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ABSTRACT OF THE DISSERTATION  

Particle size/ grain size correlation and mechanical properties of spark plasma sintered  

8Y-ZrO2, MgAl2O4, and Al2O3 based composites 

by 

Keyur Kashinath Karandikar  

Doctor of Philosophy in Engineering Sciences (Mechanical Engineering)  

University of California, San Diego, 2018 

Professor Olivia Graeve, Chair 

 The primary goal of this dissertation is to obtain relationship between the two 

fundamental ceramic processing parameters of particle size and grain size distribution in order 

to describe grain growth in ceramic oxides. Commercial powders of cubic zirconia (8Y-ZrO2), 

Spinel (MgAl2O4), and Alumina (Al2O3) were characterized for particle sizes by using dynamic 

light scattering. Agglomeration of powder particles was avoided using surface chemistry and 

planetary ball milling. Lower average sizes by as much as 50% along with narrower distribution 

were obtained as compared to the as-received information.  

 Using the advanced technique of Spark plasma sintering highly dense fine-grained 

commercial ceramic oxides were fabricated grain sizes varying from 150 nm to >10 µm. 

Average grain size and size ratio calculated using powder particle sizes were used to empirically 

model grain growth tendencies among ceramic oxides at different sintering temperatures (950-



 

xviii 

1300℃). Activation energy of grain growth was also calculated for all the sintered composites. 

Spinel sintered composites exhibited slowest grain growth (range of grain size = 1.7-2.3 µm) 

amongst the single-phase ceramics while α-Alumina specimens exhibited grains in the range of 

10.5-16 µm. For multiphase ceramics, 8Y-ZrO2/Al2O3 exhibited uniform grain size compared 

to spinel-based binary composites while the novel three-phase composite were also studied.  It 

was concluded that multiphase composites exhibit limited grain growth tendency, as indicated 

by a 10x smaller size ratio when compared to single phase composites. For each ceramic oxide, 

sintering experiments were performed using powders with two different particle sizes (~100 

and ~200 nm).  Results indicate that larger-sized powders result in slower grain growth but 

eventually achieve higher grain size at temperatures >1200°C. 

An extensive analysis of hardness properties was analyzed by plotting Hall-Petch 

relationship for the sintered single/multiphase ceramic oxides. A strong correlation of hardness-

grain size relationship was observed for single phase ceramic oxides and ternary composite 

(R2~0.8). On the other hand, fracture toughness values for most of the ceramic oxide samples 

sintered contained a scatter of results for microstructures with different grain sizes; thereby no 

correlation was obtained. Fractal micrography study of sintered single/multiphase composites 

highlighted the presence of primary inter-granular/trans-granular or mix modes of failure. The 

effects of different heating rates on the microstructure and sintering kinetics via master sintering 

curves of single, binary and ternary phase composites were also studied
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CHAPTER 1:  INTRODUCTION AND MOTIVATION 

1.1 Ceramic oxides materials   

Oxide-based ceramics are a part of advanced materials that are being favored over 

metal-based systems for today’s engineering applications1. They possess various material 

properties like resistance to abrasion, chemical inertness, high melting point,  favorable 

mechanical properties of hardness and toughness, that are responsible for better performance at 

lower costs2.  

Consequently, these ceramics in their single/multiphase mixtures have shown promising 

potential for various modern applications, few of which are summarized below in Table 1.1 

Table 1.1 Novel engineering applications for advanced ceramic oxides 3–6  

Ceramic materials  Application  

Hydroxyapatite, Tricalcium 

phosphate 

Bio-ceramics used in Medicine for stents, bone 

tissue. 

Aluminum, Zirconium, 

Magnesium oxides 

Petroleum waste, drinking water purification, 

treatment of gases. 

Corundum +eutectic additions  Sealing/Insulation in valves, spark plug, ceramic 

substrates for electrical/electronic components. 

Zirconium dioxide (PZSD),  Metal cutting tools, wear- resistant applications. 

Nanostructured oxides like RuO2 Supercapacitors for high electrical charge storage 

Rare earth oxide, yttria stabilized 

zirconia  

Thermal barrier coatings for heat engines, turbine 

blades 
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1.2 Oxide ceramics surrogate for nuclear project  

Ceramics are playing an important role in the field of nuclear power as they find their 

usability in for fission/fusion reactor fuels, moderators, control rods, radioactive waste disposal. 

Uranium(UO2), plutonium ((U, Pu) O2) and thorium (ThO2) oxide-based fuels are currently 

being used as ceramic fuels for generating nuclear power. They have been noted to have many 

benefits that include high melting point, corrosion resistance, stability to irradiation, fewer 

difficulties in manufacturing and so on. Simultaneously, respective carbide and nitride of these 

radioactive elements are also being tested for future radiation experiments. Besides the 

commonly used boron carbide, europium hexaboride and oxides are studied for their use in 

control rods in nuclear reactors. These rods play an important part in controlling the fission 

reaction through absorption of by-product neutrons. Lastly, Borosilicates, single phase zircon-

based systems are also considered for the purpose of permanent disposal of radioactive waste 

products. 

Thus, based on the current scenario, it can be believed that ceramics are increasingly 

going to play an essential role in the development of nuclear power energy in the future. A 

significant area of growth is actual nuclear fuel itself, as oxide-based fuels that are most 

common in existing nuclear reactors exhibit substantial limitations. Firstly, they show low 

thermal conductivity, (UO2 fuel: 2.9 W/mK at 1273°C which drops down to 1.8 W/mK at 

2273°C)7 resulting in large temperature gradients between the center and surface of the fuel 

pellets causing them to crack. Lastly, they exhibit poor thermal shock resistance thereby 

observing brittle behavior at low temperatures (<1200°C) and low fuel density. 

The present doctoral research work was a part of a multiple institute collaboration 

project8 that aims to overcome the limitations of conventional nuclear fuels through the concept 
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of advanced inert matrix oxide fuel. The primary goal of the project is to develop 

nanocrystalline inert matrix multiphase nuclear fuel with higher efficiency, longer lifetimes, 

and better tolerance to accidents for future nuclear reactors. The use of fine/nanostructured 

ceramic oxides is explored to fabricate an advanced material that will act as surrogates for the 

nuclear fuel. The ceramics are expected to add following advantages to the advanced fuel: 

• Use of finer grain sized ceramics will lead to improvements in overall mechanical 

strength thereby thermal shock resistance. 

• Solve the problem of melting and cracking of fuel pellets by increasing the effective 

thermal conductivity of UO2 matrix.  

• Ceramics having submicron/nano-grain sizes are found to be more ductile and even 

show superplasticity;9 This enhanced plasticity will be helpful especially at higher 

temperatures to make the fuel more, safer in case of overheating.  

Accordingly, it was decided that Yttria-stabilized cubic zirconia (8Y-ZrO2) be a suitable 

candidate material as non-radioactive surrogates along with depleted UO2. 8Y-ZrO2 with is 

cubic structure is isostructural with UO2 and possesses similar properties, i.e., low thermal 

conductivity, poor ductility and rapid oxygen diffusion.10 The stable phases of Spinel 

(MgAl2O4) and alumina (α-Al2O3) are chosen additional phases primarily for imparting higher 

thermal conductivity after radiation damage to the matrix fuel. Besides, the presence of multi-

phases plays a big part in retention of fine grain sized microstructure of the overall matrix, 

which is beneficial as shown previously. The respective model of advanced inert matrix oxide 

fuel is shown in Figure 1.1 
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Figure 1.1 Model multiphase fine-grained ceramic oxide surrogate material for advance inert 

matrix fuel  

Thus, the selection of ceramic oxides for the present thesis topic was based upon the 

suitability of these materials for the inert multi-matrix fuel project. The current doctoral 

research has been expected to play an essential part of for actual sintering of single /binary and 

multiphase ceramic composite samples of fine grain sizes (~100nm) and high sample density 

(> 90%).  

1.3 Particle size, sintering, and grain size distribution  

The given ceramic oxides are fabricated using advanced methods to obtain fine/ultrafine 

microstructures which then affect the bulk properties of the respective material. It is known that 

fine-grained structures can either enhance the given material properties or introduce novel 

properties respectively. According to Maier,11, 12 these factors can be classified as “trivial” size 

effects or “real” effects in properties due to size. For example, mass transport, bulk density, or 

mechanical properties of ceramic oxides like zirconia, alumina improve as the average grain 

size decreases.11 On the other hand, ultra-fine spinel (grain size <40nm) exhibits unique optical 
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transparency, ferrites (AB2O4) exhibit novel superparamagnetic behavior at grain sizes between 

10-60 nm.  

 

Figure 1.2 Schematics of ceramic sintering process 

 

To obtain these advanced fine/nano-structured composites, it is necessary for a deeper 

understanding of fundamental factors that govern the ceramic powder processing technique 

itself. As shown in Figure 1.2, the two primary elements, i.e., the particle size of the powders 

that affect the green compact and the sintering parameters that exist at different stages of 

processing are responsible for optimizing resulting compacts with a specific grain size. The 

particle size distribution of the powder itself is a reliable indicator of the extent of 

agglomeration, homogenous nature of particles, and their densification tendency when they 

form solid compacts. On the other hand, the actual stage of densification or “sintering” is also 

controlled by single or combination of multiple factors namely, magnitude and duration of 

pressure applied, the temperature during sintering of powders, the rate of heating/cooling, 

microwave or electrical parameters and the actual type of sintering itself. The combination of 

these two factors results in a unique grain sized microstructural composite which is responsible 

for its material properties – mechanical, electrical, optical, magnetic and so on. A summary of 
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few literature studies is provided in Table 1.2 below as a reference to highlight the impacts of 

powder processing parameters on material properties of different ceramic oxides.  

Table 1.2 Literature study information regarding importance of particle size and grain size 

distribution in ceramic material properties 

Author Year Properties affected by particle/grain size distribution 

Bo̸jesen et al.13 2012 Different particle sized powders affect the thermal 

conductivity of ZnO at low temperatures. 

Huang et al.14 2012 Particle size affects the magnetic properties of single-

phased NdFeB magnets. 

Eilers et al.15 2009 Small particle sizes affect the optical properties in 

Y2O3: Er, Yb oxides used for making solid-state lasers. 

Gao et al.16 1999 Use of different sintering parameters (heating rate, 

temperature) in spark plasma sintering to obtain SiC-

ZrO2-Al2O3 composites of high bending strength. 

Wu et al.17 2013 Sintering parameters affect the thermoelectric 

properties of CaCO4O9+δ. 

An et al.18 2012 Increasing the sintering temperature improves the 

transparency and hardness of Lutetium aluminum 

garnet. 

 

 

 



 

 

7 

Overall, it is found that literature studies performed by researchers mainly focuses on 

the effects sintering parameters on the final microstructures and resulting material properties. 

The present doctoral research emphasized the importance of powder morphology and 

specifically of particle size on the subsequent ceramic processing (sintering). The goal was 

achieved by studying the impact of particle size distribution on grain sizes of several 

single/binary or ternary phase composites.  The respective chapters 2-5 thus focus on accurate 

characterization of commercial powders for their particle sizes, sintering of these powders to 

obtain composites with variable grain sizes, the mechanical strength of respective composites 

and lastly analyze the role played by the heating rate of sintering via master sintering curves.
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CHAPTER 2:  PARTICLE SIZE DISTRIBUTION 

2.1 Motivation for particle size distribution studies 

The role of particle size on material properties has been presented in literature summary 

in the previous chapter 1. Concerning sintering of ceramics, particle size has been known to 

impact the green density of the compact. This density is affected by the extent of packing 

uniformity19, 20 as well as packing density21, 22 (how loosely or tightly particles are packed) 

inside the die.  As a result, amount of porosity present in the final sintered sample can vary. 

Secondly, during sintering with the increase in temperature, powder particles start undergoing 

surface diffusion and combine to undergo grain growth expansion.23 If the powder has 

agglomerated particles, it results variability to the extent of surface diffusion. Smaller particles 

will undergo rapid diffusion with temperature as compared to larger particles and thereby 

combine with each other to form large grains (surrounded by finer ones) to results in overall 

abnormal grain growth.24 This non-uniformity can also cause pores, defects, and thereby 

leading to internal density fluctuations that affect sintering thereby affecting the overall 

performance of the specimen. Accurate particle size information of powders is thereby essential 

to obtain homogeneous, dense ceramic compact. 

 Previous research includes various advanced synthesis techniques like colloidal 

processing,25 spray pyrolysis26 that have produced fine ceramic oxide powders. These 

controlled processing techniques result in particles which are more homogenous in size, to 

synthesize a powder with narrow particle distribution. However, in general, the commercial 

powders of ceramic oxides are obtained by bulk traditional manufacturing processes that have 

less control over particle morphology leading to potentially wide distribution in particle sizes. 

Furthermore, a low emphasis is placed on powder characterization and treatment due to 

economic factors in case of large-scale industrial production.27 Hence the typical procedure 
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followed by vendors to provide particle size information of a commercial powder as a single 

value (median size of the particles) as shown in Table 1.1 labeled as “vendors size” lacks 

accuracy. This inaccurate information is critical for comprehending the validity post-

experimental results obtained in many cases, this fact is explored in literature. For example, 

Zemetsova et al.28 concluded that increase in alumina powder particle size (40 nm to 200 µm) 

synthesized by sol-gel method lead to decrease in overall flexural strength of the sintered 

composites. Instead of synthesized powders if commercial submicron and nano-powders of 

alumina are used without sufficient characterization processes, any unreliability in case of 

powder size measurements can affect the respective mechanical strength of sintered composites 

thereby leading to further errors in post-processing data of the respective specimens. 

Thus, the current chapter primarily focuses on in-depth characterization of commercial 

powders in their respective individual phases as well as in their binary and ternary mixtures. 

Using the advanced experimental technique of dynamic light scattering (DLS) along with 

surface chemistry concepts (Zeta-potential) and high energy ball milling the aim of the present 

research was to obtain an entire distribution of particle size (30+/- 5 nm instead of just 

mentioning size as 30 nm) with minimum agglomeration. These results are essential to check 

the quality and homogeneity of powder purchased and to use further the accurate data obtained 

in next step of ceramic powder processing, i.e., sintering. 

2.2 Powder information and properties 

The ceramic oxides used in the present research study are polycrystalline powders of 

Yttria-Stabilized Zirconia (8Y-ZrO2), Spinel (MgAl2O4), and Alumina (Al2O3). In general, 

these materials are used for diverse engineering applications precisely due to their 

optical/mechanical properties.  
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 Polycrystalline 8Y-ZrO2 due to its high refractive index of 2.2 and sizeable dielectric 

constant is an excellent candidate for an optical material.29 Additionally, a high ionic 

conductivity of this material (due to yttria-doping) also makes it an excellent electrolyte for 

solid oxide fuel applications.30 On the other hand, spinel exhibits high strength, and transparent 

properties in the mid-infrared region (4.5-5.5 um).29 It is commonly used in lenses, infrared-

windows, and protective windshields in defense industry. 31 Lastly, α-alumina or corundum (α-

Al2O3) is known for its corrosive resistance, hardness, and insulating properties; thus, its 

application is mostly in abrasives and polishing slurries.29 It is important to note that the 

presence of a nano-/submicron-grained microstructure has also been observed to be a key 

reason for their superior mechanical strength,32 optical transparency, thermal conductivity, and 

superplasticity.33 Additional essential material properties of respected ceramics are listed in 

Table 2.1 Furthermore, all the ceramic vendors were contacted for additional powder 

information that includes impurity analysis, results and method of particle size characterization, 

this information is summarized in Table 2.2. 

Table 2.1 Material properties of Ceramic oxides of Cubic Zirconia, Spinel and α-Alumina.27,32-35 

Parameters Cubic Zirconia 

(8Y-ZrO2) 

Spinel  

(MgAl2O4) 

Alumina 

 (α-Al2O3) 

Theoretical Density (g/cc) 6.010 3.579 3.987 

Crystal structure Cubic (Fm3m) Cubic (Fd3m) Trigonal (R3c) 

Melting point (K) 2345  2408  2345  

Elastic modulus (GPa) 218 277  215  
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Table 2.2 Information related to particle size, impurities and characterization method regarding 

ceramic oxide commercial powders obtained from different vendors 

Powder/ 

Vendor 
Size information Method Impurity analysis 

8Y-ZrO2 

Tosoh Corp. 

0.6 µm 

(D50 size) 

BET/Sieving Purity: ZrO2 + HfO2 +Y2O3 = >99.7 wt% 

Impurities: Al2O3, SiO2, 

Fe2O3 = 0.01-0.1 wt% 

8Y-ZrO2 

Skyspring. 

0.3-0.5 µm 

(particle size) 

SEM/TEM Purity: 99.9% 

Impurities: Sm, Gd, Eu, B, 

Cd = ≤ 10ppm, Hf ≤300ppm 

8Y-ZrO2 

Skyspring. 

20 nm 

(Particle size) 

SEM/TEM ZrO2 + HfO2 = 86%, Y2O3 = 13.5% 

Impurity: Fe2O3, Na2O, SiO2, TiO2, 

Al2O3 = 0.002-0.03 wt% 

α-alumina 

Skyspring. 

40nm 

(Particle size) 

TEM Purity:  > 98%, 

Fe2O3: 0.26%, MgO: 0.005%, 

SiO2: 0.033% 

α-alumina 

Skyspring. 

150nm 

(Particle size) 

TEM Purity: 97.26%, 

Impurity: 

H2O: 0.25% Ca, Fe, K, Na= 5-16 ppm 

α-alumina 

Taimei.* 

0.05-0.2 µm 

(particle size) 

Sedigraph Purity: 99.99% 

Impurity: 

K, Ca, Fe, Ti, Na, Mg, So, Cu < 25ppm 

α-alumina 

Baikowski. 

500 nm 

(Particle size) 

TEM Purity: N/AImpurity: 

Fe, Na, Si, Ca, K,Mg,= 5-23 ppm 

Ti, Cr, Mn, Ni, Cu, Zn ≤ 1ppm 

Spinel 

Baikowski 

0.2 µm 

(Particle size) 

BET/TEM Purity: ≥ 99% MgAl2O4 

Impurity: Fe, Na, Si, Ca = 6 - 41 ppm, 

S = 700 ppm 

Spinel 

Sigma Aldr. 

< 50nm Sieving --------N/A--------- 

* Powder was obtained from Pred materials, USA 
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2.3  Powder characterization methods and experiments 

 

 

Figure 2.1 Dynamic light characterizing technique used for particle size distribution.34, 35 Figure 

A highlights the schematics of laser diffraction system with laser pulse scattered by resulting 

particles and collected by a detector at an angle ϴ. Figure B indicates the variations in resulting 

scattering as a function of intensity over time by smaller and larger powder particles as they 

undergo Brownian motion in the dispersion solution.   

 

 

A. 

B. 
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Dynamic light scattering (DLS) is a well-known technique used to determine average 

particle size or diameter (D50) of particles over a broad range of powder sizes between 0.1 nm 

to <5 µm.36, 37 According to the literature,38–40 the D50 measurement called as the hydrodynamic 

diameter is related to particle diffusion when immersed in a liquid and is considered to be the 

equivalent diameter of a spherically shaped body having same translational diffusion coefficient 

as the particle. Thus, for our purpose of powder measurements, this diametrical measurement 

was obtained by assuming the powder particles and their agglomerates being assumed having 

a spherical shape. It is cheap, easy to operate, and a non-destructive method used to measure a 

large number of particles thereby giving a size distribution profile of the resulting powder. The 

target powder is first suspended in a non-polar solvent, and a small batch is placed inside the 

load cell of the DLS equipment. It uses a laser source to illuminate the mobile powder particles 

governed by Brownian motion, that scatter light in all directions (Figure 2.1A). Depending 

upon the particle morphology, the intensity of scattering light fluctuates is measured which is 

related to particle size by Stokes-Einstein equation41 (Figure 2.1B).  

A fundamental requirement for sample preparation for DLS characterization is that the 

stability of the dispersion containing respective powder and the solvent.42, 43 The accuracy of 

the particle size distribution results depends upon if the powder particles in the colloidal 

dispersion remain suspended throughout the measurement process. This problem arises because 

if the solution is unstable, then agglomeration of powder particles occurs, thereby resulting in 

considerable particles settling down. The resulting laser scattering only occurs for the small 

powder particles that remain suspended in the solution thereby leading to an error in overall 

particle size.  
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Figure 2.2 Change in zeta potential concerning to pH in solution and respective stability of the 

suspension. The isoelectric point is the point where zeta potential is 0mV, i.e., the solution 

undergoes maximum deagglomeration. 

 A known popular indicator of dispersion stability is surface chemistry concept of “Zeta 

potential.”  Zeta potential is the charge associated with individual particle when it is suspended 

in a liquid also defined as the potential of the boundary layer, i.e., stern layer according to 

double layer theory.40, 44 In case of submicron/nano-powder based dispersion, powder particles 

tend to stick each other either forming soft agglomerate due to weak Vander Waals forces of 

attraction when undergoing collision due to Brownian motion or either exist as hard aggregates 

held by strong chemical bond.45 Zeta potential is vital to avoid as higher surface charge results 

in greater electrostatic repulsive forces among the particles to consequently remain suspended 

in the solution and thus, can be useful in reducing soft agglomeration. Information relating to 

suspension stability and zeta potential values has been presented in various studies46–49 and 

summarized in Figure 2.2 which indicates that zeta potential greater than ± 30 mV is a good 

indicator of a stable deagglomerated dispersion/suspension.  
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Since the current project involves characterizing commercial ceramic oxide powders of 

various particle size range, optimum sample preparation conditions are necessary to obtain a 

given stable suspension. Soft agglomerates in powders need to be removed so that the actual 

size represents the hard-aggregate particle size only. Thus, for this purpose we established 

following four factors that can be modified to eventually achieve high zeta potential values for 

the powder based dispersion:   

1. As concluded from Figure 2.2, pH value and tendency (acidic /basic) of the solution 

affects the stability of the suspension. For the current study, for most of the 

dispersions, the pH is adjusted to acidic behavior (pH 3-4) by adding varying 

concentrations (0.1-0.001 N) of hydrochloric acid. A short experiment has been 

described to explain the pH effects on suspension stability in case of zirconia 

powders in the next section.  

2. The choice of dispersion medium affects the surface charge of the particles thereby 

affecting the zeta potential. Therefore, it should be important to select a specific 

dispersion liquid that does not chemically affect the powder particles50; Common 

polar/non-polar solvents like water, ethanol, isopropanol were different candidates, 

and each has different dielectric constant and isoelectric point. For the current 

research DI water (dielectric constant =79) as dispersion liquid since it is found out 

to give the highest potential and thereby appropriate particle size. 

3. The type and duration of dispersion/stirring method used to mix particles in the 

liquid also govern the agglomeration tendency and thereby zeta potential of the 

system. Various literature studies have highlighted the effects of type of 

ultrasonication and the duration on agglomeration of powders.51 Thus, according to 
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empirical data for current ceramic oxide powder based dispersions, 15 minutes of 

stirring time followed by 15 minutes of ultrasonication bath was deemed sufficient 

to obtain stable dispersion conditions. 

4. The stability of the dispersion is also determined according to dilution/concentration 

of the solution. For this purpose, the DLS system has powder loading limits for a 

given dispersion;39 as highly diluted solution contains a low amount of particles 

which will lead to less scattering and thereby resulting in a less accurate sample size 

for particle size distribution. On the other hand, the concentrated solution will have 

more collisions among the mobile particles in the liquid leading to agglomeration 

and eventually sedimentation of the powder at the bottom. Furthermore, the solution 

will be more viscous and affect the parameters in Stoke’s equation, thereby causing 

measurement errors.52 For the current study, concentrations of ceramic oxide 

dispersions were adjusted between 0.05-0.1 vol% of the solution depending on 

theoretical powder density. 

It is important to note that for obtaining particle size results in the present study, five 

different sample runs of the same solution were measured, and for every individual run, five 

readings for particle size were obtained regarding mean number distribution (mN). Mean 

number distribution(mN) is a statistical count of a given number of particles of the powder 

belonging to particular size range. To ensure the repeatability of results, another solution was 

made with same dispersion condition to get additional readings. It is important to note that 

particle size results in each powder in this study are an average of at least 50 size distribution 

readings necessary for accuracy and reliability purposes. Similarly, for zeta potential value of 

every powder is an average of a minimum of 5 different values from two solutions that are 
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prepared separately.  Additionally, the specifications and the model image of the current 

machine are tabulated as follows: 

Machine details Nanotrac Wave 2 

 

Manufacturer info Microtrac Inc., 

Montgomeryville, PA 

Standard deviation ± 7 nm 

Instrument precision 1.1% (20 runs) 

Zeta potential ± 5 mV 

 

Further preliminary experiments were performed to explore the effects of changes in 

pH and thereby resulting variations in zeta-potential values that are responsible for particle size 

distribution. These “Zeta potential mapping” experiments were performed on three different 

types of commercial zirconia powders (ZrO2). These commercial powders were pure 

monoclinic ZrO2, yttria-stabilized tetragonal ZrO2, and cubic ZrO2 or 8Y-ZrO2 obtained from 

different vendors (sky spring. and Tosoh Corporation). Suspensions with different 

concentrations of powders ranging from 0.01 to 0.2 volume% in water were prepared and 

treated with 15min with stirring and ultrasonication (ultrasonication bath). The resulting 

solutions prepared were modified to different pH values between 3-11 using concentrated 

solutions of HCl and NaOH (0.1-0.001 N). DLS was used to measure the zeta potential and 

particle size of the resulting dispersions to obtain a curve like one shown in Figure 2.2. 
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Figure 2.3 Zeta potential (mV) vs. pH values for increasing concentrations of YSZ-3Y or 3Y-ZrO2 

by volume % 

 

Figure 2.4 Zeta potential (mV) vs. pH values at various concentrations (vol %) of YSZ-8Y or 8Y-

ZrO2 
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Figure 2.5 Zeta potential (mV) vs. pH values at various concentrations of monoclinic ZrO2 

The results in Figure 2.3,Figure 2.4 and Figure 2.5 exhibit the changes in zeta potential 

values with variations in pH of the solution for given three zirconia powders. The isoelectric 

point or the point of complete deagglomeration (potential = 0 mV) was found to be in the acidic 

range of pH, i.e., 4-6 and was similar for monoclinic, tetragonal cubic zirconia commercial 

powders. The given results for isoelectric point for commercial powders of zirconia agree 

within the limits with respect to those obtained in literature for ZrO2,
48 8Y-ZrO2, and 3Y-ZrO2,

53 

thereby proving the validity of the experiments. Furthermore, we can also conclude that for 

different powder concentrations, we obtain the highest zeta value of >40 mV, i.e., indicating 

the most stable suspension was obtained for a pH value of 3. This result shows that the zirconia 

powder should be stabilized using acidic solutions for obtaining stable solution rather than in 

higher pH or basic range. We can assume that the negative charge of O2
- ions are attracted to 

positive H+ anions that could form a stable stern layer which is responsible for higher zeta 
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potential values at lower pH. Thus, the given approach was used to optimize the other powders 

of cubic zirconia as well as spinel, α-alumina to obtain maximum suspension stability. Reliable 

and accurate particle size distribution measurements could be then achieved for the given 

powders. An example of this methodology is provided in Table 2.3 below, where stable 

solutions with particle size results of a representative 8Y-ZrO2 powder were obtained by 

carefully optimizing parameters that vary the zeta potential, one at a time 

Table 2.3 Example of experimental matrix highlighting the effect of changes in four different 

factors (highlighted in italics) to affect the stability of the solution. The respective particle size is 

provided along with zeta potential results in the comment column for the given powder of 8Y-

ZrO2(0.3-0.5 µm). This approach was used to obtain the accurate size distribution of respective 

ceramic oxide powders. *st= stirring time, Ul=ultrasonication time.   

Ceramic 

powder   

Conc. Mixing 

condition 

pH Dispers

ant 

Particle size 

(nm) 

Comments 

8Y-ZrO2 

(0.3-

0.5um) 

0.32g/25ml

(0.13M) 

St.:15min 

Ul: 5 min 

~7 Water 103.2 ± 23.8 Zeta pot. = +55.0 mV 

Excellent stability 

8Y-ZrO2 

(0.3-

0.5um) 

0.32g/25ml 

(0.13M) 

St.:15min 

Ul: 5 min 

~7 Ethanol 185.7 ± 0.3 Zeta pot. = 28.1 mV 

Less stable more 

particle size than #1 

8Y-ZrO2 

(0.3-

0.5um) 

0.32g/25ml 

(0.13M) 

St.:15min 

Ul: 5 min 

~7 Isopropa

nol 

51.1 ± 18.8 Less particle size than 

#1, but zeta potential is 

out of bounds 
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2.4 Particle size distribution results 

Table 2.4 Particle sizes of single-phase commercial ceramic oxide powders indicating the 

difference in particle sizes as provided by powder manufacturers and measured by dynamic light 

scattering.   

Powder Vendor 

size 

(nm) 

Designation Initial size (D50) by DLS 

(nm) 

8Y-ZrO2  

(Sky spring) 

300-500 (8Y-ZrO2)1 97.5 ± 12 

20 (8Y-ZrO2)3 120 ± 18 

8Y-ZrO2 (Tosoh) 600 (8Y-ZrO2)2 240 ± 36 

MgAl2O4 (Baikalox) 200 (MgAl2O4)1 242 ± 24 

MgAl2O4 (Sigma) <50 (MgAl2O4)2 295 ± 89 

Al2O3 (Sky Spring.) 40 (Al2O3)1 160 ± 90 

Al2O3 (Baikowski.) 500 (Al2O3)2 482 ± 130 

Al2O3 (Taimei) 100-300 (Al2O3)3 155 ± 52 

Al2O3 (Skyspring) 150 (Al2O3)4 274 ± 70 

 

The column in Table 2.4 is labeled as “vendor size” which indicates the size information 

provided by the powder manufacturers and while the size results obtained from our dynamic 

light scattering (DLS) experiments labeled as “initial D50 size”. Comparing the results from 

these two sub-columns, we find considerable differences in values in almost 6 out of the whole 

nine powders characterized. In some cases, measured particle sizes of powders are greater than 
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twice the vendor size (example-(8Y-ZrO2)3, (Al2O3)1) while in other cases their D50 sizes are 

smaller (8Y-ZrO2)1, (8Y-ZrO2)2, (MgAl2O4)1) than size provided. 

 A major factor in these differences lies in the accuracy of the data of vendor sizes which 

was emphasized in the motivation section 1.1 before. These inconsistencies are primarily due 

to the measurement techniques used by vendors for displaying their size information. After 

confirming with respected powder manufacturers, it was found out that the techniques used for 

particle size characterization by commercial powder vendors were mainly from sieving of 

powders or analyzing images obtained from microscopy techniques of SEM and moreover 

TEM; as represented in Table 2.2. The sample size in these measurements can be minimal, i.e., 

regarding few particles. Therefore, for accurate particle size distribution of entire powder, since 

commercial powders are rarely of single shape and size, large sampling is required, and imaging 

techniques prove to be expensive and time-consuming. Furthermore, it is hard to incorporate 

the presence of hard/soft particle agglomerates into one single reading of particle size result. 

This limitation is also observed when powder size is assumed to be less than the size of the 

sieve through which it is passed.  On the other hand, the stable powder dispersions in DLS 

contains a large sample size (thousands of particles), and hence we could map the entire 

distribution of the powder by giving the upper, and the lower limit of particles present through 

standard deviation values. This method was proved to be further helpful if the powder is 

bimodal as it can display the values of the two-particle size peak value in the powder (discussed 

in multiphase powder characterization section). Further, pursuing dynamic light scattering that 

involves the concept of Brownian motion can be more favorable for characterizing non-

spherical shaped particles rather than manually selecting the largest dimension of the resulting 

particles for from SEM images. Thus, as pointed out before in the motivation section 1.1, the 
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DLS results are more helpful in case of experiments which requires multiple nano- or submicron 

ceramic powders with minimal difference in sizes.  

These observations are found to be coherent with a similar study performed by Souza 

et al.54 although the literature data obtained for a single powder of TiO2 instead of the extensive 

nature of the present study. The given researchers concluded that readings from the DLS 

method (stated as mN in the present study, DLS-number in corresponding literature) gave a 

better approximation of the size of the commercial Titania powder than the respective TEM 

measurements. Hence for the given study, characterization of the necessary ceramic oxide 

powders of 8Y-ZrO2, alumina, and spinel by dynamic light scattering method was considered 

to be more accurate and reliable than using size information obtained from vendors. This 

method was significant for the sake of current particle-grain size research and the nuclear fuel 

project since different nano/submicron grain-sized and high-density composites must be 

obtained with the primary availability of fine powders being of utmost importance before 

sintering. 

A secondary application use of present particle size processing technique using zeta 

potential can be found in Frank et al.55  where the individual alumina particles were 

characterized before they were fabricated into solid compacts by using freeze casting process 

through magnetization. The author observed a discrepancy between DLS measured and supplier 

provided particle sizes for submicron alumina powders. The measured particle sizes were 

195nm, 225nm and 350nm as compared to supplier estimations of 150nm, 300nm, and 500nm 

respectively. The resulting entire size distribution data of powders allowed calculation of extent 

of surface magnetization per particle size that occurs during freeze casting for individual 

powders. This calculation allowed to analyze the extent of adsorption of super-paramagnetic 
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magnetite particles on individual alumina powders and thereby optimize the efficiency of the 

given method.  The variations in surface magnetized powder also affected the tendency of 

growth of lamellar microstructure in the respective sintered scaffolds which were thereby 

responsible for improvements in the respective mechanical properties notably, Young’s 

modulus and strength. 

2.5 Effect of milling in particle size distribution  

The previous section emphasized on accurate particle size distribution of ceramic oxide 

powders especially for a current research study that is related to fine sintering composites. The 

accuracy is achieved mainly by reducing the amount of particle size agglomeration or in other 

terms soft agglomerates.  The suspension stability studies cannot alone be sufficient to eliminate 

the presence of soft agglomerates. This fact can be more prominent in especially nano/-

submicron-sized powders where Van der Waal's adhesive forces between particles are strong 

enough to resist the four factors. Hence additional mechanical treatments of the powder itself 

have been carried out by using high energy planetary ball milling. The milling conditions were 

optimized for preferred dry milling of the powders. Wet milling method was not used to avoid 

the presence of organic residues/solvents and effects on particle sizes/agglomeration from heat 

treatment during powder drying. Since this process is performed without any solvents, short 

runs of high-speed milling were performed for dry mixing. Due to the hard nature of Al2O3, 

8Y-ZrO2 and MgAl2O4 powder particles, tungsten-carbide milling bowls and vials are used. 

Further information on the planetary ball mill used as well as regarding the dry milling method 

in the current research is stated accordingly in Table 2.5 
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Table 2.5  Specifications of the planetary milling machine and the dry milling conditions. 

Machine details Frtisch Pulverisette 5 planetary ball mill 

 

Manufacturer info Fritsch GmbH, Germany 

Milling cycle/Batch 12 cycles per batch, 3 batches of milling 

Cycle time/speed  3 min at 220rpm 

Total milling time 36 minutes 

Milling media WC-bowl (50ml volume), 

WC-balls (10mm) 

Table 2.6 Experimental results obtained for different batches of ball-milling of few ceramic 

powders in increasing amounts of milling time and the effects on particle size distribution. Note 

that the respective size distributions were carried out at stable zeta potential suspensions (>30mV) 

Batch 1 is 12 cycles, Batch 2 is 24 cycles, and Batch 3 is 36 cycles respectively. 

 

Powder Vendor 

size 

(nm) 

Initial 

size 

(nm) 

 Milled Size 

Batch 1(nm) 

Milled Size 

Batch 2(nm) 

Milled Size 

Batch 3(nm) 

(8Y-ZrO2)1 0.3-0.5 µm 97.5 ± 12 83 ± 6 80 ± 14 82 ± 14 

(8Y-ZrO2)3 20 nm 120 ± 18 121 ± 27 81 ± 14 96 ± 23 

(8Y-ZrO2)2 90 nm 240 ± 36 209 ± 52 168 ± 39 178 ± 17 

(MgAl2O4)2 <50 nm 295.5 ± 80 208 ± 48 182 ± 42 150 ± 41 

(MgAl2O4)1 300 nm 242 ± 24 108 ± 15 98 ± 17 84 ± 15 

(Al2O3)1 40 nm 160 ± 90 107 ± 72 N/A N/A 

(Al2O3)2 500 nm 482 ± 130 274 ± 53 

(Al2O3)3 100-300nm 155 ± 52 149 ± 21 

(Al2O3)4 150 nm 274 ± 70 231 ± 54 N/A N/A 
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The results of multiple planetary ball milling run on commercial ceramic powders is 

shown in Tabe 2.6. it can be concluded in almost all the powders of zirconia and spinel in the 

table; the use of ball milling helps in powder characterization by eliminating agglomerates; as 

indicated by lower average particle size results with narrower standard deviation. In case of 

Spinel (MgAl2O4)1 (Baikalox) powder, the initial particle size measured by DLS are reduced 

by as much as 50% as indicated after milling (as shown by values in batch 1-3 milling). Thus, 

the results corroborate with literature studies highlighting the refinement in particle size due to 

milling by other researchers.56–59 Additionally, it was observed that the first run of ball milling, 

i.e., batch one milled particle size results showed maximum reductions in data when compared 

to initial readings. Other batches 2 and 3 of the powder obtained by additional ball milling 

lowers the particle size significantly (considering standard deviation of values) only in Spinel 

150nm powder. Especially in case of alumina powders, the particle sizes were not affected 

significantly by standard deviations and hence no further batch 2&3 milling results have been 

noted in Table 2.7. In fact, in some instances, additional planetary milling of powders caused 

a slight increase in average size in (8Y-ZrO2)2 and (8Y-ZrO2)3 powders. Thus, overall planetary 

milling was efficient in breaking up soft agglomerates, but over milling the powder could also 

potentially result in re-agglomeration by the increased electrostatic attraction between particles; 

a phenomenon which has also been observed in the literature.60 

To summarize, we can conclude that planetary ball milling and accurate particle size 

results with stable dispersions help to determine optimum milling conditions to obtain a 

uniform, deagglomerated single-phase powders. For additional supplemental information, 

average size distribution plots of one of (8Y-ZrO2)2, (Al2O3)4 and (MgAl2O4)1 powders have 

been provided in Figure 2.6A&B. Furthermore, SEM micrographs have also been provided in 
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figure Figure 2.7 that shows the powder morphology of as-received powders (left figures) and 

respective powders after milling(right) for additional information.  

 

 

Figure 2.6A Particle size distribution by DLS of individual sample powder of (Al2O3)3 (Fig. E, F) 

single phase ceramic size powders. The results about change in particle sizes before and after 

milling are highlighted.  
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Figure 2.6B Particle size measurements by DLS of commercial powders of (8Y-ZrO2)2 as-received 

from the vendor in fig. A, (8Y-ZrO2)2 after ball milling in fig. B, (MgAl2O4)1 as-received from the 

vendor in fig. C, and (MgAl2O4)1 in Fig. D after undergoing planetary milling. Each measurement 

curve is an average of 5 runs.  
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Figure 2.7 SEM micrographs of as received(left) and milled powder(right) of single-phase ceramic 

oxides of 8Y-ZrO2 (in the previous page), MgAl2O4 and Al2O3 (present page) 
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2.6 Particle size measurements and milling of multiphase powder mixtures  

Table 2.7 Particle size distribution measurements of binary and ternary phase powder mixtures 

of 8Y-ZrO2, MgAl2O4, and Al2O3-based ceramic oxides. The mixtures are in equal proportion by 

volume, i.e., 50-50 in case of binary mixtures and 1/3-1/3-1/3 in case of ternary phase. The last 

column indicates the high zeta potential values of stable dispersions necessary to characterize 

these powders. 

 
Powder Particle size DLS (nm) Zeta Potential (mV) 

1 (8Y-ZrO2)1/(MgAl2O4)1 91 ± 15 47 ± 3 

2 (8Y-ZrO2)2/(MgAl2O4)1 204 ± 38 56 ± 2 

3 (8Y-ZrO2)1/(Al2O3)1 98 ± 17 50 ± 8 

4 (8Y-ZrO2)2/(Al2O3)3 173 ± 43 40 ± 8 

5 (8Y-ZrO2)1/(Al2O3)3 92 ± 14 48 ± 4 

6 (8Y-ZrO2)2/(Al2O3)2 207 ± 33 56 ± 4 

7 (Al2O3)1/(MgAl2O4)1 143 ± 25 53 ± 3 

8 (Al2O3)2/(MgAl2O4)1 201 ± 38 61 ± 3 

9 (Al2O3)3/(MgAl2O4)1 147 ± 22 55 ± 3 

10 (8Y-ZrO2)1/(MgAl2O4)1/(Al2O3)1 100 ± 26 40 ± 3 

11 (8Y-ZrO2)2/(MgAl2O4)1/(Al2O3)2 204 ± 43 56 ± 6 

12 (8Y-ZrO2)2/(MgAl2O4)1/(Al2O3)3 197 ± 52 56 ± 4 

13 (8Y-ZrO2)1/(MgAl2O4)1/(Al2O3)3 118 ± 27 46 ± 8 
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One of the primary goals of current doctoral research is to sinter binary and ternary 

phase ceramic oxides composites with grain sizes varying between nano to submicron grain 

sizes. For this purpose, it is necessary to obtain an accurate characterization of mixed powders 

for resulting multiphase composites. This characterization is also necessary to study effects of 

respective “particle size of mixtures on respective grain size.” Thus, the commercial powders 

of 8Y-ZrO2, MgAl2O4, and Al2O3 were mixed in equal proportions by volume to obtain 

different multiphase powders; these powders are designated accordingly in Table 2.7. Planetary 

ball milling was again used to performing mixing using the same dry milling conditions as 

noted in Table 2.5 

A significant aspect of this research study is the obtain accurate DLS characterization 

of multiphase powders by mixing different single-phase powders. These size results for several 

binary phases and ternary phases powder results are presented in Table 2.5. The results for 

binary mixtures indicates most of the particle size of binary powders are in the range of 100-

200nm. These values are consistent with the milled results individual powder particle sizes 

discussed in Table 2.6 without significant aggregation. The mixture powders with average 

particle sizes closed to 200nm have higher-standard deviations and thus are also validated as 

the corresponding individual phased powders ((8Y-ZrO2)2, (Al2O3)2) have higher particle sizes. 

Particle size results tabulated for the different ternary phase mixtures characterized in Table 

2.6 and are observed in the same range between 100-200nm. Thus, the current experimental 

particle size methods are more reliable than just using an analytical method of the rule of 

mixtures that outputs a single average size of the multiphase powder mixture. DLS plots of 

milled binary/ternary phase powders are provided as a supplemental data in Figure 2.8.  
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Figure 2.8 Particle size distribution results obtained by DLS of binary sample powder of (8Y-

ZrO2)2/(Al2O3)3, and (8Y-ZrO2)2/(MgAl2O4)1/(Al2O3)2 ternary phase ceramic size powders. 
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2.7 Conclusion  

The motivation, results, and discussion in chapter 2 have highlighted the significance of 

characterizing commercial ceramic oxide powders using the advanced and reliable technique 

of dynamic light scattering of resulting powder based stable suspensions over traditional 

powder information provided by vendors. The respective powder refining to further attain 

accurate particle size by planetary ball milling is also summarized. The binary and ternary equal 

volume mixtures of powders have also been obtained and efficiently characterized. This 

information played an essential part in sintering of these powders to obtain different grain size 

composites as described in the next chapter 3.  

Chapters 2, in part. are currently being prepared for submission for publication of the 

material. Karandikar, Keyur; Graeve, Olivia A.; Mecartney, Martha L.; Ohtaki Kenta; Travis, 

Austin; Evokodimiko Ekaterina; Cummings, Kira. The dissertation/thesis author was the 

primary investigator and author of this material under the title “Correlation between powder 

particle size and sintered grain size distributions in ceramic oxides:  A spark plasma sintering 

study.” The thesis author was responsible for extensive particle charaterization, ball milling, 

sintering, and grain growth analysis of ceramic oxide single/multiphase composites. 
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CHAPTER 3: SINTERING RESULTS & PARTICLE-GRAIN SIZE CORRELATION 

3.1 Spark Plasma Sintering: Background and motivation   

 

 

Figure 3.1 Timeline diagram regarding the background and the history of spark plasma sintering 

process. 61, 62 

 

 

Figure 3.2 Publication history and trends related to use of spark plasma sintering to process 

potential advanced engineering materials.63
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The use of advanced ceramic processing technique of Spark Plasma Sintering (SPS) has 

played a key part in the current research to obtain various nano- to micron grain sized single 

and multiphase composites. These composites were sintered from commercial ceramic oxide 

powders as characterized in chapter 2. Spark plasma sintering (SPS) has found wide 

application in the processing of advanced materials especially for the variety of ceramics64–66 

and metals/glasses.67–69 The technique offers numerous advantages, which include high heating 

rates (in some cases greater than 500 °C/min), fast sintering times (generally <10 minutes), 

resulting in highly dense compacts (>99% theoretical density) and fine grain sizes. Further, as 

compared to other sintering techniques like hot-pressing, conventional sintering, SPS includes 

additional advantages like ease of operation, reliability, and safety. Lastly, the efficient sintering 

of commercial powders is achieved with fewer or no additives to the fabrication process.70  

A summary of the history of spark plasma sintering technique is illustrated in the 

timeline in Figure 3. While the impact of electric current in sintering was studied in in 1906, 

pressure-based and electric discharge sintering was experimented by researchers in the later 

years. Spark Plasma Sintering was first researched and patented in the USA by Inou et al.71 in 

1966, while it took almost 25 years before this process was commercially made available in 

1990 in Japan by Sumitomo Heavy industries limited. Since then for the past three decades, the 

popularity of SPS has grown at an exponential rate as indicated by the number of published 

papers in Figure 3.2 due to its contribution in obtaining novel property based materials. It has 

also led to a large material processing based patents and has thus played a key role in making 

progress to obtain materials modern engineering applications.  
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Figure 3.3 Principle set up for spark plasma sintering furnace 

The principle mechanism behind spark plasma sintering is the application of uniaxial 

pressure and direct current pulses along with temperature profile under vacuum/low 

atmospheric conditions directly thereby aiding rapid consolidation of powders as exhibited in 

Figure 3.3. During the sintering process by SPS, various densification mechanisms play an 

important role in obtaining a uniform and fine microstructure.61, 72 As observed in conventional 

sintering, different transport mechanisms of the surface, grain boundary, and lattice diffusion 

are involved in the sintering and densification process during SPS.63 In addition to these factors, 

the presence of high current (kA) small electric pulses applied to the powder compact between 

the dies leads to the formation of localized heating due to “Joule’s heating” occurring at the 

surface of the particles which further helps in rapid densification of powder. Furthermore, as 

described in literature70, 73, 74, the densification tendency of ceramic powders during SPS is 

governed by two processes that are opposite. On the one hand, plastic deformation is primarily 

responsible for this compaction, when applied pressure during sintering is higher than the yield 

stress of the densified ceramic powder material. Alternatively, the electric pulse effect results 

in the creation of high surface charged particles of the powder (ceramic powders are mainly 
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non-conductive). The excess charge leads to ionization of gases presents in pockets between 

two particles of loosely packed powder in the die, thereby causing melting of the powder due 

to localized heating at its surface; resulting in a homogenous microstructure and a solid compact 

with less porosity. Depending on powder properties (electrical, mechanical) and morphology, 

the densification tendency can be primarily due to plastic deformation or surface melting of 

particles. 

3.2 Experimental setup and sintering load diagrams 

 

Figure 3.4 Photograph of spark plasma sintering furnace at Alfred University, New York. The 

graphite die-cone arrangement along with the sample inside the die is shown in the inset picture 

to the right. 

The ceramic oxide powders were loaded and pre-pressed into a graphite punch die setup 

(Ø = 18.75 mm) using a 3-ton hydraulic press at 3MPa.  High purity and density graphite die 

obtained from were used for this purpose. They were then placed inside the chamber of a spark 

plasma sintering (SPS) furnace (Model HP D25, FCT Systeme, Frankenblick, Germany) in the 
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given die-cone setup (onset picture in Figure 3.4) and subjected to a continuous vacuum 

atmosphere during the sintering process. The die was wrapped around a graphite jacket that 

helps in maintaining a uniform temperature between the center of the sample and outside die 

surface. This setup helped to avoid the temperature gradients across the radius of the sample 

pellet thereby aiding uniform sintering of the powder. The sintering temperatures were 

measured using an optical pyrometer (effective at temperatures >450°C) aimed at the surface 

of the die at the center of the sample. The sintered pellets obtained were 19 mm in diameter and 

about 5 mm in thickness with varying densities depending on sintering parameters. The range 

of different sintering parameters used in the present research is tabulated in Table 3.1 given 

below.  

Table 3.1 Range of sintering parameters used to obtain variable grain sized and dense ceramic 

composites. 

Ceramic 

oxide 

 

Press.

MPa 

Sintering 

temperature 

Hold 

time 

Heatin

g rate 

°C/min 

Coolin

g rate 

°C/min 

%Theoretical 

density range 

8Y-ZrO2 100 950°C-1300°C 5 10 10 88.0% to > 99% 

MgAl2O4 100 940°C-1300°C 5 10 50 78% to > 99% 

Al2O3 100 900°C-1300°C 5 10 50 81% to > 99% 

8Y-ZrO2/ 

MgAl2O4 

100 1000°C-1300°C 5 100 50 91% to >99% 

Al2O3/ 

MgAl2O4 

100 1000°C-1300°C 5 100 50 81% to >99% 

8Y-ZrO2 

/Al2O3 

100 1000°C-1300°C 5 100 50 80% to >99% 

8Y-ZrO2/ 

MgAl2O4/ 

Al2O3 

100 950°C-1300°C 5 100 50 63% to >99% 

 

As discussed in the introduction to fulfill the main goals of this doctoral research we 

needed to obtain single/multiphase ceramic composites of variable grain sizes along with high 
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density (>90% theoretical density). Apart from using ceramic powders with different particle 

size, sintering temperature was the key SPS parameter that was optimized to obtain these 

compacts. As a starting point, an important experimentally obtained plots, i.e., load diagrams 

were used to predict resulting density of sintered composite for a given set of sintering 

parameters. These loading diagrams are graphical plots of sintering temperature, the 

displacement of the top and bottom pistons/electrodes, piston speed (rate of piston 

displacement) on Y-axis as a function of sintering time on X-axis. The broad spike or “hump” 

in the speed profile simultaneously sharp increase in the displacement curve indicated the start 

of sintering activity normally known as initial sintering stage in literature. Most of the work in 

densifying the sample is done in the initial stage of sintering, and hence sintering temperature 

(temperature at which sample is held before cooling down) plays an important part in 

optimizing the final theoretical density of the sample.  

This concept is further elaborated by providing graphical illustrations in the Figures 

3.5-3.9 between the loading diagrams of each of representative single, binary, and ternary 

ceramic oxides.  The resulting plots in Figures 3.5-3.9 exhibit completion of sintering process 

in the plots on the right side, specifically at higher sintering temperatures. This completion was 

found to be indicated by the presence of a spike in the velocity profile, and the location of the 

spike can be extrapolated vertically on the temperature profile (blue curve) to obtain a specific 

temperature range. For example, in case of (8Y-ZrO2)2, the primary work of sintering 

activity/densification begins at 850°C and ends around 1000°C. The spike in velocity curve also 

corresponds to increase in displacement curve (green curve). Thus, the overall density of the 

sample can be optimized by heating the sample at a specific temperature in this range (or 

sintering temperature); furthermore, heating the sample beyond sintering temperature leads to 
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not only complete densification but also grain growth; this is discussed in the subsequent results 

section. Thus, using load diagram variable densified samples were obtained for single/binary 

and ternary phase composites as summarized in Table 3.1. An important point to note that 

during initial stages of load diagram, the sensitivity of optical pyrometer, the pressure applied, 

affects the velocity/displacement curves and hence are not an indicator of sintering activity. 

Also during the cooling stages of sintering cycle, the resulting curves are rather an indicator of 

the cooling activity of piston/electrodes rather than actual densification of the sample. Thus, the 

velocity and the displacement profiles in the initial heating and final cooling stages were not 

considered in our analysis. 

 
Figure 3.5 Loading diagram for (Al2O3)2 single phase partial sintered composite (left plot) and 

fully sintered composite (right plot) with the respective temperature, displacement, and velocity 

profiles of the piston. The spike on the velocity of the full sintered composite indicates densification 

tendency; its position is extrapolated on the temperature curve which indicates that the primary 

work of sintering occurs between >900°C to ~1000°C. 
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Figure 3.6 Loading diagram for single phase (MgAl2O4)1 partially sintered composite (left plot) 

and fully sintered composite (right plot) with the respective temperature, displacement, and 

velocity profiles of the piston. The spike on the velocity of the full sintered composite indicates 

densification tendency; its position is extrapolated on the temperature curve which indicates that 

the primary work of sintering occurs between >800°C to ~1050°C. Hence partial sintering is 

observed by small spike on the 900°C loading diagram on the left. 

 

Figure 3.7 Loading diagram for single phase (8Y-ZrO2)2 partially sintered composite (left plot) 

and fully sintered composite (right plot) with the respective temperature, displacement, and 

velocity profiles of the piston. The spike on the velocity of the full sintered composite indicates 

densification tendency; its position is extrapolated on the temperature curve which indicates that 

the primary work of sintering occurs between >820°C to ~1030°C. Hence partial sintering is 

observed by small spike on the 940°C loading diagram on the left. 
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Figure 3.8 Loading diagram for single phase (8Y-ZrO2)2/(Al2O3)3 partially sintered composite (left 

plot) and fully sintered composite (right plot) with the respective temperature, displacement, and 

velocity profiles of the piston. The spike on the velocity of the full sintered composite indicates 

densification tendency; its position is extrapolated on the temperature curve which indicates that 

the primary work of sintering occurs between >920°C to ~1200°C. Hence partial sintering is 

observed by small spike on the 1000°C loading diagram on the left. 

 
Figure 3.9 Loading diagram for three-phase (8Y-ZrO2)2/(MgAl2O4)1/(Al2O3)3 partially sintered 

composite (left plot) and fully sintered composite (right plot) with the respective temperature, 

displacement, and velocity profiles of the piston. The spike on the velocity of the full sintered 

composite indicates densification tendency; its position is extrapolated on the temperature curve 

which indicates that the primary work of sintering occurs between >950°C to ~1150°C. Hence 

partial sintering is observed by small spike on the 1000°C loading diagram on the left. 
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3.3 Post-sintering characterization: Density, X-ray diffraction, Polishing, Imaging 

All the samples summarized in were characterized by density analysis and surface 

porosity using Archimedes principle (Table 3.1). The procedure as stated in ASTM C37375 

involves calculations concerning dry weight, saturated weight, and suspended weight under 

vacuum in water. Formulas for calculating % theoretical density are as follows: 

Sintered Density =  
Saturated weight − Suspended weight

Dry weight 
 

% theoretical density (sample) =  
Theoretical powder density − Sintered density

Theoretical powder density 
 

The values for theoretical powder density were taken from table 2.1 for single phase; 

while for binary phase and ternary phase it was calculated using the rule of mixtures with 

respective individual powder density values. The resulting data is primarily important to 

generate densification curves for sintered ceramic oxides; these are described in the latter 

sections. 

Fracture surfaces of the specimens were obtained using ultra high-resolution mode of 

scanning electron microscope (FEI XL30 SFEG, 5 kV Philips).  For imaging purposes, the 

samples were coated with an iridium coating for better charging of electrons during SEM.  For 

grain size analysis, more than 300 grains were analyzed using the linear intercept method using 

Image-J software to obtain average grain size distribution as per ASTM E112-12.76  

The fracture surfaces were further embedded in a fast curing epoxy made by mixing 

resin and hardener in 1:2 ratio. Grinding was performed using silicon carbide (SiC) lapping 

discs (TED Pella, USA) of 60, 80, 120, 240, 600, 800 grit roughness in successive steps on a 

benchtop manual polishing machine (XP 8 Grinder/Polisher, TED Pella, USA). In order to 

obtain a finer surface roughness and smooth/mirror finish of the sample cross-section, polishing 
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was also performed using water-based diamond suspensions in A-4 alpha polishing cloths (TED 

Pella, USA) in the decreasing steps of surface roughness, i.e., 6µm, 3µm, 1µm, 0.5 µm and 

0.25µm with increasing amounts of polishing times.77 

 

 
Figure 3.10 X-ray diffraction spectra representative example of ceramic powder- as received 

(Al2O3)4 (A) and milled binary powder (8Y-ZrO2)1/(MgAl2O4)1 (B), and SPS sintered ternary 

phase(8Y-ZrO2)2/(MgAl2O4)1/(Al2O3)3 (C) specimens.  

A 

B 
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X-ray diffraction studies were performed at different stages of the current research 

before and after sintering. Firstly, as received powders from vendors were characterized as 

received for secondary phases or impurities along with crystallite size Figure 3.10A. If 

impurities were present, then heat treatment was carried out appropriately. Out of all the 

powders used in present study, Alumina 40nm (Al2O3)1 from sky spring was found to contain 

substantial impurities as observed from SEM images of the powder as well as the sintered 

composite. This powder, when characterized by XRD, was found to have substantial quantities 

of sulfates. As a result, the powder was treated at 1000C for 1.5 hours in the atmosphere and 

resulting XRD showed primary peaks of alpha alumina with no significant impurities.  

Secondly, XRD was also used to characterize binary and ternary mixtures. The resulting 

characterization was important to make sure all the individual phases were present, i.e., 

unwanted phase transformation of stable cubic zirconia, spinel and Alumina were avoided.  

Furthermore, the milled single/multiphase powders were also characterized to make sure no 

significant impurities (Tungsten, Carbon) were present from milled media as shown in binary 

powder namely (8Y-ZrO2)1/(MgAl2O4)1 (Figure 3.10B). Lastly, XRD- spectra of all the SPS 

samples indicated no additional impurities from the sintering process except Carbon as shown 

in ternary phase specimen of (8Y-ZrO2)2/(MgAl2O4)1/(Al2O3)3 in (Figure 3.10C). The carbon 

contamination which is typically common in SPS samples is assumed to be derived from the 

graphite foil and dies used during ceramic processing.78 In general, the samples underwent heat-

treatment for removal of this impurity, but since the current research deals with grain size, heat 

treatment post sintering was expected to affect the grain growth/microstructure of the sample; 

Hence no carbon removal processes were applied as it was deemed less significant for the scope 

of present research. 
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Table 3.2 Particle size information of the single-phase powders sintered in the current study  

Powder Designation Vendor Milled 

particle size 

(nm) 

8Y-ZrO2 

(8Y-ZrO2)1 Skyspring 82 ± 14 

(8Y-ZrO2)3 Skyspring 81 ± 14 

(8Y-ZrO2)2 Tosoh 178 ± 17 

MgAl2O4 

(MgAl2O4)1 Baikalox 84 ± 15 

(MgAl2O4)2 Sigma 

Aldrich 

150 ± 41 

Al2O3 

(Al2O3)1 Skyspring 165 ± 50 

(Al2O3)2 Baikowski 273 ± 54 

(Al2O3)3 Taimei* 149 ± 22 
* Supplied by Pred Materials International Corp. 

 

Table 3.3 Particle size information of the binary/ternary phase powders sintered in the current 

study  

Mixture Mixture quantities 

(vol. %) 

Mixture particle size 

(nm) 

(8Y-ZrO2)1-(MgAl2O4)1 50-50 91 ± 15 

(8Y-ZrO2)2-(MgAl2O4)1 50-50 204 ± 38 

(8Y-ZrO2)2- (Al2O3)3 50-50 173 ± 43 

(8Y-ZrO2)2-(Al2O3)2 50-50 219 ± 25 

(8Y-ZrO2)1-(Al2O3)1 50-50 98 ± 17 

(Al2O3)2-(MgAl2O4)1 50-50 202 ± 38 

(Al2O3)3-(MgAl2O4)1 50-50 147 ± 22 

(8Y-ZrO2)2-(MgAl2O4)1-(Al2O3)3 33-33-33 167 ± 32 

(8Y-ZrO2)2-(MgAl2O4)1-(Al2O3)2 33-33-33 214 ± 31 

(8Y-ZrO2)1-(MgAl2O4)1-(Al2O3)3 33-33-33 117± 27 
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3.4 Sintering results: Grain size distribution in single/multiphase composites

 

 
Figure 3.11  Graphical results indicating the overall effect of sintering temperature on grain size 

of single phase ceramics (Fig. 2A) and multiphase ceramic oxides (Fig. 2B) of 8Y-ZrO2, MgAl2O4, 

and Al2O3. Two samples of different particle sizes have been sintered for every ceramic oxide, with 

the gray colored lines indicating the smaller powder sized composites. For details of particle sizes 

and powder designations refer to table 1. 
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The average grain size results distribution versus sintering temperature of all the 

single/binary and ternary phase composites of ceramic oxide powders sintered are plotted as 

shown in Figure 3.11 A-B. Firstly, the average grain size of specimens of single phase 

composites of 8Y-ZrO2, MgAl2O4 and Al2O3 range from sub-nanometer to greater than 10 µm 

as the sintering temperatures is increased till 1300°C. Two samples of different particle sizes 

have been sintered for every ceramic oxide, with the gray colored lines indicating the smaller 

powder sized composites . Furthermore, the standard deviation of the result values, i.e., 

indicated by Y-axis error bars is found to be larger especially at high-temperatures (>1150°C) 

which indicates the presence of a broad distribution of grain sizes in the composite. 

Furthermore, the net increase in average grain size with temperature was found to be varied for 

all the single phases specifically at higher temperatures. For example, as the average grain size 

in both (Al2O3)3 and (Al2O3)2 increases exponentially between 1100-1300 ℃ to achieve results 

>10 m (10000 nm) at the maximum temperature.  Also, the standard deviations of grain size 

results (Y-error bars) at these temperatures are larger, indicating a more non-uniform and 

anisotropic morphology of the grains present in the microstructure.  The maximum grain size 

achieved among the single-phase composites is by (Al2O3)2 which is 15.99 ± 4.1 µm while 

(MgAl2O4)1 has the least size of 1.73 ± 0.6 µm at 1300 ℃.  

Similarly, the grain size results for different specimens of binary phase composites 8Y-

ZrO2/MgAl2O4, Al2O3/MgAl2O4, 8Y-ZrO2/Al2O3, and ternary composite 8Y-

ZrO2/MgAl2O4/Al2O3 composite with increasing sintering temperature up to 1300°C are 

highlighted by the inset plot in Figure 3.11B.  Two samples of different particle sizes have 

been sintered for every ceramic oxide, with the gray colored lines indicating the smaller powder 

sized composites. The grain growth with temperature follows a similar trend as compared to 
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single phase ceramics. Among binary phase composites, the grain size distribution of (8Y-

ZrO2)2/(Al2O3)2 is limited to 612 ± 148 nm (~0.6 µm) while all specimens of 8Y-ZrO2/MgAl2O4 

and Al2O3/MgAl2O4 fabricated microstructures tend to sinter to a higher grain size (>1 m) at 

a maximum sintering temperature of 1300 ℃.  For example, in case of (Al2O3)2/(MgAl2O4)1, 

the grain size increased exponentially with temperature to achieve a maximum size of 2210 ± 

450 nm at 1300 ℃; the broad standard deviation value highlighted the variations among 

different grains in the given microstructure. The average grain sizes of the two specimens of 

novel sintered three-phase composites plotted in Figure 3.11B (maximum size <1000 nm) with 

the respective error values at different temperatures.   

From Figure 3.11 grain size distribution of (8Y-ZrO2)2/(Al2O3)2 is the highest among 

the multiphase, i.e., around 2µm at 1300°C with large Y-error bars than other two binary 

compositions of 8Y-ZrO2/MgAl2O4 and Al2O3/MgAl2O4. In case of 8Y-ZrO2/MgAl2O4/Al2O3 

ternary composite, the resulting grain sizes at different temperatures are found to similar within 

standard deviation with 8Y-ZrO2/Al2O3, 8Y-ZrO2/MgAl2O4 for most of the sintering 

temperatures, with average grain size limited to 1µm at a sintering temperature of 1300°C.  
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3.5 Sintering results: Densification tendency in single/multiphase composites 

 

Figure 3.12 Bulk densification tendency of single phase ceramic oxides as compared to three phase 

oxide (dash line) at different sintering temperature; % density is the theoretical density of the 

sample obtained from Archimedes measurements 
 

 

Figure 3.13 Bulk densification tendency of multiphase ceramic oxides at different sintering 

temperature; % density is the theoretical density of the sample obtained from Archimedes 

measurements. 
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Figure 3.12 depicts the densification curves obtained for representative sintered oxides 

of MgAl2O4, Al2O3, and 8Y-ZrO2, as well as their corresponding multiphase composites,  

Figure 3.13 concerning sintering temperature.  It is important to note that due to inherent 

deviations in measurements arising from Archimedes method and experimental setup samples, 

samples with density >97% are considered to fully sintered especially those obtained at higher 

temperatures. Hence for simplicity purposes, the pre-densification region is assumed to be for 

bulk density values until 90%, while samples with higher density (>97%) lie in the post-

densification region. For the current sintered specimens to be viable as candidates for surrogate 

nuclear fuel project, minimum 90% density is required. Thus, from Figure 3.12,  we can 

conclude that single phase ceramic materials achieve these results when sintered beyond 

temperatures <950°C, similar to ternary phase composites (950°C -1000°C). On the other hand, 

binary phase composites achieve 90% of their theoretical density at higher temperatures 

(1000°C -1100°C). Lastly, the post-densification region is achieved at lower temperatures for 

single phases samples (~1050°C) as compared to multiphase composites (~1150°C). These 

densification curves were useful as they affected the grain growth behavior among the given 

ceramic oxides at different sintering temperatures.  

3.6 Results: particle size/grain size correlation – “size ratio” 

For the purpose to obtain a significant correlation between the grain size results obtained 

after sintering with the particle size of the powders, we have formulated a dimensionless ratio 

called a size ratio in the present research study. This dimensionless “size ratio or grain growth 

ratio” is obtained by normalizing the average grain sizes of the sintered specimens concerning 

particle size of the powder mixtures measured previously 
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Table 3.2-Table 3.3). It is an empirical quantity that can correlate the two relevant 

fundament distributions involved in powder processing.  This ratio was expected to be helpful 

to quantify the magnitude of an average size change that occurs in a powder particle as it 

undergoes diffusion due to a spark plasma sintering process to form resulting microstructural 

grains. The resulting data can then provide a further understanding of the phenomenon of grain 

growth and densification quantitatively during sintering specifically due to powder parameters, 

i.e., particle size rather than the sintering parameters (i.e., temperature). We have provided an 

example of the size ratio calculations for (8Y-ZrO2)2 presented in Table 3.4 and Table 3.5. 

Particle size of powder (8Y-ZrO2)2 = 178 ± 17 nm. 

The grain size of the sintered sample at 1200°C = 3473 ± 389 nm. 

Average size ratio = Average grain size/ Particle size = 19.5. 

Maximum size ratio = Maximum of grain size/ Minimum of particle size = 23.9.                                        

Minimum size ratio = Minimum of grain size/ Maximum of particle size = 15.8. 

Size ratio with an average deviation of (8Y-ZrO2)2 at 1200°C = 19.5 ± 4.0. 

Table 3.4 Size ratios of representative specimens of single phase ceramic oxides at variable 

sintering temperatures 

Temperature (°C) 
Size ratio 

(8Y-ZrO2)2 (MgAl2O4)1 (Al2O3)3 

950 0.8 ± 0.2 0.4 ± 0.2 1.1 ± 0.4 

1000 1.2 ± 0.4 1.3 ± 0.7 1.7 ± 0.8 

1150 6.2 ± 2.3 5.5 ± 3.0 9.8 ± 4.4 

1200 19.5 ± 4.0 8.1 ± 5.1 24.7 ± 13.8 

1300 36.2 ± 16.1 15.2 ± 8.1 71.0 ± 30.1 
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Table 3.5  Size ratios of representative specimens of multiphase ceramic oxides at variable 

sintering temperatures  

 Size ratio 

Temperature (°C) 
(8Y-ZrO2)2/ 

(Al2O3)2 

(8Y-ZrO2)2/ 

(MgAl2O4)1 

(Al2O3)3/ 

(MgAl2O4)1 

(8Y-ZrO2)2/ 

(MgAl2O4)1/ 

(Al2O3)2 

1000 1.3 ± 0.6 0.7 ± 0.2 1.2 ± 0.5 0.2 ± 0.4 

1100 1.5 ± 0.7 1.3 ± 0.3 2.4 ± 0.8 0.3 ± 0.1 

1150 1.9 ± 0.9 1.7 ± 0.3 2.7 ± 1.0 1.3 ± 0.8 

1200 2.3 ± 1.0 2.0 ± 0.6 5.1 ± 2.3 2.0 ± 1.1 

1300 3.5 ± 1.9 5.0 ± 1.0 13.5 ± 5.9 5.0 ± 1.6 

 

The size ratios of different ceramic oxides with increasing sintering temperatures are 

provided in Table 3.4 (single phase) and Table 3.5 (multiphase). The grain ratio results 

quantitatively validate the variations in increasing grain growth tendency among the single-

phase ceramic oxides as described in the previous section. It is found out that single-phase 

(Al2O3)3 composite has the highest grain growth with average grain size almost 71 times powder 

particle size (size ratio =71.0 ± 30.1) as compared to spinel whose size ratio is 15.2 at 1300 °C. 

Similarly, both specimens of (Al2O3)/(MgAl2O4) powder exhibits a double-digit grain growth 

(>10), maximum among the binary phase oxides with (8Y-ZrO2)2/ (Al2O3)2 (ratio = 3.5) has the 

least net expansion of grains. The three-phase (8Y-ZrO2)2/ (MgAl2O4)1/ (Al2O3)2 (size ratio = 

4.9) shows restricted grain growth as compared to single phase ceramics and lower than most 

of the binary phase mixtures. Thus, it can be said that multiphase oxide powders exhibit limited 
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grain growth with highest size ratio values less than as much ten times as compared to respective 

results for individual 8Y-ZrO2, MgAl2O4 and Al2O3 ceramics. Lastly, specifically in single-

phase ceramics, the higher standard deviation values of size ratio at a higher temperature 

(>1200°C) indicates the higher presence of larger or smaller grains or broader distribution in 

the granular microstructure of sintered SPS sample. 

These size ratios are plotted for different samples of individual single-phase ceramic 

oxides in Figure 2.14 whereas Figure 2.15 portrays ratios of respective binary and ternary-

phase specimens. An empirical fit based on the results is also obtained in the plots for all the 

samples. In general, an exponential correlation is determined between the average grain size 

and sintering temperature and its accuracy supported by the high correlation factor, i.e., R2 ≥ 

0.9 for most of the curve fittings. The resulting equations in the form y=eax have also been 

tabulated for single/multiphase composites in Figure 2.14 and 2.15. The resulting trends agree 

with the previous literature regarding the kinetic grain growth that defines the increase in grain 

size with higher sintering temperatures in solid-state sintering79. Thus, the resulting Arrhenius 

law can be obtained for the current sintering study which incorporates both particle size (P.S), 

grain size (G.S), i.e., size ratio and temperature in the following equation (1), 

    
𝐺.𝑆

𝑃.𝑆
= exp [−

𝑄

𝑅𝑇
]                       (1)      

 Where G.S/P.S is the average size ratio at a particular sintering temperature T in Kelvin 

(K), Q is the activation energy for grain growth, and R denote ideal gas constant (8.312 

kJ/mol.K). 

 Taking natural logarithms on both sides versus reciprocal of sintering temperature 

(1000/T) gives a linear fit for the above equation (1). Thus, for all the sintered ceramic oxide 

specimens the slope of the linear fit gives empirical values of activation energies of grain growth 
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during the SPS sintering cycle, these are calculated for single phase in Figure 2.16 (A-C) and 

binary/ternary phase in Figure 2.17(A-D). Since spark plasma sintering involves rapid 

diffusion process, the sintering occurs at lower temperatures and thereby the activation energies 

for all the composites are on the low, i.e., ≤ 200 kJ/mol as compared to another sintering process 

like co-precipitation.79 Thus the present activation energy values for grain growth in case of 

alumina (192-202 kJ/mol) and also for spinel (110-152 kJ/mol) are well within the range of 

values obtained in literature80–82. In the case of 8Y-ZrO2, the energy values (161-191 kJ/mol) 

are closer to the value reported by similar 8Y-ZrO2 sintering studies performed by Quach for 

nanocrystalline (226 kJ/mol) samples. No comparable values from the past literature were 

found for resulting activation energy of grain growth for the given equal-proportional binary 

and ternary phase ceramic oxides-based composites as shown in Figure 2.17. The use of size 

ratio and the activation energy in the present study is mainly used for comparing the grain 

growth tendencies among ceramic oxides which is more elaborated later. 
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Figure 3.14 Plot of Grain size (G.S)/Particle size (P.S) ratio indicating the overall effect of sintering 

temperature on grain growth tendency of single phase ceramic oxides. Details of the curve fits of 

the empirical data have been provided in the table above. Two samples of different particle sizes 

have been sintered for every ceramic oxide, with the gray colored lines indicating the smaller 

powder sized composites. For details of particle sizes and powder designations refer to table 1. 
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Figure 3.15 Plot of Grain size (G.S)/Particle size (P.S) ratio indicating the overall effect of 

sintering temperature on grain growth tendency of equal proportional binary and ternary phase 

composites of 8Y-ZrO2, MgAl2O4, and Al2O3. Details of the curve fits of the empirical data have 

been provided in the table above. Two samples of different particle sizes have been sintered for 

every ceramic oxide, with the gray colored lines indicating the smaller powder sized composites. 

For details of particle sizes and powder designations refer to table 1. 
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Figure 3.16 Arrhenius plot of natural logarithm of G.S/P.S ratio versus sintering temperature 

(1000/K). The respective slope of the lines gives activation energy values for grain growth for 8Y-

ZrO2 in Fig.A, Al2O3 in Fig B. and MgAl2O4, in Fig.C. Two samples of different particle sizes have 

been sintered for every ceramic oxide, with the gray colored lines indicating the smaller powder 

sized composites. For details of particle sizes and powder designations refer to table 1. 
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Figure 3.17 Arrhenius plot of natural logarithm of G.S/P.S ratio versus sintering temperature 

(1000/K) for multiphase composites. The respective slopes of the lines give activation energy values 

for grain growth for 8Y-ZrO2/MgAl2O4 in Fig. A, 8Y-ZrO2/Al2O3 in Fig. B, Al2O3/MgAl2O4, in Fig. 

C and 8Y-ZrO2/MgAl2O4/Al2O3 in Fig. D. Two samples of different particle sizes have been 

sintered for every ceramic oxide, with the gray colored lines indicating the smaller powder sized 

composites. For details of particle sizes and powder designations refer to table 1. 
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3.7 Discussion of sintering results: Grain growth/Densification  

The use of individual grain size plots in Figures 3.11A-B and size ratio plots in Figure 

3.14 and 3.15 assisted in developing an exponential based Arrhenius model of grain growth 

versus sintering temperature by empirically fitting the data points. As a result, the activation 

energy for grain growth was obtained for all sintered single/binary and ternary based 

composites of MgAl2O4, Al2O3, and 8Y-ZrO2 as enumerated in Figures 3.16 and 3.17. The 

results thus enabled us to make a novel comparative study of sintering tendencies of ceramic 

oxide composites among themselves and between their multiphase mixtures.  Thus, comparing 

the activation energy values of the sintered specimens, the grain growth of single-phase 

composites shows the following trend:  Al2O3 > 8Y-ZrO2 > MgAl2O4.  Since limited 

comparison studies exist regarding grain growth among the given ceramic oxides, few probable 

reasons were documented for this behavior from literature studies.  The low grain growth in 

polycrystalline spinel can be explained by the fact that it was found to be hard to sinter by 

Morita et al.84, 85 The study also corroborates by the slower, delayed densification curve shown 

in Figure 3.12. As a result, it can be concluded that densification and grain growth tendency 

both played a part in the finer spinel microstructures. Saylor et al.86 further discuss this by 

observing that the adjoining boundaries between two grains in dense polycrystalline MgAl2O4 

have more internal planes oriented in <111> direction rather than <100> that possess low 

surface energy; as a result, the grain growth is more inhibited in nature.  On the other hand, 

researchers related the grain growth of 8Y-ZrO2 and Al2O3
87 based sintered composites to 

various inherent material factors that include crystal structure of ceramics, type of bonding 

which affect the resulting microstructures. The sintered cubic grains of 8Y-ZrO2 have high grain 

boundary energy leading large dihedral angles between them (~135°); this is favorable for high 



 

 

61 

grain growth88. Additionally, as compared to cubic zirconia, alumina possesses hexagonal 

crystal structure which is found to be anisotropic. The resulting dihedral angles are even higher 

than Al2O3; this leaves alumina prone to unstable and large grain growth.89–91 This fact is 

supported by high grain growth of (Al2O3)2 composite  (>10µm and size ratio > 50) beyond 

1200°C in the present study. The experimental results obtained in our current study are helpful 

in supporting the different assumptions attributed to varied grain growth in the given ceramic 

oxides.   

The variable grain growth tendencies among individual ceramic oxides themselves as 

observed from the activation energy values in Figure 3.17 aid in discussing the respective 

phenomenon among the binary/ternary based ceramic oxide composites. This trend as stated in 

the results section is as follows: Al2O3/MgAl2O4 (127.5 kJ/mol) > 8Y-ZrO2/MgAl2O4 (124.4 

kJ/mol) > 8Y-ZrO2/Al2O3 (58.1 kJ/mol). Primarily, the results in Al2O3/MgAl2O4 and 8Y-

ZrO2/MgAl2O4 binary composites with anisotropic grain growth are indicated by a high average 

grain size (>2 m) and grain growth at >10 times the particle size, at 1300 ℃ and large standard 

deviation of resulting values as observed in Figure 3.15. On the other hand, 8Y-ZrO2 and Al2O3 

particles both thermally expand at a similar rate during sintering which leads to limited 

maximum grain size of 723 ± 142.6 nm ((8Y-ZrO2)2/(Al2O3)2) and size ratio of 6.2 ((8Y-

ZrO2)1/(Al2O3)1) for respective sintered binary specimens at 1300 ℃. Thus, the grain growth 

tendency of individual ceramic oxides themselves affects the sintering behavior of multiphase 

composites. Hence both the samples of the 8Y-ZrO2/Al2O3 powder achieves a more 

homogenous sintering as indicated by resulting lower grain size (~1µm). This observation is 

corroborated by other research studies, which labels this phenomenon as the "pinning effect" in 

8Y-ZrO2/Al2O3 composites.92–94 Zhou et al.95 also observed similar results to the present 
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research in this study aimed at exploring super-plasticity in these ceramics regarding variations 

in grain sizes/shapes of binary and ternary composites of 3Y-ZrO2/Al2O3 and spinel ceramic 

oxide material. Composites of the ternary phase and the binary 3Y-ZrO2/Al2O3 show smallest 

grain sizes as compared to spinel-based binaries (alumina-spinel possesses largest grains). For 

the case of present novel ternary phase composites, the proportion of slow-growing MgAl2O4 

and rapidly growing Al2O3 phase is lower than the binary samples, (i.e., at 1/3rd volume %). 

Hence the overall nonuniform growth, compared to 8Y-ZrO2/Al2O3 and 8Y-ZrO2/MgAl2O4, is 

much lower with sintering temperature as shown by size ratio values in Figure 3.15. The 

activation energies of two samples of 8Y ZrO2/MgAl2O4/Al2O3 ceramic oxides is between ~ 

80-115 kJ/ mol. 

Furthermore, most of the multiphase composites exhibit a lower grain growth when 

compared to the single-phase ceramics, as represented by average grain size <2 m and 

respective size ratio <10. For example, from plots in Figures 3 &4, the size ratio of (8Y-ZrO2)2 

~40 reduces to (8Y-ZrO2)2/(MgAl2O4)1 ~7, and ternary to (8Y-ZrO2)2/(MgAl2O4)1/(Al2O3)2 ~4 

at a sintering temperature of 1300 ℃. Thus comparing the results of the multiphase composite 

with their single-phase sintered compacts, we can conclude that there is a significant decrease 

in grain sizes. The presence of secondary and ternary phases proves to be effective in inhibiting 

grain growth mechanisms in single-phase ceramics during spark plasma sintering.  The 

respective grain refinement is mainly due to previously mentioned phenomenon called “grain 

boundary pinning,” this is explained in most of the studies highlighted in the later sections in 

Table 3.8. We can conclude that there is a significant decrease in grain sizes due to the addition 

of phases to single-phase powders based on results obtained in Figure 3.11 & Table 3.5.  The 

respective grain refinement is mainly due to previously mentioned phenonmen called “grain 
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boundary pinning” in these materials.  For example, as pointed out by Yalamac et al.,96 the pure 

alumina sample has nearly twice the grain size (6.2 m) as compared to its binary alumina-

spinel (3.3 m) for similar sintering conditions.  In the case of addition of secondary phase 

alumina in 8Y-ZrO2 matrix phase (as observed by Chen et al.87) or the subsequent increase in 

the spinel content from 10% to 20% in alumina-zirconia-magnesia composites as experimented 

by Khoskalam et al.97 The net result in both the studies is the reduction of overall grain size of 

primary matrix phase of the composite.  The change in size was concluded to be due to the 

secondary phase grains that pin or hinder the grain boundary motion of primary phase grains 

which limits the grain growth as the sintering temperature increases. Meng et al.98 further 

observed pinning due to the secondary phase zirconia grains exerting a dragging force on the 

primary phase alumina grain boundaries in Alumina-Zirconia composites. In case of both the 

sintered composites of three-phase 8Y-ZrO2/MgAl2O4/Al2O3 ceramic oxides in Figure 4, it can 

be estimated that grain sizes or size ratio results are lower by as much as a factor of 10 when 

compared to their single phase ceramic oxides as plotted in Figure 3. Additionally, the presence 

of the third phase in the ternary phased sintered specimens efficiently reduces the non-uniform 

growth that is observed in 8Y-ZrO2/Al2O3 and 8Y-ZrO2/MgAl2O4 binary phase composites. 

Thus, the present study through its empirical model of size ratio versus temperature provides is 

unique as it quantifies the effect of the grain boundary pinning effect in the present multiphase 

ceramics.  In the present study, the different temperature-dependent grain growth tendencies of 

individual ceramic phases give rise slower grain growth ceramic acting as secondary phases 

thereby causing grain growth pinning and reducing the overall grain size of the sample. 

reduction in grain size due to phase additions, a concept that is well known but not effectively 

characterized quantitatively in ceramic literature.  
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Lastly, scanning electron micrographs of fracture surfaces of the representative sintered 

ceramic oxide samples have been provided in the figure for additional graphical information.  

The micrographs in Figure 3.18  shows the fine-grained microstructures for single phase 

zirconia [(8Y-ZrO2)3] at low and high sintering temperatures. Figures 3.20 and 3.21 summarize 

the fracture surfaces for the representative binary [(8Y-ZrO2)1/(MgAl2O4)1] and ternary phase 

composites [(8Y-ZrO2)2/(MgAl2O4)1/(Al2O3)3].   

The densification curves for MgAl2O4, Al2O3, and 8Y-ZrO2 single-phase ceramics are 

plotted in Figure 3.12 and for their corresponding multiphase composites in Figure 3.13 

concerning sintering temperature.  These densification curves are useful in explaining the grain 

growth in ceramic oxides at different sintering temperatures.  As explained by Shen et al.,89 at 

lower sintering temperatures or during initial stages, most of the work during sintering is spent 

on densification of green compacts rather than grain growth; this is exhibited by the sharp 

increase in graphical plots for respective single and multiphase samples in the pre-densification 

in Figure 3.12-3.13. In post-densification stage, thermally activated mechanisms during 

sintering play an important role in the rapid expansion of grains since most of the 

pores/vacancies between powder compacts are eliminated, and hence the sintered ceramics 

achieved a higher grain growth. 89, 99, 100 The growth was observed with significant changes in 

average grain size and size ratio values for single/multiphase ceramics at higher temperatures. 

Specifically, the transition from densification to grain growth is more prominent for single 

phase as the sintering temperature goes up to 1050°C. This post-densification region was found 

to be at lower temperatures for single phases (1050°C) as compared to multiphase composites 

(1150°C).  This delayed densification in binary/ternary phases was mainly attributed to lower 

grain growth at higher temperatures, i.e., >1200°C. Further, the single-phase samples reached 
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90% density when sintered temperatures are around 950°C, while most multiphase samples 

became dense only beyond 1000 °C. This delay can be attributed to varying individual 

densifying tendencies of MgAl2O4, Al2O3, and 8Y-ZrO2 phases101 as observed previously. We 

observed that the variable nature of the thermal expansion of ceramic phases makes it more 

complex to establish the role of densification of composite on average grain size. Hence the 

densification tendency in single/multiphase composites was different from grain growth 

tendency It can thus be concluded that single-phase samples sintered faster as compared to 

multiphase composites (Figure 3.12-3.13). The given conclusion was especially significant as 

obtaining 90% theoretical dense multiphase composites is one of the key requirements for these 

ceramic oxides to be candidate surrogate materials for the nanocrystalline nuclear fuel project.  

Lastly, it is important to note that the heating rate of 10°C/min was selected for single 

phase samples; while we obtained multiphase composites with large standard deviation in 

average grain size values when sintered at the same rate.  Hence, binary, and ternary phase 

mixtures were sintered at a higher heating rate of 100°C/min leading to more uniform grain 

sized composites that are better suited for the current study. The heating rate for the single-

phase samples was chosen based on studies (refer to chapter 5) which highlight that while 

moderate changes in heating rates do not significantly affect grain size and density, 102–104 

higher heating rates in sintering of monolithic samples (especially  spinel) causes porosity, 

thereby degrading its optical properties.  
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Figure 3.18 SEM micrographs of the representative fracture surface of sintered (8Y-ZrO2)3 

ceramic composites with average grain size information at different sintering temperatures 
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Figure 3.19 SEM micrographs of representative fracture surfaces of sintered (MgAl2O4)1 (top) 

and (Al2O3)2 (bottom) ceramic composites with average grain size information at different 

sintering temperatures. 
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Figure 3.20 SEM micrographs of representative fracture surfaces of binary sintered composites 

of 8Y-ZrO2/Al2O3(top) and Al2O3/MgAl2O4(bottom) ceramic composites with average grain size 

information at different sintering temperatures 
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Figure 3.21 SEM micrographs of representative fracture surfaces of binary composite of 8Y-

ZrO2/MgAl2O4 (top) and 8Y-ZrO2/MgAl2O4/Al2O3 three phase sintered (bottom) ceramic 

composites with average grain size information at different sintering temperatures 
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3.8 Results: Sintering of ceramic oxides of two different powder sizes 

 

 

Figure 3.22 Graphical results are indicating the effect of sintering temperature on grain size and 

size ratio in single phase ceramic oxides of 8Y-ZrO2 (A), Al2O3 (B) and MgAl2O4 (C). Black and 

grey colored lines highlight the two different powder sizes. 
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Figure 3.22 continued   

 

Figure 3.23 Graphical results indicating the effect of sintering temperature on grain size and size 

ratio in binary composites of 8Y-ZrO2/MgAl2O4 (fig. A), Al2O3/MgAl2O4 (fig. B), 8Y-ZrO2/Al2O3 

(fig. C) and ternary phase ceramic composites 8Y-ZrO2/MgAl2O4/Al2O3 (fig.D) with two 

different particle sizes. 
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Figure 3.23 Continued. 
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Figure 3.23 continued. 

Sintering experiments were carried out on ceramic oxide powders with two different 

particle size ranges: one closer to 100 nm, while the other powder ~200 nm at a range of 

temperatures between 950-1300°C, this is shown in Table 3.3 and 3.4. These experiments were 

performed to further analyze the role of particle size of the powders on grain sizes of the final 

sintered compacts,  The respective trends in average grain sizes and size ratios are plotted  

previously for single phase in Figure 3.22 and binary/ternary phase in Figure 3.23 previously. 

Further detailed graphs are plotted for single phase ceramics in Figure 3.22(A-C) and 

multiphase ceramics in Figure 3.23(A-D) for the two different size powders for each ceramic 

composite.  The graphs consist of two Y axes, one for average grain size and the other for size 

ratio, plotted versus sintering temperature.  For each plot, the grain growth results, i.e., grain 

size and size ratio of two individual sintered powders are highlighted by black/grey colored 

lines, with the smaller particle sized powder being designated by the grey color.  The dotted 
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lines with circle markers correspond to size ratio values (with arrows pointing towards Y-axis 

of size ratio), while solid lines with square markers relate to grain size distribution.  

 From Figure 3.22A it can be observed that at higher sintering temperatures, the larger 

particle sized powder (8Y-ZrO2)2(particle size ~180 nm) contains a higher grain size than the 

smaller sized (8Y-ZrO2)3 (particle size ~80 nm). For example, the average grain size of (8Y-

ZrO2)2 is 6.44 ± 2.2 µm at 1300°C when compared to that of (8Y-ZrO2)3 which is 3.44 ± 0.69 

µm (Figure 3.22A). Similar significant higher grain sizes are obtained for larger spinel (Figure 

3.22B) ((MgAl2O4)1>(MgAl2O4)2) and Al2O3 (Figure 3.22C) ((Al2O3)2>(Al2O3)3) powders 

during densification stage at lower temperatures and post densification (sintering temperature 

>1200°C) as observed in diagrams (Figure 3.12).  However, in case of the size ratio, especially 

during post densification stage finer powder shows higher values as compared to larger particle 

sized powder. For example, as observed from Figure 3.22A, at 1300°C, larger (8Y-ZrO2)2 

powder shows of ratio, i.e., ~36 which was much lower than for the (8Y-ZrO2)3 powder (ratio 

= 52).  A similar trend in ratios was also observed for (MgAl2O4)1 (Figure 3.22B) and Alumina 

powders ((Al2O3)2  and (Al2O3)3) in Figure 3.22C, indicating that the larger sized powders 

result in a slower rate of grain growth. The activation energy of grain growth for different 

powders of given single phase ceramics obtained in Figure 3.16 also follow similar trend as 

size ratio. For example the size ratio and activation energy of grain growth for the (8Y-ZrO2)3 

powder (Activation energy = 161.5 kJ/mol ) was much smaller than that of the (8Y-ZrO2)2 

powder (191.4 kJ/mol).   

On a similar note, sintering experiments were performed for binary and ternary phase 

mixtures of 8Y-ZrO2, MgAl2O4, and Al2O3 ceramic oxide powders for two different size ranges 

similar those of single-phase powders (refer to table for particle size information of mixed 
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powders). Figure 3.30A-C show resulting plots for binary phase oxides while Figure 3.30D 

portrays the respective data for ternary phase composites.  The changes in average grain size 

distribution (solid line) and size ratio (dashed lines) are plotted versus sintering temperature.  

The nomenclature behind choosing the type of lines (solid/dash) and color (black/grey) for 

respective larger/smaller particle powders is similar as described for single phase composites.  

For multiphase composites of 8Y-ZrO2/Al2O3(Figure 3.30C), three phase 8Y-

ZrO2/MgAl2O4/Al2O3 (Figure 3.30D), larger particle size led to a higher grain size, but lower 

size ratio at the higher temperatures.  However, in the case of Al2O3/MgAl2O4(Figure 3.30B), 

and 8Y-ZrO2/MgAl2O4(Figure 3.30A) considering the standard deviation values inherent in 

the grain size results, it is difficult to accurately predict the effect of different particle size 

powders on sintered microstructure. However, regarding activation energy of grain growth for 

binary and ternary phase composites in Figure 3.16 A-D the finer powders in the range of 100 

nm have lower energy values than the bigger particle sized powders.   Overall, for a given 

ceramic composites, powder size of respective ceramic powders can affect the sintering 

behavior.  

3.9 Discussion: Sintering of ceramic oxides of two different powder sizes 

A fundamental conclusion from sintering results of ceramic oxide samples with two 

different particle sizes is obtained using empirical data presented in Figure 3.29 & 3.30.  We 

concluded the following sintering behavior, as the sintering temperature increases, i.e., powders 

with larger particle size distribution give rise microstructures with higher average grain sizes, 

while samples with smaller particle sizes tend to have a faster grain growth rate during sintering.  

We can concur that this phenomenon is well defined in single phase 8Y-ZrO2, MgAl2O4, and 

Al2O3 from the graphs (Figure 3.18). High grain growth rate has been observed and described 
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previously by Chaim et al.70 and Mamedov et al.105 because smaller uniform particles result in 

faster kinetics of surface diffusion, i.e., grain coarsening that leads to rapid necking at the 

particle surface during sintering thereby the particle fuse together into homogenous 

deagglomerated grains.  However, beyond the post densification zone (Figure 3.12 & Figure 

3.13), the resulting growth kinetics at high temperatures during sintering are found to be limited 

in nature as observed by the average grain size results. Thus, we believe that the initial higher 

particle sizes govern the final grain size, as pointed out by the lower final average grain size 

(e.g., (8Y-ZrO2)3 at 1300°C has finer grain size as compared to (8Y-ZrO2)2).  These trends 

developed from experimental results in the present study thus achieve a unique nature and can 

potentially be applied to study the effects of micron-sized powders on resulting grain sizes of 

the sintered composite.  It was observed that these trends in case of multiphase ceramics (Figure 

3.23) however were less clear as compared to single phase specimens. Factors affecting grain 

growth in multiphase oxide ceramics were found to be more complicated. Apart from sintering 

parameter of temperature and individual powder size, variations in grain growth tendency of 

individual phases during sintering can also affect the homogeneous arrangement of grains in 

the microstructure. 

Thus, we believe that the initial higher particle sizes govern the final grain size. These 

resulting particle trends developed from experimental results in the present study thus 

emphasize the role played by the particle size of powders on grain growth tendency of 

respective sintered specimens. The trends can also be potentially applied to model grain growth 

of commercially available larger micron particle based powders. 
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Table 3.6 Bulk density of the sintered composites of single phase powders in Figure 3.22 as 

obtained from Archimedes method. 

Sintering 

Temperature ℃ 

% Bulk density (Archimedes method) 

(8Y-ZrO2)2 (8Y-ZrO2)3 

950 88.1 ± 0.8 93.0 ± 0.6 

1010 96.9 ± 0.2 98.6 ± 0.4 

1100 99.2 ± 0.5 98.7 ± 0.7 

1200 98.3 ± 0.3 97.9 ± 0.2 

1300 99.2 ± 0.3 98.5 ± 0.2 

 

Sintering 

Temperature ℃ 

% Bulk density (Archimedes method) 

(MgAl2O4)1 (MgAl2O4)2 

940 88.8 ± 0.4 81.8 ± 0.1 

960 97.5 ± 0.6 91.1 ± 0.2 

1030 98.7 ± 0.6 97.9 ± 0.5 

1150 98.3 ± 0.4 @ 1075℃ 99.9 ± 0.4 

1200 98.2 ± 0.4 98.97 ± 0.2 

1300 99.9 ± 0.6 99.3 ± 0.2 

 

Sintering 

Temperature ℃ 

% Bulk density (Archimedes method) 

(Al2O3)3 (Al2O3)2 

900 78.8 ± 5.8 68.7 ± 7.3 

1000 98.5 ± 0.2 92.5 ± 0.3 

1150 99.3 ± 0.1 99.3 ± 0.7 

1200 99.1 ± 0.3 97.8 ± 0.2 

1300 98.4 ± 0.4 99.0± 0.2 
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Table 3.7 Bulk density of the sintered composites of binary and ternary-phase powders in Figure 

3.19, as obtained from Archimedes method. 

Sintering 

Temperature ℃ 

% Bulk density (Archimedes method) 

(8Y-ZrO2)1/(MgAl2O4)1 (8Y-ZrO2)2/(MgAl2O4)1  

1000 
 90.9 ± 0.4 91.3 ± 0.1 

1100 
98.3 ± 0.6 99.1 ± 0.8 

1150 
 98.8 ± 0.2 99.3 ± 0.3 

1200 
98.1 ± 0.4  97.8 ± 0.2 

1300 
99.2 ± 0.7  98.0 ± 0.2 

 (Al2O3)3/(MgAl2O4)1 (Al2O3)2/(MgAl2O4)1 

1000 97.9 ± 1.3 94.4 ± 0.6 

1100 98.4 ± 0.6 98.1 ± 1.0 

1150 98.8 ± 0.1 98.4 ± 0.2 

1200 98.9 ± 0.4 98.4 ± 0.3 

1300 97.9 ± 0.3 99.1 ± 0.2 

 (8Y-ZrO2)1/(Al2O3)1 (8Y-ZrO2)2/(Al2O3)2 

1000 80.4 ± 1.3 
69.2 ± 1.6 

1100 92.5 ± 0.2 
88.0 ± 0.8 

1150 98.1 ± 0.3 98.1 ± 0.1 

1200 98.3 ± 0.1 
98.6 ± 0.3 

1300 98.7 ± 0.2 99.3 ± 0.2 

 (8Y-ZrO2)1/(MgAl2O4)1/(Al2O3)3 (8Y-ZrO2)2/(MgAl2O4)1/(Al2O3)2 

950 80.9 ± 0.9 73.6 ± 0.2 

1000 91.4 ± 0.9 @ 1030℃ 80.1 ± 0.3  

1150 98.7 ± 0.7 97.1 ± 0.5 

1200 97.8 ± 0.6 99.0 ± 0.4 

1300 98.1 ± 0.4 98.0 ± 0.6 

 



 

 

79 

 

 

Figure 3.24 SEM micrographs of alumina sintered specimens fabricated from two different 

particles sized powders (Al2O3)2 (left) and (Al2O3)3 (right) sintered at 1300℃. This representative 

image highlights the effect of individual powder size on final grain size as discussed in Figure 3.22. 
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Figure 3.25 SEM micrographs of alumina-spinel binary composite (top) and three phase 8Y-

ZrO2/MgAl2O4/Al2O3 composite. The ceramic oxides are fabricated from two different particles 

sized powders sintered i.e. (Al2O3)3/(MgAl2O4)1 (Top left) and (Al2O3)2/(MgAl2O4)1 (Top right) at 

1300℃ while (8Y-ZrO2)2/(MgAl2O4)1/(Al2O3)2 (Bottom left) and (8Y-ZrO2)1/(MgAl2O4)1/(Al2O3)3 

(Bottom right) at 1200℃ respectively. The representative image highlights the effect of individual 

powder size on final grain size as discussed in Figure 3.19. 
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Figure 3.26 SEM micrographs of polished surfaces of three-phase composites obtained by 

sintering of various powder mixtures at 1150℃. The different powder mixture used are labeled 

according to their designations and information concerning the particle size of the can be obtained 

from table 3.3 and chapter 3. The micrographs on the left side show large clusters of 8Y-ZrO2 as 

compared to the micrographs on the right. The spinel and alumina are indicated by the darker 

regions.  

 Two reasons can be assumed to be behind the non-uniform clustered microstructure in 

8Y-ZrO2)1/(MgAl2O4)1/(Al2O3)3 and (8Y-ZrO2)1/(MgAl2O4)1/(Al2O3)1. Firstly, each phase ceramic 

oxide has different grain growth tendency, and furthermore, this tendency is also dependent on 

the ceramic powder size. Thus, either (8Y-ZrO2)1 and (Al2O3)1 or (Al2O3)3 achieve higher grain 

growth than the spinel leading to larger grains as indicated by the clusters. Secondly, milling of 

individual ceramic powders could be assumed to affect the particle size of the mixture and thereby 

to cause the ceramic oxide single particles together, which result in large clusters of grains after 

sintering. Thus, for example, in case of (8Y-ZrO2)2/(MgAl2O4)1 /(Al2O3)3, (8Y-ZrO2)2 and (Al2O3)2 

powders have higher particle sizes, and hence the rate of densification/grain growth is slower at 

sintering temperatures of 1150℃; while spinel itself is a hard to sinter ceramic.  

 Thus, the overall microstructure looks more homogenous and uniform as compared to the 

ternary phase specimens on the left. To conclude, the knowledge of particle size of individual 

ceramic powders, grain growth tendency among ceramic oxides and the role played by the particle 

size on grain growth affects the homogeneity of the ternary phase composites. 
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3.10 Significance of current study as compared to previous literature  

Table 3.8 Summary of studies performed on grain growth of single phase ceramic oxides.  

Information is provided regarding powder sizes, grain sizes of sintered specimens, sintering 

parameters, and key observations for comparisons with the present study. 

Author/ 

year 

Particle/ 

Crystallite Size 

Range of 

Average 

Grain Sizes 

Significant 

Sintering 

Parameters 

Key points of the 

study 

8Y-ZrO2 

Tamburin

i 

(2004)106 

Crystallite 

size: 

21 nm 

(Vendor) 

<50 nm 

to 

700 nm 

Heating rate: 

50-300°C/min 

Pressure: 

15-141 MPa 

Temperature: 

1000-1400°C 

Effect of sintering 

parameters on final 

density and grain size. 

Dahl 

(2007)104 

Particle size:   

<50 nm 

 (BET) 

0.21 µm to 

3.3 µm 

Temperature: 

 1150-1300°C 

Effect of different 

sintering methods (HP, 

SPS) on grain growth 

of 8Y- ZrO2 

Maca 

(2010)107 

Particle size:  

 140 nm 

 (BET) 

3-3.5 µm 
Temperature: 

1530°C 

 (SSS), 

 1440°/1290°C 

(TSS) 

Particle size variations 

on microstructure from 

Two-Step (TSS) and 

Single-Step(SSS) 

Sintering 

Takeuchi 

(2002)108 

Particle size:   

100 nm 

(Vendor) 

170 - >1µm Temperature: 

1100°C-1300°C 

Density, grain size, 

mechanical and 

electrical properties of 

8Y- ZrO2 powder 

Zhang 

(2011)109 

Particle size:   

N/A 

100 - 300 nm Temperature: 

1100°C-1200°C 

Optical properties of 

translucent 8Y- ZrO2 at 

high pressure and 

variable temperature 

Present 

study 

Particle size: 

80-200 nm 

90 - 6000 nm Temperature: 

950°C-1300°C 

Grain size-particle size 

correlation 
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Table 3.8 Continued 

Author/ 

year 

Particle/Cryst

allite 

Range of 

Average 

Grain Sizes 

Significant 

Sintering 

Parameters 

Key points of 

the study 

Spinel (MgAl2O4) 

Krell 

(2009)110 

Particle size: 

50-100 nm,  

    (BET) 

0.4-5 µm Temperature: 

1100-1400°C 

Grain size effects 

on hardness of 

spinel compacts 

processed by sol-

gel, slip casting 

Morita 

(2008, 

2009)84, 85 

Particle size: 

360 nm 

    (SEM) 

400-500 nm Heating rate:  

 2-100°C/min 

Temperature: 

1300°C 

Effect of 

transparency of 

different spinel 

composites by 

changing heating 

rates 

Wollmers

hauser 

(2014)111 

Particle size: 

25.8-33.6,  

200 nm 

(Vendor) 

28-52.3 nm, 

 >200 nm 

Temperature:  

740-845°C 

Pressure sintering 

of ultrafine spinel 

for evaluating Hall-

Petch relation 

Wang 

(2009)112 

Powder:  

 60 nm 

(Vendor) 

600-700 nm Pressure: 

  5-100 MPa 

Two-step pressure 

profile sintering 

results in improved 

transparency in 

spinel 

Present 

study 

 

Powder: 

  80-150 nm 

100-2280 nm Temperature:  

950°C-1300°C 

Grain size-particle 

size correlations 
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Table 3.8 continued 

Author/ 

year 

Particle/Cryst

allite 

Range of 

Average 

Grain Sizes 

Significant 

Sintering 

Parameters 

Key points of 

the study 

Alumina (Al2O3) 

Aman 

(2009, 

2011)113, 

114 

170 nm 

(vendor) 

360 nm-5 µm Heating rate:   

8-600°C/min 

Temperature:   

1100-1350°C 

SPS parameters 

affect density, grain 

size, optical 

properties and grain 

growth kinetics 

Jin  

(2010)115 

Bimodal:  

0.36-1.1µm 

(vendor) 

Milled:  

800 nm 

1.8-2.2,  

5.2 µm 

Heating rate:   

100°C/min 

Temperature:   

700°C 

Effect of chemical 

HF treatment to 

improve particle 

deagglomeration 

for improved 

sintering 

Shen 

(2002)89 

0.4 µm 

(Vendor) 

0.8 - 27.5 µm Temperature 

 1175 - 1600°C 

Pressure:  

 50-200 MPa 

Heating rate:  

 50-600°C/min 

Effect of holding 

time, sintering 

temperature, 

pressure on 

densification and 

grain growth 

Wang 

(2000)116 

0.3-0.4, 3.5, 

21.4 µm 

(vendor) 

N/A Heating:   

20-300C°/min 

Role of particle size 

on densification 

during sintering 

Santanach 

(2011)117 

140 nm 

(SEM) 

0.2 - 9µm Heating rate 

 100-150°C/min 

Temperature 

 600-1500°C 

Pressure:  

 10-100 MPa 

Influence of 

pressure, pulse 

pattern, temperature 

and hold time on 

grain size 

Present 

study 

Powder:  

 150-275 nm 

160-16000 nm Temperature:  

950°C-1300°C 

 

Grain size-particle 

size correlation 
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The results and experimental parameters of the present study for single phase 

composites were contrasted with relevant literature data as shown in Table 3.8.  We conclude 

that the present study involved fabrication of 8Y- ZrO2 composites with a wide range of grain 

sizes as compared to most of the past experimental work (Dahl et al. 104 fabricated 8Y- ZrO2 

from 0.2nm to >3µm grain size). A similar trend can also be observed in case of polycrystalline 

spinel specimens where the current study has different microstructures with 100nm to 2.28um 

grain sizes. On the other hand, Al2O3 has been extensively studied by various researchers, 

especially for its grain growth tendency. Thus, the significance of the current study lies in its 

large sampling of sintered microstructures varying from nano-, submicron to micron-sized 

grains. This extensive nature of the data helps to understand the response of ceramic oxides to 

temperature more accurately.  

Another observation that was highlighted particle size column in Table 3.8 was that 

current study is one of few where the DLS method was used to characterize the commercial 

powders. Most of the literature studies use particle size information that either obtained from 

the vendor or performs BET, SEM imaging of the commercial powders. As described in chapter 

2 the use of the DLS results in an accurate characterization of the commercial ceramic oxide 

powders than the conventional methods. Hence the current study uses powders that are 

accurately characterized as compared to past research. 

Lastly, to the extent of our knowledge, the current study was one of the very few studies 

that qualitatively compare the grain growth behavior amongst 8Y- ZrO2, Al2O3, and MgAl2O4 

ceramic oxides. This comparison was expected to advance the knowledge regarding the 

sintering behavior of these commonly researched ceramic oxides.  
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Table 3.9 Summary of literature studies performed on grain growth of binary/ternary phase 

ceramic oxides. Information is provided regarding powder sizes with mixture proportions, 

respective grain sizes, significant sintering parameters to achieve respective grain sizes and key 

observations for comparisons with the present study. 

Author/year and 

material 

Particle / 

Crystallite 

Size 

Grain Size 

Range 

Sintering 

Parameters 

Key Conclusions 

Kwon (2001)118 

8Y-ZrO2/Al2O3 

                (2-5wt%) 

Al2O3: 

0.3 µm 

(8Y-ZrO2): 

N/A 

(DLS) 

8Y-ZrO2:  

1.67-4µm 

Al2O3: 

0.3 µm 

 

Temperature:  

1400°C 

Heating rate:  

10°C/min 

Thermal analysis, 

sintering behavior, and 

microstructure of 

mechanically alloyed 

compacts 

Tekeli (2005)119 

8Y-ZrO2/Al2O3 

                (0-10wt%) 

8Y-ZrO2:   

0.3 µm 

Al2O3: 

0.4 µm 

(Vendor) 

Average 

size 

1.5-7 µm 

Temperature:  

1400-1600°C 

Heating rate:  

200°C/min 

Al2O3 inhibits grain 

growth behavior and 

improves fracture 

toughness/hardness in 

(8Y-ZrO2) 

Meng (2012)98 

16 at%Y-ZrO2/Al2O3 

                  (0-10wt.%) 

Al2O3: 

600 nm 

16at%Y-

ZrO2: 40 nm 

(Vendor) 

Al2O3: 

0.6-0.8um 

16 at%Y-

ZrO2: 

150nm 

Temperature:  

1200-1400°C 

Pressure:  

100MPa 

Densification and 

hardness of alumina 

matrix affected due to 

zirconia loading 

Pulgarin (2014)120 

 

3Y-ZrO2/Al2O3 

(50 vol%)-(50 vol%) 

 

Al2O3: 

0.1-0.75µm 

3Y-ZrO2: 

0.37-0.6µm 

(SediGraph) 

Al2O3: 

0.3-0.9 µm 

3Y-ZrO2 

0.5-1.0 µm 

Temperature:  

1150-1600°C 

Effect of different 

particle sizes of Al-

doped, Al-(3Y-ZrO2)  

on sintered 

microstructure/hardness 

Morita (2005)92 

3Y-ZrO2/MgAl2O4 

               (30 vol.%) 

3Y-ZrO2:  

270nm 

Spinel: 

360nm 

(Vendor) 

Average 

Size: 

100-300nm 

Temperature 

1300°C 

Pressure: 

70MPa 

Nanocrystalline ultra-

fine grained composite 

fabricated by SPS with 

improved strength by 

factor of 2.0-2.5 
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Table 3.9 continued  

Author/year and 

material 

Particle / 

Crystallite 

Grain Size 

Range 

Sintering 

Parameters 

Key Conclusions 

Zhou (2006)121 

3Y-ZrO2/MgAl2O4 

               (30 vol.%) 

 

3Y-ZrO2:  

40nm 

Spinel: 

30nm 

(Vendor) 

Average 

Size: 

~100 nm 

Temperature:  

1200-1300°C 

Pressure: 

70-100MPa 

Spark plasma sintering 

of fully-dense and 

nanostructured 

composite exhibiting 

superplasticity 

Yalamac (2014)96 

Al2O3/MgAl2O4        

(10-20wt.%)          

Average 

size: 

0.15-0.2µm 

(Vendor) 

Average 

size: 

3.3 µm 

Temperature:  

1500-1600°C 

Heating rate:  

10°C/min 

Effect of MgAl2O4 

addition on classical 

sintering behavior and 

microstructure 

Present Study 

8Y-ZrO2/MgAl2O4 

(50 vol%)-(50 vol%) 

 

Average 

size: 

91-204 nm 

Average 

size: 

140 nm-

1µm 

Temperature 

1000-1300°C 

Grain size-particle size 

correlation 

Present Study 

8Y-ZrO2/Al2O3 

(50 vol%)-(50 vol%) 

 

Average 

size: 

98-219 nm 

Average 

size: 

216 nm- 

723 nm 

Present Study 

Al2O3/MgAl2O4l 

(50 vol%)-(50 vol%) 

Average 

size:   

143-201 nm 

Average 

size: 

183 nm- 

2.2 µm 

Gao (1999)16 

 SiC/3Y-ZrO2/Al2O3 

5wt% -15wt%- 

 

Average 

size: 

13 m2/g 

(BET) 

Average  

size: 

N/A 

Temperature: 

1350-1600℃ 

Heating rate: 

600℃/min 

Mechanical properties 

and microstructure of 

Densified ceramics by 

SPS of heterogenous 

precipitated powders 

Present Study 

8Y-ZrO2/Al2O3/ 

MgAl2O4 

(33-33-33 vol%) 

Average 

size:   

117-214 nm 

Average 

size: 

130nm- 

1.09µm 

Temperature 

1000-1300°C 

Grain size-particle size 

correlation 
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Literature information regarding sintering of binary/ternary phase composites of 

ceramic oxides has been provided in Table 3.9 for comparative purposes with present study 

similar to that performed for single phase oxides. 8Y-ZrO2/Al2O3 has been researched 

extensively, and the current specimens exhibit a similar range of grain sizes (0.14-1µm) to those 

obtained by Pulgarin et al. with similar individual phase composition (50-50 volume%).  

However, on the other hand, it was observed that primarily, for multiphase oxides, limited 

information is obtained specifically for 8Y-ZrO2/MgAl2O4 and Al2O3/MgAl2O4 composites. 

The different experiments performed for the given binary oxides are studied for tetragonal 3Y-

ZrO2 based system. Furthermore, the amounts of secondary phase added in 

Al2O3/MgAl2O4(<20 wt%) and 3Y-ZrO2/MgAl2O4(30vol%) is less than the present sintered 

(50-50 vol%) composites. Additionally, in few studies (Kwon (2001), Meng (2012)) there exists 

a large variation in individual particle sizes of two phases, i.e., secondary phases are 

nanopowders.  It is concluded that these nano-sized powders restrict primary grains to lower 

the binary grain size effectively. On the other hand, the current study particle size is kept similar 

~150 nm to effectively quantify the respective changes in grain size amongst different ceramic 

oxides. The three-phase composite 8Y-ZrO2/MgAl2O4/Al2O3 in present study is a novel 

sintered material with the average grain size varying between ~120nm to ~1µm. One of the few 

relevant studies related to ternary ceramics is by Gao et al., who fabricated zirconia-alumina 

mullite composites using heating rate of 600℃ via SPS from non-commercial chemically 

synthesized powders. Lastly, similar to the previous discussion on single phase ceramics, size 

information related of the binary/ternary powder mixtures in most of the studies in Table 3.9 is 

either obtained from vendors or from characterization techniques (SEM, sedigraph, BET) which 

can be less reliable than that obtained by the present method.  
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Thus, from the literature results provided in Table 3.8 and Table 3.9, It was concluded 

that the sintering studies performed for single/multiphase ceramic oxides had two primary 

objectives. Firstly, to show the effect of SPS parameters and addition of secondary phases on 

grain growth and mechanical/optical properties; secondly analyzing the densification and 

microstructure of the ceramic composites sintered by different processing techniques like two-

step sintering, colloidal processing, hot isostatic pressing along with SPS.   

To the best of our knowledge, there have been very few studies on this concept.  Wang 

et al.116 loosely mention it as “growth ratio” to prove grain growth reduction in Al2O3 (with 5% 

3Y-ZrO2) from 9.5 to 4.1 to highlight advantages offered by the two-step sintering process.  

Similarly, Maca et al.107 used the grain size to particle size comparison to differentiate the 

efficiency of single step and two step sintering of alumina and tetragonal zirconia. Jin et al.115 

stress the effect of chemical treatment of commercial Al2O3 powder to remove soft 

agglomerates, thereby reducing overall particle size and resulting in transparent, homogenous, 

and finer grained specimens. On the other hand, Bardakhanov et al.122 performed studies that 

dealt with the preparation of dense high-strength ceramics of fine grain sizes from several 

commercial powders of SiO2, Al2O3, TiO2, Y2O3, SiC, and GdO3. Particle size distribution for 

each of the individual ceramics was determined, and effects on sintering process were observed. 

However, the nature of this study was found to be broader with few samples, as compared to 

the current study, although it does concur with the conclusion of the present study that is the 

size and shape of powder particles affect the resulting ceramic microstructure. A more detailed 

study was performed by Chaiyabutr et al.123 who evaluated the effect of variable powder sizes 

of the individual as well as resin/glass infused Al2O3 by slip casting. The results obtained for 

given composites highlighted the impact of finer particle size on mechanical properties of 
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biaxial strength, fracture toughness as well as processing parameters of sintering temperature, 

and particle packing. Tian et al. also established the effect of narrow sized distribution powders 

of Al2O3 (0.05-1.24 µm) led to sintered specimens with reduced grain size by almost 15% at 

1600℃ than as-received samples 

 In contrast, the current study involves the more extensive use of the size ratio to 

describe grain growth tendencies among commercial ceramic oxide powders quantitatively. 

These ratio values are calculated at different sintering temperatures, and hence they give a 

quantitative idea regarding the grain growth kinetics of the respective single/multiphase 

ceramic oxide. This summary highlights the unique and novel nature of the current research 

which aims at a deeper understanding of the sintering behavior and grain growth phenomenon 

in ceramic oxides regarding fundamental particle sizes of the powders.  Thus, not only do we 

study the effect of finer particle sizes of individual powders but also compare the tendencies of 

respective 8Y-ZrO2, MgAl2O4 and Al2O3 system during sintering.  For this purpose, the present 

study has formulated a dimensionless ratio called “size ratio,” i.e., a quantity that can correlate 

the two relevant fundament distributions involved in powder processing as shown in Table 3.4 

& 3.5.  The necessary information can be useful to study densification and grain growth 

quantitatively due to sintering parameters (in our case temperature) and powder parameters, 

i.e., particle size.  Thereby, advanced empirical models can be made available in the future for 

optimizing the spark plasma sintering technique used for processing fine ceramic oxides.   
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3.11 Conclusion 

In this chapter, the use of spark plasma sintering has enabled the production of highly 

dense fine-grained commercial ceramic oxides with grain sizes varying from 150 nm to 10 m.  

Grain growth studies concerning changes in sintering temperatures as well as comparisons 

among different ceramic oxide composites have been carried out. Through curve fitting, 

exponential Arrhenius based grain growth versus sintering temperatures has been obtained, and 

resulting activation energy of grain growth values have been calculated for single/multiphase 

composites.   

In single-phase samples, MgAl2O4 samples were found to grow slowly amongst the 

single-phase ceramics with a activation energy of 118.4 kJ/mol, while (Al2O3)3 at high 

temperature resulted in anisotropic grains at the size of 15.9 µm with a size ratio of ~70 and 

activation energy of 202.8 kJ/mol.  It was also found that the individual grain growth tendency 

of ceramic oxides affects the resulting multiphase composites. Hence 8Y-ZrO2-Al2O3 based 

samples with a grain size < 1 µm exhibited more uniform and limited growth compared to other 

binary compositions involving MgAl2O4 phase.  These multiphase composites also result in 

reduced grain growth (in some cases size ratio lower by a factor of 10) as compared to individual 

ceramic oxides.  Furthermore, powders with different initial particle sizes were sintered 

between 950°C and 1300°C to obtain different phase composites and compared for grain sizes.  

It was concluded that the powders with lower particle size achieved faster grain growth 

indicated by high size ratio and activation energy values, while at higher temperatures large-

sized powders sintered into bigger grains or larger average grain size. 
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Thus, in the present study, several empirical results are analyzed that summarize the 

role played by particle size distribution of powders to grain size distribution of sintered 

composites and to obtain a correlation between them empirically.   In contrast to the majority 

of sintering literature, which focused mainly on the effects of sintering parameters on 

microstructural grain sizes, the present study emphasized the notion that the particle size of 

powders should also be considered to be an essential element in affecting the given 

microstructure after sintering. 

Chapters 3, in part, is currently being prepared for submission for publication of the 

material. Karandikar, Keyur; Graeve, Olivia A.; Mecartney, Martha L.; Ohtaki Kenta; Travis, 

Austin; Evokodimiko Ekaterina; Cummings, Kira. The dissertation/thesis author was the 

primary investigator and author of this material under the title “Correlation between powder 

particle size and sintered grain size distributions in ceramic oxides:  A spark plasma sintering 

study.” The thesis author was responsible for extensive particle charaterization, ball milling, 

sintering, and grain growth analysis of ceramic oxide single/multiphase composites. 

 

 

 

 

 

 

 

 

 

 



    

93 

CHAPTER 4: MECHANICAL PROPERTIES AND MICROSTRUCTURAL 

CHARACTERIZATION  

4.1 Motivation and Background  

The use of advanced fabrication technique of spark plasma sintering method to obtain 

different grain sized compacts of 8Y-ZrO2, MgAl2O4, and Al2O3-based ceramic composites 

were discussed in previous chapter 3. This was primarily possible with variations in sintering 

parameter of temperature and powder particle sizes. Grain size has been known to be an 

important parameter affecting the mechanical property of strength of sintered ceramic 

materials124–126. Hence the subsequent characterization of all the given ceramic oxides compacts 

fabricated in the current study regarding microstructure and mechanical strength assumed key 

importance.  

Knowledge of the given material properties was considered to be important as since this 

study was a part of a project that explores the use of ceramic oxides as potential surrogates in a 

novel multiphase ceramic oxide fuel that has better efficiency, safety, and transport properties 

specifically advantageous to a nuclear application. 8Y-ZrO2 being isostructural with UO2 is one 

phase being investigated as a candidate material. Al2O3 and MgAl2O4 are additional ceramic 

oxides considered since they can provide mechanical strength, thermal conductivity, and other 

material properties as secondary phases. The submicron and fine grain size microstructure 

(<200nm grain size) is expected to improve mechanical strength and enhance the material 

properties of the resulting sintered compacts. Thus, the resulting strength, microstructure and 

grain sizes of ceramic oxides provided adequate data which was expected to play an important 

role in choosing appropriate single or multiphase composites for a multiphase nuclear fuel 
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project, which was further tested for radiation damage/thermal flash studies by our project 

collaborators. 

The current chapter focusses on three key points. Firstly, micro-mechanical properties 

from microhardness (“hardness”) and fracture toughness tests of these ceramic oxides were 

analyzed for single/multiphase ceramic specimen. The results are then plotted as a function of 

grain size using a well-defined Hall-Petch relationship127. Secondly, a comprehensive 

discussion is presented highlighting the extensive nature of current results of mechanical 

properties in comparison with sintering experiments performed previously. Lastly, a 

characterization study to determine the modes failures of these sintered oxides was carried out 

via fractography studies using analysis of SEM micrographs of ceramic’s fracture surfaces. 

These single/multiphase ceramics characterized by different fracture modes, i.e., inter-, trans-, 

or mixed- granular and to provide a significant comparison between single/binary and ternary 

phased microstructures. 

There have been numerous individual studies on mechanical properties of single phase 

8Y-ZrO2, Al2O4, and MgAl2O4 composites (tabulated in detail in the discussion section (Table 

4.3 and 4.4) of varying grain size (as small as 50nm). However, their binary/ternary phase 

mixtures have not been fully explored in the literature. Generally due to rule of mixtures, the 

hardness properties of binary/ternary composites can be assumed to be function of hardness of 

individual ceramic oxide phases Thus, the present Hall-Petch (hardness) and toughness/grain 

size graphs provide novel experimental data regarding the influence of grain size on properties 

of individual phases. Furthermore, the study aims to observe any possible deviations in the 

actual results exhibited by the spark plasma sintered multiphase ceramic oxides than the 

predicted properties due to rule of mixtures. The overall study is expected to expand the use of 



 

 

95 

these available ceramics obtained from commercial powders to advanced engineering 

applications. For example, a popular drawback of 8Y-ZrO2, which is a common optical ceramic, 

is its weaker mechanical strength128. On the other hand, sintering 8Y-ZrO2 with other 

transparent spinel/alumina of fine grain size can potentially result in a better composite material 

without affecting its transparency. 

4.2 Experimental Setup 

Commercial powders of 8Y-ZrO2, Al2O4, and MgAl2O4 were sintered using spark 

plasma sintering to obtain single, binary, and ternary composites with varying densities and 

grain sizes as described in previous chapters. For the purpose of this micromechanical study, 

sintered specimens with bulk density measurements >95% obtained from Archimedes method 

were primarily considered. This was done mainly to reduce the role played by porosity on 

micro-mechanical property results. The sintered SPS sample pellets obtained were 19mm in 

diameter and 5mm in thickness with most of the sample densities (>95%) depending on 

sintering parameters.  The resulting sample information is provided below in Table 4.1. 

Table 4.1 Information regarding the range of sintering temperatures used to obtain variable grain 

sized single/multiphase composites with density values of the samples calculated by Archimedes’ 

method are tabulated.  

Sample Details Sintering 

temperatures ℃/min 

Range of average grain size Bulk 

Density 
Smallest (nm)  Largest (nm) 

8Y-ZrO2 1000 °C – 1300 °C 219 ± 54 6440 >97% 

MgAl2O4   980 °C – 1300 °C 170 ± 41 2280 >98% 

Al2O3   960 °C – 1300 °C 160 ± 33 16000 >96% 

8Y-ZrO2/Al2O3  1150 °C – 1300 °C 300 ± 35 1300 >98% 

8Y-ZrO2/MgAl2O4  1100 °C – 1300 °C 150 ± 40 1080 >98% 

Al2O3/MgAl2O4 1100 °C – 1300 °C 357 ± 53 2200 >98% 

8Y-ZrO2/MgAl2O4/Al2O3 1100 °C – 1300 °C 160 ± 21 1100 >98% 
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For sample preparation, the samples were fractured into small pieces by the impact of 

the application of sudden point load. The resulting cross section of fracture surfaces was further 

embedded in epoxy using a fast-cure resin and hardness (TED Pella, USA). Lapping and 

polishing were performed using silicon carbide (SiC) lapping discs in steps from 60 - 800 grit. 

The polishing was performed till 0.2um surface roughness using water-based diamond 

suspensions in A-4 alpha polishing cloths (TED Pella) to obtain a finer surface roughness and 

smooth finish of the fracture surface. Water-based suspensions were preferred rather than oil-

based ones to avoid contamination due to organic impurities.  

The polished samples were tested for Vickers micro-hardness and fracture toughness 

testing using indentation fracture method (IF).129, 130 Hardness testing was performed using 

diamond indenter on micro-indentation tester (LM-810, LECO Corporation, MI, USA) on a 

microscopic level with the high precision instrument and clean surfaces (metallographic 

finish)131. Loads of 500-1000gf were used with a dwell time of 15 seconds to obtain coherent 

diamond shaped indents. Diagonal lengths of the indent (D1, D2) were measured using 50X 

magnification lens (see Fig. 1B&C). Minimum of 5 readings was obtained across the entire 

thickness of the polished ceramic oxide cross-sectional surface. The resulting average hardness 

values (HV number) obtained were converted to GPa (multiplying by a conversion factor of 

0.0098). A similar number of readings were also obtained for fracture toughness measurements; 

the Anstis equation is used with higher indentation loads (1000-2000gf) to obtain coherent 

indents as well as longer cracks mainly around the corners of the diamond indents.129, 132, 133 

Additional measurement of dimensions namely length of the cracks (D3, D4) was carried out 

apart from diagonal indent lengths (see Fig. 1 B&C). Modulus (E) values for single phase 

composites were taken from literature and had been stated in the table of chapter 1 and 
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theoretically calculated in case of multiphase composites.134 Refer to ASTM E384 for 

information on hardness and JIS R1607/IF, ASTM C1421 – 16 for further information on 

fracture toughness.130 

 

Figure 4.1 Fig.A shows respective densified SPS pellet (19mm Ø) before fracture. Fig.1B shows 

sketch depicting hardness and fracture toughness measurements using Vickers indentation 

method. D1&D2 diagonal measurements for hardness. Fracture toughness involves the use of both 

indent (D1&D2) and cracks lengths (D3&D4). Fig.1C shows an optical image of indent on a three-

phase composite at 50X magnification. 
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Figure 4.2 Hardness tester LM 810-AT model manufactured by LECO Corporation135. 

The primary method indentation used for testing of hardness and fracture toughness is 

Vickers indentation hardness method. This method is defined as a nontraditional method as it 

does not require pre-cracked specimen as compared to that in Charpy test. Other advantages 

include higher sensitivity and accuracy, the smaller size of indent and so on. While the accuracy 

of this method for hardness studies has been well established, scientists still debate it to be 

inaccurate for fracture toughness measurements, but overall, most of the researchers still 

extensively use the IF method to obtain bulk fracture toughness readings because of its ease of 

use136, 137.  The following equations were used by the tester in calculating hardness and fracture 

toughness (Antsis equation)132. 

Hardness (HV) =  
F

A
=

0.01819F 

d2
 

Fracture toughness KC =  0.016 ( 
E

H
)

0.5

(
P

C1.5)             

Where, d = diagonal indent length measured in m (function of D1&D2), E = Young’s modulus 

(GPa), H = hardness (GPa), P or F = indentation load (N) and c = crack length or size of median 

cracks (function of D3 and D4)  
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4.3 Results: Hardness of single/multiphase composites  

 
Figure 4.3 Microhardness of single-phase ceramics (3A-3C) plotted as inversely proportional to 

the square root of grain size to validate the Hall-Petch relationship. The linear intercept (red 

dashed line) indicates this relationship. The secondary horizontal axis at the top corresponds to 

the respective size measurements in nanometers 
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Figure 4.4 A-B Microhardness of binary phase 8Y-ZrO2/Al2O3 (A) and Al2O3/MgAl2O4 (B) 

ceramic oxides plotted as inversely proportional to the square root of grain size to evaluate Hall-

Petch relationship. The linear intercept (red dashed line) indicates this relationship. The 

secondary horizontal axis at the top corresponds to the respective size measurements in 

nanometers  
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Figure 4.4 C-D  Microhardness of binary phase 8Y-ZrO2/MgAl2O4 (C) and 8Y-ZrO2/MgAl2O4/ 

Al2O3 (D) ceramic oxides plotted as inversely proportional to the square root of grain size to 

evaluate Hall-Petch relationship. The linear intercept (red dashed line) indicates this relationship. 

The secondary horizontal axis at the top corresponds to the respective size measurements in 

nanometers. 
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The hardness results are plotted samples for 8Y-ZrO2, MgAl2O4, and Al2O3-based 

composites of variable grain sizes. Figure 4.3 shows plots results in related corresponding to 

individual oxides of the given ceramics while Figure 4.4(A-D) portrays respective binary and 

ternary phase composites. The hardness vs. grain size data is plotted in a way that is based on 

Hall-Petch relationship that is commonly used to portray the effect of mechanical strengthening 

over grain sizes in ceramics and metals127, 138, 139 (Hall, 1954). The given power law relationship 

also called “grain boundary strengthening” was first developed primarily a is a linear relation 

of tensile strength of a given material over different grain sizes and it follows following 

equation 

𝜎𝑦 = 𝜎0 + 𝐾𝐻𝑑−1/2 

where  𝜎𝑎 is applied stress in GPa, d is a grain size of polycrystals; 𝜎0 and 𝐾𝐻 are constants that 

depend on material properties.  

Over the period, various ceramic researchers have also used the Hall-petch relation 

originally developed for yielding/cleavage has been extended to study the effect of grain sizes 

on stress-strain behavior (to study strain hardening, strain rate sensitivity) in materials and other 

mechanical properties.140 Extension of the Hall-Petch relationship to micro-hardness has been 

investigated by many researchers in different metals like Al, Cu,141, 142, Titanium143 apart from 

ceramic materials144(check Table 4.4 & 4.3 for further reference information). Thus, in the 

current study, we have investigated if the current ceramic oxide materials as single and 

multiphase composites observe the linear hall-petch relation (Hardness α 1/√grain size). 

Furthermore, this allowed us to compare the impact of grain sizes on mechanical properties 

amongst single-phase ceramics, multiphase ceramics and lastly between single and multiphase 

composites of 8Y-ZrO
2
/MgAl

2
O

4 
and Al

2
O

3 
ceramic oxide system. Lastly, for the current study, 
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coefficient (R2) values were also obtained by regression analysis are used which indicates 

scatter of data in the given plots that served helpful in the given comparative study 

Results summarized in Figure 4.3 indicate that single-phase ceramic oxides in current 

study showed the linear hardness-grain size where the finer submicron size samples are 

exhibiting higher hardness as compared to those consisting of larger grain microstructure. 

Additionally, this can also be seen from the high correlation (R2 > 0.8) or less scatter of data 

around the linear fit (indicated by the red dashed line) for each of the sample. Comparison of 

parameters among single-phase ceramics indicated that for finer grain size, the hardness of fine 

sized Al2O3 (Figure 4.3C) increased strongly by as much 40% to reach ~20GPa for grain sizes 

of 150 nm as compared to grain sizes >2.5µm. This is also indicated by the higher value of 

slope or  KH.  Similarly, polycrystalline spinel (Figure 4.3B) ceramic was found to be harder 

in nature with the net difference being ~4GPa between the largest and the smallest grain sized 

(<200 nm) specimen. On the other hand, cubic 8Y-ZrO2 (Figure 4.3A) has the least value of KH 

of Hall-Petch relationship with the hardness values ranging between 11-13 GPa for all the 

sintered compacts. 

Hardness studies were also performed for binary composites, as shown in Figure 4.4, 

for the overall range of sample grain sizes (from 200 nm to < 2µm) and >95% theoretical 

density. In general, comparing the R2 values in Table 4.2, multiphase composites (R2~0.6 to 

0.73) show a non-linear change in hardness versus average grain size as compared their single 

phase ceramic oxides (R2 > 0.8). This indicates that the effect of sintered microstructure on 

respective mechanical properties in ceramic composites with additional phases is more 

complicated as the rule of mixtures for composites applies to along with the traditional Hall-

Petch behavior. Additionally, among the binary composites, 8Y-ZrO
2
/Al

2
O

3
 (Figure 4.4A),  
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and Al
2
O

3
/MgAl

2
O

4
 (Figure 4.4B) showed a larger response of an increase in hardness between 

larger >1µm and finer (~200nm) grain size of about 3.5GPa and 5GPa as compared to 8Y-

ZrO
2
/MgAl

2
O

4
. Additionally, Al2O3/MgAl2O4 has the highest variation in hardness between 

large-grained (> 1µm) and fine-grained (~200nm) composites, with a net change of about 5 

GPa with KH of 108.2. The novel three-phase ceramic oxide 8Y-ZrO2/MgAl2O4/Al2O3 sintered 

in this study exhibits hardness results in the range of 14-17 GPa (Figure 4.4D). 

Table 4.2 Equation parameters of the linear fit obtained for the hardness vs. grain size results for 

individual ceramic oxide specimens as plotted in figure 2-3. 

Ceramic Oxide Slope (KH) 
Ho (Material 

parameter) 
R2 of linear fit  

8Y-ZrO
2
 34.508 10.88 0.81 

MgAl
2
O

4
 58.62 10.94 0.82 

Al
2
O

3
 71.57 14.95 0.82 

8Y-ZrO
2
/Al

2
O

3
 69.468 12.96 0.76 

8Y-ZrO
2
/MgAl

2
O

4
 42.68 11.58 0.60 

Al
2
O

3
/MgAl

2
O

4
 101.82 11.67 0.49 

8Y-ZrO
2
/MgAl

2
O

4
/Al

2
O

3
 52.5 13.95 0.73 
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4.4 Results: Fracture toughness of single/multiphase composites  

 
 

 

 

Figure 4.5 Fracture toughness of single phase 8Y-ZrO2, Al2O3 and MgAl2O4 ceramic oxides 

plotted against various grain sizes of the given composites.  
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Figure 4.5 Continued. 

 

 

Figure 4.6 Fracture toughness results for the different types of binary and ternary composites of 

8Y-ZrO2, Al2O3, and MgAl2O4 ceramic oxides have been plotted against various grain sizes of the 

given composites.    
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Figure 4.6 Continued. 
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Figure 4.7 Fracture toughness results for the ternary composites of 8Y-ZrO2, Al2O3, and 

MgAl2O4 ceramic oxides have been plotted against various grain sizes of the given composites. 

 

The fracture toughness values exhibited by single-phase Al2O3, binary 8Y-ZrO2/Al2O3, 

and three-phase 8Y-ZrO2/MgAl2O4/Al2O3 with varying grain sizes are exhibited in 4.6 and 4.7. 

In general, for these ceramic oxides, a sharp change in toughness values was exhibited by 

composites characterized by fine average grain size. However, the variations in toughness 

results were insignificant larger grained microstructures. The fracture toughness of 4.3 

MPa.m1/2 measured for the 4 µm-grained Al2O3 sample is almost 70% higher than the 2.5 

MPa.m1/2 fracture toughness exhibited by the 150nm average grain size sample. The binary 

phase 8Y-ZrO2/Al2O3 (4.7), exhibited the highest fracture toughness value amongst all the 

present ceramic oxides at ~6 MPa.m1/2 for an average grain size of 1.3 µm. The novel ternary 

phase 8Y-ZrO2/Al2O3/MgAl2O4 composit (4.7) exhibited a fracture toughness ranging between 

3 and 4.3 MPa.m1/2 for different grain sized sintered compacts.  

 The toughness values for single phase 8Y-ZrO2 and MgAl2O4 were found to be in the 

range of 2-3 MPa.m1/2,but results also had significant standard deviations as high as ±0.5 
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MPa.m1/2. Similarly, the specimens of 8Y-ZrO2/MgAl2O4 and Al2O3/MgAl2O4 were found to 

exhibit toughness results mostly in the range of 3-4 MPa.m1/2.  Overall, no correlation was 

observed between the toughness and grain size for these four ceramic oxides, and hence no 

further significant conclusions were obtained.  

4.5 Results: Fracture surface characterization of single/multiphase oxides 

   

 

Figure 4.8 SEM micrographs of fracture surfaces of single phase ceramics of Al2O3 (A), 8Y-ZrO2 

(B) and MgAl2O4 (C). Two different modes of fracture Intergranular (IGF) and Transgranular 

(TGF) are highlighted in the microstructures at different areas. Areas undergoing TGF are 

highlighted by circles. Fig. A1, B1, C1 are ceramic microstructures sintered at lower temperature 

(<1000 °C) while fig. A2, B2, and C2 are surfaces of composites sintered at higher temperatures 

(>1200 °C). 
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Figure 4.8 Continued. 

 

Figure 4.9 SEM micrographs of fracture surfaces in binary phase ceramics of Al2O3/MgAl2O4 (A), 

8Y-ZrO2/Al2O3 (B), 8Y-ZrO2/MgAl2O4 (C) and ternary phase composite (D). Intergranular (IGF) 

and Transgranular (TGF) modes are highlighted in the microstructures at different areas by 

circles. All the samples sintered at sintering temperatures >1150 ℃. 
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Figure 4.9 Continued 

 

The cross-sectional fracture surface was imaged using scanning electron microscopy 

imaging. Different modes of fracture, i.e., intergranular(IGF), transgranular (TGF) and mixed 

mode are identified in these ceramic oxide microstructures in these figures at various places 

highlighted by circular are. The SEM micrographs  Figure 4.8 portray differences in 

microstructures of fracture surfaces for single phase oxides of 8Y-ZrO2, MgAl2O4, and Al2O3. 

The micrographs A1, B1, and C1 in Figure 4.8 show fracture surfaces of single phase 

composites having fine grain sizes (< 300nm), i.e., sintered at lower temperatures around 

1000°C. Correspondingly, A2, B2, and C2 images show the respective microstructures at the 

higher sintering temperatures (< 1200°C), thereby containing larger micron-sized grains. It was 

observed that complete intergranular cleavage is found in both smaller and larger grain sized 

samples of Al2O3 (Figure 4.8 A1-2). In the case of 8Y-ZrO2, IGF is still a primary mode of 

fracture at different grain sizes, but few grains did exhibit TGF especially in higher grain sized 

samples (Figure 4.8 B2). On the other hand, crack propagation on fracture in MgAl2O4 (Figure 
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4.8C) grains preceded primarily via transgranular mode irrespective of sintering temperature 

and this effect was more clearly observed in micron-sized grains as seen in Figure 4.8C. 

Figure 4.9  depicts micrographs of fracture surfaces of binary ceramic composites and 

the respective ternary composites that were obtained by sintering of powders mixed in equal 

proportions by volume as explained previously.  The failure mode of these novel composites 

was more complicated as compared to their phase ceramic oxides. Mixed mode of fracture (IGF 

+ TGF) was exhibited in ternary phase 8Y-ZrO2/MgAl2O4 /Al2O3 (Figure 4.9D) and spinel-

based binary (Figure 4.9 A&C) composites. However, the microstructure of 8Y-ZrO2/Al2O3 

(Figure 4.9B) showed numerous areas of intergranular failure with well-defined grain 

boundaries. 

4.6 Discussion of hardness results in Single phase ceramic oxides 

The results shown in Figure 4.3, Figure 4.4, and Figure 4. indicate that hall-petch 

relationship (indicated by red regression line) was observed more prominently in single/three 

phase ceramic oxides (R2>0.8). The relationship is generally used to exhibit the change in 

hardness with a reduction in grain size. For example, the hardness values of alumina sample 

changed from 14 GPa to ~20GPa for a respective reduction in average grain size from 2.5µm 

to <150nm with minimal difference in theoretical density of the sample.  A clear justification 

of this Hall-Petch explanation for the present results is proposed using previously published 

data by Tekeli et al.119 During the measurement of hardness by the indentation process, the 

surface of sintered ceramic undergoes deformation due to Vickers indent resulting in a 

diamond-shaped impression (from the Vickers indenter) is generated along with on the ceramic 

microstructure. The size of this indent which is measure of deformation varies in 

microstructures having variable average grain sizes. This is because the deformation impression 
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and resulting dislocations due to it interact with the grain boundaries between different grains 

in the microstructure. A large number of these grains are individually oriented in different 

directions than the adjacent grain, and thereby the resulting surface energy associated with the 

grain boundary is different throughout the microstructure giving rise of high/low angle grain 

boundaries (of different energy). With the reduction in grain size, i.e., from >2um to <200nm, 

the number of resulting individually oriented grains increase and as a result more grain 

boundaries are obtained. This results in higher crack-grain boundary interactions, and therefore, 

the resulting crack profile propagates in complex paths instead of going simply straight across 

the grains. As a result, higher fracture energy is needed for this complex crack propagation; 

Thus, a finer microstructure results in higher fracture energy thereby, improved strength or 

hardness values. For further clarity of the explanation, Figure 4.10 is provided a pictorial 

representation of the phenomena described for given ceramics. 

As described in the previous paragraph, the number of grain boundaries affect the 

resulting hardness property of present ceramic oxides as observed for single-phase ceramics. 

However, in case of multiphase composites (Figure 4.4 and 4.5) the respective Hall-Petch 

dependence of hardness grain size results was found in 8Y-ZrO2/Al2O3 and 8Y-

ZrO2/MgAl2O4/Al2O3 binary composite as indicated by correlation factors R2>0.7 (although 

not as strong as single phase oxides). The other two compositions namely 8Y-ZrO2/MgAl2O4 

and Al2O3/MgAl2O4, showed significant scatter in data over grain size with R2 as low as 0.5. 

Thus, it can be proposed that in case of binary composites. It is well known in literature that the 

hardness properties of multiphase composites are function of their single phases due to rule of 

mixtures. However, the nature of the grain boundary can be also possible to be different 

according to the type of ceramic oxides used to sinter the respective compact Thus, for example 
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for a finer <200nm 8Y-ZrO2/MgAl2O4 microstructure, some of the grain boundaries involved 

which are either  made up of 8Y-ZrO2/MgAl2O4 or 8Y-ZrO2/8Y-ZrO2 or MgAl2O4/ MgAl2O4 

grains might have a weaker nature or lower energy thereby promoting crack propagation and 

eventually affecting the bulk hardness value of given binary specimen. It is important to note 

that grain size also varied depending on the variability of the size of the individual grains are 

and thus on the homogeneity of microstructure as described in the discussion section of previous 

chapter 3. Thus the given inherent material hardness and grain boundary effects affect the Ho 

and KH terms of Hall-Petch relationship. Thus, Hardness vs. grain size relation in binary 

composites is proposed to be more complicated which is the function of grain boundaries as 

well as inherent material hardness of the single phases. The given conclusion can also be applied 

for explaining the hardness-grain size relation in ternary grain sized specimens (Figure 4.10). 

The grain growth between individual phases was found to be more uniform, with finer 

microstructure number of grain boundaries superseding the effect due to varying individual 

grain boundary nature. The resulting crack deflection helped in higher hardness (17GPa for an 

average grain size of <150 nm as compared to 14 GPa for >1µm sized grained composite). 

4.7 Comparisons of mechanical properties among single phase materials  

The extensive results allow us the compare the individual response of hardness versus 

grain size among single phase oxides of 8Y-ZrO2, MgAl2O4, and Al2O3. The result was 

achieved by comparing the slopes or KH and H0 values of the linear fits tabulated in Table 2. 

The extent of the given ceramic oxides adherence to the Hall-Petch relationship is different,  

Al2O3 > MgAl2O4 > 8Y-ZrO2 

 Although there are very few theories to explain this concept, experiments performed by 

Krell et. al.145 help to assume that the intrinsic properties of Al2O3, MgAl2O4, and 8Y-ZrO2 are 

responsible for this variation in maximum hardness values exhibited by the respective ceramic. 
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It is known that dislocations, i.e., defects are generated from surface deformation due to 

indentation forces during hardness testing. Depending on the material property, the mobility of 

these dislocations affects the hardness property of the resulting ceramic oxide; this phenomenon 

is used to describe hardness grain size tendency in the previous section. In case of Al2O3, due 

to higher dislocation mobility, the resulting hardness values are high, while in case of while in 

the crystal lattice structure of MgAl2O4 limits this mobility of dislocation reduction and thereby 

resulted in lower performance or hardness. 

Similarly, the hardness response of binary phase ceramics as indicated by the slope KH values 

in Table 2 exhibited the following trend: 

Al2O3/MgAl2O4 > 8Y-ZrO2/Al2O3 > 8Y-ZrO2/MgAl2O4 

Since all the composites contain equal individual phases of ceramic oxides, the resulting 

trend can be quantitatively explained to be dependent on to the respective hardness values/trend 

of the individually sintered 8Y-ZrO2, alumina and spinel composites themselves. 8Y-ZrO2, 

Al2O3 and MgAl2O4 composites. Al2O3 was found to exhibit the highest hardness of all three 

single-phase oxides of ~ 19 GPa, followed by MgAl2O4 then 8Y-ZrO2.  As such, it imparted 

higher hardness to its binary-phase composites of Al2O3/MgAl2O4 and 8Y-ZrO2/Al2O3 as 

compared to 8Y-ZrO2/MgAl2O4 composite. 
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Figure 4.10 Crack interaction and the resulting mobility due to microstructural grains. In case of 

single-phase ceramics (A), the crack can either propagate or deflect thereby affecting according 

to their interactions with grain boundaries between larger or finer grains. This affects the 

resulting mechanical strength or hardness of the material. In case of multiphase oxides (B) along 

with the grain size, the grain boundary energy or nature also varies according to the type of 

neighboring grains (i.e., 8Y-ZrO2/8Y-ZrO2 OR 8Y-ZrO2/ Al2O3)). Hence dependence of hardness 

only on grain size is more complicated than a hall-petch relationship. This can also result in higher 

strength values for multiphase composites than their respective single-phase ceramics. 

4.8 Fracture toughness vs. grain size tendency  

Fracture toughness values have been obtained for single-phase ceramic oxides at 

different grain sizes obtained by varying sintering temperatures in the figure. It is well known 

in the literature, that due to their brittle nature, ceramic oxides are well known for their low 

toughness values137, 146; the current data for most of the ceramic oxides fall well within the range 

of values (<5MPam1/2 for present oxides). Al2O3 portrays the highest toughest amongst them 

(4.3MPam1/2) as compared to 8Y-ZrO2 or MgAl2O4 (maximum value = ~3 MPam1/2). Among 

the binary composites, alumina-based binaries, i.e., 8Y-ZrO2/Al2O3 (6 MPam1/2) and 

Al2O3/MgAl2O4 (4.5MPam1/2) show a higher value than 8Y-ZrO2/MgAl2O4. Comparing the 

results for the single-phase ceramic oxides, we can conclude that the tougher alumina phase 

imparts responsible for the overall increase in its respective binary composite. The resulting 
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Al2O3 phase is expected to play a part in case of ternary ceramic oxide of 8Y-

ZrO2/MgAl2O4/Al2O3 which show a maximum value of ~4.3MPam1/2. 

In contrast to hardness, it is hard to predict toughness trends among individual 

single/multiphase ceramics as the scatter and deviation of toughness values over grain size is 

high. These tendencies concur with the ones observed in previously published data by other 

researchers 84, 102 where bulk toughness results have a low/negligible dependence on average 

grain sizes for 8Y-ZrO2 and MgAl2O4 ceramic materials. However. The initial increment in 

some of the toughness results can be attributed to grain growth. As the grains grow larger, the 

overall number of grains and grain boundaries in the microstructure gets affected. The mobility 

of indentation crack is not affected due to the reduced crack-boundary interactions. This 

increases the material ability to withstand fracture by crack propagation before it ruptures, 

which defines its respective fracture toughness property. However, it is difficult to explain the 

cause of insignificant changes in the results in larger grain-sized composites. This becomes 

more complicated in case of binary/ternary phase oxides as along with grain size, the inherent 

properties of respective 8Y-ZrO2, MgAl2O4, and Al2O3 grains also can be a factor in affecting 

the resulting mechanical property.  

It is important to note that this scatter of toughness values can be related to the 

inaccuracies of indentation method itself. Compared to the standard deviation values hardness 

results the resulting variations in fracture toughness measurements were found to be higher 

(indicated by longer Y-error bars in the toughness - grain size plots). One of the probable causes 

could be that toughness equations involved the measurement of crack lengths (as explained in 

procedure section) along with the hardness indent diagonals. Since these are obtained from 

optical measurements at 50X magnification, error values in measuring edges between diagonal 
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indent and crack lengths can get propagated into the final resulting toughness value. 

Furthermore, in case of toughness, the crack profile are measured in a straight line away from 

the indents, Thus any deflections or non-linear path of crack propagation could not be measured 

accurately, thereby adding more unreliability in the measurement. The given problem due to 

the optical measurements leading to inaccurate results is also pointed out by Trunec et al.144. 

Irrespective of the errors, the given fracture toughness values for single phase and multiphase 

composites for a range of grain sizes are still significant. This is mainly due to a large number 

of data points obtained in the given study as there is the lack of literature data regarding the 

toughness properties of currently ceramic oxides, specifically binary and ternary phase ceramic 

oxides. This is further reiterated in the subsequent significance section. 

4.9 Fractal Micrography discussion studies   

To understand the failure modes in the ceramic oxides that are used in the current 

research, micrographs of fracture surfaces were characterized as shown in Figure 4.8Figure 

4.9. According to previous literature related to fracture mechanics, three primary modes of 

brittle fracture or cleavage are common, namely, intergranular fracture (IGF), transgranular 

fracture(TGF) mix mode of inter- and trans-granular fracture. Intergranular fracture generally 

when the crack grows through weak grain boundaries surrounding sintered ceramic grains while 

transgranular fracture occurs across the grain itself which is weaker than the corresponding 

boundaries.147–150  

The fracture surface results of present single-phase composites have been compared 

with previous literature studies to observe any contrasting results. In case of 8Y-ZrO2, IGF was 

found to be the primary mode of fracture, and small presence transgranular fracture surfaces, 

especially in larger micron, sized granular microstructure (Figure 4.8B). Ghosh151 found 
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similar microstructural features for 8Y-ZrO2, i.e., intergranular fracture at lower sintering 

temperatures (and hence smaller grain size); while a failure at the higher sintering temperatures 

(>1200°C) was found to be a combination of inter- and transgranular modes which is in 

agreement with our SEM analysis. One of the reasons for can be assumed to be related to the 

change in bond energy of 8Y-ZrO2 grains boundaries as the grains grow with temperature 

thereby affecting yield strength and mode of fracture. The transgranular nature of crack growth 

in MgAl2O4 that is independent of grain size, has also been highlighted by other researchers.152, 

153 The intrinsic property of  cubic structured spinel (MgAl2O4) consisting of high number of 

slip sytems or cleavage planes is an important factor for the transgranular mode of failure. In 

case of alumina, researchers have found both intergranular154 and transgranular155 fracture 

modes; however current study only exhibits the first mode. In case of binary and multiphase 

mixtures mix mode (IGF & TGF) of fractures is observed in most of the microstructures as 

observed in Figure 4.9. However, in case of 8Y-ZrO2/Al2O3 (Figure 4.9(B)), the 

microstructural grains exhibit mainly intergranular fracture with few outliers areas undergoing 

TGF. This can be related to the individual grains of 8Y-ZrO2 and Al2O3 themselves favoring to 

fail in an intergranular manner. Thus, it can be concluded that the presence of polycrystalline 

MgAl2O4 results in mix mode of fracture among binary composites of 8Y-ZrO2/MgAl2O4 and 

Al2O3/MgAl2O4 and the novel three-phase composite. 

The intergranular type of microstructure with consisting of microcracks from 

indentation can also contribute to the increase of fracture toughness; this was observed from 

current SPS alumina results.  The complex nature of crack propagation supposedly improves 

the hardness and toughness values as the multiphase ceramics undergo failure. Furthermore, 

polycrystalline commercial powders used in the study give rise to sintered grains having 
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multiple crystal planes; these planes which can either reduce or promote crack growth, thereby 

influence strength and failure mechanisms of the corresponding materials. Thus, the type of 

failure mode of present ceramic oxide microstructures were assumed to play an important factor 

their mechanical strength. However, key features in these advanced microstructures were still 

needed to be completely understood, which required further comprehending and modeling of 

failure behavior of the current ceramic oxides. 
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4.10 Comparative studies between single and multiphase composites  

Table 4.3 Performance matrix of multiphase composites versus single phase ceramic oxides in 

terms of % change (%∆) in hardness and fracture toughness 

Multiphase 

composites 

With respect to  

Single phase Al2O3 

With respect to  

Single phase 

MgAl2O4 

With respect to  

 single phase 8Y-ZrO2 

Hardness 

%∆ 

Toughness 

%∆ 

Hardness  

%∆ 

Toughness 

%∆ 

Hardness 

%∆ 

Toughness 

%∆ 

8Y-ZrO2/Al2O3 - 13 36  31 110 

Al2O3/MgAl2O4 - 2.5 2.6 25 38  

8Y-ZrO2/ 

MgAl2O4 

 - 3 20 13 40 

8Y-ZrO2/ 

MgAl2O4/ Al2O3 

- 14 <1 8 35 30 57 

 

The results of mechanical properties of multiphase composites are compared against the 

values exhibited by their phase ceramic oxide. The maximum hardness and toughness values 

for a particular single phase ceramic oxide are obtained from Figure 4.3Error! Reference s

ource not found., and the % change in the difference of results (%∆)  when compared to their 

binary/ternary phase composites are calculated and tabulated in Table 4.3. 

 Overall, the majority of results showed that the addition of secondary phase improves 

hardness and fracture toughness of individual ceramics, specifically of 8Y-ZrO2 and MgAl2O4. 
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For example, the maximum hardness (13GPa) and toughness (2-3MPam1/2) values of 8Y-ZrO2 

are lower by almost 110% when compared to binary phase 8Y-ZrO2/ Al2O3 (50%-50% volume 

mixture). Similar improvements in mechanical properties of Al2O3/MgAl2O4 (Hardness %∆ 

=25, Toughness %∆= 38) are higher than individual spinel. 

On the other hand, few negative points in performance matrix Table 4.3 are obtained, 

specifically when binary and ternary based alumina composites are compared with respect to 

single phase Al2O3. Thus, it can be concluded that addition of either or both secondary phase 

MgAl2O4 and 8Y-ZrO2 (in equal proportion) results in potentially weaker sintered specimens. 

However, the magnitude of this reduction in properties is significantly lower, when overall 

advantages of using multiphase ceramics over single phase ceramic oxides are compared 

(maximum negative %∆ in hardness Table 4.3 is 13 while maximum positive change is 31%). 

In fact, binary composites 8Y-ZrO2/Al2O3 portrayed superior toughness values ~ 5.8MPam1/2 

which is 36% tougher as compared to a single-phase Al2O3 (4.3 MPam1/2) even though it 

showed 13% lower hardness than the respective single phase. Lastly, it can be concluded that 

the novel three-phase 8Y-ZrO2/MgAl2O4 /Al2O3 composite was found to exhibit a better 

combination of both fracture toughness and microhardness when compared to the majority of 

binary and single phase composites (except for the single-phase alumina and alumina-spinel).  

This improvement in mechanical properties in multiphase composites can be attributed 

to several possible reasons. As discussed previously finer grain size and individual grain 

orientation gave rise to improved microstructures exhibiting better strength (Figure 4.10). 

Additionally, multiphase ceramics also posed complex grain boundaries due to different 

individual ceramic oxide grain, which interacts with resulting indentation cracks98. These grain 

boundaries are complex in nature due to the difference in inherent properties of the individual 
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grain itself. For example, mismatch of lattice parameters or thermal expansion coefficients of 

individual grains itself. For example, Kwon et al.156 concluded that difference in thermal 

expansion coefficients of cubic 8Y-ZrO2 matrix (10.5×10−6K−1) and Al2O3 (8.8×10−6K−1) 

particles, lead to residual stresses being introduced in the composite during cooling from the 

sintering temperatures. In fact, in the cubic 8Y-ZrO2 matrix, both tangential tensile and radial 

compressive stress were developed. These pre-stressed conditions are assumed to make the 

resulting 8Y-ZrO2/Al2O3 binary composite stronger. The retention of mechanical properties 

with additional phases was considered important because these secondary/ternary phases were 

considered to be potential candidates in the fabrication of multiphase ceramic oxide for fuel 

application as described previously. Thus, the performance matrix described in Table 4.3 

provides valuable empirical information regarding the mechanical properties of 8Y-ZrO2, 

MgAl2O4 and Al2O3 based composites. This information can benefit in the selection of suitable 

candidate amongst these ceramic oxides materials for a given engineering application.    
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4.11 Significance of the present study  

Table 4.4 Summary of relevant studies performed regarding mechanical properties of sintered 

single-phase ceramic oxides in past literature. Information is provided regarding hardness, and 

fracture toughness for respective grain sizes for making coherent comparisons with the present 

study. 

Author/year Sample 

Composition 

Range of average 

grain size 

Range of 

Hardness(GPa) 

Range of 

toughness 

(MPam1/2) 

Tamburini et al., 

(2011)102 

8Y-ZrO2 

< 100 nm to 

> 700 nm 

14.0 - 15.3 3.1 

Mazaheri et al. 

(2008)157 

0.3 µm to 

2.35 µm 

12.8 -13.5 ~ 3.2 

Tekeli. S 

(2005)119 

5 µm to 7 µm ~12.9 ~ 1.5 

Present study 200 nm – 6.4 µm 11-13 2.0 - 2.7 

Morita et al. 

(2008)84 

Spinel 

(MgAl2O4) 

0.5 µm – 100 nm 14.5 – 13.0 1.5 – 2.0 

Rothman et al. 

(2014)158 

0.3 µm –10 µm 16 – 13 1.0 - 2.5 

Wollmershauser et 

al.(2014)111 

28 nm - <200nm 17 – 20 1.1-2.2 

Present study 170nm – 2280nm 12 - 16 2.2-3.2 
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Table 4.4 continued 

Author/year Sample 

Composition 

Range of average 

grain size 

Range of 

Hardness(GPa) 

Range of 

toughness 

(MPam1/2) 

Pulgarin et al. 

(2014)120 

Alumina 

(Al2O3) 

0.5 µm-4.5 µm 10 - 18 N/A 

Krell et al. 

(2011)145 

0.2 µm-3 µm 18 - 23 N/A 

Shen et al. 

(2002)89 

0.8 - 28 µm 21 - 16 3.0 - 4.3 

Teng et al. 

(2007)159 

1.5µm- >10µm 20 4.1 

Present study 160 nm – 16 µm 13.9 - 19.9 3.1 - 4.3 

 
Table 4.4  shows a summary of the relevant literature studies carried out by ceramic 

scientists with the primary focus on the influence of grain size on micro-mechanical properties 

of 8Y-ZrO2, MgAl2O4 and Al2O3 based composites sintered by SPS. These results are compared 

with the results obtained from the current study.  

 Overall, in the case of single phase composites, the present hardness values lay 

between 16-20GPa for MgAl2O4 and 14~20GPa for Al2O3 which was well within the values 

obtained by other research studies for given ceramics summarized in Table 4.4. Regarding 

MgAl2O4, it can be concluded that our hardness values for submicron to micron size grains is 

an extension of a similar Hall-Petch correlation, which is also plotted by Wollmershauser et 

al.111 in the nano-scale regime (28-100nm). Similarly, the fracture toughness values also concur 
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with previous literature for respective grain sizes as seen in Table 4.4. However, the current 

8Y-ZrO2 specimens (~13GPa) were found to exhibit results at the lower range of hardness 

values as compared to data obtained by Tamburini102 and Mazahari157 but similar toughness 

values compared to other studies for specific grain size range (3-7% lower).  The small 

difference could be attributed to either different types of powder, i.e., due to variation in 

impurities in synthesized (Mazahari) and commercially obtained powder or the hardness testing 

technique, i.e., variations in indent loads (0.5-1kgf in present studies, while 500gf in Tamburini 

and 5kgf in Mazahari).   

Overall, the discussion and primary conclusions from current research related to 

changes in hardness and fracture toughness due to variations in grain sizes of sintered composite 

agreed with the literature presented in Table 4.4. To further illustrate this observation, a strong 

hardening tendency with smaller grain size was observed in Al2O3 (~40% increase in hardness 

for finest grains) for present study which concurs with the studies performed on alumina in 

Table 4.4 For example, Pulgarin et al.20 achieved an increase of 8GPa in hardness property for 

a submicron sized Al2O3 as compared to the higher 4.5µm average grain sized microstructure. 

Lastly, the present conclusion regarding the limited improvements in hardness property of 8Y-

ZrO2 at finer grain sizes is supported by the fact that an only small difference is obtained 

between the hardness results (~1.5GPa) in the last column for all the experimental studies 

concerning the individual ceramic oxide. 

 Thus, the unique nature of the current research is that it is among the few studies that 

analyze the grain size behavior on mechanical properties with the use of Hall-Petch 

relationships (usually used in metals). In case of single phase materials, few researchers111, 145 

did emphasis on this linear relationship while explaining hardness/toughness of Al2O3 and 
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spinel ceramic oxides, but offered less in-depth and extensive analysis regarding the present 

research. 

Table 4.5 Summary of literature studies performed regarding mechanical properties of sintered 

multiphase ceramic oxides. Information is provided regarding the sample composition, hardness, 

and fracture toughness for respective grain sizes for coherent comparisons with present study 

Author/year Sample 

Composition 

Range of 

average grain 

size 

Range of 

Hardness 

(GPa) 

Range of 

toughness 

MPam1/2 

Kwon et al. 

(2011)156 

8Y-ZrO2/Al2O3  

               (2-5wt %) 

8Y-ZrO2: 

1.67-2.73µm 

Al2O3: 0.3µm 

12.5 - 13.0 1.5 – 1.7 

Meng et al. 

(2012)98 

16at%Y-ZrO2/Al2O3 

(5-10wt%) 

Al2O3: 0.6-0.8µm 18.0 - 20.0 3.5 - 4.1 

Tekeli. S 

(2005)119 

8Y-ZrO2/Al2O3 

(0-10wt%)  

1 - 7µm 12.7 - 14.2 1.5 - 2.4 

Present study 8Y-ZrO2/Al2O3 

     (50Vol%) 

300nm – 1.3µm 14.8 - 17.3 3.6 - 5.8 

Yalamac et al. 

(2014) 96 

Al2O3/MgAl2O4   (10-

20wt%) 

3.3µm 17.5 - 18.5 N/A 

Present study Al2O3/MgAl2O4 

     (50Vol%) 

350nm - 2.2µm 13.0 – 19.4 3.4 - 4.8 

Quenard et al. 

(2000) 160, 161 

3Y-ZrO2/MgAl2O4 

(1-30wt%)   

0.2 - 0.8µm 14.4-16.3 2.3 - 6.6 
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Table 4.5 continued 

Author/year Sample 

Composition 

Range of 

average grain 

size 

Range of 

Hardness 

(GPa) 

Range of 

toughness 

MPam1/2 

Present study 8Y-ZrO2/MgAl2O4 

        (50Vol%) 

150nm -1.08µm 12.1 - 14.8 2.8 - 3.8 

Chen et al. 

(2005) 33 

3Y-ZrO2/Al2O3 / 

mullite 

(/30/30 wt%)  

0.43µm 15.0 N/A 

Khoshkalam. 

(2013) 97 

3Y-ZrO2/Al2O3 / 

MgAl2O4 

(10-20/10-20)wt% 

1 - 2µm 12.0-18.0 6.0-7.0 

Present study 8Y-ZrO2/Al2O3/ 

MgAl2O4 

160 nm- 1.1µm 14.2 – 16.9 3.0-4.3 

 

The extensive and novel nature of the current empirical study is highlighted by the fact 

that there is limited information on most of the binary/three phase ceramic oxide composites as 

shown in Table 4.5. The current multiphase composites had an equal proportion of secondary 

and ternary phases whereas literature studies for given ceramics had lower concentrations of 

respective phase addition. In some experiments like for 8Y-ZrO2/Al2O3 performed Kwon et al. 

156, the percentage secondary phase alumina was more equivalent to the level of dopant 

additions(1-3wt%) than phase additions. Furthermore, the number of samples with variable 

grain sizes was found to be low in most of the studies performed for 8Y-ZrO2/Al2O3 and 

Al2O3/MgAl2O4 sintered oxides. Thus, it is hard to make concrete comparisons between the 

hardness and toughness values of present results of binary composites with literature.   
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Nevertheless, the range of current results reported for 8Y-ZrO2/Al2O3 were on the higher 

side than those reported in the literature (see Table 4.5). Two explanations were possible for 

the present experimental observations in these binary composites. Firstly, the average grain 

sizes of the samples used in the present study vary from 300 nm to <2 µm compared to micron-

sized samples in the literature; thereby according to the hall-petch relationship the hardness 

values are much higher in present 8Y-ZrO2/Al2O3 samples, but this did not explain the 

improvement in fracture toughness results. Secondly, the higher concentration of alumina (50% 

volume) can be responsible for higher mechanical properties of toughness and hardness by rule 

of mixtures. This effect of phase additions on the improvement in mechanical properties is well 

known as demonstrated by researchers with respect to increasing concentration of Al2O3 or 8Y-

ZrO2 as respective secondary phases96, 98, 119.  Similar explanations can be offered for higher 

mechanical properties of the present Alumina-Spinel composites as compared to the data in the 

literature. Lastly, as to author’s best knowledge, novel grain size – hardness relations for binary 

8Y-ZrO2/MgAl2O4 and ternary phase have been established. Most of the literature study in 

Table 4.5 is focused on tetragonal Yttria-stabilized zirconia-based 3Y-ZrO2/MgAl2O4 and 3Y-

ZrO2/MgAl2O4/ Al2O3 composites. It is well known that 3Y-ZrO2 has better mechanical 

properties 162–164 than its cubic 8Y-ZrO2 counterpart and hence this could explain the lower 

hardness and fracture toughness values exhibited by the current ceramic oxide specimens. 

4.12 Conclusion 

An extensive analysis of the influence of grain size on hardness and fracture toughness 

of different ceramic composites sinter from 8Y-ZrO2, MgAl2O4 and Al2O3 commercial powders 

was presented in the current chapter of the dissertation. Comparing the present results with 

literature indicate that apart from most of the single-phase oxides, current study adds novel 
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results regarding Hall-Petch correlation for most of binary and ternary phase sintered 

specimens. A strong correlation of Hall-Petch relationship was observed for single phase 

ceramic oxides and ternary composite (R2~0.8). On the other hand, fracture toughness values 

of these ceramics contained scatter of results for different grain sizes; thereby no correlation 

could be obtained. These studies quantitatively analyzed changes in mechanical strength due to 

submicron-, nano-sized over larger grain microstructures. Furthermore, amongst all studied 

ceramic composites, single phase alumina and its binary composites with equal proportionate 

of 8Y-ZrO2 attained the highest hardness and toughness values of 20 GPa and 5.8 MPam1/2 

respectively. Also, it was observed that in general, multiphase composites have both superior 

hardness (up to 30%) and fracture toughness (as far as >100%) when compared to 8Y-ZrO2, 

and MgAl2O4 separately. This proves that it is advantageous to obtain multifunctional fine-

grained composites that offer various engineering applications, without a significant 

compromise of the initial mechanical properties of their single phased constituents. Lastly, the 

micrographic study of fracture surfaces highlighted the presence of primary inter-

granular/trans-granular or mix modes of failure in single/multiphase composites. 

Chapter 4, in part, is currently being prepared for submission for publication of the 

material. Karandikar, Keyur; Graeve, Olivia A.; Mecartney, Martha L.; Ohtaki Kenta; Travis, 

Austin; Evokodimiko Ekaterina; Cummings, Kira. The thesis author was the primary 

investigator and author of this material under the title “Mechanical properties of 8Y-ZrO2, 

MgAl2O4, and Al2O3 based single/multiphase ceramic composites produced by spark plasma 

sintering.” The thesis author was responsible for testing hardness and toughness mechanical 

properties and fractography of the single/multiphase phase composites. 
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CHAPTER 5: HEATING RATE AND MASTER SINTERING CURVE 

5.1 Experimental Set-up, Results and Discussion 

Table 5.1 Results highlighting grain size values for single phase 8Y-ZrO2, MgAl2O4 and Al2O3 

powders at different heating rates at a sintering temperature. Density % is the bulk density of the 

samples calculated by Archimedes principle. Respective ceramic oxide specimen designations used 

in the current research are provided accordingly. 

Specimen 

Temperature 

°C 

Heat. rate °C/min Grain size nm Density % 

(8Y-ZrO2)2 

1000 100 280 ± 80 nm 97.8 ± 0.9 

1000 50 284 ± 63 nm 97.9 ± 0.8 

1000 10 219 ± 54 nm 96.9 ± 1.0 

(8Y-ZrO2)3 

1100 100 1.72 ± 0.21 um 98.4 ± 0.5 

1100 10 1.58 ± 0.17 um  98.7 ± 0.2 

(MgAl2O4)1 1030 100 241.3 ± 43.2 98.1 ± 0.4  

 1030 50 245.3 ± 63.6 98.6 ± 0.6 

 1030 10 265.3 ± 55.2 98.7 ± 0.6 

(MgAl2O4)2 1030 100 338.8 ± 99.3 99.1 ± 0.2 

 1030 50 324.3 ± 116.2 98.7 ± 0.4 

 1030 10 265.3 ± 55.2 98.9 ± 0.5 

 

(Al2O3)2 1080 100 472.5 ± 140.5 99.1 ± 0.4 

 1080 10 409.2 ± 54.5 99.5 ± 0.9  

(Al2O3)3 1000 100 307.8 ± 66.2 98.6 ± 0.8  

 1000 50 355.9 ± 143.5 98.9 ± 0.3 

 1000 10 258.5 ± 63.9 98.4 ± 0.2 
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Table 5.2 Results highlighting grain size values for multiphase 8Y-ZrO2, MgAl2O4 and Al2O3 

powders at different heating rates at a particular sintering temperature. Density % is the bulk 

density of the samples calculated by Archimedes principle. Respective ceramic oxide specimen 

designations used in the current research are provided accordingly. 

Specimen Temperature °C Heat. rate 

°C/min 

Grain size nm Density % 

(Al2O3)3/ 

(MgAl2O4)1  

1100 100 370.0 ± 67.5 98.1 ± 1.0 

1100 10 528.3 ± 102.6 98.9 ± 0.6 

(Al2O3)2/ 

(MgAl2O4)1  

1100 100 408.8 ± 81.8 98.3 ± 0.3 

1100 50 577.0 ± 102.1 98.7 ± 0.6 

1100 10  619.8 ± 129.3 98.9 ± 0.6 

 

Specimen Temperature °C Heat. rate 

°C/min 

Grain size nm Density % 

(8Y-ZrO2)2/ 

(Al2O3)1 

1100 100 257.5 ± 55 92.4 ± 0.1 

1100 50 279.5 ± 54 93.9 ± 0.6 

1100 10 342.2 ± 76.8 99.7 ± 0.6 

(8Y-ZrO2)2/ 

(Al2O3)3 

1100 100 281.3 ± 60.9 98.4 ± 0.7 

1100 10 581.9 ± 143.6 98.9 ± 0.3 
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Table 5.2 continued 

Specimen Temperature °C Heat. rate 

°C/min 

Grain size nm Density % 

(8Y-ZrO2)1/ 

(MgAl2O4)1 

1100 100 284.8 ± 46.7 99.0 ± 0.7 

1100 50 412.9 ± 78.5 99.6 ± 0.6 

1100 10         N/A 99.7 ± 0.1 

(8Y-ZrO2)2/ 

(MgAl2O4)1 

1000 100  142.0 ± 27.1 91.2 ± 0.3 

1000 50  110.3 ± 46.1 84.0 ± 0.2 

Specimen Temperature °C Heat. rate 

°C/min 

Grain size nm Density % 

(8Y-ZrO2)2 

/(MgAl2O4)1 

/(Al2O3)3 

1030 100 134.1 +/- 35.4 92.0± 0.6 

1030 50 142.7 +/- 28.4 90.5 ± 0.5 

1030 10 115.9 +/- 21 80.4 ± 0.6 

(8Y-ZRO2)2 

/(MgAl2O4)1-

/(Al2O3)2 

1100 100 288.8 +/- 49.7  98.7 ± 0.4 

1100 50 341 +/- 86 98.9 ± 0.6 

1100 10 367.1 +/- 99.5 98.3 ± 0.5 
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Figure 5.1 SEM micrographs of the fracture surface of the (8Y-ZrO2)1 sintered composite at 

different heating rates of 10,50, and 100℃/min. The sintering temperature at 1000℃ while other 

parameters were kept constant. Powder particle size was 82±31nm. 

 

Figure 5.2 SEM micrographs of the fracture surface of the (MgAl2O4)1 sintered composite at 

different heating rates of 10, 50, and 100 ℃/min. The sintering temperature was constant at 1030 

℃. The powder particle size was measured as 84±15 nm 
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Figure 5.3 SEM micrographs of the fracture surface of (Al2O3)3 sintered composite at different 

heating rates of 10, 50, and 100 ℃/min. The sintering temperature was constant at 1030℃. The 

powder particle size was measured as 149±28 nm. 

 

 

Figure 5.4 SEM micrographs of the fracture surface of (Al2O3)3/(MgAl2O4)1 sintered composite at 

different heating rates of 10,50 and 100 ℃/min. The sintering temperature was constant at 

1100℃. The powder particle size was measured as 147±22 nm. 
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Figure 5.5 SEM micrographs of the fracture surface of the (8Y-ZrO2)2/(Al2O3)1 sintered composite 

at different heating rates of 10,50 and 100℃/min. The sintering temperature was constant at 

1100℃. The powder particle size was measured as 197±31 nm. 

 

 

Figure 5.6 SEM micrographs of the fracture surface of the (8Y-ZrO2)2/(MgAl2O4)1 sintered 

composite at different heating rates of 10 and 100℃/min. The sintering temperature was constant 

at 1100℃. The powder particle size was measured as 91±15nm. 
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Figure 5.7 SEM micrographs of the fracture surface of the (8Y-ZrO2)2/(MgAl2O4)1/(Al2O3)2 

sintered composite at different heating rates of 10 and 100℃/min. The sintering temperature was 

constant at 1100℃. The powder particle size was measured as 214±30nm. 

 

Table 5.1 and 5.2 highlights respective data of the average grain size (nm) for two 

different specimens of binary and ternary phase 8Y-ZrO2, Al2O3 and MgAl2O4 based 

composites versus heating rates (nm). Overall, in case of Al2O3/MgAl2O4, higher heating rates 

resulted creating finer grain sized microstructures. This observation is highlighted by the lower 

average grain size of (Al2O3)2/(MgAl2O4)1 by ~ 200 nm i.e. 408.8 ± 81.8 nm at 100℃/min 

heating rate as compared to 619.8 ± 129.3 when heated at 10℃/min (Sintering 

temperature=1100℃). Similar grain size-heating rate effect is also exhibited for other binary 

composites i.e. both (8Y-ZrO2)/(Al2O3) specimens and (8Y-ZrO2)1/(MgAl2O4)1 at a constant 

value of sintering temperature. Lastly, results also indicate that for novel three phase 

composites, 100 ℃/min heating rate is responsible for the least grain size values, irrespective 

of different sintering temperature and different particle sized samples. However, it is difficult 

to accurately confirm this trend because of the average grain size values of the given 

composites. For example, in case of the [(8Y-ZrO2)2/(MgAl2O4)1/(Al2O3)2] sample, sintering at 
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10 ℃/min to 100 ℃/min caused overall change in grain sizes by 80nm, while the standard 

deviation of the results lies between 40 to 99.5 nm.  

 Correspondingly, Table 5.2 highlights the relative % density results for the given novel 

sintered multiphase ceramic oxides. In case of Alumina-Spinel, the changes in heating rate from 

10-100℃/min was found to result in less than 1% difference in the density values which are 

well within the standard deviation of the results in a table. In case of multiphase composites of 

(8Y-ZrO2)1/(MgAl2O4)1 and (8Y-ZrO2)2/(MgAl2O4)1/(Al2O3), for specimens sintered at lower 

temperatures of 1000 ℃, lower heating rates resulted in densed microstructures, while samples 

with sintering temperature of 1100 ℃ achieved almost complete densification independent of 

the heating profile. SEM images of respective multiphase microstructures are provided in 

Figure 5.1-5.7 for further clarification. 

Table 5.1 highlights the relative % density results and grain size of single phase 8Y-

ZrO2, Al2O3 and MgAl2O4 composites versus heating rates. Out of all the single-phase samples, 

the average grain size of (8Y-ZrO2)2 sample (table and figure) was affected by the variations in 

heating rate. This average grain size of (8Y-ZrO2)1 sintered at 100 ℃/min was 1.72 ± 0.21 um 

as compared to 1.58 ± 0.17 um when sintered at 100 ℃/min. Overall, the average changes in 

grain sizes in MgAl2O4, Al2O3, 8Y-ZrO2 specimens were found to be well within the standard 

deviation values. For examples the grain sizes changed by 42nm from 300 to 258 nm in (Al2O3)1 

sample as shown in Table 5.1 when the heating rate was reduced from 100℃/min to 10℃/min 

which is in a similar range as the standard deviation results (307.8 +/- 66.2 nm and 258.5 +/- 

63.9 nm respectively). Lastly, the respective relative  density values were also obtained for 

given composites, and they were constant for the given specimens sintered at 10 - 100 ℃/min. 

As a result, trends between heating rates and grain size and density are not clear, and it can be 
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concluded that heating rate is not primary factor driving the sintering of respective single phase 

ceramic oxide composites. 

In case of present study, average grain size and relative density of the sintered specimens 

have been considered as a criterion to observe the influence of heating rate on microstructures 

of novel multiphase ceramic oxides. Based on results in Table 5.1 and Figure 5.1, faster 

heating rates led to finer grain sizes for binary and ternary ceramic oxides in general. Thus the 

grain size results of novel binary and ternary ceramic oxides sintered in the present study agree 

the heating rate trends found in past literature for Al2O3, BaTiO3. As the heating rates increase 

from 10 to 100 ℃/min, the effective sintering cycle time to reach the desired temperature is 

shorter. The initial stage of sintering, that occurs at lower temperatures and is governed by grain 

growth due to surface diffusion and other grain coarsening mechanisms, is smaller.  Hence 

powder compacts under faster heating rates tend to skip these dominant mechanisms while 

simultaneously densifying through grain boundary diffusion thereby exhibiting limited grain 

growth.  

On the other hand, the results from relative density versus heating rates are contrasting 

in nature amongst the multiphase composites. Density value for (8Y-ZrO2)2 /(Al2O3)1 powder 

compact is lower at higher heating rate of 100℃/min. A possible explanation of this result is 

that higher heating rates to thermal gradients during sample densification process, causing 

porosity thereby affecting the bulk density value which is also observed for 3Y- ZrO2. 

Furthermore, the present results corroborate with sintering of single phase alumina by Aman 

(2009), which helps us to explain that the thermal gradients enhance local surface diffusion 

across the sample similar to Soret effect thereby affecting overall densification process. 

However, in case of (8Y-ZrO2)2/(MgAl2O4)1 and (8Y-ZrO2)2 /(MgAl2O4)1/(Al2O3)3 increase in 
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heating rate led to higher densification values. These results on the other hand are unique as 

they do not follow the regular densification mechanism in nature and have not been explored 

in literature. One assumption that can be obtained from these results is that electric field used 

in SPS delays the thermal based sintering mechanism. This might lead to enhanced densification 

by affecting the grain boundary energy and powder particle interface kinetics in the die during 

the actual sintering process [Demuynck]. The pulsed current was also found to influence the 

conductivity of Zirconia(8Y-ZrO2) and Alumina(Al2O3) which are insulators at room 

temperatures as studied by [Demuynck (2012)], these material properties potentially resulting 

particle interface kinetics.  Lastly, in case of both (Al2O3)3/(MgAl2O4) samples the densification 

was not affected by respective heating rate, this can be possibly because the high sintering 

temperature of 1100℃/min could be enough for samples to densify irrespective of the heating 

rates. We can potentially expect the effects of heating rate expected to be more profound at 

samples held at lower sintering temperatures i.e. possibly between 900-1000℃.  

Previous experimental studies performed by Tamburini et al. for cubic zirconia(8Y-

ZrO2) observed no changes in density but the reduction in grain sizes by only 20nm when for a 

range of heating rates between 50-380℃/min. The densification effects obtained in the present 

study for 8Y-ZrO2 concurs the literature findings, although the respective grain size tendency 

was found to be variable among different research studies. Kim et al. suggest that low heating 

rate leads to small grain size (0.21um) for low heating rate and less porosity with sintering 

temperature. Low heating rate densification of Al2O3. Similarly, Morita et al. in MgAl2O4 

observed that at higher sintering temperatures with respect the relative density remains same 

>99% independent of heating rate. However, the densification is faster at lower densification 
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rates <10℃/min. Thus the present results of spinel fall are obtained for samples sintered at 

higher sintering temperatures i.e. in the post densification zone.  

  In short, it can be concluded that heating rate effects are more significant at lower 

sintering temperatures, i.e., <1100℃ in case of present study. Higher heating rates lead to finer 

grain sizes in multiphase composites attributed to homogenous grain growth of individual 

phases. On the other hand, change in heating rates were found to not significantly affect density 

or grain sizes for single phase composites, these observation is also found from  results in 

previous literature studies4, 22–24. Furthermore, it was difficult to establish the relation between 

heating-rate/densification as other factors like the effective sintering time, the powder/material 

properties, and the type of sintering parameters used can play a part in defining the sintered 

microstructure. 

5.2 Master Sintering Curve: Theory and Procedure  

The research presented in the present doctoral thesis was mainly of empirical nature. 

Hence it involved sintering and observation of the microstructures of the resulting different 

single/multiphase ceramic oxides by varying parameters of sintering temperature (Chapters 3) 

and heating rate (Chapter 5). To complement the empirical findings and predict the kinetics of 

sintering of 8Y-ZrO2, MgAl2O4 and Al2O3-based oxides, we have used a basic simple 

theoretical model from past literature. Specifically, the Master Sintering Curves (MSC) have 

been plotted for each of the sintered composites from the previous empirical heating rate 

experiments as described in section 5.1. 

Master sintering curve is a widely used concept used to measure the sinterability of a 

ceramic powder based composite179–183. This technique was proposed by Su and Johnson184 to 

model the sintering and densification of a green body compact from empirical data independent 
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of the thermal profile/path used (iso-thermal, heating time, temperature, and so on). MSC model 

is based on combined stage sintering study carried out by Hansen et al.185 that combines the 

three stages (initial particle surface necking, intermediate and final grain growth) in a single 

continues sintering process.  This phenomenon is achieved by developing an equation that 

separates and links the geometric parameters related to the actual microstructure of the 

fabricated specimen to the time-temperature profile used during the manufacturing process. The 

MSC model in case of isotropic linear shrinkage of the green compact accounts for various 

diffusion mechanisms involved and is described by the following equation: 

∫
 (𝐺(𝜌))

𝑛

3𝜌(𝛤(𝜌))
𝑑𝜌

𝜌

𝜌0
 = ∫

𝛾Ω𝐷0

𝑘𝑇
 𝑒𝑥𝑝 (−

𝑄

𝑅𝑇
) 𝑑𝑡

𝑡

0
       (5.1) 

Where n is 3 for volume diffusion, and n is 4 for grain boundary diffusion. The other 

symbols of the equation are as follows: 

γ is the surface energy, Ω is the atomic volume, k is the Boltzmann’s constant, 𝛤 is the 

lumped scaling factor containing density-dependent geometric terms (Γ represents geometric 

factors as the driving force in sintering), T is the absolute temperature, G is the mean grain size, 

t is the time, L is the sample length, 𝐷0 is the diffusivity pre-exponent, Q is apparent activation 

energy for densification, R is universal constant. The equation 5.1 assumes that grain growth 

can be described as a function of density 𝜌, and sintering process is dominated by only one 

diffusion mechanism i.e., volume or grain boundary. 

Rearrangement and integration of equation 5.1 to account for the heating history of the 

SPS process result in a single density based parameter Π on the left-hand side, while R.H.S of 

the same equation results in parameters namely work of sintering Θ. These are elaborated in 

equations 5.2 and 5.3 below. 
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L.H.S = 𝛱(𝜌) =
𝑘

𝛾Ω𝐷0
∫

 (𝐺(𝜌))
𝑛

3𝜌(𝛤(𝜌))
𝑑𝜌

𝜌

𝜌0
         (5.2) 

R.H.S = 𝛩(𝑡, 𝑇(𝑡)) =  ∫ 𝑒𝑥𝑝
1

𝑇
(−

𝑄

𝑅𝑇
) 𝑑𝑡

𝑡

0
        (5.3) 

The current study was focused on using the MSC curves to model densification 

tendency in SPS sintering of ceramic oxide composites. Thus, MSC curves were used to find 

the apparent activation energy Q empirically based on a set of sintering experiments with three 

different constant heating rates of 10℃/min, 50℃/min and 100℃/min for given 

single/multiphase ceramic oxide composite. For this purpose, the popularly used technique of 

linearization of equation 5.1 using sigmoid model186, 187 was applied to obtain the linear relation 

between the two most important parameters, i.e., the natural log of work of sintering Θ and 

relative density ρ. This further led to two different sub-parameters of density namely 

densification parameter 𝜓 and densification ratio ɸ 

Where relative density, 𝜌 =  𝜌0 +
1−𝜌0

1+exp(−
𝑙𝑛Θ−a

b
)
      (5.3) 

And densification parameter, 𝜓 =
𝜌−𝜌0

1−𝜌0
=  

1

1+exp(− 
𝑙𝑛Θ−a

b
)
        (5.4) 

Moreover, power law-based densification ratio, ɸ =
𝜌−𝜌0

1−𝜌
= (

Θ

Θ𝑟𝑒𝑓
)

𝑛

     (5.5) 

Few of the key terms in the equations 5.3, 5.4 and 5.5 are  𝜌0= initial green body relative 

density before the actual sintering, a, b = mathematical constants for sigomoidal curve, Θ𝑟𝑒𝑓 is 

work of sintering in the middle of densification cycle i.e., ρ = (𝜌0+1)*0.5, and n is the power-

law exponent. 
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 The linearized form of master sintering curve equation 5.2 using sigmoidal 

function is obtained by taking the log of equation 5.5 below: 

𝐿𝑛 ɸ = 𝑛(𝑙𝑛Θ − Θ𝑟𝑒𝑓)                (5.6) 

The mathematical constants a and b can be calculated by treating equation 5.6 as a 

straight line, and hence x-intercept a = LnΘ𝑟𝑒𝑓 and slope b= 1/n.  

Thus, the first step involved in this study was to import the temperature (T), time(t) and 

displacement of the ram(mm) of the actual sintering cycle during SPS of the given ceramic 

oxide composites. For a given material, the three individual data sets were obtained related to 

the heating rates of 10℃/min, 50℃/min, and 100℃/min used for sintering. For MSC curves, 

the starting temperatures were considered to be the point where primary work of densification 

proceeds, i.e., the piston displacement and velocity values started to increase from 0. Minimum 

25 readings of temperature were selected to plot the sintering curves. The loading diagrams in 

chapter 3 can be revisited for further clarification of the terms. The green density of the 

compacts was calculated previously by volumetric analysis using the mass of the powder loaded 

into the die. The piston displacement was normalized and converted to relative densities 

accordingly over the range of the temperatures.  

Equations 5.3 was now used to plot ln Θ values by continuously empirically assuming 

a value of Q (200, 500, 1000kJ/mol, and so on) in equation 5.3. Equation 5.5 was used to find 

𝜌 or calculated density at a given temperature T for a given sintering cycle. The difference 

between calculated density at a given temperature and the final maximum density was squared 

which is given by the following parameter Δ. Thus, this difference Δ = (final density-calculated 

density)2 where the final density was the bulk density of ceramic composite obtained by 

Archimedes method. The resulting values of Q gave range of results for difference Δ out of 
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which smallest value is considered. The resulting Θ that gave the minimum value which was 

then as L.H.S of equation 5.3 thereby giving use the empirical value of apparent activation 

energy for a specific SPS sintered ceramic oxide composite. Thus, the linearized MSC model 

from literature was used to find out apparent activation energy of the given ceramic process187. 

As an example, the data set for plotting master sintering curve of the single-phase Al2O3 along 

with resulting plots at different activation energies are shown in Table 5.3 & Figure 5.8. The 

respective sigmoid MSC obtained for different values of Q ranging from 200-1000kJ/mol are 

show in figure 5.8. Further calculations using linearization model of master sintering curves as 

described below is performed to obtain ln Θref and n for the respective sintering process of 

alumina as shown in figure 5.8. Apparent activation energy of 960.6kJ/mol was obtained from 

the calculations using MSC equations described previously for single phase Al2O3. 
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Table 5.3 Dataset for one of the three heating rates (10℃/min) used for generation of master 

sintering curve of single phase Al2O3 composite. Density was obtained using green density, final 

density from Archimedes principle and ram displacement. Note that the temperature was 

converted to Kelvin(K) for calculations of lnΘ. 

 

Time(s) Temp (℃) Density -Q/RT Exp(-Q/RT) Exp(-Q/RT) *t/T lnΘ 

2693 840 0.52144 -54.0337 3.41551E-24 8.26413E-24 -53.1501 

2754 850 0.52144 -53.5526 5.52611E-24 1.3552E-23 -52.6555 

2814 860 0.52144 -53.0799 8.8653E-24 2.20185E-23 -52.1702 

2873 870 0.524515 -52.6155 1.41051E-23 3.5454E-23 -51.6938 

2933 880 0.52759 -52.1592 2.22618E-23 5.66295E-23 -51.2255 

2993 890 0.53374 -51.7107 3.48607E-23 8.97146E-23 -50.7654 

3054 900 0.542965 -51.2698 5.4174E-23 1.41046E-22 -50.313 

3114 910 0.552191 -50.8365 8.3562E-23 2.1996E-22 -49.8686 

3174 920 0.561416 -50.4103 1.27959E-22 3.40438E-22 -49.4318 

3233 930 0.573716 -49.9913 1.94562E-22 5.22875E-22 -49.0027 

3294 940 0.589091 -49.5792 2.93794E-22 7.97822E-22 -48.5802 

3356 950 0.604467 -49.1738 4.40658E-22 1.2092E-21 -48.1643 

3414 960 0.619842 -48.775 6.56606E-22 1.81805E-21 -47.7565 

3474 970 0.638292 -48.3826 9.72122E-22 2.71694E-21 -47.3548 

3533 980 0.656743 -47.9964 1.43026E-21 4.03282E-21 -46.9598 

3595 990 0.675193 -47.6164 2.09149E-21 5.95322E-21 -46.5704 

3652 1000 0.693644 -47.2424 3.04021E-21 8.7218E-21 -46.1885 

3714 1010 0.718244 -46.8741 4.39358E-21 1.27185E-20 -45.8112 

3774 1020 0.73977 -46.5116 6.31336E-21 1.84274E-20 -45.4404 

3835 1030 0.767445 -46.1547 9.02164E-21 2.65525E-20 -45.0752 

3894 1040 0.795121 -45.8031 1.28218E-20 3.80259E-20 -44.716 

3955 1050 0.825871 -45.4569 1.81261E-20 5.41865E-20 -44.3619 

4015 1060 0.859697 -45.1159 2.5492E-20 7.6782E-20 -44.0133 

4058 1070 0.884298 -44.78 3.56696E-20 1.07779E-19 -43.6742 

4075 1080 0.89967 -44.449 4.96633E-20 1.49577E-19 -43.3465 
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Figure 5.8 Master sintering curves of relative density vs work of sintering calculations for single 

phase Al2O3 at different empirical values of activation energy. Data sets of sintering profile at 

three different heating rates is used for this purpose. The minimum value of activation energy at 

which all the three curves converge is the apparent activation energy of the process. The respective 

linearization curves are shown in the next figure. 
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Figure 5.9  Fig.B portrays Linearization of master sintering curve model for calculation of 

activation energy for Al2O3. The linearization is performed using an initial estimate of Q=1000 

kJ/mol that is used to plot the sigmoid curves in Figure A. Figures C and D show respective 

sigmoid curves with apparent activation energy values found out for MgAl2O4 and 8Y-ZrO2 

respectively. 
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Figure 5.10 Master sintering curves of relative density vs. work of sintering plotted for binary 

phase composites of 8Y-ZrO2, Al2O3, and MgAl2O4. The resulting apparent activation energy of 

the sintering process for each ceramic is provided. Three sintering rates are used for plotting of 

MSC curves. 
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The resulting sintering curves for single phase ceramic oxides have been plotted in 

Figure 5.8 using experimental data from three different heating rates. The activation energies 

were calculated from these curves, and it was found out that MgAl2O4 had the least activation 

~430kJ/mol while Al2O3 exhibited the highest activation energy of about ~960.6kJ/mol171, 188–

190. These values were well within the data from the previous SPS literature studies that have 

been performed which concluded the average values of 480kJ/mol and 1030kJ/mol. On the 

other hand, the current apparent activation energy for 8Y-ZrO
2 

was found to be higher than the 

past experimental results (ranging from 873kJ/mol to 607 kJ/mol in literature187, 191–194). 

However, it is important to know that the given activation energy is called “apparent” or only 

an empirical indication of the thermal sintering process. During sintering ceramic oxides 

densify through volume or surface grain boundary diffusion accompanied by grain growth and 

grain boundary sliding. Since all of these factors may occur simultaneously, the results obtained 

in the current study could vary drastically than previous research. Green density, sintering 

parameters, particle size and packing, final density measurements can thus affect the empirical 

calculations of MSC curves, and these might have resulted in a higher energy value in the 

current 8Y-ZrO2 specimens. 

Based on the experiments in chapter 3 and current MSC data we hypothesized that a 

correlation exists between grain growth and activation energy. The low grain growth (<1um at 

high sintering temperatures) that was highlighted in chapter 3 can be corroborated by the low 

activation energy values during the sintering process. This growth was slow as compared to 

8Y-ZrO2 and Al2O3
 
where the grains grew exponentially at temperatures >1100℃, and this can 

be attributed to the resulting high apparent activation energies during the sintering process. The 



 

 

151 

high activation energy can affect the thermal response of the ceramic oxides concerning 

sintering temperature is thereby affecting the microstructure of the fabricated specimen. 

The master sintering curves for binary composites of 8Y-ZrO
2
, MgAl

2
O

4
, and Al

2
O

3
 

were plotted with the resulting apparent activation energy values in Figure 5.9.  All of the 

binary phase composites have activation energies less than 1000kJ/mol with 8Y-ZrO2/Al2O3 

SPS process being the lowest at 330 kJ/mol. The resulting values are new and to the best of our 

knowledge, no 50-50 volume% mixed binary composites have been studied for their activation 

energies by other researchers. It is well known that in case of multiphase composites sintering 

kinetics more complicated due to the presence of different properties of individual phases. 

Hence the binary empirical results from these MSC curves that can only be considered as an 

estimate for the sake of comparison with each other. However, we observed that the presence 

of secondary phases of zirconia and Spinel reduced the activation energy of alumina-based 

composites than single phase pure alumina. Thus, the sintering process of 

Al
2
O

3
/MgAl

2
O

4
(700kJ/mol) and Al

2
O

3
/MgAl

2
O

4
((330kJ/mol) resulted in lower activation 

energy as compared to single phase Al
2
O

3
(1000 kJ/mol). The resulting low values can be related 

to the limited grain growth tendency of the binary composites which was also observed in 

chapter 3 (size ratio of multiphase ceramics is less than its phases by almost a factor of 10). In 

fact, amongst binary phase composite themselves, 8Y-ZrO
2
/Al

2
O

3
showed the lowest grain size 

(~1um) at the highest sintering temperature (1300℃) which can be correlated by the fact that it 

possessed the lowest activation energy value. This reduction in activation energies due to phase 

additions can further be validated via results obtained by other ceramic researchers. For 

example, Rozenburg195 determined that LiF-doped spinel values exhibit lower activation energy 

of ≤300kJ/mol as compared to undoped spinel(480kJ/mol). Lastly, master sintering curves 
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failed to converge sufficiently in case of three phase composites that were sintered at similar 

heating rates of 10, 50 and 100℃/min. It was assumed that one of the reasons for this limitation 

was that the model was less reliable in predicting complicated sintering mechanisms of ternary 

phased powders at a fundamental level. 

5.3 Conclusion   

The primary object of this chapter was to fabricate and observe the effects of different 

heating rates on the microstructure and sintering kinetics of single, binary and ternary phase 

composites. All the specimens were processed at three different rates of 10,50 and 100℃ and 

average grain sizes, bulk densities and SEM micrographs of the fracture surface were analyzed.. 

On the other hand, significant reductions in average grain sizes were observed in binary and 

ternary phase systems at higher sintering temperatures. The latter half of the chapter dealt with 

plotting sintering curves for all the single, binary and ternary phase composites of 8Y-ZrO
2
, 

MgAl
2
O

4
, and Al

2
O

3
. The resulting apparent activation energies were found out for spinel and 

alumina and they concurred with the previous experimental data obtained by other ceramic 

scientists. The knowledge of these activation energy values helped to validate further the grain 

growth tendencies that were described in chapter 3 among the respective ceramic oxide 

specimens.  

Chapter 5, in part, is currently being prepared for submission for publication of the 

material. Karandikar, Keyur; Graeve, Olivia A.; Mecartney, Martha L.; Ohtaki Kenta; Travis, 

Austin. The thesis author was the primary investigator and author of this material under the title 

“Effect of heating rate on microstructure and properties of spark plasma sintered ceramic 

oxides.” The thesis author was responsible for heating rate effects on sintering condition of 

ceramic oxide composites. 
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