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PRODUCTION AND CHARACTERIZATION OF CERAMICS
FOR MICROWAVE APPLICATIONS

ABSTRACT

New research and developments on microwave communication result in a rising
demand for dielectric resonators. Dielectric oxide ceramics are used as filters,
oscillators in a variety of applications from mobile phones to global positioning
systems. It has also played an important role in the microwave wireless
communications industry by reducing the size and cost of the antenna components.
In this study, dielectric ceramic compositions (i.e., CeO2-Glass (5 wt.%, Al,03-SiO,-
CaO based), SrNb2Oe, BaxTigO20, 0.68CaTi03-0.32Ca(Zn13Nb23)O3 and Bas-ax(Nd:
yBly)s+2xTi180s4 Xx=2/3 and y=0.07) with various dielectric constants between 20 and
100 were synthesized by solid state method and successfully fabricated by dry
pressing. The ceramics were then characterized for densification, phase formation,
microstructure evolution, dielectric and microwave properties. XRD proved the
desired phase formation for all compositions. All sintered samples had a relative
density >97.35%. Dielectric constants (losses) at 5 MHz at the best sintering
conditions for each composition were 21.36 (0.0040) at 1150°C for CeO-Glass,
28.87 (0.0047) at 1275°C for SrNb20s, 39.55 (0.0034) at 1300°C for Ba:TigOq,
89.98 (0.0035) at 1400°C for 0.68CaTiO3-0.32Ca(Zn13Nb23)Os and 92.04 (0.0053)
at 1320°C for Bag-ax(Nd1.yBiy)s+2xTi1gOss X=2/3 y=0.07. The CeO-Glass (5 wt.%)

composition was studied for the first time in literature.

Keywords: Dielectric ceramics, solid state phase formation, dry pressing, dielectric

and microwave measurements, characterization.
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MiKRODALGA UYGULAMALARI ICIN SERAMIKLERIN
URETIMI VE KARAKTERIZASYONU

0z

Mikrodalga iletisimi konusundaki yeni arastirma ve gelismeler dielektrik
rezonatOrlere olan talebin artmasia neden olmaktadir. Dielektrik oksit seramikler,
cep telefonlarindan kiiresel konumlandirma sistemlerine kadar ¢esitli uygulamalarda
filtreler, osilatorler olarak kullanilmaktadir. Anten bilesenlerinin boyutunu ve
maliyetini azaltarak mikrodalga kablosuz iletisim endiistrisinde de 6nemli bir rol
oynamaktadir. Bu c¢alismada, 20 ile 100 arasinda degisen dielektrik sabitlere sahip
dielektrik seramik kompozisyonlar1 (6rn., CeO2-Cam (ag. %5, Al203-Si0O,-CaO
esasli), SrNb2Os, BarTigO2, 0.68CaTiOs-0.32Ca(Zn13sNb23)Os ve Bas.ax(Ndi-
yBiy)s+2xTi180s4 X=2/3 and y=0.07) kat1 hal yontemiyle sentezlenmis ve mikrodalga
rezonatdr uygulamalari i¢in kuru presleme ile basariyla tiretilmislerdir. Daha sonra,
seramiklerin yogunlagsma, faz olusumu, mikroyap: gelisimi, dielektrik ve mikrodalga
ozellikleri agisindan karakterizasyonlar1 yapilmistir. Tiim sinterlenen seramikler igin
goreceli yogunluk >97.35% olarak ol¢iilmiistiir. Kendi en iyi sinterleme kosullarinda
sinterlenen her bir kompozisyonun 5 MHz'deki dielektrik sabitleri (kayiplar1) CeOo-
Cam i¢in 1150°C’de 21.36 (0.0040), SrNb2Oe igin 1275°C’de 28.87 (0.0047),
BaxTigO2 icin 1300°C’de 39.55 (0.0034), 0,68CaTiO3-0,32Ca(Zny3Nb23)O3 igin
1400°C’de 89.98 (0.0035) ve Bas3x(NdiyBiy)s+2xTi1sOssa x=2/3 y=0.07 i¢in
1320°C’de 92.04 (0.0053)’dir. CeO2-Cam (ag. %5) kompozisyonu literatiirde ilk kez
caligilmistir.

Anahtar Kelimeler: Dielektrik seramikler, kat1 hal faz olusumu, kuru presleme,

dielektrik ve mikrodalga 6lgtimler, karakterizasyon.
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CHAPTER 1

INTRODUCTION

Microwave dielectric materials play a significant role in modern life with a wide
range of uses in satellite and terrestrial communication, including software radio,
GPS (Global Position System), and DBS TV (Digital Broadcast Satellite), as well as
environmental monitoring. Improved or novel microwave components based on new
dielectric materials and designs are needed to meet the requirements of the existing
and future systems. Recent advances in microwave telecommunications, intelligent
transport systems and satellite broadcasting are critical for low dielectric loss
dielectric resonators, which are mainly used in wireless communication devices [1,
2]. The dimensions of the microwave devices used are decreasing day by day and the
frequency used is moving towards the GHz range. The region between 300 MHz and
300 GHz in the electromagnetic wave spectrum is called the microwave region. With
the developing communication and wireless communication technologies, the desired
properties of microwave dielectric ceramics are increasing, and therefore researchers

continue to work on dielectric ceramics intensively [1].

Microwaves require special devices for transport and filtering due to cable response
time and signal transport time. Conventional transistors, integrated circuits and
cables cannot be used to carry microwaves. The inductive reactance of the cables is
directly proportional to the frequency and is negligible at low frequencies. In other
words, since the resistance of conventional cables is high at high frequencies, the
transmitted signal is lost due to the resistance formed on the cable before it reaches
the desired location [1, 3].

There are several reasons why microwave dielectric ceramics stand out over their
competitors. Quartz resonators used in the transmission of radio waves are not
preferred due to the high noise ratio in frequency multiplication at microwave
frequencies [4, 5]. Another option is the metallic cavity resonator. However, this part
is not preferred because it cannot be integrated into the Microwave Integrated Circuit

(MIC) [2]. Microstrip resonators developed later are not preferred because their



dielectric coefficients are high, and their temperature stability is low. Ceramic
dielectric resonators (DR) are the most preferred materials in this field, as they have

almost all the above-mentioned properties [1, 6, 7].

Dielectric ceramics to be used in microwave circuit must meet certain criteria such as
low dielectric loss and temperature stability. The high dielectric constant makes the
component smaller because the dielectric constant is inversely proportional to the
size of the part. Low dielectric loss (high quality factor) ensures low noise and low
power loss in the signal. Temperature stability is important for the device to work at
the same quality in all environmental conditions. Another factor that depends on the
temperature stability is that the resonance frequency of the part is affected as little as

possible by the temperature [8, 9].

Today, dielectric ceramics used in different working ranges have different dielectric
constants. Ceramic materials with a dielectric constant less than 25 have applications
in the high frequency band. Dielectric ceramics with a dielectric constant value
between 25 and 50 are used in the field of satellite communication. Ceramic
materials with a dielectric constant value greater than 50 find application in areas

such as mobile communication where miniaturization is required [2].
1.1 Dielectric Properties of Materials

Dielectric materials are polarizable insulating materials that do not allow a charged
part to pass; rather, electrostatic dipoles are present or formed under the influence of
an electric field [10]. According to the band theory, since some of the electrons in the
valence band in conductive materials are also in the conduction band, the two bands
can be thought of as intertwined. As a result, electrons in the valence band can carry
a charge. In semiconductors, there is some energy difference between the two bands.
If the energy difference is closed by an external effect, electrical conductivity is also
observed in semiconductor materials. In insulating materials, on the other hand, since
the energy difference between the conduction band and the valence band is high,
electrical conduction is not observed because the energy difference between the
bands does not close under normal conditions (Figure 1.1). According to this theory,
the valence band (VB), conduction band (CB), and forbidden band (FB) are the three



most significant energy bands in solids. The distance between the conduction band
and the valence band of electrons is known as a band gap. Valance electrons in the
VB are either fully or partially filled. VValance electrons are found in the atom's outer
shell. The CB is vacant. The electrons can pass from the VB to the CB if they have
enough energy. Electrons need to cross the energy gap for an electron to move from
VB to CB. The transport of charged ions is the only cause of conductivity [11-14].
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Figure 1.1 Band structure of materials [15]

The dielectrics are used in capacitors due to their ability to store energy under
external electric field. Dielectrics, when placed between oppositely charged
conductive plates, have interesting electrical properties such as increasing the
capacitor's capacitance under a certain potential difference of the plates. Dielectric

materials are an important part of the electronic circuits [16].

High frequency electronic circuits are built on dielectric materials and the operation
of these circuits depends on the dielectric properties of the material such as electrical

polarization, resonance, relaxation, and energy dissipation [17, 18].

In dielectric materials, anion and cation charges are in balance unless there is an
external effect. As a result of the application of an electric field, this balance is

disturbed in the direction of the electric field and dipole pairs are formed (Figure



1.2). In this dipole, one side is slightly positive and the other side is slightly negative
[19]. Hence the electric charge centers shift and electrical polarization occurs. The
resulting polarization weakens the electric field inside the dielectric. The consisting
electric dipoles provide an accumulation of electric charge on the material. Although
a perfect dielectric material has zero electrical conductivity, not all insulators are
dielectrics [20, 21].

y

Figure 1.2 (a) Electric dipole (b) Electric field lines for electric dipole [22]

The dipoles formed after polarization have a dipole moment proportional to the

distance between them [23].

n=qd (1.1)

As a result of polarization, the dipole moment of a double dipole with a charge q
depending on the distance d between them is denoted by pu. The total polarization
that occurs in a material is expressed as the polarization intensity of the material and
is denoted by P. The polarization intensity is the ratio of the total dipole moment of
the material to the unit volume, V [23].

lu

P== (1.2)



1.2 Dielectric Polarization

A dielectric is an electrically insulating material that can be polarized under an
external electric field, and this phenomenon is called dielectric polarization. There
are four different polarization types in dielectric materials, which are; electronic,
ionic, orientational (dipolar) and space charge (interfacial) polarizations [24].

1.2.1 Electronic Polarization

When a neutral atom is exposed to an electric field, the positive charges in its
nucleus and the electrons in its orbit are pushed in opposite directions. The moment
that occurs as a result of the displacement and rebalancing of the two load charge is
called electronic polarization [24]. This creates an electrostatic dipole. Therefore, the

interatomic dipole moment is shown as [25];
Petect = €oQetectE (1.3)

E, € and oaelect are called external electrical field, the permittivity of vacuum and
electronic polarizability, respectively. The polarization disappears when the electric
field is removed. The variation of the electron cloud in the electric field is given in
Figure 1.3 [26]. This polarization occurs in a short time interval at high frequencies
(between 102 Hz and 10*° Hz) due to the very small mass of the electron [27, 28].
This polarization can occur in all atoms and molecular structures. However, when
compared with other polarization mechanisms, the dipole moment resulting from

electronic polarization is quite small [26].
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Figure 1.3 Electronic polarization; unpolarized (left) and polarized atom (right) [26]



1.2.2 lonic (Atomic) Polarization

lonic or atomic polarization causes the atoms or ions of a molecule to be displaced
relative to each other by the external electric field. This is a disruption of the normal
lattice vibration. For this reason, this polarization is sometimes called vibrational
polarization [29]. This type of polarization, as in the electronic polarization, is a type
of temporary polarization that occurs with the effect of external electric field. lonic
polarization only occurs in materials with ionic bonds such as NaCl and BaTiOs. In
ionic solids, each pair of neighboring cations and anions can form a dipole and has a
dipole moment [26, 29]. The average location of positive and negative ions in ionic
crystals changes when a field E is present. Assume that the ion is fully stiff at all
times. The polar moment will change because the field's action will cause it to move

by a quantity | with respect to a fixed mark centered in position [25];
Pion = ql = Eo@ionE (1.4)

where aion IS the ionic polarizability. This is an induced ionic polarization and is
proportional to the electric field E (elastic deformations). However, in the absence of
an external electric field, the net dipole moment of the solid is zero. When an electric
field is applied to an ionic solid, the cations and anions shift in opposite directions
guided by the electric field. This shift causes unequal charge separations in adjacent
dipoles. As a result of this change caused by the external electric field, ionic solids
acquire a non-zero net dipole moment. The ionic polarization given in Figure 1.4

moves more slowly and occurs between 10° Hz and 10 Hz [26, 28, 29].
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Figure 1.4 lonic polarization; (a) unpolarized and (b) polarized atom [30]



1.2.3 Dipolar (Orientational) Polarization

Orientational polarization only occurs in polar dielectric materials, which are
composed of molecules or particles with a permanent dipole moment. It is also called
dipolar polarization. When an external electric field is applied, they are oriented in
the direction of the applied field, as shown in Figure 1.5 [26]. Application of an
electric field produces a polar component in the direction of the electric field for each

molecule [25]:
P, = Epay E (1.5)

where aor is the orientational polarizability. When the applied electric field is
removed, the dipoles remain oriented, causing polarization. Compounds with
asymmetric molecular structure have permanent dipoles. This type of polarization
occurs not only in materials containing natural dipoles, but also in crystalline ceramic
materials that contain defects in their structure. This polarization takes place in the
radio frequency range of 10%-10° Hz [26, 27, 31].
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Figure 1.5 Dipolar polarization; (a) unpolarized and (b) polarized atom [26]
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1.2.4 Interface (Space Charge) Polarization

Interface polarization is common in all materials containing the accumulation of
charge carrier electrons in a physical barrier such as a grain boundary. Owing to the
differences in electronic properties, charge accumulation is expected at interfaces
between different regions/phases like grain boundaries in the polycrystalline
materials, interfaces between amorphous and crystalline phases of semi-crystalline

polymers, and at some structural defects and impurities. Electronic, atomic, and



directional polarization occur when charges are locally bonded to atoms or
molecules. When a low frequency electric field is applied, charge carriers can be
displaced within the material up to a certain distance. Interfacial or space charge
polarization occurs when charge carriers move a certain distance along material
interfaces under an electric field and the movement of these displaced charges is
inhibited. It occurs as a result of the accumulation of charge carrier electrons in a
physical barrier such as a grain boundary. Thus, charges can be trapped within the
material's interfaces. This can also cause charge build-up and thus a higher
capacitance. Interfacial polarization also occurs in the frequency range of 10°-102? Hz.
The interfacial polarization is given in Figure 1.6 [26, 29]. ainter is called external

electrical field, the permittivity of vacuum and interface polarizability.

Pinter = EoQinterE (1.6)
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Figure 1.6 Interfacial polarization; unpolarized (left) and polarized atom (right) [26]

1.2.5 Frequency and Temperature Dependence of Dielectric Polarization

The dielectric performance of materials is attributed to at least one of the four
polarization mechanisms mentioned above. When an alternating electric field is
applied across the material, polarization occurs as a function of time. The

polarization as a function of time t is indicated by [24, 32, 33];

P(t) = P [1 - e(_tir)] (1.7)



where P is the maximum polarization produced by an applied electrostatic field over
a long period of time, tr is the relaxation time [33].

Each polarization effect has a resonance or relaxation frequency characteristic. In
general, electronic and ionic polarization have resonance effects, while orientation
polarization has a relaxation effect. That is, dielectric relaxation is associated with
directional polarization [26, 32, 34, 35]. Figure 1.7 shows the variation of
polarization with frequency for a hypothetical material showing all four polarization
mechanisms [36]. This process takes a finite amount of time, which varies for each
polarization mechanism. At relaxation frequencies, the dipoles can nearly reorient to
the applied electric field. At this frequency, dielectrics are lossy, and energy is lost in
the form of heat. Dielectric losses are maximized when the frequency of the external
field matches the relaxation frequency of a particular polarization mechanism. At
frequencies above the relaxation frequency, the dipole can no longer respond to
applied field changes and the contributing polarization mechanisms are effectively
frozen and become non-contributing [24]. At optical frequencies (10 Hz), only
electronic polarization exists. In the 10**-10% Hz range, ionic polarization occurs in
addition to electronic polarization. In the range 10°-10° Hz there is an additional
contribution from orientational polarization, and in the 10°-10% Hz range space
charge polarization also contributes. Note that at low frequencies all four types of
polarization contribute and thus the total polarization is very high. The total
polarization decreases with increasing frequency and reaches a minimum in the
optical frequency range [33]. Electronic polarization is the fastest polarization and is
completed the moment the electric field is applied. This is because electrons are
lighter particles than ions. Therefore, even if very high frequencies (optical range)
are applied, electronic polarization occurs during each cycle of the applied field.
lonic polarization is slightly slower than electronic polarization. lons are heavier than
the electron cloud, so they take longer to shift. Furthermore, the frequency of the
applied electric field used to displace the ions is equal to the frequency of lattice
vibrations (10® Hz). If the frequency of the applied electric field is less than 103 Hz,
the ions have sufficient time to react during each cycle of the applied electric field.
Directional polarization is even slower than ionic polarization. This type of

polarization only occurs in the electrical frequency range (10° Hz). Space-charge
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polarization is the slowest, as it must diffuse over a few atomic distances. This

process occurs at a very low frequency (10% Hz) [33, 37].
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Figure 1.7 The frequency regions corresponding to the polarization mechanisms; &' the real part of

the dielectric constant, and &" the imaginary part of the dielectric constant [38]

If the dielectric material is exposed to elevated temperature, the electronic
distribution of the molecular components is unaffected. Therefore, there is no effect
of temperature on the polarization mechanism of electrons and ions. Therefore, the
electronic and ionic polarizations are virtually independent of temperature.
Increasing the temperature introduces a high degree of randomness in the molecular
orientation of the material. This affects the tendency of permanent dipoles to align
along the direction of the electric field. Therefore, orientation polarization decreases
with increasing temperature. However, in space charge polarization, increasing
temperature supports ion movement by diffusion. As a result, the polarization
increases. Therefore, both the orientation and space-charge polarization mechanisms

are highly dependent on temperature [28, 33].
Thus, the total polarization of a material is given as [24];

Py = Peiect + Pion + Por + Pinter (1-8)
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where, Pe, Pi, P4, and Ps denote electronic, ionic, orientational (dipolar) and space
charge (interfacial) polarizations, respectively. Also, examples of variety materials

corresponding to the polarization mechanisms are shown in Table 1.1.

Table 1.1 Examples of polarization mechanisms [39]

Example Polarization Static &r Comment
Ar gas Electronic 1.0005 Small N in gases: &=
1
Ar liquid (T<87.3K) Electronic 1.53 Van der Waals
bonding
Electronic Covalent solid;
Si crystal polarization due to 11.9 Electronic bond
valence electrons polarization
NaCl crystal lonic 5.90 lonic crystalline solid
CsCl crystal lonic 7.20 lonic crystalline solid
Water Orientational 80 Dipolar liquid
Nitromethane (27°C) Orientational 34 Dipolar liquid
Dipole orientations
PVC (Polyvinly Orientational 7 partly hindered in the
chloride) solid

1.3 Dielectric Constant

The dielectric constant (&) of the material indicates its energy storage capacity when
a potential is applied. It is related to macroscopic properties such as polarization or
capacitance [25, 40]. It is expressed as the ratio of the permittivity (&) of the material

to the vacuum permittivity (€o) as given in Equation 1.9 [41].

e =% (1.9)

Vacuum permeability (€o) is a constant value of 8.854x102 Fm™ [26]. The dielectric
constant is usually expressed as the relative permittivity (&) in terms of ease of use.
The relative permittivity describes the effect of the material on the electric field. In
other words, it is an amount that reduces the electrostatic force between two

electrical charges and is also a measure of the power to separate opposite charges
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[19, 31, 41]. Figure 1.8 shows that two plates are separated by a certain distance d
(thickness) between them. The insulator between the plates is air. When a potential
difference V is applied to the two plates, one of the plates will have a positive charge

and the other will have a negative charge [31].
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Figure 1.8 Parallel plate method [30]

In this case, the capacitance, C, is defined as the ratio of the total charge (Q) to the
potential difference (V) as shown in Equation 1.10 [26, 31].

= £,5, = (1.10)

d (m) and A (m?) are called the distance between electrodes and the area of an
electrode, respectively. When a dielectric material is placed between the plates, the
capacitance of material (C) will increase compared to the first (same capacitor
without dielectric material, Co of the capacitance in air). The ratio of the capacitance
that will occur in the case of the dielectric material to that in the first case gives the
relative permittivity of the material (Equation 1.11). The polarization of dielectric

materials can occur under both direct current and alternating current [19, 42].

€ =— (1.11)
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In polarizations under the influence of alternating current (AC), the dielectric
constant is expressed as a complex number as in Equation 1.12 [41].

g = & —je" (1.12)

In the equation, & represents the relative permittivity, €' the real part of the dielectric
constant, and €" the imaginary part of the dielectric constant. The expression €' is an
indication of the polarization ability of the material. The imaginary part of the
dielectric constant represents the absorption and scattering of electromagnetic energy
and the conversion of energy into heat. In other words, it expresses the dielectric
losses of the material [41, 43]. Also, porosity in the sintered ceramics has an impact
on the &. Therefore, the measured & needs to be adjusted for porosity to obtain the

material’s real permittivity [40];

3P(E,, — 1)> (113)

1 — 1—
€ 8’”( 26, + 1

where €' is the permittivity obtained experimentally, &m is the material's permittivity
adjusted for porosity. The dielectric constant (&) affects the wavelength (1) in

resonator applications and is expressed as [44];

Ao

1, =22
7 Ve,

(1.14)
Here, Ag is the wavelength in the dielectric, and Ao is the wavelength in air or
vacuum. The material with high dielectric constant in the microwave region is
generally used for circuit miniaturization because the wavelength in the dielectric
resonator is inversely proportional to the square root of the dielectric constant. At
millimeter wavelengths, the dielectric constant is expected to be small, since
miniaturization is not required. The size of the dielectric sample must be an exact
multiple of the dielectric half wavelength for it to resonate in the simplest
fundamental mode [45]. If this wavelength is reduced, the physical dimensions of the
resonator must also be reduced because it is known that as €& increases, the resonance
frequency decreases and as the dimensions of the sample decrease, the resonance

frequency increases. The dielectric constant of a material determines the behavior of
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an electrical signal in that material. A low & will result in a high signal propagation
rate. Figure 1.9 shows how microwaves behave when passing through a dielectric
material. It shows that when microwave enters a dielectric material, its wavelength

decreases by the same amount and its frequency is affected [40].
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Figure 1.9 The decreased wavelength by a factor of V€, when the microwave dielectric reaches the

ceramic [40]

The dielectric constant is also a factor in the time delay phenomenon expressed by
Tepo. Time delay is a desirable property to improve the speed of the signal and is
expressed by the following equation [9].

VE,

(1.15)

Tpp =

where V€ and ¢ are square root of the dielectric constant and the speed of light,
respectively. Since the dielectric constant is frequency dependent, it is very rare that
the square of the refractive index measured at optical frequencies is the same as the

dielectric constant measured in microwaves [46];
€ =n? (1.16)

Figure 1.7 shows the relationship of polarization processes with frequency. The same
polarization processes are excited by optical, microwave and radio frequencies, and
this is usually only true for basic solid materials such as diamond (n? = 5.85, & =
5.68) or germanium (n? = 16.73, & = 16) [46]. In other materials, this rule does not
apply as dipolar polarization processes that happen at lower frequencies generally do

not happen at higher optical frequencies. As shown in Figure 1.7, ionic and
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electronic polarization mechanisms at microwave frequencies predominantly

conduce to net dipole moments and dielectric constant.
1.4 Dielectric Loss

A certain amount of energy is absorbed and emitted as heat when a dielectric
material is exposed to an alternating electric field. Dielectric loss is the name given
to this energy loss. It is the tangent of the dielectric loss angle between current and
voltage in a material (see Figure 1.10). It is a measure of the heat production capacity
of the ceramic when operated. This is a direct measurement and usually occurs under
the same conditions as capacity measurement. The dielectric loss generally depends
on the applied voltage, frequency, humidity and temperature, and the loss increases

with the increase of these factors [47].

I A | (leakage
| (leakage current)
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V ( applied V ( applied
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Figure 1.10 The dielectric loss; ideal (left) and commercial (right); I: current, and V: voltage [48]

Commercial insulators do not always lead the applied voltage by exactly 90° when it
comes to leakage current (a current that passes through the insulator and flows to
earth). The phase angle is never equal than 90°. The dielectric loss angle is defined as
the complementary angle 6= 90°-6. The dielectric’s power loss P for an insulator
with capacitance C and a voltage V applied to it at a frequency (f, Hz) can be

computed as follows [48]:

P = V22nfCtand (1.17)
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where tand is power loss of the dielectric. In other words, the dielectric loss factor of
materials (tand) is expressed by the ratio of the imaginary part (€"") of the complex

number expressing the dielectric constant to the real part (€) and is given by;

n

=— 1.1
tand < (1.18)

Also, the formula for dielectric loss and porosity is given Equation 1.19 [49].

2/3

P
tand = (1 — P)tand, + A’'P (ﬁ) (1.19)

where tando IS the loss tangent of pore-free bulk material, P is the porosity fraction

and A’ is an empirical fit parameter.

A microwave system's quality factor, or Q, measures its power loss. It is also referred
to as 1/tand in the literature [50]. Quality factor is a unitless term often used with
microwave resonators and expresses the ratio of the energy stored on the dielectric
material per unit time of a microwave system to the energy lost per unit time
(Equation 1.20) [43].

maximum energy stored per cycle

Q=2n (1.20)

Average energy dissipated per cycle
Since the quality factor of the materials is directly proportional to the frequency, the
measurement is given by multiplying with the frequency. For this reason, it is shown
as Q.f and its unit is GHz. Dielectric losses generally tend to increase with increasing
applied frequency [50, 51]. This factor depends on grain size, porosity, internal
stress, structure, phase development and conductivity. The dielectric loss tangent
(tand) of a material absorbs the electrical energy of the material exposed to an
alternating electric field, causing heat dissipation throughout the material [40].
Electrical conduction refers to the quantitative distribution of electrical energy due to
different physical processes such as dielectric relaxation, dielectric resonance [52].
The delay between the electric field and the electrical displacement vectors is a

contributing factor in the dielectric loss. [53]. Dielectric losses depend on crystal
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structure, frequency and temperature. To ensure maximum signal identification, the
dielectric loss should be less than 107 [54].

There are two main reasons for the occurrence of dielectric losses [40]. The first one
arises due to the composition of the material and are called internal losses. The
interactions between the phonon system and the alternating current electric field can
explain the losses in perfect crystals, which depend on the crystal structure [55, 56].
The loss due to composition in microwave dielectric ceramics arises when the
applied electric field interacts with the optical phonons in the material. The
interacting optical phonons produce thermal phonons, and the resulting heat dampens
the optical phonon vibrations, causing dielectric loss. For this reason, there is a linear
relationship between frequency and increase in dielectric loss [50, 55-58]. The
intrinsic dielectric losses depend on alternating current field frequency, crystal
symmetry and temperature [40]. These intrinsic losses result in lower dielectric
losses in defect-free single crystals or ideally pure materials. The other reason is
called external losses and they occur due to the microstructure of the material. It is
correlated to crystal lattice imperfections such impurities, microstructural
imperfections, grain boundaries, porosity, microcracks, disorder, random crystal
orientation, dislocations, atomic vacancies, and doping atoms. Since the emergence
of external losses occurs during the production phase, they can theoretically be
reduced to a minimum during production. Grain boundaries can form poles in
dielectric materials. For this reason, grain growth is a factor that increases the loss
factor in these materials. Since dielectric losses cause scattering of electromagnetic
waves by heat, losses at high frequency or high voltage act as a thermal source. For
this reason, dielectric materials can cause a decrease in their performance. In material
selection, the dielectric loss factor is an important parameter both to prevent power
loss and to preserve the properties of the material under operating conditions [40, 55,
58].

Microwave resonators are more frequently associated with the phrase "quality
factor”. There are four different types of losses that can occur in a microwave
resonator: dielectric, conduction, radiation, and external [43]. The quality factors for
dielectric Qq, conduction Qc, and radiation Qr are provided by Equation 1.21.



18

W, woW; woW; woW;
—_ 2 —_ , —_ , —_
Qd T QC PC T })‘r

(1.21)

where W1 is the resonator's total electrical energy storage, Pr, P4 and Pc, and
represent the the radiation, dielectric, and conductor of power dissipated,
respectively. Qu (unloaded quality factor) is connected to additional Q-factors via
[40].

b (1.22)

In practice, the electromagnetic coupling of metal shielding box leads to external
losses (1/Qext). Probes for conducting microwaves are brought up close to the
resonator (usually within millimeters of one another) in order to introduce an
electromagnetic field into it; the greater the resonator's &, the closer the probe must
be. They are related because the dielectric ceramic causes electromagnetic fields in
response to the electromagnetic fields around them; nevertheless, the presence of
conducting probes in the resonator's electromagnetic field lines causes further loss.
The definition of the total or loaded Q-factor Q. is given Equation 1.23 [45, 50].
1 1 1 1 1

% 0 QO Qe

(1.23)

Figure 1.11 shows the resonance peak and its associated parameters, and the Q. is
determined experimentally. The relationship between the QL and Qu depends on the
coupling coefficients. The Q. (total loss in the system) refers to a resonator
connected with an external circuit. At the resonant frequency, the transmitted signal's
amplitude reaches a peak with a finite width. The breadth of the resonance curve at
50% power values is known as the -3 dB bandwidth (BG). Q. is equal to the peak
frequency (resonant frequency), f, divided by the width of -3 dB. The measured
resonant frequency f and the half-power (-3 dB) bandwidth f of the TEo11 mode
resonance are used to calculate the loaded QL and expressed mathematically in
Equation 1.24 [40, 50].

QL =-—= (1.24)
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Figure 1.11 Resonance peak and related parameters [40]

The resonator bandwidth is inversely proportional to the Q factor. Therefore, high Q
resonators have narrow BG. If the coupling is low (coupling coefficients<<1), the
unloaded Q factor is approximately equal to the loaded Q factor. In practice,
resonators are often used with tunable couplings that allow such an approximation
without the need to measure coupling coefficients. If conduction, radiation and
external losses are negligible, then QL = 1/tand. When we measure the dielectric loss
at a given frequency, we get the total loss tangent, and we cannot distinguish the
contributing factors [40].

1.5 Temperature Coefficient of Resonance Frequency

The frequency stability is determined by temperature coefficient of resonance
frequency (tr), which is described as [50].
1 Af
- — 1.25
U=EXaT (1.25)
where Af is the variation in resonance frequency from room temperature for a change

in temperature AT and f; is the resonant frequency at room temperature.

With the effect of temperature, the resonance frequency in dielectric ceramic

materials changes for two reasons; linear thermal expansion and variation of
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dielectric constant with temperature [59]. The terms expressing the variation of the
dielectric constant with temperature are the temperature coefficient of dielectric
constant (te) and the temperature coefficient of resonance frequency (tf). The Tt
shows the change in the dielectric property of the material with temperature and is
calculated by Equation 1.26 [45, 50, 60].

ETZ - STl
Teg =——— 1.26
€T En (T, —Ty) (126)

In the equation, Ty and T» represent two different temperatures, and €r1 and &1
represent the dielectric constants at these temperatures. t+ indicates the trend of the
resonant frequency with changing temperature. Microwave resonators require Tt
values as close to zero as possible. As the temperature coefficient value moves away
from the ideal, the operation of the circuit on cold and hot days will be different from
each other. The dielectric resonators to be used in applications are expected to
operate between -40°C and 100°C. For this reason, the temperature coefficient value
should be -10 and +10 ppm°C? [50]. The resonator frequency of the resonator
depends on the resonator environment, dielectric constant and sample sizes. The
linear thermal expansion coefficient o and temperature coefficient of dielectric
constant 1. are related with the resonator dimensions and the dielectric constant
change with temperature [43]. Therefore, tr is related to thermal expansion and

dielectric constant and its mathematical representation is given in Equation 1.27.

TS
T=Ca T (1.27)
where ¢ is the temperature coefficient of permeability. It is valid for 100% electrical
energy storage in the sample and the thermal expansion of the metal cavity
surrounding the dielectric resonator can be neglected. Therefore, from Equation 1.27

for zero 1+, 7. must have twice the value of ar and be negative [40].

Experimentally, tf is measured by monitoring the deviation in the resonance peak
frequency as the temperature slowly changes. To measure tf, the dielectric resonator
is kept short between two copper plates in the Courtney setup. This is then kept in a
temperature-controlled oven. The E-field probe is held near the dielectric resonator



21

to achieve resonance. The TEoix mode is defined and then the installation is
gradually heated in the temperature range of 25-80°C at a heating rate of about
1°C/min. The heat probe is kept just inside the furnace so that it does not disturb the
resonance frequency. The shift of the resonance frequency as a result of heating in
the reflection mode is noted using the network analyzer when the temperature is
constant. The variation of the resonant frequency is plotted as a function of
temperature. This ¢ (ppm°C?) is calculated from the slope of the curve using
Equation 1.28 [40].

feo —fos _ 14f

" Fos(80-25) 74T -

¢ can also be measured by the gap method used to measure the quality factor. The
thermal expansion of the cavity during heating limits the accuracy of the method
[40]. However, the precision can be increased by using a hollow constructed invar. If
the sample's dielectric constant is high and it is placed far from any cavity walls, the
thermal expansion of the cavity for a TEo15 mode resonant structure is extremely tiny.
¢ IS very for the dielectric substrates. This can be obtained by heating the sample and
utilizing the parallel plate capacitor approach with an LCR (inductor-capacitor-
resistor) meter operating at a low frequency (for example, 1 MHz). The 1. can be
determined from the & noted at various temperatures. In the microwave range, one

can get t. based on the values of tr and a. and using Equation 1.27 [40].
1.6 Dielectric Breakdown

A system dielectric breakdown is a simple material puncture or the damage of all (or
a portion) of the material. Dielectric degradation in solids is a limiting factor in the
design of microcircuit components, cables, capacitors and other electronic
components. Understanding the dielectric breakdown mechanism is important to
ensure that the part to be designed is isolated. In general, dielectric decay is studied

in two classes such as thermal and electrical breakdown mechanisms [61, 62].

Thermal dielectric degradation occurs when the electrical conductivity increases by

heating the dielectric material. In a material where thermal degradation occurs,



22

effects such as burning, crack formation or separation into components can be seen.
Materials with a high dielectric constant temperature coefficient also increase the
possibility of thermal dielectric degradation. When the dielectric material is polarized
under the influence of an electric field, a certain strain occurs as a result of the
displacement or polarization of the electric charge inside the material. An atom tries
to keep its electrons bound to itself by being charged in the opposite direction of the
applied electric field under the influence of an electric field. Free electrons arise
when the applied electric field is above the limit of countercharge that the atom can
exert. The electron released under a sufficiently large electric field ionizes other
atoms in the material, creating new free electrons and starting a chain reaction. Thus,
the free electrons grow like an avalanche and allow the electric current to be carried
through the material. This phenomenon is called electronic decay. With this
deterioration, irreversible damages occur in the material [63]. Factors affecting
dielectric strength; density, impurities, temperature, humidity and frequency of
applied voltage [61, 62]. Since it is controlled by more than one factor, a theory that
explains the dielectric strength to cover all factors has not yet been developed [64].
The purpose of conducting a test determines the type of test that should be used
because the physical stresses that dielectric materials are subject to do not, by
themselves, cause these materials to fail or prematurely age [64].

1.7 Microwave Dielectric Ceramics

With the development of communication technology, the importance of dielectric
ceramic materials in microwave devices is constantly increasing and resulting in an
increased demand for dielectric resonators used in wireless communication devices.
Microwave dielectric materials are used in mobile phones, global positioning
systems, military radars and satellite communication systems. It is revolutionized the
microwave wireless communications industry by reducing the size and cost of
antenna components. Applications and electromagnetic spectrum are shown in
Figure 1.12. Microwave region falls in the spectrum between 300 MHz and 300 GHz
or wavelengths ranging from 1 mm to 1 m. Microwaves have higher frequency and

lower wavelength than radio waves. As a result of its huge bandwidth capacity in
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comparison to radio waves, their information carrying capabilities are high [1, 65,
66]. Microwave dielectric ceramic resonators examples are given in Figure 1.13.
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Figure 1.12 Electromagnetic spectrum and some microwave applications [1]

Figure 1.13 Microwave dielectric ceramic resonators [67]
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A dielectric resonator is an electromagnetic component that exhibits resonance for a
narrow frequency range with useful properties [68]. It generally consists of a ceramic
material with a high dielectric constant and a low loss factor. The material's overall
physical parameters, the dielectric constant of the material and its immediate
surroundings dictate the resonant frequency. The main characteristics for a dielectric
resonator have high quality factor (Q), high dielectric constant (&), and near-zero
temperature coefficient of resonance frequency (tf) [69]. Microwave applications
require special devices for transport and filtering due to cable response time and
transport time. Conventional transistors, integrated circuits and cables cannot be used
to carry these waves. Due to the high resistance that occurs in conventional circuits at
high frequencies, the signal is lost before reaching to the desired location. For this
reason, ceramic materials find use in microwave circuits due to their dielectric
properties. It provides a constant impetus for the discovery and development of
materials to perform the same or improved function with less size and weight. The
ceramic resonators have superior features with ground gain and signal selectivity
[68]. The ceramics used in this field are used in the production of parts such as
resonators and oscillators [58]. The dielectric resonator filters used in mobile phone
base stations are employed in microwave communications to distinguish between
desired and undesirable signal frequencies from the received and broadcast signals.
To keep a high signal-to-noise ratio, the desired frequency is extracted from the
signal and identified. It is crucial for clarity that seasonal temperature changes have

no impact on the desired signal frequency [70].

In the literature, it has been revealed that there are many dielectric ceramics with
dielectric constants ranging from 3.9 to 838, but the number of suitable ones for use
is very few. The dielectric ceramic materials in the literature are generally classified

in three classes, as shown in Figure 1.14 [71, 72].
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The first group, ceramics with high dielectric constant (€ > 50), are used in areas

where miniaturization is at the forefront. The most important member of this group is

Bags-3xRs+2xTi180s4 (R=Pr, Sm, La) dielectric ceramics. They are used in microwave

devices that require miniaturization, such as mobile phones, with dielectric constants

between 70-100 and low resonance temperature coefficient values [-10 and +10

ppm°C1] [71, 73, 74]. In addition, Bi,O3-ZnO-Nb,Os system ceramics have become

one of the remarkable material groups in recent years, thanks to their microwave

dielectric properties. In Table 1.2, microwave ceramics belonging to this group and

their dielectric properties

are given together.

Table 1.2 Microwave ceramic examples in & > 50

xCa(Zn13sNbz3)Os (x=0.4)

Composition &r Qf Tt Reference
Bas.3Nds+2Ti150s4 (x=0.08) 92.3 6460 10
BisNbO; 91 730 -
(1-x)CaTiOs- 76 7560 164

Ba4Smg,33Ti18054 80 10700 -15
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The second group, dielectric ceramics with dielectric constants between 25 and 50,
also has low dielectric loss factor [107%]. It is used to improve signal-to-noise ratios in
satellite  communications and cell phone base stations. BaMgisTaz30s and
BaZny;3Tax303 are prominent members of this group. Microwave ceramics from this

group and their dielectric characteristics are listed together in Table 1.3 [71, 74].

Table 1.3 Microwave ceramic examples in & = 25-50

Composition &r Qf T Reference
Ca(Zny3Nbas3)Os3 35 16000 -43 [79]
Ba:TioOx20 38.8 43200 +4 [80]
BasNb;O1s 39 23700 78 [81]
(1-x)CaTiOs- 42 13030 -28 [77]
XCa(Zn13Nby3)O3 (x=0.8)

In the third group, there are ceramics with dielectric constants less than 25 and high-
quality factors. Ceramics in this group are used as antenna circuit elements at high
frequencies. The dielectric constants are very low because they have very strong
covalent bonds. For this reason, both the number of electrical dipoles that can occur
in the material and the movement capacity of the formed dipoles are limited [71]. It
generally consists of aluminates and silicates such as MgSi>Os4, MgAIl2O4 and

ZnAlyO4 [71]. Table 1.4 shows the microwave ceramics belonging to this group.

Table 1.4 Microwave ceramic examples in & <25

Composition & Q.f T Reference
MgSi,04 6.8 270000 -67 [82]
MgAl,04 85 175000 -63 [83]
ZnAl,Oq4 85 56000 -79 [84]
MgNb,0s 214 93800 -70 [85]
SrNb,Og 21.7 16900 - [86]
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1.8 Literature Review

The term "dielectric resonator” initially originated, that Richtmeyer demonstrated
that correctly formed dielectric component can serve as a microwave resonator in
1939 [87]. However, it took more than 20 years for the knowledge to be tested
empirically. Superhigh permittivity materials and their use as capacitors at relatively

low radio frequencies were reported by Schlicke [88] in 1953.

After that, Okaya and Barash [89] brought the dielectric resonator system back
during their studies on rutile single crystals in the early 1960s [65]. They measured
the dielectric constant and Q factor values of single crystal TiO2 ceramics at room
temperature using the commensurate/transmission line technique [65]. The high
resonance frequency temperature coefficient of TiO2 ceramics (+450 ppm°C™?) limits
the use of this material group in industrial applications [1]. In the early 1970s,
barium tetratitanate (BaTisOg) with desired temperature stability values and low
dielectric losses was produced for the first time developed by Masse et al [90]. Then,
barium nonatitanate (Ba2TisO20) developed by Bell Laboratories was reported [91].
The next important development in microwave applications was the development of
(Zr,Sn)TiOs dielectric oxide ceramics by the Japanese company Murata
Manufacturing [92, 93]. Various compositions have been developed by the Murata
Manufacturing company, thanks to which the resonance frequency temperature
coefficients of these materials can be adjusted between +10 and 10 ppm°C™ [93].
After these developments, many researchers studied dielectric constant (&), quality

factor (Q) and resonance frequency (tf) values [1, 68, 71].

The ceramic dielectric resonators are reduced in size and have a higher Q compared
to the conventional microwave materials. In the majority of microwave and
millimeter wave applications, dielectric resonators have replaced the use of cavity
resonators due to cost, size, mass, efficiency, durability, stability, robustness and ease
of use. Also, the temperature variation of the resonant frequency of dielectric
resonators can be designed to a desired value to meet the circuit designer's

requirements (see Figure 1.15) and commercial dielectric resonators are given in
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Figure 1.16 [1]. The objectives set for the development of microwave dielectric

ceramics are listed below [68]:

a) The Dielectric Constant (&) should be as high as possible because the size of a
resonator is inversely related to the square root of the dielectric constant (see
Equation 1.14). The dielectric material spectrum is practically limited to about 20< &
<100.

b) To ensure maximum signal identification, the dielectric loss (tand) should be less
than 10 [54]. This is closely related to the quality factor (i.e., Q=1/tand), which
should generally be maximized. Nowadays, Q>30,000 at 1 GHz is required for many

practical applications.

c) Especially in the communication systems, in order to ensure a certain temperature
balance, the resonator's temperature coefficient of resonance frequency (tf) must be

around ~ £2 ppm°C so that the signal does not shift during operation [50, 68].

(@ (®) (©)

Figure 1.15 Images of dielectric resonators in different shapes; (a) disc, (b) coaxial cylinder, (c)
supported coaxial cylinder, (d) TEM mode dielectric resonator [50]

Figure 1.16 Commercial dielectric resonators [94]
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System performance is closely related to material properties because grain size, grain
boundaries, crystal structure and point defects affect ceramic physical properties
[68]. In terms of ceramic processes, the purity of the starting materials, calcination
temperature and time, forming method, sintering temperature and time, density are
the parameters that affect the system performance. Figure 1.17 shows the effect of
calcination and sintering temperature on the density and microwave dielectric
properties of ceramic dielectric resonators. For optimum properties (low 1, high Q.f

and &) a high density is required [71].
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Figure 1.17 The alteration of €, Q.f, ts and the relative density of Ba(Sm1,2Nb1/2)O3 ceramic versus

the sintering temperature [1]

Microwave ceramics are generally optimized for densification where & and Q.f are
best. Powders prepared by solid-state methods require a higher sintering temperature
than those prepared by chemical methods [1]. A high Q.f value can only be achieved
in ceramics with fine grain and/or homogeneous microstructures. Low densification
is mainly due to rapid and abnormal grain growth. Therefore, pores are entrapped
inside the grains, which eventually decreases dielectric constant and mechanical

properties. The additives can be used to promote densification. Additives (dopants)
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allow densification to occur in shorter times and at lower temperatures. In addition, it
prevents grain growth and allows the elimination of pores [40]. Additives added to
aid sintering affect the dielectric properties of ceramics by changing the density,
microstructure, defect chemistry and crystal structure. A higher relative density
results in higher &. The selection of suitable additives, their optimum amount and
optimum processing conditions are effective in increasing the quality factor [1].
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1.9 Objective

Dielectric ceramics used at various applications have different dielectric properties.
Dielectric ceramic materials with & <25 are used for microwave circuit elements in
substrate material and missile tracking systems. £=25-50 are used to improve signal-
to-noise ratios in satellite communications and cell phone base stations. & >50 are
used for miniaturization such as mobile phones. The aims of this thesis are to
synthesize dielectric ceramic compositions in three wavelength ranges (i.e., & <25:
CeO2-Glass, &=25-50: SrNb2Oe¢ and Ba;TigO2, &=>50: 0.68CaTiOs-
0.32Ca(Zn13Nb23)O3 and Bag-ax(Nd1-yBiy)s+2x Ti180s4 x=2/3 y=0.07) by solid state
calcination method, to fabricate them by dry pressing at desired dimensions and then
to investigate densification, phase formation, microstructure evolution, dielectric and
microwave properties. Especially, the CeO,-Glass composition was investigated in
this study for the first time. The suitability of the ceramics was compared with the

literature values.
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CHAPTER 2

EXPERIMENTAL METHODS

CeO2-Glass (5 wt.%), SrNb2Os, BazTigO20, 0.68CaTiO3-0.32Ca(Zn1/3Nbz/3)Os, and
Bae-3x(Nd1yBiy)s+2xTi1s0s4 x=2/3 y=0.07 powders were synthesized by solid state
method. Dry pressing was used as the shaping method in all ceramic compositions.
The steps followed in the experimental studies are given in Figure 2.1. Also, the
materials used for ceramic compositions are tabulated with their trade names and

properties in Table 2.1.

| Starting Powders
~ \
Mixing in Ball Mill —> For24h
\ T :
Drying in Magnetic Stirrer  |—= 250 rpm, 150°C
[ ]
Drying in Oven ]— 40°C
) ]
Calcination ]— ¥RD
\ 7 :
Grinding in Ball Mill > 2-4 wt% polymer
¥ addition and for 24 h
Drying in Magnetic Stirrer |~ 250rpm, 100°C
L 1
Drying in Oven ]— A0°Cfor 48 h
W
l Sieving ]—‘ 80 pm
XRD, L]
Densification, Dry Pressing ]— 100 MPa
SEM-EDS ) ¥
Dielectric and Binder Burn-Out ]— At 600°C, 1 h
Microwave ) LY
measurement Sintering ]—< At different temperatures
AN :
| Characterization ]

Figure 2.1 Flowchart of the sample preparation steps
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Table 2.2 summarizes the starting components and calcination conditions. The mixed
powders were weighed at stoichiometric ratios and ball milled in ethanol for 24 h at
185 rpm using 0.5 cm diameter yttria stabilized zirconia balls. The mixtures were
dried on a hot plate at 150°C at 250 rpm, and then oven dried at 40°C for 48 h.
Commercial CaTiO3z powders were used as-received. Glass frits were first ground
into a fine powder using an agate mortar and pestle and then ball milled for 48 h in

ethanol using yttria-stabilized zirconium balls.

Table 2.1 The ceramic materials used in compositions

Powders Trade name Property

CeO, Inframant, England 99.5% purity

Glass Akcoat, Tiirkiye Ca0-Al;03-Si0O; based

SrCO; Sigma-Aldrich, Germany | >98% purity

BaCOs Sigma-Aldrich, Germany | >99% purity

TiO, Aeroxide, Germany P25 (20 nm, Specific

surface area 35-62 m?g™)

Cao Nanografi, Tiirkiye 99.9% purity

ZnO Nanografi, Tiirkiye 99.99% purity

Nb2Os Sigma-Aldrich, Germany | 99.9% purity

CaTiOs Function Material Group | 99.5% purity, 325 mesh
Co., Ltd, China

Bi,0s Nanografi, Tiirkiye 99.99% purity

Nd-Os Function Material Group | 99.99% purity, 20-500
Co., Ltd, China mesh

Table 2.2 The calcination conditions of SrNb,Og, Ca(Zn13Nb2/3)03, Ba2TisO2 and

Ba4(Ndo,93Bio,o7)28/3Ti18054 ceramics

Starting Components Final Components Calcination
Conditions
SrCOz+ Nb,Os SrNb,Os 1050°C- 5 h [95]
CaO +1/3Zn0O + Ca(Zn13Nb23)O3 1300°C- 3 h [79]
1/3Nb,0s
2BaCOs + 9Ti02 BazTi9020 1250°C-3h [80]
4BaCO3z+ 4.34Nd,0s + Ba4(Ndo,gaBio_07)28/3Ti18054 1100°C-3h [75]
0.326Bi,03 + 18TiO;
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Before shaping, 4 wt.% vinyl-based binder solution (MSE Teknoloji, Tiirkiye) was
added as a binder to the calcined powders given in Table 2.2 together with
0.68CaTi03.0.32Ca(Zn13Nb23)O3 and CeO>-Glass powder mixtures. The slurries
were dried on a hot plate at 100°C at 250 rpm with continuous stirring. Ethanol was
fully evaporated in the drying oven at 40°C for 24 h. The dried powders were first
ground with a mortar and then passed through an 80-pum sieve. The sieved powders
were compacted at 100 MPa to disc shapes. The pellets were burned-out at 600°C for

1 h with a heating rate of 0.5°C/min (as shown in Figure 2.2).

600°C, 60min

0.5°C/min

300°C, 60min

32C/min

0.5°C/min

Figure 2.2 The temperature-time profile for burnout process

The green ceramics were sintered at different temperatures in the range of 950°C-
1350°C for 1 h for CeO2-Glass, 1200°C-1325°C [86] for 1 h for SrNb20s, 1250°C—
1350°C [80] for 3 h for BazTigO20, 1350°C-1450°C [77] for 4 h for 0.68CaTiOs-
0.32Ca(ZnysNb23)0O3  and 1280°C-1350°C [75] for 3 h for Bassax(Ndi-
yBiy)s+2xTi180s54 X=2/3 y=0.07 in air with a heating and cooling rate of 5°C/min. The
sintering temperature range of all compositions except CeO2-Glass were determined
from the literature. It was determined cover the glass sphere temperature of 958°C

and glass melting temperature of 1180°C [96] for the CeO2-Glass composition.

The bulk density was measured using the Archimedes’ method. The bulk density,
apparent porosity and water absorption were calculated according to Equation 2.1,

Equation 2.2, and Equation 2.3, respectively [97].
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Bulk Density = [WV‘:"_dWS] X dyyater (2.1)

Apparent Porosity = [%} x 100 (2.2)

Water Absorption = [W} x 100 (2.3)
d

Wj: dried weight (g)

W;: weight of sample suspended in liquid (g)

W.: weight of sample impregnated with water (g)

dwater: density of water (g/cm?®)

Phase formation of the calcined powders and sintered samples were checked by X-
ray diffraction (XRD), (Miniflex600, Rigaku) with a scan rate was 2°C/min and a
step interval of 0.02°C. Parallel (Equation 2.5), series (Equation 2.4) and logarithmic

mixing (Equation 2.6) models [98] were used to estimate the bulk density and

dielectric constant of the CeO-Glass powder mixtures:

A = A1 . V1 + AZ . VZ (24)
V. V.

A= 1/A1 + 2/A2 (25)

A = Vl' lOgAl + Vz. lOgAZ (26)

In these formulae, A is the physical property of the mixture (e.g., dielectric constant
or theoretical density), A1 and A are the respective physical property, and V1 and V2

are the respective volume fraction in the powder mixtures.

The samples surfaces were first cleaned with ethanol. Then, the parallel surfaces of
the samples were coated with an air-dry silver ink and dried on a hot plate at 50°C
for 10 min. to measure dielectric properties. Dielectric properties were measured at 5

MHz at room temperature using an impedance analyzer (HIOKI IM3570 and
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AGILENT 4294A). The dielectric constant was calculated from the capacitance
measurements according to Equation 2.7 [99].

_ Cxd
T EgxA

2.7)

where & is dielectric constant, C is capacitance (F), d is thickness of specimen (m),
€o is permittivity of vacuum (F/m) and A is electroded area of the specimen (m?).
The microstructures and elemental analysis from fractured surfaces were examined
by a Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy
(EDS) (Hitachi, SU5000 Plus), respectively. The microwave properties were
measured by a Vector Network Analyzer (Anritsu, MS4644B, 40 GHz).
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CHAPTER 3

RESULTS AND DISCUSSION

The dielectric ceramic materials in the literature are generally classified in three
classes. The dielectric ceramics have dielectric constant less than 25 for the
microwave circuit components, between 25-50 for enhancing signal-to-noise ratios in
the satellite communications and cell phone base stations, higher than 50 for the
miniaturization such as in mobile phones. Table 3.1 shows the compositions of the
compositions investigated in this study. All ceramics were fabricated by dry pressing
method. The ball milling was applied to mix powders and to reduce particle size.
Anorthite-based glass was added to decrease sintering temperature by means of
liquid phase sintering and adjust the dielectric constant less than 25 for CeO,. This

glass composition was selected based on previous studies [96, 100].

Table 3.1 The compositions of the samples

CeO2-Glass (5 wt.%)

SrNb2Osg

BaxTigO20

(1-x) CaTiOs-x Ca(Zn13Nb23)O3x=0.32

Bas-3x(Nd1yBiy)s+2xTi18054 x=2/3 y=0.07

3.1. Powder Characterization

The glass powder was first ball milled in ethanol for 48 h with ZrO; balls. Figure 3.1

shows the chemical analysis, SEM image, and particle size analysis. The EDS
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spectrum is displayed in Figure 3.1(a). Au plating caused the Au peaks, while carbon
tape caused the C peaks. As a result, they were not taken into account while
calculating composition. The predicted stable oxide composition was then calculated
as listed in Table 3.2. The glass powder primarily consisted of SiO2, Al20O3, and CaO,
and hence anorthite phase crystallization (Ca0O.Al203.2SiO2 or (Ca,Na)(Si2Al)40s)
(PDF Card No: 00-041-1481) was anticipated. SiO. served as the network former,
while Al2Os served as intermediate and CaO, Na2O, and K>O as modifiers [101]. The
SEM picture of the angular-shaped particles is depicted in Figure 3.1(b). XRD
pattern shows in Figure 3.1(c) that the glass powder was amorphous in nature and
had a minor peak corresponding to the quartz phase (Card number: 00-009 0466).
After milling, a unimodal particle size distribution with ds¢=2.13 pm, dgo=3.91 um,
(Figure 3.1(d)) and SSA = 1.89 m?/g was obtained [96, 100].

Ee

A Quarz

Intensity (arbitrary unit)
Volume Density (%)
b=

0 0 w k] 80 01 1 10 100
20(degrees) Particle Size (yum)
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Figure 3.1 (a) EDS; (b) SEM image; (c) XRD; (d) Particle size after 48 h of ball milling [96]



Table 3.2 The stable oxide composition of glass powder

Phases

SiO;

Al,O3

CaO

Nazo

K20

wt.%

65.8

151

11.7

4.0

3.4
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The heat microscopy result of the glass is shown in Figure 3.2. The temperatures for

sintering, softening, sphere, and melting were found to be 726°C, 852°C, 958°C and
1180°C, respectively. The glass pellets heated to 750°C and 825°C exhibited similar

behavior with the heat microscope results [96, 100].
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Figure 3.2 Heat microscope result of glass powder [96]

3.2. Phase Formation

The phase formation of the calcined powders was investigated by XRD.

3.2.1 SrNb20s Powder

Figure 3.3 shows the XRD pattern of the SrCO3s+Nb2Os powder mixture calcined at
1050°C for 5 h [95]. A pure orthorhombic SrNb2Oe phase (PDF Card No: 00-028-
1243) was formed after calcination.
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Figure 3.3 XRD pattern of SrNb,Og powder calcined at 1050°C for 5 h

3.2.2 Ca(Zn13Nb23)O3 Powder

Figure 3.4 gives the XRD pattern of CaO+ZnO+Nb2Os powder mixture calcined at
1300°C for 3 h [79]. A pure perovskite Ca(Zni13Nb23)Os phase was formed after

calcination according to Chen at al. [79] study.
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Figure 3.4 XRD pattern of Ca(Zn1sNb23)Os powder calcined at 1300°C for 3 h
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3.2.3 Ba2TioO20 Powder

Figure 3.5 shows the XRD pattern of the BaCOs + TiO2 powder mixture calcined at
1250°C for 3 h [80]. A pure triclinic Ba>TigO2 phase (PDF Card No: 01-076-1424)

was formed after calcination.

Intensity (a.u)

20 25 30 35 40 45 50 55 60
20 (degree)

Figure 3.5 XRD pattern of Ba,TigO2 powder calcined at 1250°C for 3 h

3.2.4 Baa(Ndo.93Bi0.07)283Ti18054 Powder

Figure 3.6 indicates the XRD pattern of BaCO3z + Nd20s + Bi,O3 + TiO> powder
mixture calcined at 1100°C for 3 h [75]. A pure tungsten bronze type solid solution
Bas(Ndo.93Bio.07)283 Ti18Os4 phase formed according to Chen at al. [75] study.
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Figure 3.6 XRD pattern of Ba4(Ndo,93Bio_o7)28/3Ti18054pOWdel’ calcined at 1100°C for 3 h

3.3. Densification and Phase Analysis
3.3.1 CeO2-Glass Ceramics

For CeO ceramic powder, 5 wt.% glass (CaO-Al203-SiO, based) was used to lower
very high sintering temperature of CeO; (e.g., 1675°C) [102] by means of liquid
phase sintering and to adjust the dielectric constant less than 25. The dielectric
modeling will be given in Section 3.5. The glass composition was selected based on
previous studies [96, 100]. The sintering temperature range for the CeO2-Glass (5
wt.%) composition was determined between 950°C and 1350°C to cover the glass

sphere temperature of 958°C and glass melting temperature of 1180°C.

The bulk density and apparent porosity of the CeO,-Glass ceramics sintered between
950°C and 1350°C are shown in Figure 3.7. Equations 2.4, 2.5 and 2.6 were used for
the theoretical density (p) calculation in series, parallel and logarithmic models,
respectively. The modeled bulk densities were 6.9 g/cm? for the series model, 5.860
g/cm® for the parallel model and 6.499 g/cm?® for the logarithmic model (see
Appendix A.1). It was seen that the logarithmic model gave the closest values to the

measured bulk densities. Averaged relative density (apparent porosity) values were
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calculated as 72.35% (27.42%) at 950°C, 98.64% (0.13%) at 1050°C, 100% (0.00%)
at 1100°C, 98.50% (0.06%) at 1150°C, 96.76% (0.27%) at 1200°C, 93.73% (0.57%)
at 1250°C, 91.14% (3.02%) at 1300°C and 90.20% (1.09%) at 1350°C. It was aimed
to induce a liquid phase between the CeO. grains in such way to enhance diffusion of
solid or mass transport through the liquid depending on the solid solubility in the
liquid. The ability of a solid to dissolve in a liquid is dependent on wetting of the
solid by the liquid, which induces capillary forces. It is very well known that
rearrangement of the solid grains immediately after a liquid formation provides faster
densification through more efficient packing of the grains [103, 104]. Therefore, very
high sintering temperature of CeO: (e.g., a relative density of 94% after sintering at
1675°C for 2 h [102]) was successfully reduced to 1050°C-1150°C range (e.g.,
relative density >98.5% and apparent porosity <0.13%) by means of liquid phase
sintering caused by the addition of 5 wt.% glass. It is also evident that maximum
densification obtained at 1100°C (or, 1050°C-1150°C range) is lower than the glass
melting temperature of 1180°C, which possibly indicates that CeO. changed the
thermal behavior of the glass phase and solid solubility in liquid (or, in glass) started
at lower temperatures. Figure 3.7 also shows that de-densification started after
1150°C with increasing apparent porosity. The green and sintered samples are shown
in Figure 3.8. Some slight shape distortion on the surface of the sintered samples was
observed after 1200°C. The averaged thickness (diameter) shrinkage values were
16.26% (15.8%) at 950°C, 24.76% (24.88%) at 1050°C, 24.7% (24.7%) at 1100°C,
25% (24.75%) at 1150°C, 24.55% (24.73%) at 1200°C, 23.26% (23.96%) at 1250°C,
24.09% (23.63%) at 1300°C and 23.69% (23.81%) at 1350°C. The maximum
shrinkage was reached at maximum densification temperature range. A high bulk
density required for the optimum dielectric effect for the microwave dielectric

ceramics was successfully satisfied [68].
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Figure 3.7 Bulk densities and apparent porosities of the sintered CeO,-Glass samples

Figure 3.8 The sintering process of CeO-Glass (a) green samples before sintering, (b) samples after

sintering

Figure 3.9 and Figure 3.10 present XRD patterns and lattice parameters of the
ceramics sintered from 950°C to 1350°C for 1 h, respectively. XRD patterns were
fully compatible with cubic CeO. phase (PDF Card No: 01-081-0792) without any
other phases formed, except for peak splitting after 26=75° due to Ka2. The CeO>
powder was also given as a reference in Figure 3.9. Note that the lattice parameters
calculated from CeO, powder and pdf card were 54197 A and 5.4120 A,
respectively. The patterns indicate that there is a shift of all peaks with respect to the
CeO- reference peak, and a systematic shift among the sintered ceramics based on
the sintering temperature. Figure 3.10 shows the lattice parameter variation
calculated based on the cubic unit cell as a function of sintering temperature. The
lattice parameter first increased at 1050°C and then sharply decreased up to 1150-
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1200°C, and finally slightly increased and stabilized. Figures 3.9 and 3.10 clearly
reveal that CeO»-glass interaction (or, solubility in the glass) started at much lower
temperatures because the lattice parameter increased from 5.4197 (powder) to 5.4758
at 950 °C and to 5.5301 at 1050°C, which can be attributed to the increased unit cell
dimensions due to incorporation of cations from glass composition (see Table 3.2)
into the CeO> unit cell. However, decrement of the lattice parameter to 5.4525 at
1200°C can be due to the removal of incorporated cations by means of evaporation
of particularly bigger cations such as K™ and Na*. The weight losses increased with
the sintering temperature and were recorded as 2.02% at 950°C, 2.15% at 1050°C,
2.23% at 1100°C, 2.31% at 1150°C, 4.06% at 1200°C, 4.29% at 1250°C, 4.34% at
1300°C and 4.44% at 1350°C. In literature, TG analysis of Al.03/20 wt.% glass
composite (note that the same glass composition was used) showed that the weight
loss was 0.93% at 1150°C, 1.27% at 1200°C, 2.53% at 1300°C, and 3.22% at
1350°C, which was attributed to Na,O and KO evaporation [96]. Higher weight
losses observed in our study may be due to the lowered viscosity of the liquid phase
caused by CeO»-glass interaction started at lower temperatures. Note that some slight
shape distortion on the surface of the sintered samples started after 1200°C, which
may cause slight increase of the lattice parameter. SEM-EDS analysis of the glass
phase and CeO: grains will be given in Section 3.4.1, and phase analysis will be

discussed further.
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3.3.2 SrNb20s Ceramics

The bulk density and apparent porosity of SrNb.Oe ceramics sintered between
1200°C and 1325°C as a function of temperature are given in Figure 3.11.
Theoretical density of SrNb.Og is 5.16 g/cm® (PDF Card No: 00-028-1243).
Averaged relative density (apparent porosity) values were calculated as 97.64%
(1.76%) at 1200°C, 98.14% (0.94%) at 1275°C, and 93.58% (3.27%) at 1325°C.
Densities obtained at the maximum temperature range of 1200°C-1275°C are much
higher than the one reported in literature (e.g., 94.6% at 1300°C [86]). De-
densification happened in samples sintered at 1325°C with higher apparent porosity.
Also, its mechanical strength was very low and it was easily broken by hand. Figure
3.12 shows the green and sintered samples. Figure 3.13 gives the XRD pattern of the
SrNb2Og ceramic sintered at 1275°C for 1 h. A pure orthorhombic SrNb2Oe phase
(PDF Card No: 00-028-1243) was formed after sintering. The averaged thickness
(diameter) shrinkage values were 20.25% (18.81%) at 1200°C, 20.41% (18.9%) at
1275°C, and 18.7% (17.96%) at 1325°C. W.ith increasing temperature and
densification, the shrinkage values relatively increased and attained maximum value
at 1275°C. A high bulk density required for the optimum dielectric effect for the

microwave dielectric ceramics was successfully satisfied [68].
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Figure 3.11 Bulk densities and apparent porosities of the sintered SrNb2Os samples
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Figure 3.12 The sintering process of SrNb2Os (a) green samples before sintering, (b) samples after
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Figure 3.13 XRD pattern of SrNb>Og ceramic sintered at 1275°C

3.3.3 Ba2TisO2 Ceramics

The calculated bulk density and apparent porosity of the Ba2TigO20 ceramics sintered

between 1250°C and 1350°C are shown in Figure 3.14. Theoretical density of
Ba,TisOz is 4.615 g/cm?® (PDF Card No: 01-076-1424). The maximum densification

temperature range was determined as 1250°C-1300°C with a relative density >97.5%

and apparent porosity <0.05%. However, Huang [80] reported that the BaxTisO20

samples sintered at 1380°C had a bulk density of 4.42 g/cm? and a relative density of

95.8%. In fact, the bulk densities of all samples were recorded between 4.45 and 4.52

g/cm®, which ensured relative densities >96.6% and apparent porosities <0.09%.

Figure 3.15 shows the green and sintered samples. Figure 3.16 gives the XRD pattern
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of the BaxTigO20 ceramic sintered at 1300°C for 3 h. A pure triclinic Ba2TigO20 phase
(PDF Card No: 01-076-1424) was formed after sintering. The averaged thickness
(diameter) shrinkage values of Ba;TigO20 ceramics were 18.82% (18.75%) at
1250°C, 19.72% (19.05%) at 1300°C and 20.6% (19%) at 1350°C. A high bulk
density required for the optimum dielectric effect for the microwave dielectric

ceramics was successfully satisfied [68].
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Figure 3.14 Bulk densities and apparent porosities of the sintered Ba,TigO20 samples

Figure 3.15 The sintering process of Ba;TigO2 (a) green samples before sintering, (b) samples after
sintering
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Figure 3.16 XRD pattern of Ba,TisO20 powder sintered at 1300°C

3.3.4 0.68CaTiO3-0.32Ca(Znw3Nb23)O3 Ceramics

The bulk densities and apparent porosity of 0.68CaTiO3-0.32Ca(Zn13Nb23)O3
ceramics sintered between 1350°C and 1400°C as a function of temperature are
given in Figure 3.17. The densities were compared with a theoretical density of 4.28
g/cm?® [77]. The densities were found to be 4.73 g/cm?® for Ca(ZnsNb23)Os [77] and
4.036 g/cm?® for CaTiOs (PDF Card No: 01-089-6949). The apparent porosity values
of all samples were obtained less than 0.05%. Sintered samples had similar
densification levels with relative densities >97%. Therefore, the maximum
temperature range was determined as 1350°C-1400°C-1450°C for 4 h due to the
nearly zero apparent porosity values. Figure 3.18 shows the green and sintered
samples. Figure 3.19 gives the XRD pattern of 0.68CaTiO3-0.32Ca(Zn13Nb23)03
ceramic sintered at 1400°C for 4 h [77]. A pure orthorhombic perovskite
0.68CaTi03-0.32Ca(Zn13Nb213)O3 phase according to Liu at al. [77] was formed after
sintering. The averaged thickness (diameter) shrinkage values of 0.68CaTiOz-
0.32Ca(Zn13Nb23)O3 ceramics had 17.07% (17.36%) at 1350°C, 18% (17.36%) at
1400°C and 17.49% (17.36%) at 1450°C. Close shrinkage values were found at all
temperatures. A high bulk density required for the optimum dielectric effect for the

microwave dielectric ceramics was successfully satisfied [68].
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Figure 3.17 Bulk densities and apparent porosities of the sintered 0.68CaTiO3-0.32Ca(Zn1sNb3)O03
samples

Figure 3.18 The sintering process of 0.68CaTiO3-0.32Ca(Zn13Nb23)O3 (2) green samples before

sintering, (b) samples after sintering



52

Intensity (a.u)

e a U A A

20 30 40 50 60 70 80
26 (degree)

Figure 3.19 XRD pattern of 0.68CaTiO3-0.32Ca(Zn13Nbz3)O3 ceramic sintered at 1400°C

3.3.5 Bas(Ndo.93Bi0.07)283 Ti18054 Ceramics

The calculated bulk densities and apparent porosities of Bas-ax(Nd1.yBiy)s+2xTi1gOs4
x=2/3 y=0.07 ceramics sintered between 1280°C and 1320°C as a function of
temperature are shown in Figure 3.20. The bulk densities of all samples were close to
the theoretical density of 5.80-5.90 g/cm?® [75]. Averaged bulk density values were
recorded as 5.75 g/cm?® at 1280°C, 5.77 g/cm® at 1320°C and 5.75 g/cm? at 1350°C,
which ensured relative densities >98.2%. Hence, the maximum temperature range
was determined as 1280°C-1320°C-1350°C for 3 h. The apparent porosity values are
less than 0.24%. Figure 3.21 shows the green and sintered samples. Figure 3.22
indicates the XRD pattern of Bas(Ndo.93Bio.07)28/3Ti180s4 Ceramic sintered at 1320°C
for 3 h. A pure tungsten bronze type solid solution Bas(Ndo.93Bio.07)28/3Ti180s4 phase
according to Chen at al. [75] was formed after sintering. The averaged thickness
(diameter) shrinkage values of the ceramics were 16.23% (15.84%) at 1280°C, 18.7%
(16.77%) at 1320°C and 17.35% (16.57%) at 1350°C. With increasing temperature
and densification, the shrinkage values relatively increased and attained maximum
value at 1320°C. A high bulk density required for the optimum dielectric effect for

the microwave dielectric ceramics was successfully satisfied [68].
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Figure 3.20 Bulk densities and apparent porosities of the sintered Bas(Ndo.g3Bio.07)28/3Ti180s54 Samples

Figure 3.21 The sintering process of Bas(Ndo.03Bio.07)283 Ti180s4 (2) green samples before sintering,

(b) samples after sintering
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Figure 3.22 XRD pattern of Bas(Ndo.93Bio.07)283Ti180s54 ceramic sintered at 1320°C.

3.4 Microstructure Analysis

3.4.1 CeO2-Glass Ceramics

Figure 3.23 shows backscattered SEM images of the fractured surfaces of CeO»-
Glass ceramics sintered between 950°C and 1350°C. The fracture type was intra-
granular for all samples. As specified by EDS, lighter colored regions are CeO:
grains and continuous darker colored regions are the glass phase. The non-melting of
the glass phase and the presence of visible irregular large pores indicate that
densification was not completed at 950°C. However, rapid densification was
achieved right after sintering at 1050°C, which is lower than the glass melting
temperature of 1180°C. In other words, CeO> changed the thermal behavior of the
glass phase and solid solubility in liquid (or, in glass) started at lower temperatures.
CeO> grains become rounded and embedded within the glass matrix, revealing a
liquid phase sintering. Transport of dissolved solid through a liquid leaded to further
densification. It is also evident that CeO- grains were uniformly packed, glass phase
was homogeneously distributed, and microstructures exhibited normal grain growth
behavior with increasing sintering temperature. In other words, homogeneous
packing of the particulate solid, homogeneous distribution of the liquid phase

between the grains, and fairly fine particle size resulted in maximum densification at
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the temperature range between 1050°C and 1150°C. Figure 3.7 shows that de-
densification started after 1150°C together with increased apparent porosity due to
evaporation of Na2O and K>O from the glass phase, resulting in appearance of some

visible pores within the glass matrix as-marked on the microstructures.
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Figure 3.23 Backscattered SEM images of CeO2-Glass ceramics
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Figure 3.24 shows SEM-EDS analysis of the CeO,-Glass ceramic sintered at 1150°C
for 1 h. The marked grains were subjected to a qualitative elemental analysis within
the EDS resolution limit. Table 3.3 lists the anlaysis of the glass composition as
determined by the EDS analysis. Table 3.4 tabulates the elemental analysis from the
glass phase excluding Ce and O. The analysis from the CeO- grains (marked as C, D
and E) proves little incorporation of mainly Si, Al and Ca cations together with K
from the glass phase, revealing a low liquid solubility in the solid. On the other hand,
the analysis from the glass phase (marked as A, B, F and G) proves a significant
amount of Ce incorporation, revealing a high solid solubility in liquid (or, glass). In
fact, low liquid solubility in solid and vice versa is an ideal situation for the liquid
phase sintering, facilitating rapid solution-reprecipitation mechanism to reach
maximum densification at lower temperatures. Some variations in the elemental
ratios from the glass phase can be attributed to a high acceleration voltage used to
receive signals (i.e., a 10 kV can collect signals from surface as well as sub-surface)
and proximity of the EDS point to the neighboring grains (i.e., smaller grains have
higher solubility and can easily saturate its surrounding glass composition as
compared to bigger grains). Therefore, Table 3.4 indicates in general that glass phase
is deficient in K" and Na* due to evaporation of Na2O and K>O during sintering (total
weight loss of 2.31%). The EDS results are also consisted with the phase analysis
such that CeO> grains has cation incorporation from the glass phase, changing the
composition and lattice parameters (see Figures 3.9 and 3.10). In other words, the
increase in lattice parameters from 950°C to 1050°C is due to the incorporation of
cations from the glass into the CeO: and the decrease after 1050°C is due to the
volatility of Na2O and K20.
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NO | Ce Si Al Ca | Na K 9]
(wt.96) | (wt.%) | (wt.9%) | (wt.9%) | (wt.%) | (wt.%) | (wt.%)
A 744 35 1.9 29 0.1 0.6 16.6
B 551 10.% 35 25 1 0.6 26.5
& 83 1.1 08 03 0 0 148
D 8335 08 0.8 04 0 0.2 143
E 8335 12 1 0.2 0 0.2 14
F 573 11 35 28 0.8 0.7 239
G 713 59 22 13 04 03 156

Figure 3.24 SEM-EDS analysis of CeO,-Glass ceramic sintered at 1150°C for 1 h

Table 3.3 The elemental analysis of glass powder [96]

Elements

0]

Si

Ca

Al

Na

wt.%

45.8

315

7.9

8.5

3.6

2.7




Table 3.4 The elemental analysis of glass phase excluding Ce and O

Elements, wt.% Si Al Ca Na K
Glass Phase 58.12 15.68 14.58 6.64 4.98
A Point 38.89 21.11 32.22 111 6.67
B Point 58.92 18.92 1351 541 3.24
F Point 58.51 18.62 14.89 4.26 3.72
G Point 58.42 21.78 12.87 3.96 2.97

3.4.2 SrNb20s Ceramics
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Figure 3.25 shows the backscattered SEM images of the fractured surfaces of

SrNb2Oe ceramic sintered at maximum densification temperature of 1275°C at

various magnifications. The fracture type was inter-granular. The grain size was

uniform without any abnormal grain growth and it was roughly in the range between

2 and 4 pm.
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Figure 3.25 Backscattered SEM images of SrNb,Os ceramic at 1275°C
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3.4.3 Ba2TioO20 Ceramics

Figure 3.26 represents the backscattered SEM images of the fractured surfaces of
BaxTigO2 ceramic sintered at maximum densification temperature of 1300°C at

various magnifications. The fracture type was intragranular.
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Figure 3.26 Backscattered SEM images of Ba,TigO2 ceramic at 1300°C

Figure 3.27 shows SEM-EDS analysis of Ba>TigO20 ceramic sintered at 1300°C for 3
h. Elemental analysis was performed in the regions marked on the micrograph and
the results together with the stoichiometric Ba>TisO2 is given in Table 3.5. The
points A, B and C had very close Ba/Ti ratios but lower than the original Ba>TigO2o,
which may be attributed to the qualitative EDS analysis method.
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Figure 3.27 SEM-EDS analysis of Ba,TisO20 ceramic sintered at 1300°C for 3 h

2

Table 3.5 The elemental analysis of Ba, Ti, O and Ba/Ti ratios.

Elements, wt.% Ba Ti ) Ba/Ti
Ba,TisOxo 26.78 42.01 31.21 0.63
A Point 22.6 42.5 34.9 0.54

B Point 23.2 44.9 31.9 0.52

C Point 24.5 47.3 28.2 0.52

3.4.4 0.68CaTi0Os3-0.32Ca(Znw3Nb23)O3 Ceramics

Figure 3.28 shows the backscattered SEM images of fractured surfaces of

61

0.68CaTi03-0.32Ca(Zn13Nb23)Os ceramic sintered at maximum densification

temperature of 1400°C at various magnifications. According to the microstructure,

both intergranular and intragranular fractures were observed. The grain size was

uniform without any abnormal grain growth and it was roughly in the range between

3and 5 um.
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Figure 3.28 Backscattered SEM images of 0.68CaTiO3-0.32Ca(Zn1/sNb3)O3 ceramic at 1400°C

3.4.5 Bas(Ndo.93Bio0.07)28/3Ti180s4 Ceramics

Figure 3.29 shows the backscattered SEM images of the fractured surfaces of
Bas(Ndo.93Bio.07)26/3Ti180s4 ceramic sintered at maximum densification temperature
of 1320°C at various magnifications. Mostly intragranular fractures were observed.
The grain size was uniform without any abnormal grain growth and it was roughly in

the range between 2 and 5 um.
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Figure 3.29 Backscattered SEM images of Bas(Ndo.g3Bio.07)28/3Ti180s4 ceramic at 1320°C

3.5 Dielectric Properties

The dielectric properties were measured at 1-5 MHz for each composition at room
temperature using impedance analyzers HIOKI IM3570 and AGILENT 4294A. The
dielectric constant was calculated from the capacitance measurement at room
temperature according to Equation 2.7. Temperature coefficient of the dielectric
constant were calculated at 1-5 MHz for 20°C and 80°C according to Equation 1.26
using HIOKI1 IM3570. The Ag coated samples are shown in Figure 3.30.
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Figure 3.30 Dry-on silver coating on parallel surfaces to achieve conductivity

3.5.1 CeO2-Glass Ceramics

Table 3.6 summarizes dielectric properties of the CeO2-5 wt.% glass ceramics
sintered between 950°C and 1350°C. Equations 2.4, 2.5 and 2.6 were used to
estimate dielectric constant (&) using series, parallel and logarithmic models,
respectively (see Appendix B.1). Note that these mixture models are based on the
assumption that a solid solution does not form. However, EDS analysis proved
considerable CeO> dissolution into the glass matrix and little glass incorporation into
the CeO; grains (see Figure 3.24), although cubic crystal structure was retained after
sintering for all temperatures (see Figure 3.9). The modeled dielectric constants as a
function of glass content are drawn in Figure 3.31. The dielectric constant of CeO is
23 at 6 GHz [102] and glass is 6.37 at 5 MHz [100]. The modeled dielectric
constants were 20.64 for the series model, 16.78 for the parallel model and 19.16 for
the logarithmic model at 5 wt.% glass content. It is seen that the series model yields
the closest value to the dielectric constants measured using Equation 2.7 because
averaged dielectric constants at 5 MHz and maximum densification temperature
range are 21.12 at 1050°C, 21.35 at 1100°C, and 21.36 at 1150°C. Correspondingly,
the dielectric losses (tand) were minimum at the same temperature range because
dielectric properties are optimized (i.e., highest & with lowest tand) when the
maximum densification is attained in the ceramics. In other words, dielectric
properties are closely related with the densification as given in Figure 3.32 such that
&r follows the densification path and tand follows the apparent porosity path. In this
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regard, ceramic sintered at 1150°C have the best dielectric properties among the
ceramics densified between the temperature range of 1050°C-1150°C. Lower & and
higher tand observed out of this temperature range are due to the porosity effect (or,
lower densification) because it decreases & and increases tano (i.c., &=1 and tand=0
for air [105]). It was also observed that the & slightly decreased and tand increased
with increasing frequency from 1 MHz to 5 MHz, which is expected for dielectric
materials due to dielectric relaxation. Dielectric relaxation time is the time scale for
relaxation of mobile charge carriers in a material based on the dipole charges [32].
As the frequency increases, the dipoles cannot keep up with the electric field rotation
speed and the dielectric constant accordingly decreases due to less polarization
contribution [32, 106, 107]. However, more energy is required to follow the electric
field with increasing frequency, which gives rise to increased tand. Both HIOKI and
Agilent at 1 MHz gave very close dielectric constant values but the dielectric loss
values were much lower in the latter, which was due to the different device internal
impedance calibration settings. In brief, a higher relative density results in a higher &
and lower tand. Also, the change in the dielectric constant with temperature (te,
ppm°C?) for the ceramic sintered at 1150°C was calculated using Equation 1.26 and
measured at 5 MHz (1 MHz) as 61.8 (44.0).

Table 3.6 The dielectric properties of CeO,-Glass samples

Sintering HIOKI | HIOKI | HIOKI | HIOKI | Agilent | Agilent
Temperature &r, tano, &r, tano, tano, &r,

and Time 5MHz | 5MHz | 1MHz | 1MHz | 1 MHz 1 MHz
Q) (h)
950, 1 12.80 | 0.0132 | 12.96 | 0.0130 | 0.0047 12.83
1050, 1 21.12 | 0.0047 | 21.22 | 0.0021 | 0.0011 21.18
1100, 1 21.35 | 0.0044 | 21.43 | 0.0017 | 0.00093 21.42
1150, 1 21.36 | 0.0040 | 21.43 | 0.0016 | 0.00090 21.38
1200, 1 20.38 | 0.0051 | 20.46 | 0.0016 | 0.00071 20.53
1250, 1 19.58 | 0.0060 | 19.65 | 0.0017 | 0.00080 19.61
1300, 1 17.98 | 0.0081 | 18.09 | 0.0017 | 0.0011 18.04
1350, 1 16.75 | 0.0086 | 16.84 | 0.0017 | 0.0016 16.82
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Figure 3.31 The dielectric constant of CeO»-Glass ceramics at various glass content
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Figure 3.32 The dielectric properties versus densification of CeO,-Glass ceramics
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3.5.2 SrNb20s Ceramics

Table 3.7 shows the dielectric properties of SrNb2Oe ceramics sintered between
1200°C and 1325°C. Averaged & (tand) values at 5 MHz were recorded as 28.70
(0.0056) at 1200°C, 28.87 (0.0047) at 1275°C and 27.16 (0.0051) at 1325°C
(HIOKI). The dielectric properties versus densification of SrNb.Og ceramics are
given Figure 3.33. The dielectric properties are optimized (i.e., highest & with lowest
tand) when the maximum densification is attained in the ceramics. In this regard,
ceramic sintered at 1275°C have the best dielectric properties among the ceramics
densified between the temperature range of 1200°C-1275°C for 1 h. It is crucial to
have the lowest tano for the microwave dielectric ceramics (e.g., Q = 1/tand). The
dielectric properties were worsened due to the de-densification at 1325°C. Pullar at
al. [86] reported that SrNb2Os ceramic sintered at 1300°C had a & = 21.7 at 6.51
GHz, which is lower than €, = 28.87 at 5 MHz for the ceramics sintered at 1275°C in
this study. The density obtained at the maximum temperature of 1275°C (e.g.
98.14%) is much higher than reported in the literature (e.g. 94.6% at 1300°C [86]),
resulting in a high €. On the other hand, the & decreases with increasing frequency.
In this study, the dielectric properties were measured at 5 MHz and therefore affected
the &. Also, the change in the & with temperature (t., ppm°C™) for the ceramic
sintered at 1275°C was calculated using Equation 1.26 and measured at 5 MHz (1
MHz) as 280 (261).

Table 3.7 The dielectric properties of SrNb,Os samples

Sintering HIOKI HIOKI HIOKI | HIOKI | Agilent | Agilent
Temperature | &, 5 tano, &r, tano, tano, &r,
and Time (°C) | MHz 5 MHz 1MHz |1MHz |1MHz 1 MHz
(h)
1200, 1 28.70 0.0056 28.82 0.0035 | 0.00089 25.51
1275, 1 28.87 0.0047 29.05 0.0025 | 0.00031 28.49
1325, 1 27.16 0.0051 27.24 0.0026 | 0.00066 27.01
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Figure 3.33 The dielectric properties versus densification of SrNb,Og ceramics

3.5.3 Ba2TioO20 Ceramics

Table 3.8 tabulates the dielectric properties of Ba>TigO20 ceramics sintered between
1250°C and 1350°C. Averaged € (tand) values at 5 MHz were recorded as 39.47
(0.0041) at 1250°C, 39.55 (0.0034) at 1300°C and 38.49 (0.0043) at 1350°C
(HIOKI). The dielectric properties versus densification of the ceramics are given
Figure 3.34. The dielectric properties are optimized (i.e., highest & with lowest tand)
when the maximum densification is attained in the ceramics. In this regard, ceramic
sintered at 1300°C have the best dielectric properties among the ceramics densified
between the temperature range of 1250°C-1300°C for 1 h. Also, the change in the &
with temperature (t., ppm°C™?) for the ceramic sintered at 1300°C was calculated
using Equation 1.26 and measured at 5 MHz (1 MHz) as -29.8 (-23.1).
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Sintering HIOKI HIOKI HIOKI | HIOKI | Agilent | Agilent
Temperature | &, 5 tano, &r, tano, tano, &r,
and Time (°C) | MHz 5 MHz 1 MHz 1 MHz 1 MHz 1 MHz
(h)
1250, 3 39.47 0.0041 39.51 0.0016 | 0.000047 38.55
1300, 3 39.55 0.0034 39.60 0.0013 0.00034 39.66
1350, 3 38.49 0.0043 38.55 0.0018 0.00080 38.34
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Figure 3.34 The dielectric properties versus densification of Ba;TigO2 ceramics

3.5.4 0.68CaTi03-0.32Ca(Zn13Nbz2/3)O3 Ceramics

Table 3.9 tabulates the dielectric properties of 0.68CaTiO3-0.32Ca(Zn13Nb23)03

ceramics sintered between 1350°C and 1450°C. The dielectric properties are closely

related with the densification as given in Figure 3.35 such that & follows the

densification path and tand follows the apparent porosity path. In this regard, ceramic

sintered at 1400°C have the best dielectric properties among the ceramics densified

between the temperature range of 1350°C-1450°C. The dielectric properties could

not be measured using Agilent due to the negative values of the measuring system

for the ceramics sintered at 1450°C. Also, the change in the & with temperature (z,
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ppm°C?) for the ceramic sintered at 1400°C was calculated using Equation 1.26 and
measured at 5 MHz (1 MHz) as -312 (-316).

Table 3.9 The dielectric properties of 0.68CaTiOs- 0.32Ca(Zn13Nb23)03 samples

Sintering HIOKI HIOKI HIOKI | HIOKI | Agilent | Agilent
Temperature | &, 5 tano, &r, tano, tano, &r,
and Time (°C) | MHz 5 MHz 1MHz |1MHz |1MHz 1 MHz
(h)
1350, 4 87.68 0.0046 87.86 0.0015 | 0.00005 87.94
1400, 4 89.98 0.0035 90.09 0.0013 | 0.00061 88.97
1450, 4 86.84 0.0042 86.92 0.0013 - -
4175 0.5
—&— Bulk Density, g/fcm3 ]
m 417 | ——Er, 5 MHz e
E ]
= =}
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Z o
E 1.16 %
S 4155 3
2 415 g'r
4.145
® 006
Z 005
8 0.04 -
g2 003 e
E ggi ::—.—Apparent Porosity, % : Eggi_ﬁ E
2 g tan5, 5 MHz ! : L 0002 3
< 1350 1375 1400 1425 1450

Temperature, °C

Figure 3.35 The dielectric properties versus densification of 0.68CaTiOs- 0.32Ca(Zn13Nb23)03

ceramics

3.5.5 Baa(Ndo.93Bi0.07)28:3T118054 Ceramics

Table 3.10 tabulates the dielectric properties of the ceramics sintered between
1280°C and 1350°C. Averaged & (tand) values at 5 MHz were recorded as 89.22
(0.0057) at 1280°C, 92.04 (0.0053) at 1320°C and 90.94 (0.0084) at 1350°C
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(HIOKI). The dielectric properties versus densification of the ceramics are given
Figure 3.36. The dielectric properties are optimized (i.e., highest €r with lowest tand)
when the maximum densification is attained in the ceramics. In this regard, ceramic
sintered at 1320°C have the best dielectric properties among the ceramics densified
between the temperature range of 1280°C-1350°C for 3 h. Also, the change in the &
with temperature (t., ppm°C™) for the ceramic sintered at 1320°C was calculated
using Equation 1.26 and measured at 5 MHz (1 MHz) as 69.6 (79.8).

Table 3.10 The dielectric properties of Bas(Ndo.93Bio.07)283Ti180s4 Samples

Sintering HIOKI HIOKI HIOKI | HIOKI | Agilent | Agilent
Temperature | &, 5 tano, &r, tano, tano, &r,
and Time (°C) | MHz 5 MHz 1MHz |1MHz |1MHz 1 MHz
(h)
1280, 3 89.22 0.0057 89.36 0.0017 | 0.00013 88.63
1320, 3 92.04 0.0053 92.18 0.0013 | 0.00062 92.84
1350, 3 90.94 0.0084 91.07 0.0018 | 0.00054 91.76
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£ ' oop
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Figure 3.36 The dielectric properties versus densification of Bas(Ndo.93Bio.07)28/3 Ti180s4 CEFramics
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The maximum temperature ranges from high densification, minimum apparent
porosity and high dielectric properties points of views were determined as; 1050°C-
1100°C-1150°C for 1 h for CeO-Glass (5 wt.%), 1200°C-1275°C for 1 h for
SrNb2Og, 1250°C-1300°C for 3 h for BazTigO20, 1350°C-1400°C-1450°C for 4 h for
0.68CaTi03-0.32Ca(Zn13Nb23)O3 and 1280°C-1320°C-1350°C for 3 h for
Bas(Ndo.93Bio.07)28/3Ti1sOsa ceramics. The tand is very critical for microwave
dielectric ceramics. The tand at 5 MHz (HIOKI) were 0.0040 for CeO2-Glass
sintered at 1150°C, 0.0047 for SrNb2Os sintered at 1275°C, 0.0034 for Ba:TisO20
sintered at 1300°C, 0.0035 for 0.68CaTi03-0.32Ca(Zn13Nb23)O3 sintered at 1400°C
and 0.0053 for Bas-ax(Ndi1.yBiy)s+2xTi180s4 X=2/3 y=0.07 sintered at 1320°C. A
dielectric ceramic's loss is a function of both intrinsic and extrinsic losses [40].
Porosity, second phase, grain size, and microstructural flaws have a significant
impact on extrinsic losses in low field dielectric property measurements. Overall, one
of the features required for the microwave dielectric ceramics is to attain a high bulk
density to control dielectric properties. It has been reported in literature that the &
increases (and tand decreases) with increasing densification by eliminating porosity
[1, 68]. The relative densities >97% were successfully obtained for all samples at

maximum temperature ranges.
3.6 Microwave Properties

As electronic devices that use frequencies in the GHz range such as cell phones,
materials that have no impact on signal transmission are desirable. This is especially
true for circuit materials that will transmit signals. The precise measurement and
evaluation of high frequency characteristics (dielectric loss tangent, relative
dielectric constant, conduction characteristics and characteristic impedance) is of
utmost importance, as even the smallest changes have the potential to adversely
affect signal transmission. In particular, the scattering parameters (S Parameters) are
an important factor measured on circuit boards. S Parameters are the elements that
determine the circuit characteristics with respect to the magnitude and phase of the
incoming and outgoing transmission circuit voltage and can be measured in the MHz
to GHz range using a vector network analyzer [108]. In the microwave frequency

range, current (I) and voltage (V) measurements become very complex. At higher
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frequency, power is measured rather than current or voltage. The power is measured
at higher frequencies as opposed to current or voltage. It is challenging to execute
short circuit and open circuit for AC signals over wide bandwidth at high microwave
frequencies. S parameters are utilized in the microwave range to get around this
issue. These S characteristics are described in terms of traveling waves that are
incident and reflected [109]. In the Sxy, x and y subscript represent output and input
port, respectively. The transmission characteristic Sy: indicates the output power,
which can be used to evaluate the degree of transmission loss, etc., while the
reflection characteristic Si1 indicates the reflected power, which can be used to
evaluate the magnitude and effect of reflected waves. By measuring such S-
parameters, it is possible to evaluate variations in transmission loss and determine the

transmittable signal frequencies [109].

The S parameters at GHz level were measured for CeO>-Glass, Ba;TigO2 and
0.68CaTi03-0.32Ca(Zn13Nb23)Os ceramics at room temperature using a Vector
Network Analyzer. Figure 3.37 and Figure 3.38 show the experimental setup used
during the measurements and the Ag coated ceramics, respectively. One port, a
control panel, an information display, and a microwave wire are all included in the
test kit. Dual directional couplers and a sophisticated ratio measuring apparatus are
included in each test port of the test set. Two receivers and a sweeping frequency
source that powers the network under examination make up a network analyzer. The
input voltage to the network is precisely measured using the first receiver. The output
of the network being tested is measured using the second receiver, which is referred
to as the Transmission channel. The voltage gain or loss of the network is
represented as the output to input level ratio, which is shown in decibels (dB). The
response plot of the network is produced after the source is swept over the desired

frequency range.
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Figure 3.37 The experimental setup used during the measurements

Figure 3.38 Cut and drilled ceramics at various shapes; (a) CeO,-Glass (b) Ba,TisOz (€) 0.68CaTiOs-
0.32Ca(Zn13Nby3)Ozand (d) CeO,-Glass (e) Ba,TigOx (left) and 0.68CaTiO3-0.32Ca(Zn13Nby3)O3
(right) of silver-coated ceramics

3.6.1 CeO2-Glass Ceramics

The microwave properties of the CeO,-Glass ceramic sintered at 1150°C were used

for the measurement. The ceramic resonator filter for microwave applications is
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shown in Figure 3.39. The diameter (d) of reflection coefficient was determined from
the polar chart of the ceramic resonator measurement given in Figure 3.40. The
reflected parameter (S) versus the frequency of the ceramic resonator with one port
measurement is shown in Figure 3.41, and the results are given in Table 3.11. The
first and second subscript indicate output and input of the port in S(2,2). The
resonance frequency (deep peak) was at 2.895 GHz (marked m2 point). The
reflection coefficient corresponding to the deep peak was read as -18.346 dB as
given in Figure 3.41. At the resonant frequency, the transmitted signal's amplitude
reached a deep peak with a finite width. The breadth of the resonance curve had a -3
dB bandwidth (BG). First and second point corners frequency under -3 dB had 2890
MHz and 2903 MHz, respectively. The quality factor (Q), resonance-frequency
dependent quality factor (Q.f), & and tand were calculated as 445, 1288.3, 21 and
0.0022 at 2.895 GHz from a network analyzer. Also, the & and tand values at 5 MHz
were 21.36 and 0.004. With increasing the frequency from 5 MHz to 2.895 GHz, the
&r decreased slightly, which is expected for the dielectric materials due to vanishing
of polarization mechanisms with increasing frequency. The rotation speed of the
dipoles cannot be polarized because it cannot keep up with the electric field reversal
rate [32, 106, 107]. The CeO,-Glass (5 wt.%) composition was studied for the first
time in literature and its properties resulted in promising results for the microwave

applications.

Figure 3.39 CeO»-Glass ceramic resonator filter
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Figure 3.40 The polar chart of CeO,-Glass ceramic resonator measurement

Table 3.11 The microwave parameters of CeO,-Glass ceramic resonator

Resonance Frequency (MHz) 2895
3dB point -1(MHz) 2903
3dB point -2(MHz) 2890
3 dB band width (MHz) 13
d,k 11
Calculated dielectric constant (&) 21
Calculated quality factor (Q) 445
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Figure 3.41 The reflected parameter versus the frequency of the ceramic resonator with one port

measurement

3.6.2 Ba2TisO20 Ceramics

The microwave properties of the Ba,TigO2o ceramic sintered at 1300°C were used for
the measurement. The ceramic resonator filter for microwave applications is shown
in Figure 3.42. The diameter (d) of reflection coefficient was determined from the
polar chart of the ceramic resonator measurement given in Figure 3.43. The reflected
parameter (S) versus the frequency of the ceramic resonator with one port
measurement is shown in Figure 3.44, and results are given in Table 3.12. The first
and second subscript show output and input of the port in S(3,3). The resonance
frequency (deep peak) was at 3.942 GHz. The reflection coefficient corresponding to
the deep peak was read about -7.5 dB as given in Figure 3.44. At the resonant
frequency, the transmitted signal's amplitude reached a deep peak with a finite width.
The breadth of the resonance curve had a -3 dB bandwidth (BG). First and second
point corners frequency under -3 dB had 3920 MHz and 3964 MHz, respectively.
The quality factor (Q), resonance frequency dependent quality factor (Q.f), & and
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tand were calculated as 362, 1427, 36.5 and 0.0027 at 3.942 GHz from a network
analyzer, respectively. Also, the & (tand) values at 5 MHz had 39.55 (0.0034). With
increasing the frequency from 5 MHz to 3.942 GHz the & and loss relatively
decreased due to vanishing of polarization mechanisms. Huang [80] reported that Q.f
iIs 43200 (Q=7200) and the & is 38.8 at 6 GHz measured with Hakki Coleman
method. The & values are very close but the Q.f is different due partly to the
experimental measurement setups.

freq (4.000GHz to 5.000GHz)

Figure 3.43 The polar chart of Ba,TigO29 ceramic resonator measurement
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Figure 3.44 The reflected parameter versus the frequency of the ceramic resonator with one port

measurement

Table 3.12 The microwave parameters of Ba,TigO2o ceramic resonator.

Resonance Frequency (MHz) 3942
3dB point -1(MHz) 3920
3dB point -2(MHz) 3964
3 dB band width (MHz) 44
dk 1.6
Calculated dielectric constant (€;) 36.5
Calculated quality factor (Q) 362

3.6.3 0.68CaTi03-0.32Ca(Znw3Nbz23)O3 Ceramics
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The microwave properties of the 0.68CaTiOs-0.32Ca(Zn13Nb23)O3 ceramic sintered

at 1400°C were used for the measurement. The ceramic resonator filter for

microwave applications is shown in Figure 3.45. The diameter (d) of reflection

coefficient was determined from the polar chart of the ceramic resonator

measurement shown in Figure 3.46. The reflected parameter versus the frequency of
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the ceramic resonator with one port measurement is given in Figure 3.47, and results
are given in Table 3.13. The first and second subscripts indicate output and input of
the port in S(3,3). The resonance frequency (deep peak) was at 2.443 GHz. The
reflection coefficient corresponding to the deep peak was read about -19 dB as given
in Figure 3.47. At the resonant frequency, the transmitted signal's amplitude reached
a deap peak with a finite width. The breadth of the resonance curve had a -3 dB
bandwidth (BG). First and second point corners frequency under -3 dB had 2408
MHz and 2478 MHz, respectively. The quality factor (Q), resonance frequency
dependent quality factor (Q.f), & and tand were calculated as 314, 767.1, 91 and
0.0031 at 2.443 GHz from a network analyzer, respectively. Also, & (tand) values at
5 MHz had 89.98 (0.0035). With increasing the frequency from 5 MHz to 2.443 GHz
the & slightly increased, and loss decreased. The reason for the increase in the & may
be due to the experimental setup and copper connection. There is no composition
studied for the value of x=0.32 in the (1-x)CaTiOs-xCa(Zn13Nb23)O3 composition in
the literature. However, the properties for x=0.2 (€=115, Q.f =5030 and Q=1397)
and x=0.4 (&=76, Q.f=7530 and Q=1615) have been reported [77]. The &€=91 found
for the x=0.32 is in between the literature values but Q.f value is lower due partly to

the experimental measurement setups.

.

Figure 3.45 0.68CaTi03-0.32Ca(Zn1;3Nby3)O3 ceramic resonator filter



81

ADS

1.0

S(3,3)

freq (2.400GHz to 2.700GHz)

Figure 3.46 The polar chart of 0.68CaTiO3-0.32Ca(Zn1/sNb23)O3 ceramic resonator measurement

£DS éb_,\\ /_/_\_/_v\

'25 IlllIlllllllllIIIIIII(IIIIIIIIIIII

2000 2143 2286 2429 2571 2714 2857  3.000
freq, GHz

Figure 3.47 The reflected parameter versus the frequency of the ceramic resonator with one port

measurement
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Table 3.13 The microwave parameters of 0.68CaTi0O3-0.32Ca(Zn1sNb3)O3 ceramic resonator

Resonance Frequency (MHz) 2443
3dB point -1(MHz) 2408
3dB point -2(MHz) 2478
3 dB band width (MHz) 70
d,k 1.8
Calculated dielectric constant (&) 91
Calculated quality factor (Q) 314

Table 3.14 compiles densification, dielectric and microwave properties for each

composition. The maximum densification ranges and best condition were determined

based on the highest & and lowest tand. The relative densities >97.35% were

successfully obtained for all samples. The microwave properties were measured for
0.68CaTiOs- 0.32Ca(Zn13Nb23)Os sintered at 1400°C, for Ba»TigO20 Sintered at
1300°C, and for CeO2-Glass (5 wt.%) sintered at 1150°C.

Table 3.14 Densification, dielectric and microwave properties for each composition.

| o o —_ ~~ Y

3= + = 5 £ 3
§E5 5§ & |§ = = g | &
— - = 2] o N o 7
25 > 5 5§ = |3 g S 7
8% S z 9 S I < 5 & 2 2
EE ¢ 2 2 5§ = = g 8 e
og g a) S S o S 5 o

[5) ] o = = 7]

S o< g i

CeO-Glass (5Wt.%) | 6.40 | 98.50 | 0.06 21.36 = 0.0040 | 2.895 445 21

(1050-1100-1150°C) (21.43) | (0.0016) (1288) | (0.0022)

SrNb,Os(1200- | 5.06  98.14  0.94 28.87 | 0.0047 - - -
1275°C) (29.05) | (0.0025)

Ba,TisO (1250- 450 | 97.60  0.05 3955 = 0.0034 | 3942 362 | 365
1300°C) (39.60) | (0.0013) (1427) | (0.0027)
0.68CaTiO:- 417 97.35 004 8998 | 00035 @ 2443 314 91

0.32Ca(ZnysNbass)Os (90.09) | (0.0013) (767) | (0.0031)

(1350-1400-1450°C)

Bas(Ndo.esBioor)zesTiss | 5.77 | 98.60 | 0.00 = 92.04 | 0.0053 - - -

Os4 (1280-1320-
1350°C)

(92.18) | (0.0013)
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CHAPTER 4

CONCLUSIONS

New research and developments on microwave communication result in a rising
demand for dielectric resonators. Dielectric oxide ceramics are used as filters,
oscillators in a variety of applications from mobile phones to global positioning
systems. It has also played an important role in the microwave wireless

communications industry by reducing the size and cost of the antenna components.

In this study, dielectric ceramic compositions (i.e., CeO2-Glass (5 wt.%, Al,03-SiO,-
CaO based), SrNb2Oe, BaxTigO20, 0.68CaTi03-0.32Ca(Zn13Nb23)O3 and Bas-ax(Nd:
yBiy)s+2xTi180s4 X=2/3 and y=0.07) with various dielectric constants between 20 and
100 were synthesized by solid state method and successfully fabricated by dry
pressing. The ceramics were then characterized for densification, phase formation,
microstructure evolution, dielectric and microwave properties. XRD proved the
desired phase formation after calcination and sintering for all compositions.
Maximum densification temperature range was first determined based on a high bulk
density with a near zero apparent porosity but the best sintering temperature was
determined based on the highest dielectric constant with the lowest dielectric loss.
The best conditions were: 1150°C for CeO.-Glass (5 wt.%) with a relative density of
98.50% and apparent porosity of 0.06%, 1275°C for SrNb,Os with a relative density
of 98.14% and apparent porosity of 0.94%, 1300°C for Ba,TisO20 with a relative
density of 97.60% and apparent porosity of 0.05%, 1400°C for 0.68CaTiOs-
0.32Ca(Zn13Nb23)O3 with a relative density of 97.35% and apparent porosity of
0.04%, and 1320°C for Bas(Ndo.93Bi0.07)28/3Ti180s4 With a relative density of 98.60%
and apparent porosity of 0.00%. SEM studies indicated that CeO.-glass ceramics
were densified by liquid phase sintering, and the other ceramics were densified by

solid state sintering.

The dielectric properties followed the densification paths. The & (tand) values at 5
MHz were 21.36 (0.0040) for the CeO.-Glass (5 wt.%) sintered at 1150°C, 28.87
(0.0047) for SrNb2Os sintered at 1275°C, 39.55 (0.0034) for Ba>TisO2o sintered at
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1300°C, 89.98 (0.0035) for 0.68CaTiO3-0.32Ca(Zn13Nb23)O3 sintered at 1400°C
and 92.04 (0.0053) for Bas(Ndo.93Bio.07)28/3Ti180s4 sintered at 1320°C. A near-full
densification is important for the microwave properties because a low dielectric loss
(or, high quality factor) is required for low noise and power loss in the signal. The
microwave properties of the ceramics CeO.-Glass sintered at 1150°C, BaxTigO20
sintered at 1300°C and 0.68CaTi03-0.32Ca(Zn1/3Nb2/3)O3 sintered at 1400°C were
measured using the network analyzer. The Q.f values of CeO»-Glass, Ba;TigO20 and
0.68CaTi0s-0.32Ca(Zn13Nb2/3)Os ceramic resonator filters were 1288.3 at 2.895
GHz, 1427 at 3.942 GHz and 767.1 at 2.443 GHz, respectively.

The ceramic compositions to obtain dielectric constants between 20 and 100 were
determined and successful densified to >97.35% relative density. A near-full
densification was required to eliminate porosity from the microstructures to obtain
high dielectric constant and low dielectric loss, which is critical for the microwave
applications. The CeO2>-Glass (5 wt.%) composition was studied for the first time in
literature and their properties resulted in promising results for the microwave

applications.
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APPENDICES

Appendix A: The density of CeO»-Glass ceramics at various glass content

(theoretical density of 2.43 g/cm? for the glass and 7.65 g/cm? for CeOy).

Appendix B: The dielectric constant of CeO,-Glass ceramics at various glass
content (the dielectric constant of 6.37 for the glass and 23 for CeOy).
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Appendix A - The density of CeO.-Glass ceramics at various glass

content

Table A.1 The density of CeO,-Glass ceramics at various glass content (theoretical density of 2.43

g/cm? for the glass and 7.65 g/cm? for CeO,).

CeOy, | Glass | CeO; Glass CeO; Glass Series Parallel | Logarithmic
wt.% | wt.% vol vol volume | volume | model model model
fraction | fraction
0 100 0 41.152 0 1 2.43 2.43 2.43

76 24 9.935 9.877 0.501 0.499 5.048 3.694 4.319
77 23 10.065 9.465 0.515 0.485 5.120 3.748 4.388
78 22 10.196 9.053 0.530 0.470 5.195 3.805 4.461
79 21 10.327 8.642 0.544 0.456 5.272 3.866 4,537
80 20 10.458 8.230 0.560 0.440 5.351 3.931 4.616
81 19 10.588 7.819 0.575 0.425 5.433 4.000 4.700
82 18 10.719 7.407 0.591 0.409 5.517 4.074 4.788
83 17 10.850 6.996 0.608 0.392 5.604 4.153 4.880
84 16 10.980 6.584 0.625 0.375 5.693 4.238 4,977
85 15 11.111 6.173 0.643 0.357 5.786 4.329 5.079
86 14 11.242 5.761 0.661 0.339 5.881 4.427 5.187
87 13 11.373 5.350 0.680 0.320 5.980 4.534 5.301
88 12 11.503 4.938 0.700 0.300 6.082 4.650 5.421
89 11 11.634 4.527 0.720 0.280 6.188 4.776 5.548
90 10 11.765 4.115 0.741 0.259 6.297 4,914 5.683
91 9 11.895 3.704 0.763 0.237 6.411 5.066 5.827
92 8 12.026 3.292 0.785 0.215 6.528 5.234 5.979
93 7 12.157 2.881 0.808 0.192 6.650 5.420 6.141
94 6 12.288 2.469 0.833 0.167 6.777 5.627 6.314
95 5 12.418 2.058 0.858 0.142 6.908 5.861 6.499
96 4 12.549 1.646 0.884 0.116 7.045 6.124 6.697
97 3 12.680 1.235 0.911 0.089 7.187 6.425 6.910
98 2 12.810 0.823 0.940 0.060 7.335 6.772 7.138
99 1 12.941 0.412 0.969 0.031 7.489 7.175 7.384
100 0 13.0719 0 1 0 7.65 7.65 7.65




Appendix B - The dielectric constant of CeO-Glass ceramics at

various glass content

Table B.1 The dielectric constant of CeO,-Glass ceramics at various glass content (the dielectric

constant of 6.37 for the glass and 23 for CeQO5,).

99

CeOy, | Glass | CeO; Glass CeO; Glass Series Parallel | Logarithmic
wt.% | wt. % | vol vol volume | volume | model model | model
fraction | fraction
0 100 0 41.152 0 1 6.37 6.37 6.37

76 24 9.935 9.877 0.501 0.499 14.709 | 9.993 12.127
77 23 10.065 9.465 0.515 0.485 14.941 | 10.154 12.345
78 22 10.196 9.053 0.530 0.470 15.179 | 10.324 12.574
79 21 10.327 8.642 0.544 0.456 15.424 | 10.505 12.814
80 20 10.458 8.230 0.560 0.440 15.676 | 10.699 13.066
81 19 10.588 7.819 0.575 0.425 15.936 | 10.906 13.331
82 18 10.719 7.407 0.591 0.409 16.204 | 11.128 13.610
83 17 10.850 6.996 0.608 0.392 16.481 | 11.367 13.904
84 16 10.980 6.584 0.625 0.375 16.766 | 11.624 14.214
85 15 11.111 6.173 0.643 0.357 17.061 | 11.902 14.541
86 14 11.242 5.761 0.661 0.339 17.365 | 12.204 14.887
87 13 11.373 5.350 0.680 0.320 17.680 | 12.533 15.253
88 12 11.503 | 4.938 0.700 0.300 18.005 | 12.891 15.641
89 11 11.634 | 4.527 0.720 0.280 18.342 | 13.285 16.053
90 10 11.765 4.115 0.741 0.259 18.690 13.719 16.490
91 9 11.895 3.704 0.763 0.237 19.052 | 14.199 16.957
92 8 12.026 3.292 0.785 0.215 19.426 | 14.733 17.454
93 7 12.157 2.881 0.808 0.192 19.814 | 15.332 17.985
94 6 12.288 2.469 0.833 0.167 20.217 | 16.008 18.554
95 5 12.418 2.058 0.858 0.142 20.636 | 16.775 19.163
96 4 12.549 1.646 0.884 0.116 21.072 | 17.655 19.818
97 3 12.680 1.235 0.911 0.089 21.524 | 18.674 20.524
98 2 12.810 0.823 0.940 0.060 21.996 | 19.869 21.285
99 1 12.941 0.412 0.969 0.031 22.487 | 21.287 22.108
100 0 13.0719 0 1 0 23 23 23




