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CHAPTER 1: INTRODUCTION 

1.1 About this Study 

This study focuses on investigating five distinct types of alumina samples. Given that 

ceramics have been utilized for millennia, alumina stands out as one of the most extensively used 

materials due to its well-established properties and broad applications [1]. Despite the extensive 

research conducted on alumina, there is still much to learn, particularly regarding how dielectric 

properties are impacted by various manufacturing methods and conditions. This research primarily 

examines the dielectric properties of impedance and permittivity. Previous studies have identified 

several factors that can influence these properties, including porosity, pore size, pore shape, pore 

distribution, and humidity. In this study, alumina powder was converted into pellets using two 

different manufacturing techniques, and the dielectric properties were subsequently analyzed 

under varying conditions. 

1.2 Dielectric Properties 

1.2.1 Impedance 

The dielectric properties of a material are important to understand for determining the best 

material to use for a given electrical application. Two important dielectric properties are the 

impedance and the permittivity. This section shall describe electrical impedance. Impedance is the 

ability of a material to oppose an alternating current and is composed of two different phenomena 

that impede the motion of electrons through a material. These are the resistance and reactance of 

a material [2]. Mathematically, impedance is described by the complex number shown in Equation 

1.1. 
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 ὤ Ὑ Ὦὢ (1.1)  

Where Z is the impedance, R is the resistance, X is the reactance, and j is the complex 

number (sometimes also written as ñi,ò but ñjò is used to avoid confusion with ñiò meaning 

current). Resistance is the ability of a material to oppose a direct electrical current going through 

the material. A direct current is the flow of electrons in the material in one direction. It is akin to 

physical friction in that the current loses energy in the form of heat due to resistance, just like 

friction opposes movement and creates heat from the energy loss of moving against the normal 

force of friction. Resistance is a fundamental property of a material and is mathematically 

described by Equation 1.2 [2]. 

  Ὑ  (1.2)  

where R is the resistance, V is the voltage, and I is the current. Voltage is the electrical 

potential energy difference between two points. This potential is what drives the current through 

the system. The resistance then, gives how much current there will be given a certain voltage. At 

higher resistances, a given voltage will drive a lower current compared to a system with a low 

resistance. 

The reactance, X, is the opposition to an alternating current due to inductance and 

capacitance. Capacitance comes into play when looking at a dielectric material. A dielectric 

material is an insulator with high polarizability, meaning that the charges in the material can be 

shifted so that one side is more positively charged than the other. As a current goes through the 

material in one direction, the material will start to become polarized, causing a build-up of negative 

charges at one end. This build-up will then oppose the current, due to the enhanced electric field 
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of the increased concentration of negative charges. For an alternating current, the frequency of 

alteration will affect the strength of this capacitive reactance. Higher frequencies will reduce the 

time that charges have to build-up, and so also reduce the strength of the opposition to the current. 

Mathematically, the capacitance reactance is defined as shown in Equation 1.3 [3]. 

ὢ
ρ

ς“Ὢὅ
ρȢσ 

where XC is the capacitance reactance, f is the frequency of the alternating current, and C 

is the capacitance. The inductance comes into play for materials with inductor properties. An 

electric current produces a magnetic field around it with a direction following the right-hand rule. 

However, in an alternating current, the current changes direction, therefore changing the direction 

of the magnetic field. A changing magnetic field will induce its own electric field to oppose this 

change. This creates the opposition to the current for inductance reactance. The formula for the 

inductance reactance is shown in Equation 1.4 [4].  

ὢ ς“Ὢὒ ρȢτ 

where XL is the inductance reactance, f is the frequency of the alternating current, and L is 

the inductance. The inductance reactance also creates a phase difference between the applied 

voltage and the direction of the current, causing a loss of power in the circuit. This relation to phase 

and the alternating currentôs frequency, gives rise to the total reactance requiring a complex number 

for the calculation of the impedance as seen in Equation 1.1. 

1.2.2 Permittivity 

Permittivity is a property of a dielectric material that determines how susceptible it is to 

polarization. Higher permittivity means the material is more easily polarized. The permittivity of 
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a material is often given as the relative permittivity when is mathematically described in Equation 

5 [5]. 

‐ ‖
‐

‐
ρȢυ 

where ὑr and ə are the relative permittivity, ὑ is the permittivity of the material, and ὑ0 is 

the permittivity of free space (a vacuum). The relative permittivity of a material is also known as 

the dielectric constant (ə) of that material. The values for relative permittivity are such that the 

dielectric constant of air at standard temperature and pressure is equal to 1.  

The Nyquist Impedance plot is a valuable tool for analyzing equivalent circuits, as different 

circuit components are directly reflected in the plot's shape. For example, a parallel Resistor and 

Capacitor will produce a semicircle on the Nyquist plot, as shown in Figure 1.1 [6]. If only a 

Capacitor is present, the plot will display a straight line extending from the origin to the imaginary 

impedance axis, as depicted in Figure 1.2. Conversely, if only an Inductor is present in the circuit, 

the plot will show a straight line from the origin to the real impedance axis, as illustrated in Figure 

1.3. 

 

Figure 1. 1 Nyquist Impedance plot contains (Resistor and Capacitor) RC in parallel in the 

equivalent circuit.  
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Figure 1. 2 Nyquist Impedance plot contains only Capacitor in the equivalent circuit. 

 

Figure 1. 3 Nyquist Impedance plot contains only Inductor in the equivalent circuit. 

Recognizing these basic patterns in the Nyquist Impedance plot is crucial for effectively 

analyzing and modeling the material's behavior. Equation 1.6 further demonstrates how complex 

permittivity can be calculated from complex impedance, extending the analysis of material 

properties [6]. 

 ὤᶻ  z  (1.6)  

An important consideration while determining the relative permittivity of a material is that 

the polarization of a material does not suddenly change when an electric field is applied. It takes 

time for the polarization process to complete, so the relative permittivity of the material will be 

different at different frequencies of the applied electric field (and so at different frequencies of the 

alternating current). While the relation between permittivity and frequency can be complicated due 

to different polarization phenomena such as relaxation and resonances, typically, lower frequencies 

result in higher permittivity. Also, as there is a delay between the applied field and the polarization 
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of the material, there is a phase difference present that can be accounted for by considering the 

permittivity of the material as a complex number. 

For this work, keep in mind that mathematically, the value of the imaginary impedance and 

imaginary permittivity is always negative, so a larger negative value for these parameters is 

considered an increase in value rather than a decrease. 

1.3 Ceramic Materials 

1.3.1 Alumina  

Alumina (otherwise known as aluminum oxide) is a compound of aluminum and oxygen 

with the chemical formula, Al2O3.  It can exist in multiple different phases, with the alpha phase 

being the most stable form. The alpha phase of alumina has a trigonal crystal system and a 

hexagonal lattice. The other phases include cubic, monoclinic, tetragonal, orthorhombic, and other 

types of hexagonal structures. They each have their own properties, but the alpha phase alumina, 

also known as corundum, is the most common phase of alumina. This, in fact, is the phase that can 

give rise to different types of gems, such as rubies and sapphires, depending on the impurities 

present in the crystal [7][8].  

Alumina is known as an electrical insulator with very high hardness (an absolute hardness of 

400 [9] and high thermal conductivity (32 W·mī1·Kī1 [10] for a ceramic material. It is also easily 

formed by contact of aluminum with the air. The aluminum will react with the oxygen in the air 

and produce alumina very quickly, which then protects the aluminum metal from further corrosion 

due to the shielding provided by that layer of alumina on the surface. These building blocks of 

alumina, aluminum, and oxygen, are also very common on Earth, allowing for a larger production 
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of the compound. Aluminum is the third most abundant element in the earthôs crust, with oxygen 

being the most abundant [11].  

Alumina has a great deal of applications in many different industries. As it is strong, yet 

chemically inert, it is used as a catalyst substrate for chemical reactions required in industry. Its 

high hardness makes it a good substance to use as an abrasive and even a substitute for industrial 

diamonds. Its relatively chemically inert nature, high biocompatibility, and high hardness makes 

it a good substance to use for biomedical applications. It can be used for joint replacements and 

dental implants, for example. Most importantly for this project, however, are applications that 

make use of its dielectric properties. Dielectrics are used in capacitors as the material between the 

conductive plates. A higher permittivity of the dielectric allows for a higher stored electric energy 

per a given voltage and so a larger capacitance. As a dielectric, it is important to understand its 

properties so its capabilities can be fully exploited. This projectôs goal was to study aluminaôs 

dielectric properties under two different pellet manufacturing techniques, while changing the 

conditions both during and after the manufacturing. The first technique was through an unheated 

press, where the dielectric properties are studied after using different applied pressures during the 

manufacturing process. Different applied pressures can yield different amounts of voids in the 

resulting pellets, thus changing their densities and properties. The second technique was sintering 

the alumina at different temperatures. Sintering alumina at different temperatures can put it into 

the different phases and change its properties (including density) in ways that may be better or 

worse depending on the intended application. We also applied different humidities to the alumina 

pellets after they were sintered to see the effects of humidity on pellets created under different 

sintering temperatures. We expect the effect of humidity to be match to the amount of voids in the 

material, as they can allow water to infiltrate the alumina. Hence, after modifying the 
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manufacturing conditions and environmental conditions in these different ways, we measured the 

resulting dielectric properties from the alumina samples. By finding trends that may emerge in the 

data, it would be possible to optimize production methods for compressed or sintered alumina to 

match the needs for any given electrical application. 

1.4 Sinter and non-sinter 

The Alumina pellets were created using Spark Plasma Sintering (SPS). SPS utilizes pulses 

of direct electrical current under low atmospheric pressure to quickly create high heat in the 

powder. This helps ensure that the heat is more evenly distributed throughout the powder and at 

the contact points between the powder particles. This will compact and solidify the powder into a 

pellet while avoiding much grain formation. This helps preserve the properties of the alumina 

powder in its pellet form.  We chose to use SPS rather than other forms of sintering (such as heating 

in a furnace), as the use of electricity to create heat allows for the SPS process to be faster, more 

reproducible, and more reliable than other methods.  

Compressing the sample from powder into pellet without heating the sample is a critical 

method. It can reveal the properties of materials that disappear due to heating, The Carver Bench 

Top Standard Unheated Press is a reliable tool for creating non-sintered samples that preserve the 

intrinsic properties of the material. 

1.5 Literature Reviews 

A simple way to understand the electrical properties of a composite material is to use basic 

mixing rules for each component of the material [12]. For example, we can use Equation 1.7, where 

”  is the resistivity of the mixture/composite. ” is the resistivity of the insulating part, ὺ is the 
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volume percentage of the insulating part, ὺ is the volume percentage of the conducting part, and 

” is the resistivity of the conducting part. 

  ” ὺ” ὺ” (1.7) 

However, there are alternate theories we can use to better understand a composite. These 

theories tend to specialize in different types of composites from each other. The first theory is to 

use "Effective Media Models." These models predict the properties of dilute composites and are 

not good for solids. Effective media theory generally is useful for dilute solutions, because they 

contain no percolation threshold. Therefore, all increases (or decreases) in conductivity are 

gradual. The other theory is the "Percolation Theory." This theory is based on the idea that a 

dramatic property change occurs when a system reaches the percolation threshold. This percolation 

threshold is achieved when a carrier can travel from one end of the system to another. The problem 

with this one is that it never allows for the property being measured to "level out" (to become more 

gradual) [12]. 

So, we have one theory that is good for dilute materials with gradual changes in properties, 

and one theory that is good for materials with sudden changes in properties. Therefore, the best 

model for cases between these is a combination of the two. This is the McLachlan Equation [12], as 

shown in Equation 1.8.  The electrical properties of a material are then best understood through 

the McLachlan Equation, whose parameters are strongly dependent on the microstructure of the 

material in question. This implies that the microstructure of the composite has great importance 

for the electrical properties of any composite and any attempt to understand the electrical properties 

of a material should start at the microstructure.  
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π (1.8) 

where vi and vc are the volume fraction of insulating phase and conducting phase. ů 

indicates the conductivity; the following subscripts: Ὥ represents the insulating phase, c represents 

conducting phase, and M represents the composite mixture. ◖c refers to the critical volume fraction 

of the conducting phase, which is important in determining the behavior of the material. 

Additionally, subscript s corresponds to the insulating side, whereas subscript t corresponds the 

conducting side.  

One component of microstructure that seems particularly important for composites is the 

prevalence and size of pores in the material. Porosity is a measure of the void (i.e. "empty") spaces 

in a material, between 0 and 1, where 1 is 100% void. A related concept is theoretical density, 

which is the maximum achievable density of a particular element, compound, or alloy, assuming 

no internal voids or contaminants. It is calculated from the number of atoms per unit cell and 

measurement of the lattice parameters. 

The prevalence and size of pores can be changed by both the innate properties of the 

material, and the manufacturing technique. An example of this was demonstrated with dried silica 

gels [13]. The dried silica gels were sintered at different temperatures and their dielectric 

permittivity was studied. Sintering is the process of compacting and forming a solid mass of 

material by pressure or heat without melting it to the point of liquefaction. In general, higher 

temperatures should lower the pore size, and increase dielectric permittivity. It was found that gels 

with smaller pores shrink more and so sinter at lower temperature. In general, higher temperatures 

increase the dielectric permittivity, but for silica gels with small pores, only a little increase is seen. 
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The dielectric loss is low and decreases with higher densities of gel. This strongly implies that the 

prevalence and size of pores in the material will shape its microstructure and so shape its 

overarching dielectric properties.  

As the dielectric properties of a material and its microstructure (particularly in respect to 

the size and prevalence of pores) are closely related, studying one can give you insight into the 

other. Indeed, it has been demonstrated that dielectric constant measurements are a viable non-

destructive technique for the determination of porosity in dielectric thermal barrier coatings [14]. 

The importance of the pore geometry can be easily seen in Figures 1.4 and 1.5. Here, we 

use different models for the pore geometry to see how the dielectric constant changes with porosity. 

For Figure 1.4, the models and associated equations follow from [14]. The main two geometries are 

the ñseriesò and ñparallelò geometries. The ñseriesò geometry describes a configuration where 

open pores are symmetrical to the surface of the material. The ñparallelò geometry describes the 

case where the open pores are perpendicular to the surface of the material. In addition to these two 

main geometries there is also the ñMaxwell 0-3ò and ñlogarithmicò geometries. The Maxwell 

geometry describes a case with isolated (closed pores), and the Logarithmic geometry describes a 

case with no physical meaning, but different mixtures of pores present. The models and equations 

for Figure 1.5 are derived from [13] and are very similar to those from [14]. Their main difference 

here is that the Maxwell model has been further split into the cases where the isolated pores are 

circular in shape (Sphere), or cubic (Banno). The same trends can be seen, keeping in mind that 

the x-axis is effectively inverted, as a high porosity equates to a low density over theoretical density 

ratio. 
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Figure 1. 4 Relationship of dielectric constant and calculated porosity with four pore 

geometry. With higher porosity,  lower dielectric constant. For parallel and series 

geometries, dielectric constant linearly decreased. And the rest two decreases exponentially. 

 

Figure 1. 5 Relationship between dielectric constant as relative density. This figure shows five 

pore geometry, as it has Maxwell pore geometric splitting into two different shapes, Sphere 

and Banno. with higher relative density, dielectric constant increases.  



мо 
 

Differences between coatings with different pore volumes are very easily detected, while 

the actual magnitudes can only be determined if the microstructural arrangement of the pores is 

known. This can be determined by the processing method and direct observations using images of 

the coatings. Therefore, the pore arrangement is also a very important factor for determining the 

dielectric properties. This was further supported in papers on the dielectric properties and pore 

structure of silicon nitride-based ceramics [15], on the dielectric properties of gel casting BN/Si3N4 

ceramics with spherical-shaped pore structure [16], and on creating a general model of dielectric 

constant for porous materials [17]. For the silicon nitride-based ceramics [15], it was found that, 

theoretically, when porosity stays the same, pore geometry and average pore radius are the main 

determinants of dielectric properties. For the gel casting BN/Si3N4  ceramics [16], it was found that 

irregular pores usually connect with other irregular pores and form sharp edges, increasing the 

dielectric constant. They found that the higher the porosity, the lower the dielectric constant of the 

material, and that spherical-shaped pores might give the porous BN/Si3N4 ceramics excellent 

performance due to the lack of sharp edges. For the general model [17], it was found that the 

dielectric constant is dependent on pore shapes if pore size is larger than the associated 

electromagnetic wavelengths. They also found that the alignment of pore direction with the wave 

propagation direction will also affect the dielectric constant. Finally, previous work on the 

dielectric properties of sintered alumina [18], found a relationship between porosity and the 

dielectric constant (Equation 1.9) and dielectric loss (Equation 1.10), where P is the fractional 

porosity, Ů is the dielectric constant, tanŭ is the dielectric loss, and Aô is a constant. 

 ‐ ‐ ρ  (1.9) 

 ὸὥὲ‏ρ ὖὸὥὲ‏ ὃὖ   (1.10) 
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 Porosity is an important consideration for the microstructure of materials as it allows both 

water and air to penetrate the material and substantially change the dielectric properties of it. Figure 

1.6 shows the effect of humidity and porosity on the dielectric constant for material with a 

dielectric constant of 10 (near to aluminaôs value), based on the formulas given in [19]. These 

formulas make use of the effective medium percolation theory explained previously to model how 

the penetration of water and air into pores affects the dielectric constant of the material. The water, 

air, and solid material are considered their own phases, and the volume fraction of each phase is 

taken into account. As can be seen in the Figure, the dielectric constant increases significantly as 

the humidity increases, but this effect shrinks as the porosity is reduced (indicated by a higher 

density over theoretical density ratio). 

 

Figure 1. 6 Relationship of dielectric constant of relative density under different humidity. 

This plot is adapted from the literature [19]. As relative density increase, dielectric constant 

increases with humidity below 30%. In contrast, while the humidity at 30% and above, the 

dielectric constant decreases with an increased relative density.  
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CHAPTER 2: ALUMINA POWDERS USED AND 

CHARACTERIZATION 

For this study, we obtained alumina powders with different particle sizes and from different 

sources. This was done to see what effect particle size has on the resulting properties of the alumina 

pellets created from these powders. Also, by having different manufacturers represented in the 

powders, we can also see if there are any manufacturer-specific effects on the alumina properties 

(due to different production methods or impurities). However, we also had an issue where three of 

the alumina powders were missing labels, so there would be no size expectations for those samples. 

And since the five types alumina powders are not from the same manufacturer, it was necessary to 

find out the true sizes of these unknown alumina powders and ensure the real particle sizes for all 

five alumina samples. The method of powder characterization will be discussed in Section 2.1.   

2.1 Powder Characterization Methods Used 

Four different characterization techniques were used to characterize the particle sizes, the 

impurities, and phase of the samples. These techniques are X-ray Diffraction (XRD), X-Ray 

Fluorescence (XRF), Zeta Sizer, and Mastersizer. XRD is used to determine the crystalline phase 

the material has. XRF can figure out the possible elements of the impurities present in the alumina 

powders.  Zeta Sizer is a technique to find out the particle size of a liquid suspension, when the 

particle size range is from 0.3nm to 10Õm.  

2.1.1 Malvern Zetasizer Nano ZS  

Since the particle sizes of two sample powders were unknown, Type 4 and Type 5, a 

Zetasizer was used to measure the samplesô particle sizes. The Zetasizer determines the size of 

particles by using Dynamic Light Scattering. In this method, Brownian Motion Theory is exploited 
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to infer the sizes [20]. Brownian Motion is the random movement of particles in a liquid due to 

collisions with the surrounding particles of the liquid. Small particles will move faster than larger 

particles, so by taking pictures of the sample over a set amount of time, the instrument can see how 

much the particles have moved and infer the sizes. The particles that moved more will necessarily 

be smaller than the particles that did not move as far in a set period of time. This Zetasizer could 

measure particle sizes in the range of 0.3 nm to 10 Õm. As it requires samples with dispersant, five 

samples were dispersed in water, The liquid samples were then shaken before placed into the 

Zetasizer. Four sample powders were measured, except the Type 1 sample. Each sample went 

through two runs, the system would automatically decide how many runs of each measurement 

within a range around 11-17 runs to ensure the accuracy. There are a few factors that will affect 

the accuracy of the Zetasizer results, for instance, the refraction index of the dispersant, and the 

concentration of the sample. The results given are the Z-Average size (Z value) and the 

Polydispersity index (pdi) value. The Z-Average size (also known as the ñcumulants meanò) is an 

intensity mean calculated from the signal strength of the measurement, not a mass or number mean. 

It is calculated by fitting the log of the G1 correlation function, shown in Equation 2.1[20]. 

 ὒὲὋρ ὥ ὦὸὧὸ Ὠὸ τὸ Ễ (2.1) 

 The variable ñbò represents the Z value diffusion coefficient and is converted to size 

through dispersant velocity and instrumental constants. The Polydispersity index gives the width 

of the intensity and is the coefficient ñcò in Equation 1. A value of lower than 0.1 gives the most 

reliable size for the sample. The Zetasizer works best for the samples with single, narrow peaks in 

intensity, and so the Z value gets less accurate and the result less comparable to other methods as 

this becomes less true. This is reflected by the pdi which needs to below 0.1 for the best results. If 
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pdi value is over 0.5, the Zetasizer results can only be compared with the same samples in the same 

dispersants for different runs of measurements [20].  

Type 2 sample exhibits an anticipated particle size ranging from 0.9 to 2.2 Õm. As shown 

in Figure 2.1, the analysis reveals two peaks: the first peaks span particle sizes are 1.7 to 1.9 Õm, 

while the second peaks appear around 5.5 Õm. The particle sizes of the second peaks significantly 

exceed those of the first peaks, representing the size of particle aggregations. The red measurement 

denotes the initial assessment, while the blue represents the subsequent one; both measurements 

are conducted consecutively. Throughout the measurements, particles in the dispersant settle 

towards the bottom. Consequently, the second measurement primarily focuses on evaluating 

individual particle sizes rather than aggregate sizes. Despite differing peak intensities, Figure 2.1 

illustrates similar particle size ranges for both peaks, which demonstrates the possible particle sizes 

of sample #2 is 1.7 to 1.9 Õm.  

 

Figure 2. 1 Zetasizer results of Type 2. The red measurement is run 1, and the blue 

measurement is run 2. There are two peaks of each measurement. The first peaks appeared 

at around 1.7 to 1.9 Õm. The second peaks we believe they represent the sizes of the 

aggregation of particles. 

Type 3 sample is anticipated to have a particle size of 3 Õm. As depicted in Figure 2.2, the 

primary peaks exhibit average particle sizes around 2.8 to 3 Õm, aligning with the expected size. 
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The second peaks lack clarity, possibly suggesting that agglomerated particles have settled to the 

bottom, with particle cluster sizes approximately around 5.2 Õm. It is plausible to infer that sample 

#3 has a particle size of around 3 Õm.  

 

Figure 2. 2 Zetasizer results of Type 3. The red measurement is run 1, and the blue 

measurement is run 2. The major peaks have the average particle sizes around 2.8 to 3 Õm. 

Type 4 sample belonged to the category of samples with unknown sizes; hence, there was 

no predetermined particle size anticipated. Illustrated in Figure 2.3, the particle size measures 

approximately 1.7 Õm, while the particle cluster sizes are around 5.5 Õm. Given the highly 

congruent results of the two measurements, this size is highly plausible for this sample.  
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Figure 2. 3 Zetasizer results pf Type 4. The red measurement is run 1, and the blue 

measurement is run 2. They also depicted two peaks. The first peaks are around 1.7 Õm. The 

second peaks are believed the sizes of the aggregation of particles. 

The final sample, Type 5 sample, also fell into the category of samples with unknown sizes, 

therefore lacking an anticipated size range. As revealed in Figure 4, two prominent peaks exhibited 

nearly identical intensities, albeit with slightly different sizes. Consequently, for this sample, the 

average of these two sizes could be considered as the particle size. Also, the particle cluster sizes 

are approximately around 5.5 Õm. 
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Figure 2. 4 Zetasizer results of Type 5. The red measurement is run 1, and the blue 

measurement is run 2. The average sizes of the first peaks 1.6 Õm. The second peaks are the 

aggregation of particles. 

2.1.2 Malvern Mastersizer 2000 

The Mastersizer is a useful and accurate tool to measure the range of particle sizes in a 

sample and how much of the sample is comprised of each particle size. The principle of the 

Mastersizer is to use light scattering to determine the sizes. Mastersizer utilizes the Mie Theory 

[21], which predicts how light is scattered or absorbed by spherical particles, as most particles have 

spherical shapes [21]. As each particle size has its own unique light scattering pattern, this allows 

for the Mastersizer to determine the particle sizes from the scattering patterns.  The Mastersizer 

2000 can measure a range of particle sizes from 0.01 to 10,000 micrometers. By using the Hydro 

2000SM cell, the Mastersizer can do these measurements with the particles suspended in a liquid. 

Before the measurements start, the refraction index of the dispersant and the sample material is 

required. Water was used as the dispersant for my samples. The refraction index of water is 1.33, 

and the refraction index of alumina particles is 1.78. Obscuration is a major factor during the 

measurements.  It is the amount of light lost when the sample is placed in the path of the laser 

being used to cause the scattering. The most ideal obscuration percentage for the Mastersizer is 

between 10% to 20%, so we targeted 13% for our measurements. Table 2.1 explains how 
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Obscuration range affects the accuracy of measurements. Each type of sample was measured for 

3 runs. As the measuring range is 0.01 to 10,000 micrometers, one sample that was expected to 

have a size of 27-43 nanometers was not measured. 

Table 2. 1 Effect of Obscuration range on the accuracy of measurements [21]. 

Obscuration Range (%) Notes 

<5 Add more sample 

5-10 Low but useable with a good signal to back 

ground ration. 

10-20 Ideal 

20-50 Useable but try to add more dispersant, there 

is a danger of multiple scattering 

>50 Too high 

 

There were four types of alumina samples that have been measured, Type 2, 3, 4, and 5. 

Type 2 sample has an expected particle size of 0.9 to 2.2 Õm. According to the results shown in 

Figures 2.5, at the highest volume of the solitary peak, the measured particle sizes are about 2.2 to 

3.3 Õm. As the measured results have larger sizes than expected, it could be that the majority of 

the samples have a particle size around 2.2, and only a very tiny amount is less than 1Õm. The 

sizes larger than 2.2 Õm could be caused by a small amount of aggregation of the particles. Another 

possible reason for the sizes being larger than expected is from an unknown error in the 

measurement. The Mastersizer official manual indicates that the most accurate measurements 

should have a residual less than 1%. The residuals of these three measurements are slightly over 

1% (about 0.27%-0.5% over). The residual provides insight into the level of alignment between 

the calculated data and the measured data. If the residual is over 1%, it might suggest the utilization 

of inaccurate refractive index and absorption values for either the sample or dispersant. However, 

the same refractive index was set for all measurements even for other types of samples, and all 

other measurements have residual below 1%. Another oddity is that after each run of the 
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measurement, the obscuration dropped. The first run has an obscuration of 13.16%, the second run 

is at 11.81%, and the third run is at 10.78%. These changes in obscuration can affect the accuracy 

of the results. Nevertheless, the residual is only a minimal quantity over 1%, and the measured 

particle sizes still match some of the expected size range.  

 

Figure 2. 5 Mastersizer results of sample #2. The red measurement is run 1, blue is run 2, 

and green is run 3. They feature a solitary strong peak. 

Type 3 is expected to have a particle size of 3 Õm. As seen in Figures 2.6, there are two 

peaks, with a small peak indicating a particle size around 3 to 4 Õm, which matches with expected 

size range. I believe the significantly larger peak is due to the aggregation of particles in water. 

This phenomenon appears for Type 4 and 5 as well. All three types of samples showed aggregation 

in water that then give rise to significantly larger particle sizes in the measured results.  
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Figure 2. 6 Mastersizer results of sample #3. The red measurement is run 1, blue is run 2, 

and green is run 3. They feature two peaks, one at about 3 Õm and another much larger peak 

at about 110 Õm. We believe this second much larger peak is due to the aggregation. 

As depicted in Figures 2.7, the smaller peak indicates particle sizes in the range from 1.2 

to 1.6 Õm. This was an unknown size sample, so I do not have an expectation for the particle size 

for Type 4 sample. As the residual of all three measurements are below 1% and all obscuration 

values are around 13%, these three measurements should be very accurate.  

 

Figure 2. 7 Mastersizer results of sample #4. The red measurement is run 1, blue is run 2, 

and green is run 3. They feature two peaks, one at about 1 Õm and another larger peak at 

about 60 Õm. We believe this second larger peak is due to the aggregation of particle. 

The last sample, Type 5, is also an unknown particle size sample. Figures 2.8 demonstrate 

that the possible particle size range for this sample should be around 1 to 1.4 Õm. The third 
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measurement shown in Figure 8 indicates a particle size range of 1.2-1.6 Õm, which is slightly 

larger than the other two measurements. The volume percentage also changes significantly for each 

measurement, going from a maximum of over 8% for the first measurement to only about 6% for 

the last measurement. The possible reason is the green measurement shown in Figure 2.8 has a 

higher obscuration. As I mentioned above, obscuration is a major factor that will affect the results. 

If the obscuration is over 20%, then the result will be less accurate. The three runs of Type 5 results 

showed more differences than the other three types of samples for each run of measurements. It is 

possibly caused by this increase in obscuration. The obscuration of the first run of #5 is 13.80%, 

the second run is 17.80%, and the third run is 20.65%. The third run is over 20%, so it could cause 

multiple light scattering which would lead to lower accuracy. So, the third run result showed a 

different result with the other two. Despite there are only two trustable measurements for this 

sample, I believed these two results are accurate enough as the residual and obscuration are ideal.  

 

Figure 2. 8 Mastersizer result of sample #5. The red measurement is run 1, blue is run 2, and 

green is run 3. They feature three peaks, one at about 1 Õm, a smaller one at about 10 Õm, 

and another larger peak at about 100 Õm. We believe this second smaller peak and third 

larger peak is due to the aggregation of particles together into larger clumps. 
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To ensure the accuracy of particle size measurements, two different methods were 

employed. While some results deviated from the expected sizes, the measurements obtained from 

the Zetasizer were very close to those from the Mastersizer. Thus, the experimental sizes are 

deemed accurate. Table 2 provides detailed information for the five types of alumina powders. 

Table 2. 2 Alumina samples utilized in this study along with results from two particle size 

measurement methods. 

Al2O3 

Powder 

Types 

 Expected 

Particle 

Sizes 

Particle 

Sizes from 

Zetasizer 

Particle 

Sizes from 

Mastersizer 

Sources 

From 

Sample 

Images 

1  27-43 nm In 

Progress 

Not 

Applicable 

Alfa Aesar 

 
2  0.9-2.2 

Õm 

1.7-1.9 Õm 2.2-3.3 Õm Alfa Aesar 

 
3  3 Õm 2.8-3 Õm 3-4 Õm Ad Value 

 
4  unknown 1.7 Õm 1.2-1.6 Õm Reynolds 

Metal 

Company 

 
5  unknown 1.6 Õm 1-1.4 Õm Advanced 

Materials 

Company 
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2.1.3 XRD  

Alumina has metastable phases, such as cubic ɖ-phase, cubic ◓-phase, monoclinic ɗ-phase, 

hexagonal Ŭ-phase, etc. [1]. When any of these phases of alumina are heated over 1200 Celsius, 

they will transform into Ŭ-phase alumina. Ŭ-phase alumina is characterized by having oxygen 

anions O2-, in a close-packed hexagonal structure around aluminum cations, Al3+. This crystal 

structure is shown is Figure 9. The anions, O2-, on the surface layer tend to absorb OH+ groups and 

so bond with water molecules or proteins. This phenomenon gives Ŭ-alumina a high wettability. Ŭ-

alumina is also at the highest oxidative state, and its chemical and physical stabilities are at their 

maximum. This, along with its strong ionic and covalent chemical bonds of cations and anions, 

gives Ŭ-alumina a high melting point, high hardness, and high resistance to strong inorganic acids. 

Ŭ-alumina is also named as corundum, or emery if there are impurities. Gemstones, such as Ruby 

and Sapphire, belong to emery. Ruby has its red color due to Chromium impurities and Sapphire's 

blue color is due to the impurity of Titanium intermingled in Ŭ-alumina [22]. 
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Figure 2. 9 Hexagonal Ŭ-alumina structure. Small black ball is cation Al3+, big white ball is 

anion O2- [23]. 

According to the JCPDS-ICDD files database, Ŭ-phase alumina has major peaks at 25.59Á, 

35.14Á, 37.78Á, 43.36Á, 52.55Á, 57.52Á, 66.55Á, and 68.20Á. These peaks are listed in Table 2.3 [23]. 

The XRD spectra of five different alumina powder samples are shown in Figure 2.10. These spectra 

exhibit eight prominent peaks at the specified angles, matching the JCPDS-ICDD card for Ŭ-phase 

alumina using a Cu KŬ1 laser scanning source. This confirms that all five alumina powder samples 

are indeed Ŭ-phase alumina. 

Table 2. 3 Ŭ-phase alumina XRD sharp peaks angles according JCPDS-ICDD files database 
[23]. 

d (¡) Rel. Intensity (hkl) Angle Á2ɗ        

Source: Cu KŬ1 

 

3.48 45 012 25.59 

2.551 100 104 35.14 

2.379 21 110 37.78 

2.085 66 113 43.36 

1.740 34 024 52.55 

1.601 89 116 57.52 

1.405 23 214 66.55 

1.374 27 300 68.20 
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Figure 2. 10 Five types Alumina Powders XRD Spectra. 

To ensure high purity of these alumina powders, a threshold of less than 10% error residual 

is considered acceptable. Error residual refers to the difference between the experimental 

diffraction pattern and the calculated or expected pattern based on a known crystal structure. It is 

a measure of how well the experimental data fits the theoretical model. A lower error residual 

indicates a better fit, suggesting that the sample closely matches the expected structure, while a 

higher error residual indicates a poorer fit, suggesting discrepancies between the observed and 

expected patterns. Among the five samples, Type 3 has a slightly higher error residual of 11.99%, 

suggesting that 11.99% of the elements were not detected. This could be due to the presence of 

elements with similar 2ɗ peak positions as Ŭ-alumina or the existence of another alumina phase. 

At low 2ɗ positions, the selected element matched with the scanned sample XRD spectrum very 

well, but the fit became more off above 65Á, especially the two major peaks, 66.55Á and 68.20Á, 

there is a big fluctuation in between those two angles as shown in Figure 2.12. The other four 

samples have error residuals below 10%, indicating lower impurity levels compared to sample 



нф 
 

Type 3. Sample Type 1 has 9.59%, Type 2 has 8.18%, Type 4 has 7.12%, and Type 5 has 6.77% 

error residual. As depicted in Figure 2.12, the nicely match between the sample and the selected 

corundum with a lower than 10% error residual. 

 

Figure 2. 11 Selected compound and sample Type 3 XRD spectra matching. 

 

Figure 2. 12 Selected compound and sample Type 5 XRD spectra matching. 

2.1.4 X-Ray Fluorescence (XRF) Bruker M4 Tornado 

A Rhodium (Rh) X-ray source was utilized for analyzing powder samples in XRF due to 

its ability to capture smaller regions on the samples. Figure 2.12 illustrates the XRF spectrum 

generated by the Rh source, showing major peaks at specific energy positions. This spectrum was 

obtained by personal communication with MCF staff. The x-axis represents the energy of the 

detected X-rays in kiloelectronvolts (keV), while the y-axis represents the counts per second per 

electron Volt (cps/eV). Each colored line represents the spectra when a different filter is used, 

shown in the legend. The legend is in order of aluminum thickness, so the first filter, AlCuZrMo, 

has the thickest aluminum and therefore will block the most light.  
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Figure 2. 13 XRF spectrum of Rhodium (Rh) x-ray source with specific peak positions. 

Since XRF is not sensitive to light elements, Oxygen was not quantified and is excluded 

from the analysis. The XRF spectrum for Sample Type 1, shown in Figure 2.14, displays the 

elemental analysis of region 2 (a randomly selected region for analysis) using a Rhodium X-ray 

source. Prominent peaks observed at approximately 1.5 keV indicate the presence of aluminum 

(Al) due to its characteristic fluorescence peak at this energy. Peaks at around 18 keV and 21 keV 

correspond to the Rhodium X-ray source and do not reflect the sample composition. The 

continuous background in the spectrum, along with the distinct aluminum peak at 1.5 keV, 

confirms the presence of aluminum as the primary element in this region. Since no other significant 

peaks are detected, it is evident that aluminum is the dominant element in Sample Type 1. The 

Rhodium peaks serve solely as references from the X-ray source. Similar elemental compositions 

were observed in the other sample types (Type 2, Type 3, and Type 4), with aluminum being the 

primary element in the analyzed regions. However, region 2 of cps/eV for Type 1 is significantly 

lower than that of the other three sample types, as depicted in Figures 2.15, 2.16, and 2.17.  
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Figure 2. 14 XRF spectrum of the Type 1 sample in scanned region 1. The first major peak 

represents aluminum (Al), which is the dominant element. Rhodium (Rh) peaks represent 

the background X-ray source. 

 

Figure 2. 15 XRF spectrum of the Type 2 sample in scanned region 1. The first major peak 

represents aluminum (Al), which is the dominant element with significantly higher counts. 

Rhodium (Rh) peaks represent the background X-ray source. 
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Figure 2. 16 XRF spectrum of the Type 3 sample in scanned region 1. The first major peak 

represents aluminum (Al), which is the dominant element with significantly higher counts. 

Rhodium (Rh) peaks represent the background X-ray source. 

 

Figure 2. 17 XRF spectrum of the Type 4 sample in scanned region 1. The first major peak 

represents aluminum (Al), which is the dominant element with significantly higher counts. 

Rhodium (Rh) peaks represent the background X-ray source. 

Type 5 sample exhibited a different elemental composition, with the presence of Yttrium 

(Y). An energy peak around 15 keV corresponds to Yttrium, though its atomic concentration in the 
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sample powder is only 0.15%, while Aluminum constitutes 31.84%. Thus, Aluminum remains the 

dominant element in the Type 5 sample powder. 

 

Figure 2. 18 XRF spectrum of the Type 5 sample in scanned region 1. The first major peak 

represents aluminum (Al), which is the dominant element with significantly higher counts. 

Rhodium (Rh) peaks represent the background X-ray source. Yttrium (Y) is present in the 

sample, with peaks observed at 15 keV and around 16.5 keV. 

2.2 Chapter Summary  

Chapter 2 of the study details the selection and comprehensive characterization of five 

different alumina powders sourced from various manufacturers, with particle sizes ranging from 

micron to nano scales. Given the absence of labels on three of the samples, accurate particle size 

determination was critical. Characterization techniques included XRD for crystalline phase 

identification, XRF for elements analysis, the Zetasizer for particle size measurement in liquid 

suspension, and the Mastersizer for detailed particle size distribution using light scattering. The 

study confirmed all samples as Ŭ-phase alumina via XRD. XRF analysis indicated aluminum as 

the primary element across all samples, with a trace amount of yttrium in sample Type 5. The 
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findings underscore the significance of accurate particle size and purity characterization in 

understanding the properties of alumina pellets. 
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CHAPTER 3: In-situ Characterization of Compressed Powders 

To measure the dielectric properties of the five types of Alumina powders, we can compress 

the powder into pellets so that the measuring can be more stable and easier. There are two methods 

to create alumina pellets. The first method is to simply compress the powders into a pellet without 

heat, which will be talked about in this chapter. The second method is to sinter the powders into a 

pellet, which requires heat, which will be discussed in chapter 4. The addition of heat can change 

the characteristics of the pellets, so it is important to understand the properties of alumina pellets 

without the complication of different sintering temperatures. Instead, the main variables for the 

non-sintered pellets will be the pressure applied to transform the powders into pellets, and the 

powder particle size. We expect higher pressures to increase the density of the resulting pellets, 

and correspondingly reduce the number of voids. This should then also change the dielectric 

properties of these pellets, as voids tend to increase the impedance of a material. Studying the 

dielectric properties of the pellets at the different applied pressures will help to determine any 

interesting trends for the relationship between dielectric properties and applied pressure and help 

determine the ideal pressure for pellets of any desired dielectric properties. 

3.1 Non-sintered Samples: Carver Bench Top Standard Unheated Press  

A Carver Bench Top Standard Unheated Press was utilized to compress alumina powders 

into pellets for dielectric property measurements. Various pressures, ranging from 100 MPa to 450 

MPa in 50 MPa increments, were applied. Before measuring, proper preparation and cleaning of 

the components are crucial when working with powders; acetone and isopropyl alcohol (IPA) were 

used for this purpose. The procedure involves placing the die onto the lower punch, followed by 

introducing the powder into the die. Subsequently, the upper punch is inserted slowly into the die 

to prevent the powder from dispersing or escaping through the small gap between the punch and 
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the die. The entire setup, as depicted in Figure 3.1, is then positioned in the Carver Unheated Press. 

In this configuration, the upper and lower platens are fixed within the press. During the application 

of pressure, the hydraulic press raises the platen 2 until the upper punch contacts the platen 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

After the upper punch contacted the platen 1, the upper and lower punches were connected 

to the Solartron 1260 and Solartron 1296. The Solartron 1260, a precision impedance analyzer, 

was used to select the desired frequency range. The Solartron 1296 interfaced with the Solartron 

1260 to enable high impedance measurements. Due to the measurements not being conducted in a 

sealed chamber, and given their extreme sensitivity, the rapid fluctuations observed in the 

measurements were attributed to noise. These fluctuations could be caused by interference from 

¦ǇǇŜǊ 

tǳƴŎƘ 

[ƻǿŜǊ 

tǳƴŎƘ 

5ƛŜ 

{ŀƳǇƭŜ tƻǿŘŜǊ 

tƭŀǘŜƴ м 

tƭŀǘŜƴ н 

Figure 3.1 The operational principle and setup of the die and punches for the Carver Bench 

Top Standard Unheated Press. 
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mobile phones, conversations near the Carver press, or even air currents from the air conditioner 

blowing through the open top of the Carver press. For the measurement setup, a frequency range 

of 0.1 to 107 Hz was used, with an Alternating Current (AC) voltage of 0.5 V applied for the in-

situ measurements.  

3.2 Information of Compressed Samples 

All five alumina powder samples were compressed up to 450 MPa using the Carver 

unheated press. Due to their fragile nature, most samples have only one remaining piece available 

for geometric density measurement, with multiple pieces not being available for all samples. As a 

result, the following densities are provided as preliminary values and should be considered with 

caution until further measurements can confirm their accuracy. For calculating the geometric 

density, Equation 3.1 and relative density, Equation 3.2 were exploited, respectively.   

 ”  (3.1)

 ὙὩὰὥὸὭὺὩ ὨὩὲίὭὸώ
 

 (3.2) 

 where M represents the mass of the sample, and V is the volume of the sample. Theoretical 

density is 3.95g/cm3 [24]. 

Table 3. 1 Geometric densities of five types compressed Alumina samples. 

Alumina Sample 

Types 

Final Applied 

Pressure (MPa) 

Thickness (mm) Geometric 

Densities (%) 

Type 1 450 2.36 38.99 

Type 2 450 2.12 43.27 

Type 3 450 2.24 40.69 

Type 4 450 1.56 58.28 

Type 5 450 1.77 53.21 
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Table 3. 2 Geometric density of Type 1 samples with different pressures applied. 

Type 1 Alumina 

Sample 

Final Applied 

Pressure (MPa) 

Thickness (mm) Geometric 

Densities (%) 

#1 160 2.57 34.57 

#2 350 2.26 39.18 

#3 450 2.20 39.85 

 

3.2.1 Type 2 Alumina Powder Dielectric Measurements 

Eight pressure levels were applied during the measurements: 100 MPa, 150 MPa, 200 MPa, 

250 MPa, 300 MPa, 350 MPa, 400 MPa, and 450 MPa. In all plots, the following color scheme 

was used: red for 100 MPa, blue for 150 MPa, green for 200 MPa, yellow for 250 MPa, purple for 

300 MPa, black for 350 MPa, brown for 400 MPa, and orange for 450 MPa.  

Figure 3.2 presents the Nyquist Impedance plot, displaying real impedance versus 

imaginary impedance. All measurements exhibit semicircles. At high frequencies, the 

measurements are not influenced by the pressure levels, and all data points align. Differences 

become apparent as the frequency increases. At the peak of the semicircles, the imaginary 

impedance decreases as pressure increases up to 250 MPa. However, at 300 MPa, the imaginary 

impedance increases, exceeding that of the 250 MPa measurement. For the 350 MPa measurement, 

the imaginary impedance decreases again, falling below the 300 MPa measurement. Nevertheless, 

at 400 MPa, the measurement shows an increase and overlaps with 350 MPa measurement. This 

alternating trend continues with the 400 MPa and 450 MPa measurements, where the imaginary 

impedance increases with increasing pressure. These changes in the imaginary impedance show 

clearer on the zoom-in plot as shown in Figure 3.3. At low frequencies, slight fluctuations are 

observed and are consistent across all measurements. A semicircle in Nyquist Impedance plot 

indicates RC in parallel in electrical circuits. The measurements are showing resistive and 
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capacitive components, and the 100 MPa measurement shows highest resistance and capacitance 

as the semicircle of this measurement is largest. Due to the fluctuations at low frequency, it made 

it unclear to determine the resistance of the rest of the measurements. 

 

Figure 3.2 This is a Nyquist Impedance plot of real versus imaginary impedance. The 

complex impedance shows a semicircle for each measurement. At the low applied pressures, 

from 100 to 250 MPa, higher applied pressure results in lower complex impedance. Some 

measurements seem like they are overlapping for some regions. At the highest frequency, 

which is on the left, all measurements are not affected by the applied pressures. 
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Figure 3.3 This figure shows a zoom-in view of the top of the semicircle in the Nyquist 

Impedance plot. With increasing applied pressure, the complex impedance initially 

decreases. However, beyond 250 MPa, a rebound effect is observed. The impedance at 300 

MPa is higher than at 250 MPa. At 350 MPa, the impedance decreases again, showing a lower 

value than at 300 MPa. This rebound pattern continues, with the impedance at 400 MPa 

higher than at 350 MPa, and at 450 MPa, the imaginary impedance continues to increase 

with applied pressure. 

Figure 3.4 displays the magnitude of the complex impedance as a function of frequency. 

Between 0.1 and 1 Hz, the magnitude remains nearly unchanged, which indicates a resistive 

behavior. As the frequency increases, the magnitude begins to decrease quickly, indicating 

capacitive behavior. It appears that pressure has minimal impact on the magnitude of impedance 

across these frequency ranges. 



пм 
 

 

Figure 3. 4 Bode Impedance plot of magnitude of impedance versus frequency. As frequency 

increases, the magnitude of the complex impedance decreases. Below 1 Hz, the magnitude of 

the complex impedance remains unchanged, indicating a resistive component. The 

decreasing portion of the plot suggests a capacitive component. All measurements show that 

the impedance is not affected by different applied pressures. 

Figure 3.5 illustrates the phase angle of impedance as a function of frequency. The phase 

angle measures the phase difference between the applied AC voltage and the resulting AC current, 

calculated as the arctangent of the imaginary component over the real component of the 

impedance. As previously noted, these measurements indicate RC components in parallel. This is 

further evidenced by the fact that from 106 to 103 Hz, all measurements stabilize at -90Á, signifying 

capacitive behavior, and at frequencies below 103 Hz, the phase angle decreases towards 0Á, 

indicating resistive behavior. There are some fluctuations observed at frequencies above 106 Hz. 
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Figure 3.5 This is a Bode Impedance of phase angle versus frequency plot. Measurements 

remain at -90Á from 106 to 103 Hz, indicating capacitive behaviors. Below 103 Hz, phase angle 

decreases and moves towards 0Á, indicating a transition from capacitive behavior to resistive 

behavior. Some fluctuations are observed above 106 Hz. The measurements are not affected 

by different applied pressures. 

Figure 3.6 shows the real impedance versus frequency. At the lowest frequencies, the real 

impedance is at its largest value, and only slightly decreases with increasing frequency. At a 

frequency of 101 Hz, the real impedance begins to decrease as the frequency increases, following 

a trend from 1010 Ohms to 104 Ohms. Despite the different pressures applied, there are only tiny 

differences on impedance over these frequency ranges. There are some fluctuations above 106 Hz.  
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Figure 3.6 This is a Bode Impedance plot of real impedance versus frequency. The real 

impedance decreases as frequency increases until 106 Hz. Some fluctuations are observed 

above 106 Hz. All measurements show no effects due to different applied pressures. 

Figure 3.17 presents the imaginary impedance as a function of frequency. The imaginary 

impedance initially increases from 0.1 to 10 Hz and then rapidly decreases within the range of 10 

to 100 Hz, with some variations observed in this frequency range. The trends observed in this Bode 

impedance plot are consistent with those in Figure 3.3, particularly at the peak. Initially, the 

imaginary impedance decreases as pressure increases, but this trend alternates at certain pressure 

levels. From 102 to 107 Hz, the pressure appears to have minimal impact on the imaginary 

impedance. 
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Figure 3.7 This Bode Impedance plot shows the imaginary impedance versus frequency. A 

broad peak is observed at low frequency, with the imaginary impedance increasing as 

frequency increases. However, around 10 Hz, the imaginary impedance quickly decreases 

towards 0 and remains at 0 as frequency continues to increase. At 10 Hz, differences in the 

strength of the peak are seen for the different applied pressures. 

Figure 3.8 presents the Nyquist permittivity plot, showing imaginary permittivity versus 

real permittivity. There is an upward arc, that rapidly increases at the end of the arc, where the 

imaginary permittivity increases quickly with only a large increase in real permittivity. Within a 

certain frequency range, the complex permittivity exhibits a loop where imaginary permittivity 

values switch from positive to negative, as illustrated in Figure 3.9. Some fluctuations are observed 

when the data starts to form an upward, diagonal line, and differences due to varying pressures 

become apparent. Below 300 MPa, the variations in real permittivity are minimal, but above 300 

MPa, these differences become more pronounced. As frequency increases, real permittivity 

decreases, indicating a reduced ability to store electrical energy. 
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Figure 3.8 This is the Nyquist Permittivity plot of imaginary permittivity versus real 

permittivity. The data forms a straight, leaning to right, and then forms diagonal, upward 

lines as frequency decreases.  

 

Figure 3. 9 This zoomed-in view of the straight and angled sections of the Nyquist 

Permittivity plot reveals that the line is not perfectly straight. Instead, it is an arc crossing 

from positive values to negative values with small loops forming before ascending. The 

applied pressure has no effect on the complex permittivity for this zoomed-in region. 
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Figure 3.10 depicts the real permittivity versus frequency. The real permittivity decreases 

as frequency increases. There is a stable region from 105 to 106 Hz which usually indicates the 

dielectric constant of this material. The real permittivity rapidly increases above 106 Hz. The 

applied pressures have minimal impact on real permittivity while the frequency is above 106 Hz. 

Below 106 Hz, the samples at higher applied pressures have higher real permittivity. 

 

Figure 3. 10 This Bode Permittivity plot shows the real permittivity versus frequency. The 

measurements decrease as real permittivity increases, with some fluctuations observed at 1 

Hz. Differences in strength are noted as frequency increases. The dielectric constant is stable 

in the region from 105 to 106 Hz. After 106 Hz, the real permittivity rapidly increases. 

Figure 3.11 indicates the imaginary permittivity as a function of frequency. The imaginary 

permittivity rapidly decreases from 0.1 to 10 Hz, but it stabilizes at 0 from 10 to 5x106 Hz, which 

indicates no energy loss above 10 Hz.  There is a slight increase in the positive value of the 

imaginary permittivity at the highest frequency tested. The measurements are not affected by the 

applied pressure. 
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Figure 3. 11 This is the Bode Permittivity plot of imaginary permittivity versus frequency. 

All measurements decrease rapidly towards 0, stabilizing at 0 around 102 Hz. A small 

downward hook is observed after 106 Hz. The measurements are not affected by applied 

pressure. 

3.2.2 Type 3 Alumina Powder Dielectric Measurements 

Figure 3.12 presents the Nyquist Impedance plot, illustrating real impedance versus 

imaginary impedance. The measurements exhibit semicircles with upward-leaning tails and 

fluctuating endpoints. These semicircles in the complex impedance plot are indicative of RC 

components. The samples compressed at higher pressures tend to have both a higher in magnitude 

imaginary impedance and a higher real impedance at the peak of the semicircle compared to the 

samples compressed at lower pressures, as shown in Figure 3.13. However, there is an exception 

to this trend. At the lowest pressures, the imaginary impedance decreases in magnitude as pressure 

increases, until a pressure of about 200 MPa. This effect is shown for two samples shown in this 

Figure, the 100 and 150 MPa samples. This is why the 100 MPa sample has a higher peak than the 

150 MPa sample. The long tails have a trend where the higher pressure samples have significantly 

higher in magnitude imaginary impedance compared to the lower pressure samples. For the tails, 
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the low pressure samples follow this trend. Instead, it is the highest pressure sample that slightly 

deviates from this trend. That sample often has a slightly weaker imaginary impedance at a given 

real impedance compared to the second highest pressure sample. Notably, at high frequencies, the 

complex impedance remains unaffected by varying pressures. 

 

Figure 3. 12 Nyquist Complex Impedance plot showing imaginary impedance versus real 

impedance. Starting at high frequency where both the real and imaginary impedances have 

a value of zero, as frequency decreases both the real and imaginary impedances increase. 

This trend continues until a real impedance of about 100000 Ohms, where the imaginary 

impedance starts to decrease in magnitude with increasing real impedance. Then, at a real 

impedance of about 200000 Ohms, the trend switches again, and the imaginary impedance 

increases in magnitude as the real impedance increases.  
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Figure 3. 13. Zoomed-in version of Figure 3. 12. This figure focuses on the peak of the 

semicircle. Here, you can see that the samples compressed at higher pressures tend to have 

both a higher imaginary impedance and a higher real impedance compared to the samples 

compressed at lower pressures. However, there is an exception to this trend. While the highest 

pressure samples are in order of pressure like this trend suggests, the lower pressure samples 

are not in order. The low pressure samples (the 100 and 150 MPa samples shown here) 

decrease in imaginary impedance as the pressure increases. After 150 MPa, the trend 

becomes the trend explained earlier, where higher pressures give larger imaginary 

impedances. 

Figure 3.14 displays the Bode Impedance plot, illustrating the magnitude of complex 

impedance as a function of frequency. The differences between each applied pressure are minimal, 

but present. All measurements begin with (at the lowest frequencies tested) a trend of a decrease 

in the magnitude of complex impedance with increasing frequency. Also at low frequency, the 

magnitude of complex impedance increases with higher applied pressure. As the frequency 

increases, the magnitude stabilizes and does not change much as frequency increases. Notably, 

there is a transition point around 5x10į Hz, where the magnitude begins to decrease as the pressure 

increases, and the magnitude begins to decrease much faster as the frequency increases. From the 

lowest frequency to about 5x103 Hz, the decrease in magnitude as frequency increases is relatively 

slight, indicative of resistive behavior. At frequencies higher than 5x103 Hz, the decrease in 
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magnitude is much greater, indicative of capacitive behavior. Additionally, a hook-like structure is 

observed at frequencies above 10  Hz. 

 

Figure 3. 14. Bode Impedance plot showing magnitude of impedance versus frequency. At 

the low frequencies, the magnitude of impedance decreases slowly, indicative of resistive 

behavior. At high frequencies, the magnitude of impedance decreases much more rapidly, 

indicative of capacitive behavior. At the very highest frequencies, there is a hook-like 

structure. 

Figure 3.15 shows the phase angle of impedance as a function of frequency. A phase angle 

near -90Á indicates capacitive behavior, while a phase angle near 0Á indicates a resistive behavior. 

At low frequencies, the applied pressures affect the phase angles. Samples compressed at higher 

pressures have phase angles closer to -90Á, which is indicative of capacitive behavior. This 

indicates that the samples compressed at higher pressures are more capacitive in nature. However, 

at frequencies higher than about 10 Hz, the applied pressure ceases to have an effect on the phase 

angle. The phase angles all stabilize near 0Á (suggesting resistive behaviors for the samples). From 

103 to 105 Hz, the phase angle rapidly decreases towards -90Á, where it stays until a frequency of 

about 106 Hz (suggesting capacitive behaviors for the samples in this frequency region). Above 

10  Hz, the phase angle rapidly decreases, entering the positive region. 
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Figure 3. 15. Bode Impedance plot of the phase angle of the complex impedance versus 

frequency. At the lowest frequencies, the applied pressure makes a slight difference in the 

phase angle. Higher applied pressures give a larger negative number compared to the smaller 

applied pressures. However, at higher frequencies, this dependence on applied pressure starts 

to vanish. From about 10 to 100 Hz, the phase angle is about 0Á, indicative of resistive 

behavior. After this, the phase angle quickly shoots towards -90Á, indicative of the capacitive 

behavior. Finally, at the highest frequencies, the phase angle shoots down into the positive 

angle region. 

Figure 3.16 shows the plot of real impedance as a function of frequency, which is similar 

to the plot of the magnitude of complex impedance versus frequency. At low frequencies, the real 

impedance is very large and only slightly decreases as the frequency increases. At a frequency of 

about 5x103 Hz, the real impedance begins to quickly drop as the frequency increases. At about 

106 Hz, the rate at which the real impedance decreases slows down, but there is a sudden sharp dip 

at the very highest frequencies tested. 



рн 
 

 

Figure 3. 16. Bode Impedance Plot showing real impedance versus frequency, which is 

similar to the plot of the magnitude of complex impedance versus frequency. There is a 

transition point around 5x10į Hz. All measurements exhibit lower real impedance with 

increasing frequency. However, at frequencies of 10  Hz and above, the variations become 

more pronounced, and the dips are sharper and deeper. 

Figure 3.17 depicts the plot of imaginary impedance as a function of frequency. Much like 

the Nyquist plot, this shows a structure where imaginary impedance peaks and then a long tail. 

However, the structure of this plot is a peak rather than a semicircle, and the tail is on the opposite 

side. At low frequencies, the higher pressure samples have higher in magnitude imaginary 

impedance compared to the low pressure samples, with the imaginary impedance more quickly 

decreasing in magnitude for these high pressure samples as frequency increases. At a frequency of 

about 102 Hz, the imaginary impedance begins to increase in magnitude as frequency increases, 

creating the peak seen in the Figure. Similar to the Nyquist plot, the lowest pressure samples have 

peaks that decrease in magnitude with increasing pressure. 
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Figure 3. 17. Bode Impedance Plot of the imaginary impedance versus frequency. At low 

frequencies, the imaginary impedance increases with higher applied pressure. As frequency 

increases, the imaginary impedance decreases until it reaches 10Į Hz. Beyond this point, the 

imaginary impedance of the measurements increases with frequency up to approximately 

3x10į Hz, after which it decreases again, reaching 0 Ohms at 10  Hz and remaining at 0 Ohms 

as frequency continues to increase. 

Figure 3.18 presents the Nyquist Permittivity plot, illustrating real permittivity versus 

imaginary permittivity. All measurements start from one point at high frequency, then the 

measurements disperse with increased frequency. As the applied pressure increases, the imaginary 

permittivity gets smaller, except the measurement with 150 MPa, which has similar values with 

the 100 MPa measurement. For real permittivity, higher pressure causes higher real permittivity. 

However, when the applied pressure reaches to 300 MPa, real permittivity shows diminishing 

effects. At high frequencies, the measurements begin to form loops that lean upward as frequency 

decreases. Measurements with lower applied pressure form smaller loops, as shown in Figure 3.19. 

Lower applied pressure results in higher imaginary permittivity and lower real permittivity. This 

indicates that samples with lower applied pressure store less electrical energy and dissipate more 

energy as heat, and vice versa. 
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Figure 3. 18 This is the Bode Permittivity plot of real permittivity versus imaginary 

permittivity. As the applied pressure increases, the imaginary permittivity gets smaller, 

except the measurement with 150 MPa, which has similar values with the 100 MPa 

measurement. And measurement with 400 MPa shows no difference in slope with 

measurement with 450 MPa. For real permittivity, higher pressure causes higher real 

permittivity.  

 

Figure 3. 19 This is the zoom-in of the (0,0) region of the Nyquist permittivity plot, all 

measurements form angular loops and then abruptly ascends. Higher applied pressures form 

a larger loop. 

Figure 3.20 shows the Bode permittivity plot, illustrating real permittivity as a function of 

imaginary permittivity. In all measurements, real permittivity decreases and enters a stable region 
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between 10į and 10  Hz, in this region indicating the dielectric constant of the material. Above 10  

Hz, real permittivity slightly increases, followed by a sharp decrease and a rapid increase, forming 

a dip. The measurement at 250 MPa exhibits an especially sharp dip. 

 

Figure 3. 20. Bode Permittivity Plot showing real permittivity versus frequency. At low 

frequencies, the real permittivity is high, but quickly drops as the frequency increases. At 

about 102 Hz, the real permittivity value stabilizes and does not change much with frequency. 

At 106 Hz, the real permittivity begins to increase with frequency, but then sharply drops to 

extremely low values before rising back to its previous value. 

Figure 3.21 presents the plot of imaginary permittivity as a function of frequency. 

Imaginary permittivity decreases with both increasing applied pressure and frequency. All 

measurements stabilize at 0 above 10į Hz, indicating no energy loss across this frequency range. 

Measurements with higher applied pressure have lower imaginary permittivity at the lowest 

frequency. 
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Figure 3. 21 This is the Bode Permittivity plot of imaginary permittivity versus frequency. 

At low frequency, all measurements rapidly decreases and towards 0 and remains at 0 

starting from 102 Hz. Measurements with higher applied pressure have lower imaginary 

permittivity at the lowest frequency.  

3.2.3 Type 5 Alumina Powder Dielectric Measurements  

The Type 5 sample exhibits a Nyquist plot very similar to that of the Type 4 sample. The 

Nyquist impedance plot, shown in Figure 3.22, depicts imaginary impedance versus real 

impedance. Both samples display semicircles that end with short tails. As the applied pressure 

increases, the size of the semicircle decreases. At very high frequencies, the complex impedance 

remains unaffected by the applied pressure.  
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Figure 3. 22 This is the Nyquist Impedance plot of real impedance versus imaginary 

impedance. The data forms a semicircle. At the highest frequency, all applied pressures have 

no impact on complex impedance. Differences begin to appear as frequency decreases. As 

frequency decreases and applied pressure increases, the complex impedance decreases, 

resulting in smaller semicircles. 

Figure 3.23 presents the Bode impedance plot, illustrating the magnitude of complex 

impedance as a function of frequency. The magnitude remains unchanged as frequency increases 

up to 10Į Hz, indicating a resistive component. Beyond this point, the magnitude decreases with 

further increases in frequency, indicating a capacitive component, with a small fluctuation near 10  

Hz. The measurements show minimal impact from varying applied pressures. 
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Figure 3. 23 Bode Impedance plot of magnitude of impedance versus frequency. The 

magnitude of impedance remains unchanged until about 102 Hz. Beyond 102 Hz, the 

magnitude of impedance decreases as applied pressure increases. At the highest frequencies 

tested, the magnitude of impedance rapidly increases and then quickly decreases back to its 

previous value before the quick rise in value. 

Figure 3.24 depicts the phase angle of impedance as a function of frequency. The applied 

pressure does not have a significant effect on the phase angle, except for the highest frequencies, 

where a higher applied pressure results in higher phase angles. At low frequencies, each sample 

maintains a phase angle near 0Á (indicating resistive behavior), but at a frequency of 102 Hz, the 

phase angle tends to become a larger and larger negative number, up to -90Á, at which it stabilizes 

(indicating capacitive behavior). It stays at about -90Á from about 104 Hz until 106 Hz, after which 

the phase angle suddenly drops, indicating a shift from capacitive to inductive behavior. 
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Figure 3. 24. Bode Impedance Plot showing phase angle of the complex impedance versus 

frequency. The measurements start at 0Á and move towards -90Á, indicating resistive and 

capacitive behaviors within certain frequency ranges. Above 10  Hz, the phase angle begins 

to drop rapidly, transitioning from capacitive to inductive behavior. The measurements show 

minimal impact from varying applied pressures. However, for the last few data points, higher 

applied pressures result in an increase in the phase angle within the positive region. 

Figure 3. 25 presents the Bode impedance plot of real impedance as a function of frequency. 

At low frequencies, the real impedance has its highest value and does not change significantly with 

increasing frequency. However, at about 102 Hz, the real impedance begins to drop with increasing 

frequency. At about 106 Hz, the decrease in real impedance with increasing frequency begins to 

slow down and even reverse, until the real impedance suddenly drops at the highest frequencies 

tested. The applied pressure only has a small effect on the real impedance, with the lower applied 

pressures having larger real impedances throughout the frequency range.   
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Figure 3. 25. Bode Impedance Plot of real impedance versus frequency. All measurements 

remain unchanged from 0.1 to 10Į Hz, after which they start to decrease as frequency 

increases. A peak is observed near 10  Hz. Variations in applied pressure result in very small 

differences in real impedance. 

Figure 3.26 illustrates the imaginary impedance as a function of frequency. At low 

frequencies, the imaginary impedance has a low value close to zero and slowly approaches 0 as 

the frequency increases. As the frequency reaches 1 Hz, the imaginary impedance starts increasing 

as frequency increases, reaching its peak at about 5x102 Hz. As the frequencies continue to go 

higher than 5x102 Hz, the imaginary impedance drops, reaching about 0 Ohms at about 106 Hz and 

staying at that value. 
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Figure 3. 26. Bode Impedance Plot showing imaginary impedance versus frequency. The 

imaginary impedance initially decreases, then increases to a peak, and subsequently 

decreases again, approaching 0 and remaining at 0 when the frequency is above 10  Hz. The 

peak value decreases as the applied pressure increases. 

Similar to other types of samples, the measurements form angular loops at high frequency 

in the plot of imaginary permittivity versus real permittivity, as shown in Figure 3.27. 

Subsequently, the measurements rise, leaning upwards, as depicted in Figure 3.28. This shows that 

as the real permittivity increases, the imaginary permittivity increases. Measurements with lower 

applied pressures result in both lower real and imaginary permittivity. 
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Figure 3. 27. Nyquist Permittivity Plot of imaginary permittivity versus real permittivity. As 

the real permittivity increases, the imaginary permittivity increases, with the samples created 

at higher applied pressures reaching higher real and imaginary permittivity.  

 

Figure 3. 28. Zoomed-In Nyquist Permittivity Plot showing imaginary permittivity versus 

real permittivity. This plot is zoomed in near the (0,0) region of Figure 3.31. It shows a loop 

where the real permittivity switches between negative and positive values and sharply 

ascends when the imaginary permittivity reaches 0 Ohms and the real permittivity is around 

500 Ohms. The samples created with lower applied pressures have tighter loops than the 

samples formed at higher pressures. 

Figure 3.29 presents the plot of real permittivity as a function of frequency, highlighting 

more pronounced differences with varying applied pressures. At low frequencies, the real 
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permittivity is at its highest values, and some measurements exhibit fluctuations. Real permittivity 

decreases as applied pressure decreases and frequency increases up to 10 Hz. Above 10 Hz, but 

below 10  Hz, real permittivity remains stable at certain values. A sharp dip is observed near 10  

Hz, with the measurement at 250 MPa showing an especially pronounced dip. The dielectric 

constant can be determined from the stable region at high frequency. 

 

Figure 3. 29. Bode Permittivity Plot of real permittivity versus frequency. At low frequencies, 

the real permittivity is at its highest value, but decreases with increasing frequency. At about 

101 Hz, the real permittivity stabilizes and no longer changes with increasing frequency. At 

about 106 Hz, the real permittivity suddenly increases slightly, but then briefly drops to a 

very low value before increasing back to the value it was at before its sudden drop.  

The final plot to discuss is the imaginary permittivity versus frequency, shown in Figure 

3.30. As frequency increases, imaginary permittivity decreases, approaching 0 Ohms and 

remaining at 0 Ohms from 10  Hz onward. As applied pressure increases, imaginary permittivity 

also increases. There is no impact on imaginary permittivity above 10  Hz. 
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Figure 3. 30. Bode Permittivity Plot showing imaginary permittivity versus frequency. The 

imaginary permittivity starts at its highest values at the low frequencies, but quickly drops 

to 0 Ohms as the frequency increases. It stabilizes at 0 Ohms at about 102 Hz and no longer 

changes with increasing frequency. 

3.3 Chapter Summary 

In this chapter, the analysis reveals no discernible trend between density and dielectric 

constant among the five alumina samples. Type 1 has the lowest density at 38.99%, while Types 2 

and 3 have similar densities at 43.27% and 40.69%, respectively. Types 4 and 5 have densities 

above 50%, at 58.28% and 53.21%. Figure 3.31 shows no clear relationship between these 

variables. However, particle size plays a significant role in affecting the dielectric constant. As 

detailed in Chapter 2, Type 1 has the smallest particles, Type 2 primarily has particles around 2 

microns, Type 3 has the largest particles exceeding 3 microns, Type 4 ranges between 1.2 and 1.6 

microns, and Type 5 ranges from 1 to 1.4 microns. These particle size variations result in different 

dielectric constants for each sample: approximately 20-25 for Type 3, 50-60 for Type 2, 400-600 

for Type 4, 400-500 for Type 5, and around 1000 for Type 1. As shown in Figure 3.32, a clear trend 

emerges: larger particle sizes correspond to lower dielectric constants across the range of applied 
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pressures. This indicates the significant influence of particle size on the dielectric properties of 

alumina. 

 

Figure 3. 31 Relationship between density and dielectric constant in the five alumina samples. 

No clear trend was observed from this relationship. 

 

Figure 3. 32 Relationship between dielectric constant and particle sizes in the five alumina 

samples. As particle size increases, the dielectric constant decreases. The high dielectric 

constant values observed in all samples is attributed to low densities, leading to moisture 

absorption during measurements which were conducted at 40-60% RH. 
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Type 1 and 4 will be shown in the appendix. Type 1 shows similar trends as the Type 3 

sample. When the applied pressure reaches a certain point, a rebound appears in the Nyquist 

Impedance plot. However, the Type 1 sample shows noise in some measurements that makes it 

difficult to interpret the results. Type 4 has perfect and very similar results to the Type 5 sample; 

these two samples do not have the rebound activities. However, Types 4 and 5 do have one 

interesting difference in the Nyquist Permittivity plot. They show opposite trends for the impact 

of the applied pressure. The Type 4 samples show that as the applied pressure increases, the 

imaginary permittivity increases more strongly. Conversely, for the Type 5 samples, as pressure is 

increased, the real permittivity increases more strongly. This creates a situation where the samples 

with the highest applied permittivity are either above the other samples or below the other samples, 

depending on if they are Type 4 or Type 5 (above and below, respectively). 

The same applied pressure resulted in different densities across various samples, likely due 

to differences in particle sizes. Higher applied pressure on identical samples tends to yield slightly 

higher densities, although additional sets of comparisons are needed to ensure accuracy. All 

samples exhibit semicircles in the Nyquist Impedance plot, indicating the presence of RC 

components. With increasing applied pressure, the complex impedance generally decreases. 

However, some samples show a rebound effect on the Nyquist Impedance plot at certain pressure 

levels. All the semicircles end with tails, except for the Type 2 sample, while the Type 3 sample 

displays the longest tail. Additionally, all complex permittivity plots form loops.  

 A clear demonstration of the effects of applied pressure are shown in Figures 3.33 and 

Figure 3.34. These plots show the real impedance value where the imaginary impedance reaches 

the end of the semicircle seen in the Nyquist Impedance plots for each sample Type at each applied 

pressure. A larger real impedance value suggests a larger semicircle. This real impedance value 
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can be considered the x-intercept point. It can quickly be seen that there are two dramatically 

different effects that the applied pressure can cause, and they are opposite from each other. Figures 

3.33 shows the effect of the applied pressure for the Type 1, Type 3, and Type 2 samples. Type 1 

and 3 both show a ñtilted-Jò shape, where increasing pressures at first lead to decreasing values 

for the real impedance intercept, until a certain pressure, for instance, 200 MPa for the Type 1,and 

250 MPa for the Type 3 sample. After this pressure, increasing pressure leads to larger and larger 

real impedance intercepts. Type 2 sample shows a similar ñtilted-Jò pattern, but with an additional 

switch. Initially, as in Type 1 and Type 3, the impedance value decreases with increasing pressure, 

then switches to an increase. However, a second switch occurs, leading to two decrease-increase 

transitions. Figures 3.34 depicts an exponential decline in the intercept values as pressure 

increases. It is currently unknown why there are two different trends (a ñtilted-Jò trend where after 

a certain pressure the intercept increases with pressure, and an almost linear exponential trend 

where the intercept decreases with pressure) seen for the effect of applied pressure.  

 

Figure 3. 33 Types 1 and 3 exhibit a similar ñtilted-Jò trend, where initially higher applied 

pressure reduces the semicircle size in the Nyquist Impedance Plot, but this reverses beyond 

a certain pressure, leading to an increase in semicircle size. The Type 2 sample shows an 

additional switch in this behavior. 
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Figure 3. 34 Both Type 4 and Type 5 display a trend where increased applied pressure leads 

to a decreased semicircle size in the Nyquist Impedance Plot. 

Figure 3.35 illustrates the dielectric constant of five types of Alumina measured at 450 MPa 

across the full frequency range. At low frequencies, all samples show a significant impact on the 

dielectric constant, which decreases as the frequency increases, most likely related to the 

percentage of humidity value of when measurements were conducted [19]. Around 10į Hz, the 

dielectric constant begins to stabilize. Type 1 consistently exhibits the highest dielectric constant, 

while Type 2 has the lowest. The behavior of Types 4 and 5 is very similar, likely due to their 

comparable particle sizes and microstructures, as discussed earlier. Beyond 10  Hz, fluctuations 

are observed in all samples except Type 2. Further investigation into these fluctuations at even 

higher frequencies is recommended for future research. 
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Figure 3. 35 Dielectric constant of five Alumina samples compressed at 450 MPa as a function 

of frequency. At low frequencies, the dielectric constant decreases with increasing frequency 

and stabilizes above 10į Hz. Type 1 exhibits the highest dielectric constant in the stable 

region, while Type 2 shows the lowest and is the only sample without fluctuations above 10  

Hz. Types 4 and 5 display very similar dielectric constants, likely due to their comparable 

particle size and microstructure. 

In general, it is expected that samples with higher densities (and created under higher 

pressures) will have fewer voids. Higher pressures should compress the material onto itself more 

strongly and therefore fill in more voids in the material. Voids are pockets or just spaces in the 

material filled with air instead of more material, and thus higher densities should result in fewer 

voids. Voids in a material should increase the impedance of that material as the lack of a path 

through the void should hurt the capabilities of electrons to travel through the material. The voids 

will interrupt their paths, with more voids leading to more interruptions. 

Due to the fragile nature of the compressed samples, it is not possible to repeat the 

measurements for each sample and calculate error bars, since the packing density is difficult to 

control. However, the sintered samples are not as fragile, so it is possible to repeat measurements 

and calculate error bars, which are shown in Chapter 5. 
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CHAPTER 4: ELECTRICAL CHARACTERIZATION OF SAMPLES 

SINTERED AT 1000ÁC 

4.1 Sintering Method: Spark Plasma Sintering (SPS) 

In Chapter 2, we discussed five types of sample powders, ranging from nanoscale to 

microscale. Each type includes at least two samples to ensure measurement accuracy and 

repeatability. Figure 4.1 illustrates the working principles of the compression system within the 

SPS chamber. The sample powders are placed into a die, with graphite covers on both the top and 

bottom to prevent contamination from the punches. The punches hold the sample in place and 

allow for the conduction of electricity through the sample. The system is inside a vacuum chamber 

to create a low atmospheric pressure and the whole set-up is water-cooled. The powders were 

sintered using SPS at 1000ÁC with an applied pressure of 80 MPa and a holding time of 5 minutes. 

After removing the graphite covers, the samples appeared cylindrical and white, with untreated 

thicknesses ranging from 1 to 3 mm, most being around 2 mm. These samples were then ground 

and polished using 600 grit and 800 grit Silicon Carbide sandpapers, reducing their thickness to 

the 1 to 3 mm range. Table 4.1 summarizes all the samples sintered at 1000ÁC along with their 

corresponding bulk densities.  

The exact mechanism that SPS takes advantage of is the electrical spark discharge 

phenomenon. In this phenomenon, a low energy, high voltage pulse of electricity creates quick 

bursts of spark plasma at high, but very localized temperatures from a few thousand to 10,000ÁC 

between the powder particles. This high temperature can clear out impurities on the surface of the 

powder particles. The generation of the spark plasma at the contact points between particles also 

heats, evaporates, and melts the surfaces of the particles at those contact points. This leads to the 
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development of ñnecksò that connect the particles together and form the condensed and solidified 

pellet. 
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Figure 4. 1 SPS compression system structure inside the chamber, adapted from reference 

25. 
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Table 4. 1 List of SPS samples sintered at 1000ÁC with dimensions, thickness, and densities. 

Sample Types 

and Labels 

Thickness (mm) Diameter (mm) Density (%) 

Type #1 s1 1.15 9.8275 54.68 

Type #1 s2 1.76 10.13 54.12 

Type #2 s1 2.7 10.135 57.78 

Type #2 s2 2.54 10.1025 58.29 

Type #2 s3 2.54 10.155 59.46 

Type #3 #1 2.93 10.005 56.30 

Type #3 #2 2.78 10.0475 57.47 

Type #3 s2 2.25 10.035 54.73 

Type #4 s1 2.4 10.2 70.63 

Type #4 s2 2.22 10.2625 78.60 

Type #4 s3 2.39 10.11 70.32 

Type #5 s1 1.43 9.8725 60.76 

Type #5 s2 1.78 9.815 63.80 

Type #5 s3 2.14 10.0775 62.10 

 

4.2 SPS Samples Dielectric Properties Measurements Varied by Humidity 

4.2.1 Type 1 Sample Humidity Change Data and Analysis 

To investigate the impact of humidity on the dielectric properties of alumina, a controlled 

experimental setup was utilized. The alumina sample was positioned between two parallel 

electrodes within a parallel capacitance fixture. The fixture was meticulously adjusted to ensure 

the top electrode made gentle contact with the sample, followed by an additional complete twist 

to apply uniform pressure. To regulate humidity, the parallel capacitance fixture was enclosed in 

an acrylic door-sealed controlled humidity chamber. Just the same as when measuring the powders, 

two Solartron instruments, the Solartron 1296 and the Solartron 1260, were employed for dielectric 

measurements. After connecting the Solartron instruments and the parallel capacitance fixture, 

measurements were initiated using the SMaRT software. The frequency range for the 

measurements was set from 0.1 Hz to 107 Hz. We are using the 500 mV AC voltage. Humidity 
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levels were varied from 50% relative humidity (RH) to 10% RH. The sample was equilibrated in 

the chamber for 20 minutes at each specified humidity level prior to measurement. Each humidity 

condition was tested twice to ensure the reliability and reproducibility of the results.  

The major dielectric properties examined are impedance and permittivity. For both 

impedance and permittivity, we created Nyquist and Bode plots. We used a red curve to represent 

50% RH, blue curve to represent 40% RH, green curve to represent 30% RH, purple curve to 

represent 20% RH, and a black curve to represent 10% RH in all the plots. They all show that 

humidity has a strong effect on the properties of alumina. Figure 4.2 displays the Nyquist complex 

impedance plot, demonstrating that as humidity increases, the complex impedance decreases. The 

plot exhibits semicircular arcs, though not complete circles, and all curves conclude with upward-

sloping tails.  

 

Figure 4. 2 The Imaginary Impedance versus Real Impedance plot for the Type 1 s2 Alumina 

sample at different humidity levels shows that lower humidity values result in larger 

impedances. 
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Figure 4.3 shows the magnitude of impedance versus frequency, and it indicates that the 

impedance magnitude decreases as the humidity and frequency increases. However, the 

dependence on humidity effect disappears at frequencies above 105 Hz.  

 

Figure 4. 3 Magnitude of impedance versus frequency of the Type 1 s2 Alumina sample for 

different humidities. Lower humidities result in higher impedance magnitudes, but this effect 

disappears at frequencies of about 105 Hz and higher. 

In Figure 4.4, the phase angle of the impedance is plotted versus frequency. A phase angle 

near 90Á indicates inductive behavior, near 0Á indicates resistive behavior, and near -90Á indicates 

capacitive behavior. It shows that higher humidities seem to add ripples into the theta curve, which 

creates an effect of pushing the low humidity theta pattern to higher frequencies. This indicates 

that the measurement at 10% RH is more likely showing the ñtrueò pattern from this type of 

Alumina without the effect of water absorption adding to the measurement. We also see, at 

frequencies of 106 and higher, all the theta curves line up and the humidity effect ceases.  
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Figure 4. 4 Phase angle of the impedance versus frequency for the Type 1 s2 Alumina at 

different humidities. Higher humidities have more inflection points at the lower frequencies, 

pushing the pattern seen at the lowest humidity to higher frequencies. The effect of humidity 

disappears at about 106 Hz and higher. 

Figure 4.5 presents the real impedance versus frequency, and shows an interesting relation 

with humidity. Until a frequency of about 103 Hz, higher humidities give lower real impedance 

values, but in between 103 and 104 Hz, this relation switches. After 103 Hz, higher humidities give 

higher real impedances. Then at frequencies of 106 and higher, the humidity no longer influences 

the real impedance. For all measurements at the different humidity levels, as frequency increases, 

the real impedance decreases, which indicates that at higher frequency, the resistive component 

decreases. 
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Figure 4. 5 Real impedance versus frequency for Type 1 s2 Alumina at different humidities. 

Lower humidities result in higher real impedance for low frequencies up to about 103 Hz. At 

frequencies of about 103 Hz to about 106 Hz, the effect of humidity switches so that lower 

humidities result in lower real impedances. At high frequencies above about 106 Hz, humidity 

no longer has an effect. 

Figure 4.6 gives the relation between the imaginary impedance and frequency, and shows 

that higher humidities lead to lower imaginary impedance. Below 103 Hz, the imaginary 

impedance decreases with higher frequency, until it approaches 0 Ohms gradually after 103 Hz. 

 

Figure 4. 6 Imaginary impedance versus frequency for the Type 1 s2 Alumina sample at 

different humidities. Lower humidities result in greater imaginary impedances. This 

humidity effect only exists for frequencies lower than approximately 103 Hz, and is larger at 

lower frequencies. 
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Using equation 1.6 and a correction method described in Appendix C, the dielectric 

properties of the sintered samples measured can be obtained Figure 4.7 is the complex permittivity 

plot, relating the imaginary permittivity to the real permittivity. The most apparent effect of 

humidity seen here is that higher humidities lead to significantly larger values for both the real and 

imaginary permittivity. The longer length of the high humidity curve is not due to more datapoints, 

but larger values for the datapoints. They all have the same number of data. In addition, it shows 

that higher humidities allow the imaginary component to increase slightly faster than the real 

component relative to lower humidities.   

 

Figure 4. 7 Imaginary permittivity versus real permittivity for Type 1 s2 Alumina at different 

humidities. Higher humidities result in higher permittivity. Higher humidities also seem to 

preferentially increase the imaginary permittivity to greater extents than the real 

permittivity. 

Figure 4.8 is the real permittivity versus frequency data, and demonstrates that as the 

humidity increases, the real permittivity increases, until a frequency of about 106 Hz, where the 

effect seems to disappear. In addition, as frequency increases, the real permittivity decreases, but 

it stabilizes above 105 Hz. This indicates that at higher frequency, the samples can store less electric 

energy. Real permittivity is also known as the dielectric constant. The flat region at high frequency 
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from 105 to 106 Hz, represents the dielectric constant of this sample. Measuring while at high 

frequency, measures the bulk part of the sample. Above 106 Hz, the real permittivity increases with 

increasing frequency.  

 

Figure 4. 8 Real permittivity versus frequency for the Type 1 s2 alumina sample at different 

humidities. Higher humidities result in higher real permittivity for frequencies lower than 

about 105 Hz. Above this frequency, humidity no longer seems to have an effect. Otherwise, 

real permittivity decreases with increasing frequency, until 106 Hz, at which it increases with 

frequency. 

Finally, Figure 4.9 shows imaginary permittivity versus frequency, and reveals that as the 

frequency increases, the imaginary permittivity decreases, until a frequency of about 103 Hz. As 

humidity increases, the imaginary permittivity increases, likewise until a frequency of about 103 

Hz. At this frequency, the imaginary permittivity begins to approach and stabilize at 0 Ohms.  
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Figure 4. 9 Imaginary permittivity versus frequency for the Type 1 s2 alumina sample at 

different humidities. Higher humidities result in higher imaginary permittivity for 

frequencies under about 103 Hz. Higher frequencies result in lower imaginary permittivity 

until about 103 Hz. Above that value, humidity and frequency seem to no longer have an 

effect. 

Overall, these results show that as the humidity increases, the impedance decreases and 

permittivity increases, for frequencies up to 106 Hz. In other words, at higher humidities, electricity 

can flow more freely through the alumina samples. Above that frequency, the humidity no longer 

seems to have a meaningful effect on any impedance or permittivity related parameter. 

4.2.2 Type 3 Sample Humidity Change Data and Analysis 

The Nyquist complex impedance plot for the Type 3 sample reveals a distinct semicircle at 

low humidity, indicating higher resistive components as humidity decreases. Lower humidity 

values allow the samples to reach larger in magnitude impedances. This is shown in Figure 4.10. 

The semicircle diameter decreases with increasing humidity. This is more pronounced than those 

for the Type 1 and Type 2 samples. Type 3 alumina has a particle size of 2.8 ï 4 Õm. 
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Figure 4. 10 Imaginary Impedance versus Real Impedance of the Type 3 #1 Alumina sample 

for different humidity levels. Lower humidity values allow the samples to reach larger in 

magnitude impedances. Lower humidities also lead to larger initial semicircle-like slopes in 

the data.  

Figure 4.11 plots the magnitude of impedance versus frequency. As the frequency 

increases, all measurements decrease in magnitude. With higher humidity, the magnitude also 

decreases. Humidity has impact even at a frequency of 106 Hz. It ceases to have impact after 106 

Hz. 

 

Figure 4. 11 Magnitude of impedance versus frequency of the Type 3 #1 Alumina sample for 

different humidities. Lower humidities result in higher impedance magnitudes, but this effect 

disappears at frequencies of higher than 106 Hz. All humidities show that higher frequencies 

lead to lower magnitudes. 
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Figure 4.12 illustrates phase angle versus frequency, with Type 3 showing notable effects 

at high frequency (106 Hz), unlike the other types. Humidity effects diminish at 107 Hz, with 

capacitive behavior reducing as humidity rises. Higher humidities have more inflection points at 

the lower frequencies, pushing the pattern seen at the lowest humidity to higher frequencies. 

 

Figure 4. 12 Phase angle of the impedance versus frequency for the Type 3 #1 Alumina at 

different humidities. Higher humidities have more inflection points at the lower 

frequencies, pushing the pattern seen at the lowest humidity to higher frequencies. The 

effect of humidity disappears at about 107 Hz and higher. 

Figure 4.13 depicts real impedance as a function of frequency, showing a decrease with 

frequency for all measurements. Lower humidities result in higher real impedance for low 

frequencies up to about 105 Hz. At frequencies of about 105 Hz to about 106 Hz, the effect of 

humidity switches so that lower humidities result in lower real impedances. At high frequencies 

above about 106 Hz, humidity no longer has an effect, except for the deep valley seen at high 

frequencies. Here, higher humidities seem to result in smaller valleys. Although there are 

fluctuation points, significant differences are observed between 101 and 102 Hz.  
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Figure 4. 13 Real impedance versus frequency for Type 3 #1 Alumina at different humidities. 

There is a decrease in real impedance as frequency increases. Although there are fluctuation 

points, significant differences are observed between 101 and 102 Hz. 

In Figure 4.14, imaginary impedance sharply increases with frequency. Higher humidity 

levels show greater imaginary impedance at lower frequencies. Imaginary impedance approaches 

0 ohms as frequency exceeds 102 Hz.  

 

Figure 4. 14 Imaginary impedance versus frequency for the Type 3 #1 Alumina sample at 

different humidities. Lower humidities result in greater imaginary impedance, but only at 

lower frequencies. 
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The Nyquist complex permittivity plot as shown in Figure 4.15 shows semicircles ending 

in long tails, except for the 10% RH measurement, indicating moisture absorption effects. Higher 

humidities result in higher permittivity. Higher humidities also seem to preferentially increase the 

imaginary permittivity to greater extents than the real permittivity. 

 

Figure 4. 15 Imaginary permittivity versus real permittivity for Type 3 #1 Alumina at 

different humidities. Higher humidities result in higher complex permittivity. Higher 

humidities also seem to preferentially increase the imaginary permittivity to greater extents 

than the real permittivity. 

Figure 4.16 depicts real permittivity as a function of frequency, where real permittivity 

decreases with increasing frequency and converges above 106 Hz, but then starts to increase with 

higher humidity. A stable region at high frequency gives information on the dielectric constant of 

the material, and only the 10% RH measurement shows a small stable region.  
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Figure 4. 16 Real permittivity versus frequency for the Type 3 #1 alumina sample at different 

humidities. Real permittivity decreases with increasing frequency. Higher humidities result 

in higher real permittivity for frequencies lower than about 106 Hz. Above this value, 

humidity no longer seems to have an effect. 

Relaxation processes are evident in the imaginary permittivity versus frequency plot in 

Figure 4.17, as broad peaks shift left with decreasing humidity. This indicates that the time constant 

decreases with increasing humidity, while imaginary permittivity rapidly increases as humidity 

increases for frequencies under about 103 Hz. Above that value, humidity seems to no longer have 

an effect. 
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Figure 4. 17 Imaginary permittivity versus frequency for the Type 3 #1 alumina sample at 

different humidities. Higher humidities result in higher imaginary permittivity for 

frequencies under about 103 Hz. Above that value, humidity seems to no longer have an 

effect. 

Overall, the Type 3 sample's Nyquist complex impedance plot shows a distinct semicircle 

at low humidity, indicating higher resistive components with decreasing humidity. The diameter 

decreases with increasing humidity. Impedance magnitude plots show decreasing trends with 

increasing frequency and humidity. Phase angle shows change at high frequency due to different 

humidity. Real impedance decreases with higher humidity. Imaginary impedance increased sharply 

with higher humidity and frequency below 102 Hz.  The Nyquist complex permittivity plot shows 

semicircles with long tails, and permittivity magnitude increases with humidity while decreasing 

with frequency. Relaxation processes, evident in the imaginary permittivity plot, shift left with 

decreasing humidity, indicating a decreasing time constant with increasing humidity. Real 

permittivity decreases with higher frequency and increase with higher humidity. Imaginary 

permittivity rapidly increases with lower humidity.  
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4.3 SEM and EDS Analysis on Five Types Alumina Samples 

Figure 4.18 shows the Scanning Electron Microscope (SEM) image of the type 1 s2 sample. 

It shows the surface morphology at 3000x magnification. There are large contiguous pieces and 

some ñdark linesò on the surface. There are no clear grains showing. Figure 4.19 is a larger 

magnification image with 8900x magnification. Inside these ñdark linesò, it seems like there are 

thousands of tiny grains growing inside, but not yet all connected. That implies the sintering 

process is not finished yet. The EDS results show that there are no impurities in this sample. There 

were only Aluminum and Oxygen elements detected. Some areas did detect Gold (Au) since the 

sample was coated by Au.  

 

 

 

Figure 4. 18 SEM image of Type 1 s2 Alumina of 3000x magnification with 15kV using BSD 

Full detector. 
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Figure 4. 19 SEM image of Type 1 s2 Alumina of 8900x magnification with 15kV using BSD 

Full detector. 

Type 2 looks a little bit different from the Type 1 sample. It has less large contiguous parts 

on the surface, as shown in Figure 4.20. It seems to be filled with crevices on the surface. There 

are many tiny grains connected in the crevices. It is still difficult to see the grains even with 7800x 

magnification, shown as Figure 4.21. The Type 2 sample shows no impurities in the sample, only 

Aluminum and Oxygen elements were found. As the Au coated layer was very thin (the coating 

process was only 20 seconds), Au was not detected anywhere in this sample.  
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Figure 4. 20 SEM image of Type 2 s3 Alumina of 3000x magnification with 15kV using BSD 

Full detector. 

 

 

 

Figure 4. 21 SEM image of Type 2 s3 Alumina of 7800x magnification with 15kV using BSD 

Full detector. 

The Type 3 sample looks similar to the Type 1 sample. There are many large contiguous 

parts on the surface, shown in Figure 4.22. The small black parts could be holes or it could be 

deeper crevices. If we look at Figure 4.23, we can start to see the grains. In Figure 4.24, we can 
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see the grains starting to connect which means the sintering process has started. As there are some 

small holes and deeper crevices on the surface, some Au fell into the gaps leading to Au being 

more detected than in other samples. But otherwise, there are no other impurities in the large 

contiguous parts.  

 

 

Figure 4. 22 SEM image of Type 3 #1 Alumina of 3000x magnification with 15kV using BSD 

Full detector. 

 

 

Figure 4. 23 SEM image of Type 3 #1 Alumina of 7800x magnification with 15kV using BSD 

Full detector. 
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Figure 4. 24 SEM image of Type 3 #1 Alumina of 18000x magnification with 15kV using BSD 

Full detector. 

The Type 4 sample looks similar to the Type 2 sample, but there are some straight lines on 

the surface, as shown in Figure 4.25. These lines could be the scratches from polishing. Figure 

4.26 is at higher magnification, 10500x of the same region in Figure 4.25. In Figure 4.26, we can 

see the tiny grains as well. Compared to Type 1 and Type 3, it seems like the full surface already 

started the sintering process. The Type 4 sample has one impurity, Carbon (C). The C was from 

the sintering preparation process. The Alumina powder was covered by two circular graphite foils, 

top and bottom, before the punches were put into the die. The sample was polished, but there is 

still some C left on the sample. The concentration by weight of C is 2 - 4 % on the sample. Au was 

detected as well.  
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Figure 4. 25 SEM image of Type 4 s1 Alumina of 7800x magnification with 10kV using BSD 

Full detector. 

 

 

Figure 4. 26 SEM image of Type 4 s1 Alumina of 10500x magnification with 10kV using BSD 

Full detector. 

The Type 5 sample looks similar to Type 2 and Type 4. However, the Type 5 sample 

surface has none of the contiguous parts, instead there are many large pieces, as shown in Figure 
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4.27. These are impurities. At the bottom right corner, there are some clear lines. In Figure 4.28, 

the grains can be seen. With an even larger magnification, we can see the neck growth in between 

two grains that demonstrates that part of the sample has sintered, shown as Figure 4.29. The Type 

5 sample has the most impurities. Phosphorus (P), Yttrium (Y), Zirconium (Zr), and Magnesium 

(Mg) were detected on different single pieces on the surface. For instance, Figure 4.30, the blue 

square was the spot scanned. Figure 4.31 shows the element energy counts spectrum of the 

elements were detected. For that piece on the surface, there are 30.631% by weight is Mg. The 

spot is shown in Figure 4.32, shows 8.2% by weight of Zr, and 51.2% by weight of Y, shown as 

Figure 4.33. The third spot shown in Figure 4.34 and the spectrum shows 2.8% of P and 25.8% of 

Y in Figure 4.35.  

 

 

                               

Figure 4. 27 SEM image of Type 5 s3 Alumina of 3000x magnification with 15kV using BSD 

Full detector. There are many impurities on the Alumina sample. 
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Figure 4. 28 SEM image of Type 5 s3 Alumina of 3000x magnification with 15kV using BSD 

Full detector. There are many impurities on the Alumina sample. 

 

 

Figure 4. 29 SEM image of Type 5 s3 Alumina of 13500x magnification with 15kV using BSD 

Full detector. Grains connected. 
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Figure 4. 30 SEM image of Type 5 s3 Alumina of 10000x magnification with 15kV using 

BSD Full detector. Selected region to do EDS scan on a single piece on the surface.  

 

Figure 4. 31 EDS elements identification show in a table and spectra with Oxygen, 

Aluminum, and Magnesium on the selected region of the Type 5 s3 sample.  
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Figure 4. 32 SEM image of Type 5 s3 Alumina of 4900x magnification with 15kV using BSD 

Full detector. Selected region to do EDS scan on a single piece on the surface. 

 

 

 

Figure 4. 33 EDS elements identification show in a table and spectra with Oxygen, 

Aluminum, Yttrium, and Zirconium on the selected region of the Type 5 s3 sample.  
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Figure 4. 34 SEM image of Type 5 s3 Alumina of 4900x magnification with 15kV using 

BSD Full detector. Selected region to do EDS scan on a single piece on the surface. 

 

Figure 4. 35 EDS elements identification show in a table and spectra with Oxygen, 

Aluminum, Phosphorus, and Yttrium on the selected region of the Type 5 s3 sample. 

4.4 XRF Analysis on Five Types Alumina Samples 

For solid samples, a Tungsten (W) X-ray source was utilized because of its capability to 

capture larger sample areas. The spectrum obtained using the W source is shown in Figure 4.36, 

which was provided through personal communication with MCF staff. In this spectrum, the x-axis 
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