

characteristics of monolithic Al2O3 fabricated using conventional and microwave 

sintering techniques. Average green densities of the samples following 

compaction were approximately 57±1%. Various combinations of sintering 

temperatures were applied to compare the effectiveness of conventional and 

microwave sintering on densification, microstructural evolution and mechanical 

properties of monolithic Al2O3. Figure 4.1 shows densification values of sintered 

monolithic Al2O3 relative to its theoretical density as a function of temperature 

achieved after 1 h of sintering in air by both methods. Theoretical density of α- 

Al2O3 was taken to be 3.98 g/cm3 [7] throughout this study.  
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Figure 4.1 Comparison of densification efficiency achieved by microwave and 
conventional sintering on monolithic Al2O3. 
 

 

It is clear that usage of microwave energy in sintering of Al2O3 is more effective 

on densification than conventional pressureless sintering especially at lower 

temperatures (<1400˚C). Microwave sintering results in more than ∼90% and 96% 

densification at temperatures as low as 1200˚C and 1300˚C, respectively, where 

conventionally sintered densities at these temperatures are ∼15-20% lower. Slight 

deviations from the increasing trend line of densification achieved by microwave 

sintering results from the fluctuation of soaking temperature at values ≥1400˚C. 

This effect is mainly caused by the difficulty in stabilizing temperature at elevated 

levels due to the higher temperature gradient from the hot specimen to the 

essentially colder furnace chamber. Despite this inaccuracy, which is in the 

uncertainity margin of the applied density measurements, obtained densification 

results seem to be consistent with the ones reported in the literature where almost 

full densification has been achieved at 1400˚C for soaking periods ranging from 

zero and 30 min [18, 23]. 
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As a baseline for comparison, SEM images of conventionally sintered and 

microwave sintered monolithic Al2O3 were taken. Thermally etched surfaces of 

the samples sintered at 1200, 1300, 1400, 1500 and 1600˚C are shown in Figure 

4.2 (a)-(j). Microwave sintered ceramics seem to have a higher average grain size, 

compared to their counterparts conventionally sintered at identical temperatures, 

which is consistent with their higher densities. The reason may be attributed to the 

fact that microwave processing lowers the activation energy, and hence increases 

the diffusion coefficients, especially that of O2-, which causes grain growth 

acceleration [17, 18]. This activation energy difference provides advantages 

predominantly for temperatures lower than 1400˚C where the microwave sintered 

ceramics reach to almost full densification. However, at elevated temperatures, 

1500˚C≤, abnormal grain growth occurred during microwave sintering as a result 

of which closed pores started to remain within the grains which renders full 

densification almost impossible (Figure 4.2.j).  
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(a) (b) 

(c) (d) 

Figure 4.2 Microstructural changes of microwave and conventional sintered 
monolithic Al2O3 (a) conventional sintered at 1200˚C, (b) microwave sintered at 
1200˚C, (c) conventional sintered at 1300˚C, (d) microwave sintered at 1300˚C, 
(e) conventional sintered at 1400˚C, (f) microwave sintered at 1400˚C, (g) 
conventional sintered at 1500˚C, (h) microwave sintered at 1500˚C, (i) 
conventional sintered at 1600˚C, (j) microwave sintered at 1600˚C. 
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(e) (f) 

(g) (h) 

(i) (j) 

Figure 4.2 (Continued) 
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To compare the effect of conventional and microwave sintering on the mechanical 

properties of monolithic Al2O3, hardness and indentation toughness values of 

materials sintered by both of the methods were measured. Figure 4.3 shows the 

change of hardness with sintering temperature.  
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Figure 4.3 Hardness change of monolithic Al2O3 as function of temperature 
sintered by both microwave and conventional method. 

 

 

Hardness of monolithic Al2O3 increases with sintering temperature up to 1500˚C 

for both methods consistent with increasing densification rates. As expected from 

densification results and microstructural investigations, microwave sintered 

products reveal higher hardness values at sintering temperatures lower than 

1500˚C.  However, after that point hardness starts to drop as a consequence of 

abnormal grain growth. Hardness values initially increase with increasing 

densification (lower pore content) where the grain structure was homogeneously 

forming with a uniform grain size distribution. When the microstructural 

evolution revealing an increase in grain size (Fig. 4.2 a-h) is analyzed together 

with the hardness data provided in Figure 4.3, the tendency seem to be 
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contradicting with the Hall-Petch relationship. Here, it should be noted that as 

sintering temperature increases, the ceramic body becomes densified with the 

coarsening of the grains. As a result, hardness, which is adversely affected by the 

porosity, shows an increasing trend at higher sintering temperatures with 

decreasing pore content although the average grain size rises. Nevertheless, at 

sintering temperatures higher than 1500˚C, where almost full densification has 

been achieved, abnormal grain growth leads to a reduction in hardness values.  

 

Figure 4.4 shows the change of indentation toughness of monolithic Al2O3 as a 

function of sintering temperature. Fracture toughness values showed a similar 

tendency with hardness values. Indentation fracture toughness increased with 

densification at higher temperatures. However, as a result of abnormal grain 

growth, fracture toughness started to decrease.  
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Figure 4.4 Indentation toughness of monolithic Al2O3 processed by microwave 
and conventional sintering as function of temperature. 
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Furthermore, indentation fracture toughness of almost fully densified 

conventionally sintered monolithic Al2O3 ceramics was higher than microwave 

sintered Al2O3 processed at temperatures above 1400˚C, which can be attributed 

to finer average grain size achieved by conventional sintering especially at higher 

temperatures. Fracture mode of monolithic Al2O3 sintered by both methods is 

intergranular in which cracks propagate along the grain boundaries (Fig. 4.5 (a) 

and (b)). This can clearly be seen through the growth paths of the indentation 

cracks generated on the polished surfaces of the Al2O3 ceramics by Vickers 

indentations (Fig. 4.5 (c) and (d)). During propagation, cracks deflect at the 

junction points of the grains which cause loss of some portion of the crack energy 

resulting in the impediment of the cracks. From this point of view smaller grain 

size seems to be advantageous to inhibit crack propagation. However, in the case 

of large average grain size, as in Fig. 4.5 (d), cracks can move along the grain 

boundaries readily as an easy growth path without changing much in their 

direction (inefficient crack deflection), and thus fracture toughness decreases.  
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 4. 5 Fracture surfaces and indentation crack growth paths of monolithic 
Al2O3 (a) fracture surface of conventional sintered Al2O3 at 1500˚C, (b) 
fracture surface of microwave sintered Al2O3 at 1500˚C, (c) indentation crack 
path of microwave sintered Al2O3 at 1200˚C (15000x) and (d) indentation crack 
path of microwave sintered Al2O3 at 1600˚C which propagates along the grain 
boundary between two large grains (15000x). 
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As it was already mentioned, comparison of microwave sintering to conventional 

sintering showed that usage of microwave heating is a very effective method 

especially for low temperatures (≤1400˚C) where densification of conventional 

sintered Al2O3 is at the intermediate stage level of sintering process, while that of 

microwave sintered one is at the final stage level. Conventional sintering requires 

temperatures higher than 1400˚C to reach densification values higher than 95% of 

the theoretical density. Figure 4.6 shows that to achieve comparable 

microstructures and mechanical properties, conventional sintering has to be 

conducted at temperatures 200˚C higher than microwave sintering. Owing to this 

difference in effective sintering temperatures between microwave and 

conventional processing, it can be said that microwave sintering provides energy 

and time saving. 

 

 

 
(a) 

 
(b) 

Figure 4.6 Indentation crack paths and microstructures of (a) conventional 
sintered Al2O3 at 1400˚C for 1 h, (b) microwave sintered Al2O3 at 1200˚C for 1 h. 
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4.2 Characterization of Monolithic Alumina Containing Sintering Additives 

 

As mentioned before, abnormal grain growth is the most important obstacle 

standing in front of fully densified monolithic alumina production via solid state 

sintering. During densification and grain growth intergranular pores are removed 

from the grain boundaries with grain boundary diffusion; however, if some of the 

grains start to grow excessively; these pores are trapped within the grain interiors 

and cannot be removed easily. Abnormal grain growth can be the consequence of 

many different parameters such as; consolidation techniques, heating rates, purity 

and particle size of the starting powders, furnace environment, etc [62]. Usage of 

small amounts of sintering additives such as MgO, CaO, Y2O3 or SiO2 could be 

beneficial to suppress abnormal grain growth and enhance densification. 

 

In this section, effect of three different sintering additives on the densification of 

monolithic Al2O3 was investigated for both microwave and conventional sintering 

processes. To understand the effects of sintering additives on the sintering and 

abnormal grain growth behavior, sintering temperature interval of 1400-1600˚C 

was chosen. Figure 4.7 shows the densification change of conventional sintered 

monolithic Al2O3 and Al2O3 containing 0.1 wt% sintering additives (MgO, CaO 

or Y2O3). During conventional sintering, sintering additives generally showed 

similar effects on densification after 1450˚C, and eventually relative density 

reached to 98% of the theoretical value at 1550˚C. However, until 1400˚C 

densification trends were different, where alumina with MgO additive has the 

highest and alumina with Y2O3 additive has the lowest relative density values. 
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Figure 4.7 Comparison of densification efficiency achieved by conventional 
sintering on monolithic alumina with three different sintering additives. 

 

 

Figure 4.8 shows the densification of microwave sintered alumina with the same 

amount of sintering additives as above. Unlike the conventional sintered Al2O3 

ceramics with different additives, densification of the microwave sintered 

ceramics is different from each other. Up to 1600˚C MgO additive seems to be the 

best one to enhance densification, and Y2O3 is the least efficient additive. The 

reason of this densification change with microwave sintering might be varying 

diffusion activation energies of different additive material ions in correlation with 

the ones of the O2- and Al3+ ions of the parent material. 
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Figure 4.8 Comparison of densification efficiency achieved by microwave 
sintering on monolithic alumina with three different sintering additives. 

 

 

To provide a comprehensive discussion on the effect of sintering additives on the 

densification of Al2O3 ceramics, microstructural investigation was done on the 

conventional and microwave sintered ceramics processed at 1500˚C for 1 hour. It 

is evident from Fig. 4.9 that average grain size of the conventional sintered Al2O3 

is smaller than that of the microwave sintered Al2O3 processed under identical 

condition.  
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 4.9 Microstructures of conventional and microwave sintered monolithic 
Al2O3  and Al2O3 containing sintering additives processed at 1500˚C for 1 hour 
(a) conventional sintered plain Al2O3, (b) microwave sintered plain Al2O3, (c) 
conventional sintered Al2O3/0.1 wt% MgO, (d) microwave sintered Al2O3/0.1 
wt% MgO, (e) conventional sintered Al2O3/0.1 wt% CaO, (f) microwave 
sintered Al2O3/0.1 wt% CaO, (g) conventional sintered Al2O3/0.1 wt% Y2O3, (h) 
microwave sintered Al2O3/0.1 wt% Y2O3. 
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(e) 

 
(f) 

 
(g) 

 
(h) 

Figure 4.9 (Continued) 

 

 

Figures 4.10 and 4.11 show the hardness change of conventional and microwave 

sintered Al2O3 ceramics as function of sintering temperature, respectively. The 

change of hardness with sintering temperature for conventional and microwave 

sintered Al2O3 is consistent with the densification data provided (Fig. 4.1). 
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Figure 4.10 Hardness change of monolithic Al2O3 in the plain form and with 
sintering additives as function of sintering temperature processed by 
conventional method. 
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Figure 4.11 Hardness change of monolithic Al2O3 in the plain form and with 
sintering additives as function of sintering temperature processed by microwave 
heating. 
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Figures 4.12 and 4.13 present indentation fracture toughness values of monolithic 

Al2O3 in the plain form and with sintering additives processed by both 

conventional and microwave sintering as function of temperature. Indentation 

fracture toughness of conventional sintered ceramics decreases with temperature 

due to probably abnormal grain growth. At 1400˚C Al2O3 with 0.1 wt% Y2O3 

additive has the highest fracture toughness because of smaller grain size along 

with microcracking present in the microstructure. At this temperature Y2O3 is still 

in solid form not in interaction with Al2O3 matrix inhibiting grain growth. 

However, after 1550˚C Y2O3 starts to interact with Al2O3, and hence results in 

pronounced grain growth rate leading to a reduction in indentation fracture 

toughness. 

 

On the other hand, indentation fracture toughness values of microwave sintered 

Al2O3 ceramics did not show remarkable change with temperature and sintering 

additive type. This is a consequence of the comparable sintered characteristics of 

microwave processed Al2O3 ceramics including achieved densifications and 

resulting microstructures such as average grain sizes along with pore amounts and 

distributions.  
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Figure 4.12 Indentation fracture toughness of monolithic Al2O3 in the plain 
form and with various sintering additives processed by conventional sintering as 
function of temperature. 
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Figure 4.13 Indentation fracture toughness of monolithic Al2O3 in the plain 
form and with sintering additives processed by microwave sintering as function 
of temperature. 

 

 

Densification studies on Al2O3 containing sintering additives showed that MgO is 

the most effective sintering aid with respect to others for microwave sintering. In 

order to understand the efficiency of MgO as a sintering aid at temperatures lower 

than 1400˚C, plain Al2O3 and Al2O3/0.1 wt% MgO ceramics were sintered by 

microwave heating between 1000˚C and 1600˚C. Figure 4.14 shows the 

densification change of microwave sintered ceramics as a function of sintering 

temperature applied. Nevertheless, usage of MgO as a sintering aid did not 

provide a remarkable advantage at lower temperatures contrary to the 

anticipations. Densification behavior of microwave sintered plain Al2O3 and 

Al2O3 containing 0.1 wt% MgO is similar during microwave sintering. However, 

at 1100˚C and 1200˚C plain Al2O3 ceramics revealed slightly better relative 

densities being ~3% higher than those achieved in MgO containing Al2O3.  
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Figure 4.14 Comparison of densification efficiency of monolithic plain Al2O3 
and Al2O3 containing 0.1 wt% MgO achieved by microwave sintering at 
different temperatures for 1 h. 

Microstructures of plain Al2O3 and Al2O3 containing 0.1 wt% MgO ceramics 

sintered by microwave heating at 1100˚C and 1200˚C for 1h revealed that MgO 

addition increases porosity and inhibits grain growth suppressing sintering at low 

sintering temperatures. MgO starts to show its aid as an efficient sintering additive 

at temperatures higher than 1300˚C (Fig. 4.15).  
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(a) (b) 

(c) (d) 

Figure 4.15 Microstructural changes of microwave sintered (a) monolithic Al2O3 
sintered at 1100˚C for 1 h, (b) Al2O3/0.1 wt% MgO sintered at 1100˚C for 1 h, 
(c) monolithic plain Al2O3 sintered at 1200˚C for 1 h, (d) Al2O3/0.1 wt% MgO 
sintered at 1200˚C for 1 h. 

 

 

In the light of the information given in Sections 4.1 and 4.2, for the sintering of 

monolithic Al2O3 use of microwave heating is more effective than conventional 

method. Plain monolithic Al2O3 can be sintered to remarkably high relative 

densities (~97%) at only 1300˚C by microwave processing that is a considerably 

low temperature for ceramic processing at which such high densification values 

are quite hard to achieve by conventional sintering. 
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4.3 Characterization of Al2O3/SiCp Nanocomposites 

 
Following the initial part of this study where the effect of microwave heating on 

the densification of monolithic Al2O3 ceramics has been investigated, the study 

has focused on the SiC nanoparticle dispersion in Al2O3 and microwave sintering 

of the resulting Al2O3-based nanocomposites to achieve enhanced mechanical 

properties.  

 

By using the information obtained from the microwave sintering studies on 

monolithic Al2O3 two optimum temperatures were chosen for the sintering of the 

ceramic nanocomposites. Firstly, 1300˚C was applied, since it appears to be the 

lowest temperature to achieve acceptable densification especially by microwave 

sintering. When compared with the data available in literature on this particular 

material, this temperature turns out to be considerably low for the fabrication of 

Al2O3 /SiCp nanocomposites. Generally in the literature, studies on the processing 

of Al2O3 /SiCp nanocomposites have been conducted at sintering temperatures 

above 1650˚C, where mostly pressure was applied simultaneously in the form of 

hot-pressing or hot isostatic pressing to approach the theoretical density as much 

as possible [29, 42, 63]. 

 

Varying amounts of SiC particles were added into Al2O3 by mechanical mixing to 

investigate the effect of second phase incorporation on the sinterability and 

mechanical properties of Al2O3 matrix nanocomposites. Figure 4.16 shows the 

change in densification with the increasing content of dispersed material after 1 h 

sintering at 1300˚C. It is obvious that increasing SiC content has a negative effect 

on the densification rate of Al2O3/SiCp nanocomposites for both methods. This 

can be attributed to the decreasing grain boundary mobility due to the pinning 

effect of the well-dispersed nanometer-sized SiC particles in the alumina matrix, 

which suppresses grain growth, and hence densification. 
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Figure 4.16 Change of densification with SiC content for the nanocomposites  
sintered by both microwave and conventional method at 1300˚C for 1 h. 

However, for SiC additions higher than 10 wt%, microwave sintered 

nanocomposites reveal lower densification rates. This is mainly the consequence 

of thermal expansion mismatch between Al2O3 (α=8.8x10-6˚C-1) and SiC 

(α=4.7x10-6˚C-1) which becomes more dominant at higher additive contents. 

During microwave sintering heating rates are considerably high (above 30˚C/min) 

which results in the formation of residual stress fields in the matrix around the 

intragranular particles leading to cracking during sintering. As the dispersant 

content increases, the densification of microwave sintered nanocomposites 

decreases as a result of pronounced microcracking caused by the thermal 

expansion coefficient mismatch [36, 40]. Figure 4.17 shows the SEM pictures of 

the thermally etched surfaces of Al2O3 /SiCp nanocomposites with 5, 10 and 20 

wt% SiC all sintered at 1300˚C for 1 h by both methods. Poor densification 

characteristic of the nanocomposites with increasing SiC content is evident from 

Fig. 4.17.  
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This is especially true for the material with 20 wt% SiC addition (Fig. 4.17 e and 

f), where no grain formation can be observed with a high amount of residual 

porosity. 

 

 

 (a) (b) 

(c) (d) 

Figure 4.17 SEM micrographs of Al2O3/SiCp nanocomposites with varying SiC 
content sintered at 1300˚C for 1 h by both methods; (a), (b) 5 wt% SiC 
conventional and microwave sintered, (c), (d) 10 wt% SiC conventional and 
microwave sintered, (e), (f) 20 wt% SiC conventional and microwave sintered. 
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(e) (f) 

Figure 4.17 (Continued) 

 

 

To reveal the mechanical properties of Al2O3 /SiCp nanocomposites with varying 

SiC content sintered at 1300˚C for 1 hour microhardness measurements were 

conducted. As anticipated from the densification data presented in Fig. 4.16 along 

with the achieved microstructures shown in Fig. 4.17, measured hardness values 

of the Al2O3 matrix nanocomposites are considerably lower than that of the 

monolithic Al2O3 (Fig. 4.18).  

 

 



67 

0 5 10 15 20
0

2

4

6

8

10

12

14

16

18

20

22

 

 

 Microwave Sintered at 1300°C
 Conventional Sintered at 1300°C

H
ar

dn
es

s,
 H

V
 (G

P
a)

SiC Content (wt%)

Figure 4.18 Hardness of Al2O3 nanocomposites as function of SiC content 
sintered by both microwave and conventional method at 1300˚C for 1 h. 

 

As mentioned above, sintering of Al2O3 /SiCp nanocomposites at 1300˚C was not 

sufficient to achieve densified ceramic nanocomposites with improved properties 

compared to those of monolithic Al2O3. To overcome this problem 1500˚C was 

applied as the second sintering temperature, since it seems to be the lowest 

temperature to achieve the highest possible and comparable densification levels 

by both microwave and conventional processing. Although 1500˚C is a 

moderately high temperature for the pressureless sintering of most common 

engineering ceramic materials, it is still considerably low for the fabrication of 

Al2O3 /SiCp nanocomposites [49, 64]. 

 

For comparison same amounts of SiC particles were added into Al2O3 which were 

sintered at 1500˚C for 1 hour applying either heating method. Figure 4.19 shows 

the change in densification with the increasing content of dispersed second phase. 

It is obvious that increasing SiC content still has a negative effect on the 

densification rate of Al2O3/SiCp nanocomposites for both methods mainly because 
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of the reasons explained previously. However, relative densities achieved at 

1500˚C range from ∼73 to 93% of the theoretical densities for varying SiC 

contents, which were changing between ∼60 and 70% for all SiC amounts after 

sintering at 1300˚C. 
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Figure 4.19 Change of densification with SiC content for the nanocomposites 
sintered by both microwave and conventional method at 1500˚C for 1 h. 

 

XRD of the monolithic Al2O3 and Al2O3/SiCp nanocomposites after the sintering 

process at 1500˚C were investigated to determine the phases present. Obtained 

XRD patterns of conventional sintered monolithic Al2O3 and 1 and 5 wt% SiC 

containing Al2O3 matrix nanocomposites are given in Fig. 4.20. Increasing SiC 

content causes some mullite (3Al2O3·2SiO2) formation because of the 

decomposition of SiC which was not observed in the obtained spectra. 
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Figure 4.20  XRD spectra of conventional sintered monolithic alumina and 
Al2O3 /SiCp nanocomposites after sintering at 1500˚C for 1 h. 

 
 

Figure 4.21 shows the XRD spectra of microwave sintered monolithic Al2O3 and 

1 and 5 wt% SiC containing Al2O3 matrix nanocomposites. Compared to the 

results of conventional sintering, mullite formation is more pronounced during 

conventional sintering caused by differing sintering atmospheres. Microwave 

sintering experiments were conducted under Ar atmosphere, while conventional 

sintering experiments were carried out in air resulting in higher decomposition 

rate of SiC leading to increased amount of mullite formation following the 

interaction of the decomposition products with the Al2O3 matrix. 
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Figure 4.21 XRD spectra of microwave sintered alumina and Al2O3 /SiCp 
nanocomposites after sintering at 1500˚C for 1 h.  
 

 

To understand the effect of temperature increase on the sintering of Al2O3 /SiCp 

nanocomposites, their microstructures were examined on their thermally etched 

surfaces. From Fig. 4.22 it is evident that increasing sintering temperature gave 

rise to grain growth and elimination of the pores at lower SiC contents (<5 wt%) 

especially for microwave sintered samples. However, 1500˚C was still not 

sufficient even for microwave sintering to provide full densification in the case of 

ceramic nanocomposites. For both methods increment in SiC content resulted in 

the increase of the pore amount and pore size, and thus decreasing densification 

because of the thermal expansion mismatch between the matrix and the particles 

which becomes more dominant at higher additive contents. 
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(a) (b) 

(c) (d) 
Figure 4.22 Microstructural changes of Al2O3/SiCp nanocomposites sintered by 
both conventional and microwave heating at 1500˚C for 1 h; (a), (b) 1 wt% SiC 
conventional and microwave sintered, (c), (d) 5 wt% SiC conventional and 
microwave sintered,  (e), (f) 10 wt% SiC conventional and microwave sintered, 
(g), (h) 15 wt% SiC conventional and microwave sintered, (i), (j) 20 wt% SiC 
conventional and microwave sintered. 
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(e) (f) 

(g) (h) 

(i) (j) 
Figure 4.22 (Continued) 
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Following the densification and microstructural evolution investigations, 

mechanical properties of Al2O3 /SiCp nanocomposites were examined by hardness 

and indentation toughness measurements. Figure 4.23 shows the change of 

hardness with SiC content for the nanocomposites sintered at 1500˚C for 1 h. It is 

clear that although increasing temperature enhanced the hardness values of 

Al2O3/SiCp nanocomposites when compared to those sintered at a lower 

temperature (Fig. 4.23), hardness of monolithic Al2O3 decreases with increasing 

SiC content for both of the sintering methods. This result is consistent with the 

densification data presented in Fig. 4.19 which shows the decreasing sintering 

efficiency with increasing second phase content. 
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Figure 4.23 Hardness of Al2O3 /SiCp nanocomposites with varying SiC content 
sintered by both microwave and conventional method at 1500˚C for 1 h. 

 

 

For the conventionally sintered nanocomposites, there is a slight decrease in 

hardness with increasing SiC content up to 15 wt%, which is followed by a little 

rise for 20 wt% SiC. This is thought to be a combined consequence of the applied 
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microhardness measurement technique and the relatively smaller grain and pore 

sizes observed for this nanocomposite (Fig. 4.22 (i)). Hardness values measured 

for the 20 wt% SiC containing conventionally sintered nanocomposite seem to 

have been taken from regions free from pores and microcracks, which are 

microstructural features with a negative effect on the hardness of ceramic 

materials. Therefore, this value does not seem to reflect the average mechanical 

property of this material, and thus should not be considered as deteriorating the 

observed decreasing trend in hardness with increasing SiC content. In the case of 

the microwave sintered nanocomposites the decrease in hardness is more dramatic 

which can be attributed to increasing amount of microcracking with SiC content 

due to the aforementioned thermal expansion mismatch  in the structure caused by 

the residual stress due to considerably higher heating rates typical to microwave 

heating. Nevertheless, compared to the hardness value of 19.2 GPa reported for 5 

wt% SiC containing Al2O3 matrix nanocomposite processed by hot-pressing at 

1775˚C for 4 h [42], 14 GPa of hardness achieved in the current study for the 

same SiC content by microwave sintering at relatively milder processing 

conditions is notable.  

 

Figure 4.24 presents the change of indentation fracture toughness of the 

Al2O3/SiCp nanocomposites as a function of SiC content. For both of the sintering 

methods SiC addition seems to increase the indentation toughness of the 

monolithic Al2O3. This is consistent with the results of the previous studies 

reporting on the toughening effect of SiC addition due to the strength of the 

Al2O3/SiC interfaces which were the consequence of residual compressive 

stresses forming in the  matrix upon cooling because of the thermal expansion 

mismatch [27]. Even though the error margin of the measurements is 

considerable, from Fig. 4.24 it is evident that indentation toughness shows an 

increasing trend with SiC content in the case of microwave sintering. The highest 

indentation toughness value of ∼4 MPa.m1/2 achieved by microwave sintering for 

15 and 20 wt% SiC containing nanocomposites was ca. 50% higher than that of 

monolithic Al2O3 processed under identical conditions. This result is consistent 

with the data of the previous studies on the fracture toughness improvement by 
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SiC particle addition [35, 36, 42], where indentation toughness values such as 

3.25 to 4.70 MPa·m1/2 were reported [35, 36, 42]. In addition to the previously 

mentioned mechanisms, increasing amount of microcracking might have a 

positive contribution on this value, which is consistent with the low densification 

(Fig. 4.19) and hardness (Fig. 4.23) values of microwave sintered nanocomposites 

containing 15 and 20 wt% SiC. In the case of conventionally sintered 

nanocomposites there is a similar increasing trend on indentation toughness with 

SiC content most probably due to the similar effects discussed previously.  
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Figure 4.24 Indentation toughness of the Al2O3 /SiCp nanocomposites 
processed by microwave and conventional sintering at 1500˚C for 1 h with 
varying SiC content. 

 

 

Many previous studies which reported toughness improvement have attributed 

related the results to the change of fracture mode from inter to transgranular type 

along with crack impediment by intragranular particles [29]. Fracture surfaces of 

the nanocomposites containing 20 wt% SiC sintered at 1500˚C for 1 h by 
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conventional and microwave processing are shown in Fig. 4.25 a and b, 

respectively. Fracture mode for both of the materials seems to be a mixture of 

intergranular and transgranular type. Nevertheless, microwave sintered 

nanocomposites reveal a higher fraction of transgranular type of fracture. The 

expected change in the fracture mode from inter to transgranular by the addition 

of SiC particles into Al2O3 has been achieved dominantly by microwave sintering 

in the present case. 

 

 

(a) (b) 

Figure 4.25 Fracture surfaces of Al2O3 /SiCp nanocomposites (a) conventional 
and (b) microwave sintered at 1500˚C for 1 hour. 

 



77 

4.4 Characterization of Al2O3/Yttria Stabilized ZrO2 Particle (YSZp) 

Nanocomposites 

 

Stabilized zirconia particles are frequently being added to alumina matrix in order 

to achieve ceramic composites with improved mechanical properties. In the scope 

of the present study, in addition to the efforts on Al2O3/SiCp nanocomposites, 

investigations were also conducted on yttria stabilized ZrO2 particle (YSZp) 

dispersed Al2O3 matrix nanocomposites. Two different sized stabilized zirconia 

powders were used and both of the resulting nanocomposites were sintered at 

1300˚C and 1500˚C. However, different than the studies on SiC particle dispersed 

nanocomposites, low temperature sintering behavior of Al2O3/YSZp 

nanocomposites was studied at 1300˚C only for a single second phase content of 5 

wt% YSZ.. This part of the investigation was mainly concentrated on the sintering 

studies at 1500˚C to make a better comparison between SiC and yttria stabilized 

ZrO2 dispersed nanocomposites. 

 

5 wt% partially stabilized ZrO2 (3 mol% Y2O3) and stabilized ZrO2 (8 mol% 

Y2O3) powders were added to alumina by mechanical mixing method and sintered 

at 1300˚C for 1 h by both conventional and microwave sintering techniques. 

Similar to Al2O3/SiCp nanocomposites, this temperature was insufficient to 

achieve full densification in Al2O3/YSZp by conventional sintering.  

 

Table 4.1 shows the densification, hardness and indentation toughness values of 

Al2O3/5 wt% ZrO2 (3 mol%Y2O3) and Al2O3/5 wt% ZrO2 (8 mol%Y2O3) 

nanocomposites, respectively. Prior to sintering green densities of all compacts 

were around 55±1% of the theoretical density. After sintering, although 

conventional sintered samples did not show any noticeable densification, 

microwave sintered nanocomposites revealed remarkable densifications values 

reaching to ~89% of their theoretical densities. 
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Table 4.1 Comparison of Al2O3/5 wt% ZrO2 (3 mol%Y2O3) and Al2O3/5 wt% 
ZrO2 (8 mol%Y2O3) nanocomposites sintered by conventional and microwave 
methods at 1300˚C for 1 h.

 

Al2O3/5 wt% ZrO2  
(3 mol%Y2O3) 

Al2O3/5 wt% ZrO2  
(8 mol%Y2O3) 

Conventional 
Sintered 

Microwave 
Sintered 

Conventional 
Sintered 

Microwave 
Sintered 

Relative 
Density (%) 58.8 89.1 57.9 88.7 

Hardness 
(GPa) 2.02±0.44 17.27±1.72 1.69±0.65 17.46±1.35 

Fracture 
Toughness, Kc 

(MPa·m1/2) 
2.02±0.44 3.02±0.45 1.16±0.58 2.61 ±0.75 

 

 

Figure 4.26 (a)–(d) shows the SEM micrographs of conventional and microwave 

sintered nanocomposites sintered at 1300˚C for 1 h. The microstructure formation 

under the applied condition presented in this figure is compatible with the one 

observed in Al2O3/SiCp nanocomposites (Fig. 4.17) under identical sintering 

conditions. From these microstructures it is evident that conventional sintered 

nanocomposites are at the beginning of the intermediate stage of the solid state 

sintering process identified by the presence of an open pore network; where 

microwave sintered nanocomposites seem to be close to the final stage of the 

sintering process with the closed and isolated pore sturucture. In the case of the 

microwave sintered nanocomposites, YSZ particles are located on the grain 

boundaries pinning them, and thus providing finer grain size formation.  
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(a) (b) 

(c) (d) 

Figure 4.26 SEM micrographs of nanocomposites (a) Al2O3/5 wt% ZrO2 (3 
mol%Y2O3) conventionally sintered at 1300˚C, (b) Al2O3/5 wt% ZrO2 (3 
mol%Y2O3) microwave sintered at 1300˚C, (c) Al2O3/5 wt% ZrO2 (8 mol%Y2O3) 
conventionally sintered at 1300˚C, (d) Al2O3/5 wt% ZrO2 (8 mol%Y2O3) 
microwave sintered at 1300˚C. 
 

 

Although densification, hardness and fracture toughness values and 

microstructure of microwave sintered nanocomposites are superior compared to 

those of the conventional sintered nanocomposites, sintering at 1300˚C was not 

sufficient to improve the mechanical properties of monolithic alumina by the 

second phase addition. As a result, to improve densification, hardness and fracture 

toughness and to make a clear comparison between the improvements achieved in 
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Al2O3/SiCp / and Al2O3/YSZp nanocomposites, additional sintering experiments 

were conducted at 1500˚C for 1 h for stabilized zirconia dispersed 

nanocomposites. Furthermore, a brief comparison between the effect of identical 

particle sized partially stabilized and stabilized ZrO2 powder addition on the 

properties of Al2O3 will be discussed. 

 

Figure 4.27 shows the relative density change with the addition of partially 

stabilized zirconia (3 mol% Y2O3) for both conventional and microwave sintering. 

Increasing zirconia content decreased the densification as expected from the 

earlier studies due to similar reasons discussed above. However, the negative 

effect of zirconia addition on densification was less compared to that observed in 

SiC addition. This can be attributed to the thermal expansion coefficients of 

alumina and zirconia which are closer to each other than alumina and SiC. With 

20 wt% ZrO2 addition densification drops to ~88% of the theoretical density 

which has decreased to ~73% for the same amount of SiC addition.   
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Figure 4.27 Change of densification with ZrO2 (3mol% Y2O3) content for the 
nanocomposites sintered by both conventional and microwave method at 
1500˚C for 1 h. 

 

 

Figure 4.28 shows the XRD spectra of 5 wt% partially stabilized ZrO2 (3 mol% 

Y2O3) containing Al2O3 matrix nanocomposites both conventional and microwave 

sintered at 1500˚C for 1 h. Obtained XRD patterns revealed that independent of 

the applied technique processed composites mainly contain Al2O3 and Yttrium 

Zirconium Oxide (ICDD 30-1468) phases as expected.  
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Figure 4.28 XRD spectra of 5 wt% partially stabilized ZrO2/Al2O3 matrix 
nanocomposites after conventional and microwave sintering at 1500˚C for 1 h. 
 

 

Figure 4.29 shows the microstructure of Al2O3/partially stabilized ZrO2 (3 

mol%Y2O3) particle nanocomposites. It is clear that addition of partially stabilized 

ZrO2 particles as the second phase inhibits grain growth compared to monolithic 

Al2O3 as discussed in section 4.1. The nanocomposites which contains 1 wt% 

partially stabilized ZrO2 (is the only exception of this observation where abnormal 

grain growth occured. Unlike the ZrO2 particles (white particles in the 

micrographs) either located on the grain boundaries or on the tripol junctions for 

higher second phase contents, in the case of 1 wt% addition ZrO2 particles seem 

to be trapped within the grains leading to observed abnormal grain growth due to 

inefficient particle-grain boundary interactions. 
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(a)  (b) 

(c)  (d) 

Figure 4.29 Microstructural changes of Al2O3/partially stabilized ZrO2 (3mol% 
Y2O3) nanocomposites processed by conventional and microwave sintering at 
1500˚C for 1 h (a) conventional sintered Al2O3/1 wt% ZrO2, (b) microwave 
sintered Al2O3/1 wt% ZrO2, (c) conventional sintered Al2O3/5 wt% ZrO2, (d) 
microwave sintered Al2O3/5 wt% ZrO2, (e) conventional sintered Al2O3/10 wt% 
ZrO2, (f) microwave sintered Al2O3/10 wt% ZrO2, (g) conventional sintered 
Al2O3/15 wt% ZrO2, (h) microwave sintered Al2O3/15 wt% ZrO2, (i) 
conventional sintered Al2O3/20 wt% ZrO2, (j) microwave sintered Al2O3/20 wt% 
ZrO2 . 
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(e)  (f) 

(g)  (h) 

(i)  (j) 

Figure 4.29 (Continued) 
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Figure 4.30 shows the change of hardness of the nanocomposites with increasing 

partially stabilized ZrO2 (3 mol% Y2O3) content. Although densification 

decreased up to ~88% of the theoretical density, hardness remained at the same 

level with that of the monolithic Al2O3. Moreover, small addition of YSZ (1 wt%) 

increased the hardness value which is consistent with the previous studies in the 

literature which reported that the addition of a small amount of ZrO2 nanoparticles 

to Al2O3 reduced the grain size of Al2O3 matrix grains enhancing its strength [58, 

65]. Although there is not a reduction in the grain size in this study (Fig.4.29-b) in 

the case of 1wt% YSZp addition contrarily to the results of the previous study 

similar hardess increase obtained.  
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Figure 4.30 Hardness of nanocomposites as function of partially stabilized ZrO2 
(3 mol% Y2O3) content sintered by both conventional and microwave method at 
1500˚C for 1 h. 
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Figure 4.31 shows the change of indentation fracture toughness of the 

nanocomposites as a function of partially stabilized ZrO2 (3 mol% Y2O3) content. 

The highest fracture toughness was obtained for Al2O3/5 wt% ZrO2 

nanocomposite. This increase can be attributed to the formation of microcracking 

in the structure resulting from the thermal expansion mismatch between alumina 

and stabilized zirconia which are 8.8x10-6˚C-1 and 10.5x10-6˚C-1, respectively. At 

higher second phase additions, indentation fracture toughness starts to decrease 

with increasing ZrO2 content mainly due to reduction in densification. Although 

indentation fracture toughness follows a decreasing trend at high additive contents 

because of the densification drop, measured values for the nanocomposites are 

still comparable to that of the monolithic Al2O3.  
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Figure 4.31 Indentation fracture toughness of the nanocomposites processed by 
microwave and conventional sintering at 1500˚C for 1 h as function of partially 
stabilized ZrO2 (3 mol% Y2O3) content. 
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8 to 15 mol% Y2O3 is added to ZrO2 to inhibit polymorphic transformation from 

tetragonal or cubic phase to monoclinic phase. Such ceramics are called fully 

stabilized zirconia. In literature generally studies have focused on 

alumina/partially stabilized zirconia composites and their properties. However, 

usage of fully stabilized zirconia could be useful to improve mechanical 

properties of alumina as well.  

 

For this reason, in the present study ZrO2 fully stabilized with the addition of 8 

mol% Y2O3 has also been used as a second phase dispersion in Al2O3 matrix 

nanocomposites. Figure 4.32 shows the change in densification of 

Al2O3/stabilized ZrO2 (8 mol% Y2O3) nanocomposites for five different additive 

contents. The decrease in the densification with the addition of stabilized ZrO2 is 

evident from this figure as in the case of SiC and partially stabilized zirconia 

additions. However, different than the other results following an initial drop 

densification did not show considerable ZrO2 dependence. This can be attributed 

to the locating of second phase particles preferentially on the grain boundaries 

rather than being trapped within the grains. As a consequence, both pore 

elimination and suppression of excessive grain boundary mobility seem to be 

balanced leading to the uniform densification behavior. 
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Figure 4.32 Change in densification with ZrO2 (8 mol% Y2O3) content for the 
nanocomposites sintered by both conventional and microwave method at 1773 
K for 1 h. 
 

Figure 4.33 shows XRD spectra of 5 wt% stabilized ZrO2 (8 mol% Y2O3) 

containing Al2O3 matrix nanocomposites sintered by either conventional or 

microwave methods at 1500˚C for 1 h. Observed results are similar to those of 

Al2O3 /partially stabilized ZrO2 (3 mol%Y2O3) nanocomposites. Detected peaks 

belong to Al2O3 and Yttrium Zirconium Oxide phases. However, in the case of 

microwave sintered Al2O3 /5wt% stabilized ZrO2 nanocomposite, mullite peaks 

are present in the spectrum most probably caused by deposition of mullite on the 

surface of the sintered body due to decomposition of the susceptor material (SiC) 

interacting with the Al2O3 in the system under the sintering temperatures applied.  
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Figure 4.33 XRD spectra of 5 wt% stabilized ZrO2 (8 mol% Y2O3) containing 
Al2O3 matrix nanocomposites sintered by either conventional or microwave 
methods at 1500˚C for 1 h. 

 

 

Comparison of the microstructures of Al2O3/stabilized ZrO2 composites showed 

similar behavior with the one observed in partially stabilized zirconia added Al2O3 

nanocomposites (Fig. 34.a - j). With increasing ZrO2 content, grain size of the 

matrix decreased especially in the case of conventional sintered nanocomposites. 

Microwave sintered materials reveal higher average grain size than conventional 

sintered composites. Similar to Al2O3/partially stabilized zirconia nanocomposite, 

microwave sintered 1 wt% stabilized ZrO2 containing Al2O3 also showed 

abnormal grain growth. However, this time structure appears to be more porous. 

The difference in grain size could be one of the reasons of enhanced densification 
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achieved by microwave sintering compared to that obtained by conventional 

sintering.  

 

Furthermore, microstructural observations on all fabricated materials including 

SiC and ZrO2 dispersed Al2O3 nanocomposites revealed that second phase 

particles generally pin the grain boundaries limiting their mobility, and thus 

leading to a decrease in the average grain size of the fabricated nanocomposites. 

Nevertheless, with the increasing grain growth rate, as in the case of the 

microwave sintering, grain boundaries rip off the second phase particles leaving 

them trapped within the grains. Such a high grain boundary mobility also sets a 

barrier against effective pore elimination leading to isolated intragranular porosity 

detrimental for full densification.   
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(a) (b) 

(c) (d) 

Figure 4.34 Microstructural comparison of Al2O3/stabilized ZrO2 (8 mol% Y2O3) 
nanocomposites processed by conventional and microwave sintering at 1500˚C 
for 1 h (a) conventional sintered Al2O3/1 wt% stabilized ZrO2, (b) microwave 
sintered Al2O3/1 wt% stabilized ZrO2, (c) conventional sintered Al2O3/5 wt% 
stabilized ZrO2, (d) microwave sintered Al2O3/5 wt% stabilized ZrO2,  (e) 
conventional sintered Al2O3/10 wt% stabilized ZrO2, (f) microwave sintered 
Al2O3/10 wt% stabilized ZrO2, (g) conventional sintered Al2O3/15 wt% stabilized 
ZrO2, (h) microwave sintered Al2O3/15 wt% stabilized ZrO2, (i) conventional 
sintered Al2O3/20 wt% stabilized ZrO2, (j) microwave sintered Al2O3/20 wt% 
stabilized ZrO2. 
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(e) 
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(i) 

 
(j) 

Figure 4.34(Continued) 
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In Fig. 4.35, hardness of Al2O3/stabilized ZrO2 (8mol% Y2O3) nanocomposites is 

presented for varying second phase content. In the case of stabilized zirconia 

addition, hardness of the nanocomposites did not show a strong second phase 

content dependence. There is a slight fluctuation in the measured hardness values 

for all compositions which is almost within the error margin of the measurements. 

This observation can be attributed firstly to the lower densification of 

nanocomposites with respect to monolithic Al2O3, and secondly to the weak grain 

boundary structure because of thermal expansion mismatch between the matrix 

and the second phase particles. In order to make a more accurate comparison, 

investigations have to be done on fully densified nanocomposites and 

corresponding monolithic matrix.  
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Figure 4.35 Hardness of nanocomposites as function of fully stabilized ZrO2 (8 
mol% Y2O3) content sintered by both conventional and microwave method at 
1500˚C for 1 h. 
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As can be seen in Fig. 4.36 indentation fracture toughness of the Al2O3/stabilized 

zirconia, nanocomposites showed very similar trend with Al2O3/partially 

stabilized zirconia materials. Both types of Al2O3/zirconia nanocomposites 

showed lower indentation fracture toughness values with respect to Al2O3/SiCp 

nanocomposites, although they reveal higher densification and hardness which 

can be attributed to the considerably larger particle size of the zirconia compared 

to SiC along with the relative thermal expansion coefficient differences between 

Al2O3, SiC and ZrO2. Zirconia has the highest thermal coefficient among these 

ceramics causing it to shrink more during cooling stage than Al2O3 which creates 

residual compressive stresses at the particle/matrix interface. As a result of this, 

the efficiency of crack impediment by the relatively large zirconia particles 

surrounded by a compressive stress field decreases. For the effective crack 

impediment, particle/matrix interface should reveal a controlled “weakness” 

mostly by the presence of limited residual tensile stresses so that crack deflection 

can operate leading to a net increase in the total path of the advancing crack. 

Despite this fact indentation fracture toughness values of Al2O3/zirconia 

nanocomposites are still between 2.0 to 3.5 MPa.m1/2 range which is due to the 

fine average grain size and crack impediment by the second phase particles. 

 

On the other hand, Al2O3/SiCp nanocomposites revealed indentation fracture 

toughness improvement with increasing SiC particle content. Lower thermal 

expansion coefficient of SiC compared to Al2O3 matrix results in the formation of 

residual tensile stresses at the particle/matrix interface upon cooling from the 

process temperature. Consequently, nanometer sized SiC particles homogeneously 

distributed within the Al2O3 matrix, which posses a residual tensile stress field 

around them, are extremely effective in deflecting an advancing crack, and hence 

dissipating its energy leading to an enhancement in fracture toughness. 
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Figure 4.36 Indentation toughness of the nanocomposites processed by 
microwave and conventional sintering at 1500˚C for 1 h as function of ZrO2 
(8mol% Y2O3) content. 

 

 

Figure 4.37 shows fracture surfaces of Al2O3/5 wt% ZrO2 (3 mol% Y2O3) and 

Al2O3/5 wt% ZrO2 (8 mol% Y2O3) nanocomposites as representative for all 

Al2O3/YSZp nanocomposites. All of the Al2O3 matrix nanocomposites 

independent of the type or amount of the ZrO2 addition revealed intergranular 

fracture as evident from the fractographs provided in Fig. 4.34. 
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(a) (b) 

Figure 4.37 Fracture surfaces of Al2O3/ZrO2  nanocomposites microwave sintered 
at 1500˚C for 1 hour (a) Al2O3/5 wt% ZrO2 (3 mol% Y2O3), (b) Al2O3/5 wt% 
ZrO2 (8 mol% Y2O3). 
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CHAPTER 5 
 

 

CONCLUSIONS 

 

 

 

In the present study, effect of microwave sintering on the densification, 

microstructural evolution and mechanical properties of monolithic Al2O3 with or 

without sintering additives as well as of nanometer-sized SiC or YSZ particle-

dispersed Al2O3 matrix nanocomposites containing varying amounts of second 

phase particles has been studied in comparison to conventional sintering. To 

understand the effect of microwave sintering on the resulting properties of the 

matrix material used in this study, preliminary experiments were conducted on 

monolithic plain Al2O3 at temperatures between 1000˚C and 1600˚C. In addition 

to this, three different types of sintering aids (MgO, CaO, Y2O3) were added to 

Al2O3 to enhance its densification by eliminating abnormal grain growth. 

According to the results achieved from the experiments on monolithic Al2O3, 

microwave and conventional sintering studies on Al2O3 matrix nanocomposites 

were conducted at two different selected temperatures, which were 1300˚C and 

1500˚C. These were the lowest applied temperatures revealing a reasonably high 

densification level in monolithic Al2O3 by microwave sintering. As a result of this 

study, the following conclusions can be drawn: 

 

1. Microwave heating is more effective in sintering Al2O3 compared to 

conventional pressureless sintering especially at lower temperatures 

(<1400˚C). To achieve comparable microstructures and mechanical properties, 

conventional sintering has to be conducted at temperatures ∼200˚C higher than 

those used for microwave sintering. Consequently, microwave sintering 

provides energy and time saving owing to its higher efficiency. 
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2. Hardness and indentation fracture toughness values of monolithic Al2O3 

increased with densification achieved at higher sintering temperatures. 

Especially elimination of residual pores with increased temperature had a 

positive effect on hardness of monolithic Al2O3 resulting in a tendency which 

is in accordance with the Hall-Petch relationship. However, as a result of 

abnormal grain growth hardness and fracture toughness values started to 

decrease for both conventional and microwave sintering after 1500˚C. 

3. Incorporation of SiC and YSZ particles to form Al2O3/SiCp and 

Al2O3/YSZp nanocomposites caus es reduction in densification rate compared 

to monolithic Al2O3 for both conventional and microwave sintering methods. 

However, the negative effect of zirconia addition on densification was less 

pronounced compared to that observed in SiC addition. 

4. Hardness values of the Al2O3/SiCp nanocomposites are considerably lower 

than that of the monolithic Al2O3 due to the inefficient densification at the 

selected sintering temperatures of 1300˚C and 1500˚C. Hardness of the 

nanocomposites did not show a strong second phase content dependence. 

5. For both of the sintering methods SiC addition improved indentation 

toughness of monolithic Al2O3. Especially in microwave sintering, fracture 

mode of Al2O3 changed from inter to transgranular by the addition of SiC 

particles. 

6. At higher second phase contents, indentation fracture toughness of 

Al2O3/YSZp nanocomposites starts to decrease mainly due to reduction in 

densification.  

7. Resulting nanocomposites revealed poorer densification, and hence 

hardness compared to monolithic Al2O3; however, they showed remarkable 

improvement in fracture toughness corresponding to crack growth impediment 

caused by the crack deflection at the dispersed particles as well as at the grain 

boundaries. 
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Following remarks could be stated for possible future studies in the field of 

microwave sintering of alumina-based ceramics to complete and improve the 

results achieved in this study. Firstly, higher sintering temperatures could be 

applied for the processing of alumina matrix nanocomposites to obtain higher 

densification levels. Shorter sintering periods at higher temperatures could be 

applied in order to demonstrate the pronounced efficiency of microwave sintering 

compared to its conventional counterpart. These studies could be supported by 

complementary XRD analyses to provide insights on the effects of the resulting 

phase content on the mechanical properties of the fabricated alumina matrix 

nanocomposites. Furthermore, microwave sintering behavior of the polymorphs of 

Al2O3 could be studied in comparison to conventional sintering. 
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