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ABSTRACT

EFFECT OF HOT ISOSTATIC PRESSING ON DENSIFICATION,
MICROSTRUCTURE, AND ELECTRICAL PROPERTIES OF
0.95MgTi0O3-0.05CaTiOs CERAMIC

Gtintop, Selin
Master of Science, Metallurgical and Materials Engineering
Supervisor: Prof. Dr. Abdullah Oztiirk

January 2023, 88 pages

The effect(s) of hot isostatic pressing (HIPing) on densification, microstructure, and
electrical properties of pressureless sintered 0.95MgTi03-0.05CaTiO3z (M0.95CT)
ceramic was researched. M0.95CT ceramic was prepared by the mixed oxide
method. The powder mixture of the oxide components in appropriate molar ratios
was compacted in a stainless steel die by uniaxial action pressing. The square shaped
compacts with nominal dimensions of 35 mm in size and 4 mm in thickness were
pressureless sintered in air at temperatures of 1300, 1350, and 1400 °C for 1 h. The
MO0.95CT ceramic pressureless sintered at 1400 °C had 96.06% relative density.
HIPing was applied at 1200 °C for 1 h only to the M0.95CT ceramic pressureless
sintered at 1400 °C . The effects of HIPing on the characteristics and electrical
properties of M0.95CT ceramic was evaluated on the samples produced by
application of HIP and without HIP. Results revealed that HIPing has a profound
influence on densification, microstructural development, and electrical properties

especially on insulating behavior of M0.95CT ceramic.



Keywords: 0.95MgTiOs-0.05CaTiOs ceramic, mixed oxide method, hot isostatic

pressing, microstructure, electrical properties
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0z

SICAK IZOSTATIK PRESLEMENIN 0.95MgTiOs-0.05CaTiOs
SERAMIGININ YOGUNLASMASI, MIKRO YAPISI, VE ELEKTRIKSEL
OZELLIKLERINE ETKISi

Gtintop, Selin
Yiiksek Lisans, Metalurji ve Malzeme Miihendisligi
Tez Yoneticisi: Prof. Dr. Abdullah Oztiirk

Ocak 2023, 88 sayfa

Sicak izostatik preslemenin (HIP) 0.95MgTi03-0.05CaTiO3 (M0.95CT) seramiginin
yogunlagmasi, mikroyapisi, ve elektriksel 6zellikleri iizerindeki etkileri aragtirildu.
MO0.95CT seramigi, geleneksel oksit karisimlart yontemiyle hazirlandi. OKsit
bilegenlerinin uygun molar oranlarda toz karigimi, tek yonlii presleme ile paslanmaz
celik bir kalipta sikistirildi. Nominal boyutlart 35 mm, kalinli§it 4 mm olan kare
seklindeki kompaktlar 1300, 1350 ve 1400 °C'de havada 1 saat basingsiz sinterlendi.
1400 °C 'de basingsiz sinterlenen MO0.95CT seramigi, %96.06 bagil yogunluk
gostermigtir. HIP sadece 1400 °C 'de basingsiz sinterlenen M0.95CT seramigine
1200 °C'de 1 saat uygulandi. HIP uygulamasinin MO0.95CT seramiginin
karakteristiklerine ve elektriksel Ozelliklerine etkileri, HIP uygulanmig ve HIP
uygulanmamis numuneler {izerinden degerlendirilmistir.  Sonuclar, HIP
uygulamasinin M0.95CT seramiginin yogunlasmasi, mikroyapisal gelisimi, ve
elektriksel ozelliklerine &zellikle yalitkan davranist lizerinde ciddi etkilerinin

oldugunu ortaya koydu.
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Anahtar Kelimeler: 0.95MgTi0O3-0.05CaTiO3 ceramic, oksit karigimlar1 yontemi,

sicak izostatik presleme, mikroyapi, elektriksel 6zellikler
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CHAPTER 1

INTRODUCTION

Magnesium calcium titanate (MgCaTiOg) dielectric ceramics take place an important
position in fabrication of modern communication devices due to their good electrical
properties such as quality factor (Qf), dielectric constant (€r), and near-zero
temperature coefficient of resonant frequency (tf). [1] The optimum combinations
of these properties are required if they are to be used in special applications such as

mobile phones, antennas, and global positioning systems.

Many microwave dielectric ceramics including CaLaTisO1s5, Ba(Y12Tauy2)Os, and
NdAIOs exhibit good dielectric properties but, relatively high starting material cost
and difficulties encountered in the preparation procedures restrict their usage. [2]
MgTiOs ceramics not only have low material cost but also show good microwave
properties including high Qf, and high €r. However, its tf value, which symbolizes
the change of the resonance frequency with temperature, is negative. [3] A large tf
value imposes a limitation of MgTiOs ceramics for sensitive applications where the
temperature change is high. For that reason, small amount of CaTiO3 that has
positive tf value is incorporated toMgTiO3z ceramics to bring the tf value closer to
zero. The Mg0.95Ca0.05TiOs, (MO0.95CT) composition meets the desired
microwave dielectric properties with the high Qf (56.000 GHz), suitable €r (20-21),
and low tf (~0 ppm/°C) values. [4]

Besides chemical composition, dielectric properties of ceramics are also highly

dependent on microstructural features such as presence of second phase, grain size,



and porosity. [5] Therefore, in order to obtain desirable dielectric properties,
appropriate synthesis and processing processes must be applied. M0.95CT ceramics
could be produced by several methods such as the sol-gel, mixed oxide, high energy
ball milling (HEBM) [6] coprecipitation, hydrothermal, and spray and freeze drying.
[7] Among these methods, the mixed oxide method is commonly employed since it

offers the advantages of large-scale production and low cost of processing.

The reagent-grade oxides MgO, TiO», and CaCOs in appropriate molar ratios are
mixed and sintered to prepare M0.95CT ceramics by the mixed oxide method. [3]
Undesirable MgTi>Os phase often develops as an intermediate phase during
sintering. Samyuktha et al. [8] concluded that removal of the secondary MgTi2Os
phase from samples using the mixed oxide approach is challenging because it
demands a high sintering temperature of about 1450 °C. Liou et al. [3] reported that
as a result of solid-state sintering performed without calcination, M0.95CT ceramic
contains a high amount (45.6%) of undesirable MgTi>Os phase whose amount of this
phase decreases to 37.2% as the sintering temperature increases. Although phase
pure MgTiOz ceramics can be produced by the sol-gel and co-precipitation methods,

these chemical processes are not efficient in terms of processing cost and time. [9]

High sintering temperatures lead to higher sintered density and consequently good
dielectric properties but, the increase in grain size occurring during sintering should
be avoided. Ferreira et al. [10] reported that the average grain size of the M0.95CT
ceramics sintered at 1350 °C was 15.7 um. As the temperature increased to 1400
°C, the grain size increased quickly to ~49.7 um. Jawahar et al. [11] stated that
abnormal grain growth and large grain sizes reduce the strength of ceramics.
Compared to second phases and grain size, porosity has a more detrimental effect on
the dielectric properties. The distribution, amount, and morphology of the pores
adversely affect the mechanical performance of ceramic materials as well as their

dielectric properties. [12] Microstructure with nearly full density and homogeneous



distribution of pores are required to achieve desirable dielectric properties. Sanoj et
al. [6] confirm that liquid phase sintering provides full densification at lower
sintering temperatures. However, it is well known that this sintering technique
degrades the dielectric properties due to grain growth and the presence of the

detrimental second phase at the grain boundaries.

Hot isostatic pressing (HIPing) is applied in an inert atmosphere to the pressureless
sintered ceramic parts in order to eliminate or minimize the porosity present in the
structure. An increase in density is reached as the pressureless sintered ceramic parts
are HIPed since high pressures and temperatures could be applied simultaneously.
The structural and physical properties of M0.95CT ceramics are expected to be
improved by HIPing due to the reduction of the porosity since low partial oxygen
pressure is practiced during sintering. [13]

The purpose of this research is to understand the effect(s) of HIPing on the
microstructural development and dielectric properties of M0.95CT ceramics. The
motivation was to get information and gain practice on the factors affecting the
production of M0.95CT ceramics so that dielectric ceramics with better properties
are produced domestically.






CHAPTER 2

LITERATURE REVIEW

2.1 MgTiOs- CaTiOs Ceramics

MgTiOs-based ceramics have been widely used as dielectric materials for resonators,
filters, and antennas in communication systems such as radar and global positioning
systems (GPS) that operate at microwave frequency. A well-known microwave
material for dielectric resonators and filters is MgTiOs-CaTiOs. [14] The materials
for microwave resonators and microwave device substrates must combine dielectric
properties of a high dielectric constant (€r), a low dielectric loss (Df) (high quality
factor, where Qf = 1/tand), and a nearly zero temperature coefficient of resonant
frequency (tf), in order to miniaturize the devices and for the systems to work with

high efficiency and stability. [15]

MgTiOs has an ilmenite-type structure with following properties €r = 17, Qf =
160,000 GHz, and Df = -50 ppm/°C. [16], [17] Ceramics made of a composition of
0.95MgTi03-0.05CaTiOsz (M0.95CT) have Df = 0 with €&r = 21 and Qf = 56,000
GHz and meets the required dielectric properties with small amount of CaTiO3
addition. [18]

The MgO-TiO2 and CaO-TiO- binary phase diagrams are shown in Figure 1 and
Figure 2, respectively. The stable phase mixture of MgTiO3z and MgTi.Os transforms
to liquid phase between 1605 and 1660 °C, as represented in Figure 1. Liquidification
temperature depends on the mixture ratios of MgTiO3z and MgTi2Os phases. The
stable phase of CaTiOstransforms into liquid phase at 1970 °C, as seen in Figure 2.
The TiO content of the composition investigated in this study is very high compared

to CaTiOs, therefore 1460 °C is the minimum temperature for the development of



the liquid phase. Hence, 1460 °C was considered instead of 1970 °C for the
determination of the maximum working temperature. Orek [19] also stated that
during sintering process of the MO0.95CT ceramic, 1460 °C is the maximum
operating temperature for the synthesis as seen in the MgTiOs- CaTiOz binary phase
diagram in Figure 3. Therefore, during the calcination and sintering processes used
to fabricate M0.95CT ceramics, operating temperatures above approximately 1460
°C should be avoided. Also, by selecting lower sintering temperatures, abnormal
grain growth and occurrence of large grain size which lower strength and dielectric

properties are hindered. [11]
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The effect of small quantities of dopants and glass additives on the sintering
temperature and microwave dielectric properties of M0.95CT was investigated by
several researchers. [22][23] Ichinose and Yamamoto [23] reported that the sintering
temperature was reduced to approximately 1000 °C when 5 mol% V20s was added
to M0.95CT powder. However, in this case the resultant sintered ceramic was
multiphase, consisting of MgTiOs, MgTi.Os, and CasMg4VeO24 phases, and

deterioration in the dielectric properties was recognized.

2.2 Dielectric Mechanisms

A dielectric material is an electrical insulator that may become polarized by an
applied electric field in electromagnetism. [23] When an electric field is applied to a
dielectric material, electric charges shift from their average equilibrium positions,
leading to dielectric polarization. Dielectric polarization causes positive charges to
move in the field's direction while negative charges move in the field's opposite
direction. [24]

The four most common polarization mechanisms are atomic, ionic, dipole, and space
charge polarization. Atomic polarization is the result of an external electric field
being applied to the bulk material, which causes an electric strain to be produced in
an atom. It happens when negatively charged electrons and positively charged
nucleus of an atom move in the opposite direction of one another. It is schematically
shown in Figure 4 (a). lonic polarization results from the displacement of cations and
anions in an ionic solid when it is exposed to an externally generated field. It is
schematically shown in Figure 4 (b). The molecules are randomly orientated in the
substance due to thermal activation in the absence of an electric field, and there is no
net dipole moment. The external electric field attempts to align these asymmetric
(polar) molecules with permanent dipoles parallel to the field when an alternating
electric field is applied. This results in dipolar polarization, as seen in Figure 4 (c).
Space charge polarization results from the accumulation of free charges at grain/

phase boundaries, defect regions, or free surfaces. Since the substance has an equal



quantity of positive and negative ions without an electric field, there is no separation
of charges between the opposing ions. It is seen that the more mobile charges that
are displaced by an external field and accumulate at barriers like grain/phase
boundaries or at free surfaces with the application of an electric field. It is

schematically shown in Figure 4 (d). [25]
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Figure 4. Schematics of (a) atomic, (b) ionic, (c) dipole, and (d) space charge
polarization mechanisms. [25]




Electrical polarization is the most crucial characteristic of dielectrics, but their
electrical conductivity is often low. Key characteristics of dielectrics in relation to
semiconductors, a macroscopic description of electrical polarization, as well as

various polarization mechanisms, are all taken into account. [26]

Total permittivity of a material is influenced by several polarization or dielectric
processes, as displayed in Figure 5. Also, dielectric behavior can be influenced by a
variety of dielectric mechanisms. At microwave frequencies, space charge and dipole
orientation interact very significantly. Over the microwave area, ionic and atomic
mechanisms are typically constant and rather weak. There is a characteristic "cutoff
frequency” for each dielectric mechanism. The slower mechanisms gradually
disappear as frequency rises, leaving the quicker ones to add to the real part of
permittivity (Er'). Each critical frequency corresponds to a peak in the imaginary part
of permittivity (€r") in Figure 5. For various materials, each mechanism has a

different magnitude and "cutoff frequency." [27]

The details of €r' and €r" mechanisms are given in Section 2.3.

>_A
=
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w
]
£ atomic
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Figure 5. Variation of dielectric constant with frequency. [28]
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2.3 Dielectric Constant and Loss

A substance is referred to as "dielectric” if it can store energy when an external
electric field is introduced. [29] The dielectric constant and capacitance with a
substance are related. If a parallel plate capacitor with a DC voltage source V is
crossed as shown in Figure 6, more charge is stored when a dielectric substance is

present between the plates than when nothing is there (a vacuum). [29]

Wt T
C\D tI........
O

Figure 6. Parallel plate capacitor schema (DC case). [27]

According to Eqgns (1) and (2), capacitance and dielectric constant of the dielectric
materials are connected. A and t are the area of the capacitor plates and their distance
from one another, respectively, while C and Co represent capacitance with and

without a dielectric, respectively, as shown in Eq (2).
A
Co= 7 Eq. (1)
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&r=C/ Co Eq. (2)

The amount of energy from an external electric field that is stored in a material is
indicated by the real part of permittivity (€r'). Loss factor (Df), often known as the
imaginary part of permittivity, is a measurement of how dissipative or lossy a
material is to an external electric field. The imaginary part of permittivity (Er ") is
often significantly less than €r' and is always larger than zero. Both conductivity and
dielectric loss are factors in the loss factor. [27]

The real and imaginary components are 90° out of phase in a basic vector diagram
of complex permittivity as shown in Figure 7. The ratio of the €r " to the €r' is known
as the loss tangent, or tand. The Q stands for quality factor, while Df stands for
dissipation factor. The Df and tand are the same for the loss tangent, as indicated in

Eq (3). The reciprocal of Df, an electronic microwave material, is also referred to as

Q. [27]

O

Figure 7. Loss tangent vector schema. [27]

Erll_

tano = —
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Eq. (3)
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2.4 Mixed Oxide Method

Mixed oxide method is commonly used for the production of ceramic parts in
perovskite structure, ABOs, where A is an alkaline earth metal and B is a transition
metal (B =Ti, Zr, Mn, Fe, or Co). The mixed oxide method is a very suitable method
for large-scale production and low cost of processing. It is commonly used to
fabricate capacitors, transducers, non-volatile ferroelectric memory devices, high
temperature piezoelectric sensors [30], and dielectric substrates etc. It has the
disadvantages of low homogeneity and purity. [7] The parameters affecting the
processing in the mixed oxide method are particle system, particle characteristics,
mixing time, compaction technique and pressure, sintering type and conditions (time,

temperature, pressure, etc.). [31]

In order to fabricate ceramic parts by the mixed oxide method, multicomponent
oxide powders, starting ingredients, often metal oxides and carbonates are first
blended together. Then, the resulting mixtures are crushed or milled followed by
compaction. After compaction, a calcination procedure is applied several times with
intermediate grinding steps. The grinding process may introduce contaminants into

the system. It also produces particles with angular shapes. [32]

Compaction of the powder comes after the calcined and ground powder has been
combined with processing additives. External pressure may be applied to get greater
compact densities. Usually, uniaxial die pressing is applied for compaction. As
compaction occurs, the number of contact points between the particles increases. The
form and size of the particles can have an impact on compaction behavior. [33]

Following the compaction step, the compacts are pressureless sintered at elevated
temperatures usually in air. As necessary throughout the sintering process, the
powder particles do not melt; rather, atomic diffusion takes place in the solid state to
bring the particles together and reduce the porosity (i.e., densification) of the body.
Although the simplest kind of sintering is solid state sintering, the processes that take
place and how the particles interact may be rather complicated. Reduced surface free
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energy of the consolidated mass of particles is the driving force for sintering. Atom
diffusion mechanisms that either densify the body (by moving materials from inside
the grains into the pores) or coarsen the microstructure can achieve the reduction in
the surface free energy. In coarsening, the rearrangement of matter between different
parts of the pore surfaces takes place without actually leading to a decrease in the
pore volume. The coarsening process decreases the driving force for power for
densification. This interaction is frequently described as a conflict between
densification and coarsening during the sintering process. [29]

The flowchart showing the main steps involved in the production of polycrystalline

ceramics by the mixed oxide method is presented in Figure 8.

Powder |

mixing (e.g., with binder or additives)

(e.g., die pressing, slip casting,
consolidation plastic forming or injection
molding)

debinding (binder burnout)

i

Shaped Powder Form
(green body)

firing

i

Dense
Polycrystalline
Product

Figure 8. Flow chart showing the main steps involved in the production of
polycrystalline ceramics. [29]
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2.5  Hot Isostatic Pressing (HIPing)

Hot isostatic pressing (HIPing) provides consolidation of workpiece (usually
powder) by using isostatic pressure and heat simultaneously. The HIP process uses
argon or nitrogen as inert gas to apply high pressure (50-200 MPa) and high
temperature (300-2500 °C) to the exterior surface of workpiece. [34]

The workpiece is generally enclosed in an evacuated glass, ceramic, or sheet metal
capsule. In order to prevent deformation during compression, care must be given
throughout the capsule's design and filling process. Encapsulation is not necessary
for sintered or casted workpiece since the surface of the workpiece acts as its own

capsule. [35] There are two main routes for HIPing ceramics, as shown in

Figure 9.

Siy N, E
| J
1
Form
1
Nitride
I
| 1
Sinter Encapsulate
| |
|
HIP

Figure 9. HIPing of SisN4 ceramics. [35]
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In the first technique, the desired shape is created by cold isostatic pressing with
machining, injection molding, extrusion, or slip casting using ceramic powder with
additives. Precision and repeatability of the density distribution are required in order
to obtain excellent tolerances in the finished product. Before encapsulation, forming
ingredients like plasticizers and binders are taken out of the green body. A cover of
glass is then placed to the body. The glass is sealed using hot evacuation, which can
be done in a vacuum furnace before being heated up and transferred to a HIP unit.
After cooling, the glass capsule is fractured, and the piece is removed using
sandblasting. The benefit of this process is that it requires a negligible quantity of
sintering aids, whereas other procedures typically do not allow for good
densification. Low enclosing temperatures help to prevent weight loss and
decomposition.

Encapsulation is not used in the second technique. After the green body is formed,
the body is sintered to eliminate interconnected pores. Next, the green body is HIPed.
This technique frequently causes significant weight loss that affects composition and
tolerances. With some effectiveness, nitrogen gas has been utilized to prevent
breakdown in silicon nitride, and oxide ceramics have also benefited from the
application of oxygen partial pressures. The cost of encapsulation is reduced with
this technique. [35]

HIP was initially used with pressure bond or diffusion bond fuel components.
However, its promise in other unconnected fields was immediately realized. Soon
after its discovery, it was applied to the significant areas; removing internal casting
flaws and restoring the functionality of castings that have been harmed by service,
diffusion bonding, sintering and densification of ceramics, and powder metallurgy.
[35] Alumina, silicon carbide, silicon nitride, lead zirconate-titanate, yttria stabilized
zirconia, and other ceramics have all been produced by HIPing.
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2.6 Resistivity

Electrical resistivity (p), which measures a substance's resistance to current flow and
is the inverse of conductivity (o), is a fundamental attribute of materials. [36]
Resistivity is one of the most sensitive measures of the electrical transport in
materials. It ranges from 10%2 cm for the best insulators to 10 cm for a typical metal.
Conductivity in semiconductors is determined by the availability of charge carriers
(electrons or holes) and the mobility of the carriers. [37] Conductivity has many
processes which affects how it responds to temperature. Because more carriers are
produced as temperature rises in semiconductors, conductivity increases but, in
metals, conductivity decreases as temperature rises (more scattering by the lattice).
[38]

Whether a thin film or a bulk sample of the material is being used to measure
conductivity will affect the method employed to do so. While just somewhat more
challenging, a four-point bulk measurement provides substantially higher accuracy.
The four-point probe approach, as shown in Figure 10, uses four equally spaced in-
line probes with modest probe tip sizes compared to the probe spacing. The probe
tip and the sample are considered to have ohmic contact. The voltage difference is
measured between the two inner probes, while current is typically transmitted
between the two outside probes. [37]

In a four-point probe measurement, resistivity is calculated by Eq (4)

p = 2nsFV /I Eq. (4)

if a correction factor (F), measured voltage (V), force current (1), and probe spacing
(s) are used. When placing probes close to the center of a material with a semi-
infinite thickness and a bigger area, the probe spacing, F, is unity. [37]
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Figure 10. The four-point probe approach schema. [37]

2.7 Hall Effect

The ratio between the induced electric field and the sum of the applied magnetic field
and current density is known as the Hall coefficient. Hall effect measurement schema
is shown in Figure 11. Due to the fact that its value is influenced by the type, number,
and properties of the charge carriers that make up the current, it is a property of the
material from which the conductor is produced. [39] The Hall effect is a modular
approach that provides data on carrier concentrations, mobility, and indirectly
estimates of scattering processes, all of which alter conductivity as a function of

temperature. [37]

18



O
L

T
—_—

v

VN N
| —

Figure 11. Hall-Effect Measurement Schema. [37]

|

“y

feoe

J||

Numerous criteria, such as available size, manufacturing methods, measurement
time constraints, etc., should be taken into account when choosing the type of
geometrical structure to utilize for a particular application. Figure 12 illustrates six
of the most common structures in consideration of these factors. Almost every
semiconductor material responds favorably to indium when applied with a soldering
iron. Considering the geometry of the sample produced and the ease of applying
indium, in this study, the square configuration was used in the Hall effect

measurement. [37]
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Figure 12. Different configurations for Hall effect measurements: (A) Hall bar; (B)
Hall bar with contact arms; (C) Square; (D) Greek cross, (E) Circle; (F) Cloverleaf.
[37]

2.8 Absorbance

The measurement of a light beam's attenuation after it has passed through a sample
or has been reflected off a sample surface is known as ultraviolet (UV) and visible
(UV-Vis) absorption spectroscopy. [37] Molecules often experience electronic
excitations in the UV and visible spectrums. From the UV to the near infrared (NIR),
charge transfer bands are possible. The band gap of a semiconductor can range from
the UV to NIR and is dependent on the material and physical parameters. The process
of preparing samples for UV-Vis spectroscopy is often simple. A suitable solvent or
pH buffer is used to detect absorbing chemical composition that are in solution or
that can dissolve. [37]

Since UV-vis spectroscopy examines electrical transitions between the valence band
(VB) and the conduction band (CB), it provides a practical approach for determining
the optical band gap for semiconductors. The energy difference between the valence

band minimum (VBM) and the conduction band maximum (CBM), which is the
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definition of the electronic band gap, is not always equal to the optical band gap;
however, it is frequently approximated as such because there are few practical ways

to measure the electronic band gap. [40]

An electron needs a specified minimum amount of energy for the transition, known
as the band gap energy, in order to go from a VB to a CB. The semiconductor
industries both depend on accurate band gap measurements. In comparison to
semiconductors, insulators have a higher band gap energy (i.e., > 3 eV). [41]

hc
E = 7 Eq. (5)

where: h is 6.626x1073* JS, and ¢ is 3x108 ms™.

21






CHAPTER 3

EXPERIMENTAL PROCEDURE

3.1  Sample Preparation

MO0.95CT ceramics were prepared by the mixed oxide method. Reagent grade
Magnesium oxide (MgO), Calcium carbonate (CaCOs3), and Titanium dioxide (TiOz)
powders used in this study were supplied from local companies. Name, chemical
formula, supplier, and purity of the powders used in the production of MO0.95CT
ceramic are listed in Table 1. Particle size of the starting powders varied in the range

of 1-10 um according to Certificate of Conformance (COC) document.

Table 1. Powders used in the production of M0.95CT ceramics.

Chemical ) Purity
Powder Name Supplier CAS No.

Formula (wt%o)
Calcium Carbonate | CaCO3 Acros Organics | 471-34-1 99
Magnesium Oxide | MgO Kiimas 1309-48-4 | 98.8
Titanium Dioxide | TiO2 Aklar Kimya 13463-67-7 | 99

First the starting powders were weighed using a precision balance (OHAUS pionner)
with high accurracy (£0.0001) to their predetermined amounts. Then, the powders
were wet mixed in a ball mill at 60 rpm using distilled water. Alumina balls and
alumina jar were used as milling medium. The mixed powders were dried in a drying
oven at 120 °C for 24 h. The dried powder mixture was compacted using single

action pressing. Pressing was carried out in a tool steel die at 10 mm/s pressing speed
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up to a pressure of 45 MPa without binder addition. Square shaped pelets with
smooth curves at the corners had nominal dimensions of 50 mm length and 6 mm
thickness. The pellets were calcined in air at 1050 °C for 3 h. During calcination, a
heating and cooling rate of 4 °C/min was arranged. Schematic of calcination was

represented in Figure 13.

Figure 13. Calcination schedule.

1050 ®C-180 min
©
7.5 4 °C/min 4 °C/min
g
8
5
|_
Time (min)

The calcined powder in chunk form was crushed and ground by mortar with pestle.
In order to obtain a homogeneous mixture, the grinding process was performed
further in a ball mill using an alumina jar with alumina balls at 60 rpm for 24 h.
Distilled water was used for milling medium. After ball milling, the slurry obtained
was dried in an oven at 120 °C for 24 h. A second calcination process having the
same calcination schedule with the first one was performed at 1050 °C for 3 h to
ensure that all the starting powders have reacted and the desired phases have been

obtained.

The comminution processes performed after the first calcination were repeated also

after the second calcination and MO0.95CT powder was obtained. After that,
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MO0.95CT powder was mixed with only distilled water without any binder addition
and dried in the same way previously done after the first calcination. Dried M0.95CT
powder was combined with 0.5 wt% polyvinyl alcohol (PVA) in an agate mortar
with pastle and sieved through a 60 um screen to produce a fine, homogenous powder
for pressing. In order to get a compact with the required size and geometry,
compaction of the powder was accomplished by uniaxial pressing in a tool steel die
at various (80, 120, 160, 200, and 240 MPa) pressures.

Square shaped compacts with smooth curves at the corners having nominal
dimensions of 40 mm in size and 5 mm in thickness were pressureless sintered in air
at temperatures of 1300, 1350, and 1400 °C. Sintering took place in three steps as
shown in Figure 14. In order to eliminate organic residuals introduced from ball
milling process and binder addition, green bodies were first heated to 600 °C at a
rate of 4 °C/min and soaked there for 30 min. In order to be sure that there is no
unreacted powders, the temperature was brought to the calcination temperature for 1
h. The temperature was then increased for the same durations (1 h) to the maximum
sintering temperature at 1300, 1350, and 1400 °C. The heating and cooling rates were

4 °C/min. Figure 15 (a) shows a pressureless sintered M0.95CT ceramic pellet.

The pressureless sintered pellets were then HIPed at 1200 °C at 120 MPa for 1 h.
Hereafter the M0.95CT ceramic first pressureless sintered at 1400 °C and then HIPed
at 1200 °C will be called M0.95CT-HIP ceramic. During HIPing, Argone (Ar) gas
was used as the inert atmosphere. Gas flow continued throughout the HIPing. Figure
15 (b) shows a M0.95CT-HIP ceramic pellet. It can be interpreted that there is a
noticiable color change after HIPing, and dark-coloered pellet was obtained.A 10
°C/min of heating and cooling rate was applied during HIPing. The HIPing schedule
displaying the time, temperature, and heating rate for the preparation of the
MO0.95CT-HIP ceramic was illustrated in Figure 16.
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1300, 1350, 1400 °C- 60 min

1050 °C- 60 min

600 °C- 30 min

Temperature (°C)

Time (min)

Figure 14. Sintering schedule for M0.95CT ceramic.

Figure 15. M0.95CT ceramic pellets; (a) pressureless sintered at 1400 °C, and (b)
HIPed at 1200 °C.
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1200 °C- 60 min

10 °C/min 10 °C/min

Temperature (°C)

Time (min)

Figure 16. HIPing schedule for M0.95CT-HIP ceramic.

The process flow diagram including the steps used in the production of M0.95CT
and M0.95CT-HIP ceramics is shown in Figure 17.
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| Sieving (< 60 pm)

| Uniaxial Pressing (120 MPa, 10 mm/'s)

¥
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Figure 17. The process flow diagram including the steps used in the production of

MO0.95CT and MO0.95CT-HIP ceramics.
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3.2 Characterization

3.2.1 X-Ray Diffraction (XRD) Analysis

An X-Ray diffraction analyzer (XRD, Rigaku Miniflex 600) was employed to
identify the crystal structure and the phases present in the starting, calcined, and
MO0.95CT powders as well as the pressureless sintered M0.95CT ceramics and
MO0.95CT-HIP ceramics. X-Ray analyses were done using Cu-Ka radiation (A
= 1.5418 A) between 20 of 10 and 90° at a voltage of 40 kV at a scan rate of 2
°/min. XRD patterns were investigated by PDXL (Integrated X-Ray Powder

Diffraction Software).

3.2.2 Scanning Electron Microscopy (SEM) Analysis

A Scanning Electron Microscopy (SEM, Zeiss Merlin/Feg) was used to examine the
microstructure of M0.95CT and M0.95CT-HIP ceramics. Fracture surface, polished
and chemically or thermally etched surface of both ceramics were examined using
SEM. Back-scattered imaging was done for distribution of the phases in the structure
since it creates contrast difference. The operational voltage varied from 5 to 20 kV.
Before SEM examination, all ceramics were sputter coated with a thin layer of gold

to provide conductivity.

3.2.3 Energy Dispersive Spectroscopy (EDS) Analysis

An Energy Dispersive Spectroscopy (EDS), attached to SEM was used to examine
compositional variations in M0.95CT and M0.95CT-HIP ceramics. The operational

voltage was 20 kV.
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3.2.4 Particle Size Analysis

Particle size analyzer (Malvern Mastersizer 2000 Ver. 5.40) was used to measure
particle size and size distribution of the particles in the starting powders and in the
calcined M0.95CT powder. Distilled water was used as dispersion medium. Each

measurement was repeated 3 times and the mean average was taken as data.
3.3 Property Measurement

3.3.1 Density

The density and open/closed pore ratio of M0.95CT and MO0.95CT-HIP ceramics
were calculated in accordance with the Archimedes' technique. A precision digital
balance (Sartorius CP224S) was employed for measurements. Xylene with a density
of 0.865 g/cm? [42] was used for the measurements since it can penetrate the pores
in the sample more effectively. With the use of metal hanger, the sample to be
evaluated was immersed in xylene for 24 h, and the balance was measured. Density

value was calculated using Eq (6).

m(air)x p(xylene) Eq. (6)

m(xylene—air)—m(xylene)

p(ceramic) =

Where;
e peeramic: The calculated density of the ceramic (g/cm?3)
® Mair: The weight of the ceramic measured in air (g)
® Myyene: The weight of the ceramic measured in xylene (g)

® Myyleneair:  1he weight of the ceramic removed from the xylene by

quickly drying the outside ()

® pxylene: The density of xylene (g/cm?®)
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In order to manage the production of a high quality ceramic item with regard to its
ultimate size and shape, the porosity, and microcracks in the body knowing the
compact density of a green ceramic body is essential. Archimedes' method is not
suitable for the determination of the density of green body ceramics due to dispersion
of the body in the solvent. [43] A micrometer was employed to measure the nominal

dimensions hence, to calculate the density of the green body of M0.95CT ceramics.

3.3.2 Dielectric Constant and Dielectric Loss

The €r of the M0.95CT ceramics pressureless sintered at temperatures of 1300, 1350,
and 1400 °C, and HIPed at 1200 °C was measured in accordance with parallel plate
(electrode) capacitor technique using an LCR (Inductance Capacitance Resistance)
meter, (Hioki IM3536). Also, Df of the M0.95CT ceramic pressureless sintered at
1400 °C was measured before and after the application of HIPing using the same
technique that operates at low frequencies (less than 1 GHz). [44] The &r values at
the microwave frequency range (1-3 GHz) [45] could not be measured with this
device. Parallel plate test parameters are obtained by considering the dimensions of
the material and measuring the capacitance (C) and Df. The measurement of the €r
uses the C value. This technique has simple sample preparation and setup
requirements and high measurement accuracy (x 1% for €r and 5% = 0.005 for Df).
However, if air gap and its effects are not considered and calibrated, they might lead
to considerable errors. Additionally, the electrode polarization effect might lead to
inaccurate results. High frequency measurement provides more accurate outcomes
since this affect decreases with increasing frequency. [44] Measurement frequency
was kept at 1 MHz for this study. Also, alumina (Al203) ceramic with 4 mm thickness

as a reference sample was used to ensure measurement accuracy.

Before the measurements, surfaces of the pellets were ground and polished to obtain

flat and parallel surfaces. The surfaces of the pellets with 35 mm in length were first
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roughly ground using SiC sandpapers to get the reference sample thickness of 4 mm.
Then, lapping was applied to achieve a polished and parallel surface. In order to
evaporate the lapping liquid accumulated in the pores of the pellets, the pellets were
placed in a drying oven and dried at 120 °C for 1 h. The measurement was carried
out by clamping the pellet between two parallel electrodes with 29.73 mm diameter.

Therefore, there was no need for the metallization of the pellet.

By using fixed electrodes rather than metallization, the cost of the paste (gold or
silver) can be reduced and the heat treatment needed for the paste's drying can be

avoided.

3.3.3 Resistivity

The resistivity of the M0.95CT ceramics pressureless sintered at 1400 °C were
measured before and after the application of HIPing in accordance with four-probe
method using an electric resistance measurement instrument (Advance Riko, ZEM-
3 Series). The measurements were performed from room temperature up to 400 °C
at 100 °C intervals. The calibration of the device was tested using constantan alloy

(55% copper and 45% nickel alloy).

After going through the surface preparation procedure (lapping and polishing) as
explained in Section 3.3.2, the pellets were brought to nominal dimensions of 4 mm

square and 10 mm length for the measurement.

3.34 Hall Effect

The majority carriers (electrons or holes) of the M0.95CT ceramics pressureless
sintered at 1400 °C were measured before and after the application of HIPing using
Hall effect measurement instrument (Lakeshore 7600 Series). The measurements
were performed at room temperature. After going through the surface preparation

procedure (lapping and polishing) as explained in Section 3.3.2, the pellets were
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brought to nominal dimensions of 20 mm square and 2 mm thickness for the
measurement. Square geometry, shown in Figure 12 (c), was selected for
measurement. Then, indium contacts with a dimension of 1 mm or less were placed

on the corners.

3.35 Absorbance

The energy band gap (Eg) of the M0.95CT ceramics pressureless sintered at 1400
°C were measured before and after the application of HIPing using UV-Vis
Spectrometer (Scinco). The measurements were performed at room temperature.
Sintered ceramic was crushed in a mortar with a pestle to micrometer size of
particles. Approximately 100-150 mg powder was mixed with ethyl alcohol for the

measurement.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1  Characterization of Starting Powders

4.1.1 Particle Size Analysis

Particle size distribution histogram of the MgO starting powder is shown in Figure
18. Particle size analysis revealed that the powder has three modal distribution. The
size of the particles ranges from 0.6 to 36 um. The average particle size, dso, is 5.642
um. The values of dioand dgo are 1.148 and 18.636 um, respectively. The supplier
of the powder reports that the particles in the powder are in the range of 1-10 um
and the average particle size is approximately 5 um. The particle size data reported
by the supplier was confirmed by particle size measurement of the MgO starting

powder.

Figure 18. Particle size distribution histogram of the MgO starting powder.
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Particle size distribution histogram of the CaCOs starting powder is shown in Figure

19. Particle size analysis showed that the powder has multimodal distribution. The
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size of the particles ranges from 0.16 to 20 um. The average particle size, dso, is 1.725
um. The values of dioand dgo are 0.283 and 8.286 pum, respectively. The supplier of
the powder reports that the particles in the powder are in the range of 1-10 um. The
particle size data reported by the supplier was confirmed by particle size

measurement of the CaCOs starting powder.
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Figure 19. Particle size distribution histogram of the CaCOs starting powder.

Particle size distribution histogram of the TiO- starting powder is shown in Figure
20. Particle size analysis revealed that the powder has unimodal distribution. The
size of the particles ranges from 0.03 to 2 um. The average particle size, dso, is 0.451
um. The values of dipand dgo are 0.127 and 1.110 pum, respectively. The supplier of
the powder reports that the average particle size is approximately 5 um. The particle
size data reported by the supplier was higher than particle size measurement of the

TiO, starting powder.
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Figure 20. Particle size distribution histogram of the TiO, starting powder.

It should be noted that there is a margin of error in the measurements due to
agglomeration of the powders. Although an ultrasonic bath was applied to disperse
the agglomerates before the particle size distribution analysis, agglomeration of the
particles was not completely inhibited. The particle size distribution analysis
suggested that size reduction of the particles in all of the starting powders was
necessary for better sintering. Ball milling was applied to mix the starting powders

homogeneously and to reduce the size of the particles.

4.1.2 X-Ray Diffraction (XRD) Analysis

The XRD pattern of the MgO starting powder is presented in Figure 21. All 26 values
of the main peaks agree with the XRD peak positions of the MgO phase proven in
International Centre for Diffraction Data (ICDD) base. The ICDD data base (DB)
card number 00-071-1176 suggests that the material is periclase (MgO) that has
cubic crystal structure with Fm-3m space group. The characteristic peaks belonging
to the (111), (200), (220), (222), and (311) planes of pure MgO were detected at 26
angles of 36.9°, 42.9°, 62.3°, 74.6°, and 78.6°, respectively. The findings were

comparable with the results publicized by Balakrishnan et al. [46].
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The peak locations in DB card number 00-071-1176 and in the XRD pattern of the
MgO starting powder are almost the same suggesting that the material is
polycrystalline cubic structure of MgO. The minor phase detected in the XRD
pattern, besides MgO, is magnesite, Mg(COs) with the ICDD DB card number 00-
086-2346. The card states that Mg(COz) has a hexagonal crystal structure with the
R-3c space group. The characteristic peaks located at 26 of 32.6°, 35.9°, 42.9°, 46.8°,
and 53.9° were attributed to the (104), (006), (113), (202), and (116) planes,
respectively of the Mg(COz) phase. Similar results have been reported also by Choi
et al. [47] Mg(COs) phase present in the MgO starting powder since it was produced
by calcination of Mg(COz). Although Mg(COs) phase seems as impurity, it does not
introduce any chemical heterogenity to the products since it decomposes and

converts to MgO during the high temperature production processes.
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Figure 21. XRD pattern of the MgO starting powder.
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The XRD pattern of the TiO; starting powder is shown in Figure 22. The ICDD DB
card number 00-084-1286 suggests that the powder is anatase phase of TiO; with a
tetragonal crystal structure. No impurity phase was identified. The characteristic
peaks located at 20 of 25.4°,37.9°, 48.1°, 53.9°, 55.1°, 62.8°, 68.8°, 70.4°, and 74.1°
correspond to the (101), (112), (200), (105), (211), (204), (116), (220), and (215)
planes, respectively, of the phase pure anatase phase. Srinivasu et al. reported similar
results on the XRD analysis of TiO». [48]
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Figure 22. XRD pattern of the TiO> starting powder.

The XRD pattern of CaCOs starting powder is indicated in Figure 23. Single phase
was identified as calcite phase, CaCQOs, in agreement with the ICDD DB card number
00-086-0174 with hexagonal crystal structure. No impurity phase was detected. The
XRD peaks diffracted from (012), (104), (110), (113), (202), (016), (018), and (122)
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planes located at 26 of 23°, 29.4°, 35.9°, 39.4°, 43.1°, 47.1°, 48.5°, and 57.4° are
attributed to calcite phase. Render et al. [49] reported comparable results. In the XRD
pattern, the CaCOzs starting powder has nearly identical peak angels presented in DB
card number 00-086-0174.
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Figure 23. XRD pattern of the CaCOs starting powder.

4.1.3 SEM Analysis

Tpical SEM images taken at 1000X for the MgO, TiO, and CaCOs starting powders
are shown in Figure 24. SEM image of the MgO starting powder, represented in
Figure 24 (a), suggests that the powder has a wide size range of particles ranging
from 1 to 30 um. This image supports the particle size distribution analysis data
obtained for the MgO starting powder. No significant but partial agglomeration was

evident in the MgO starting powder. The particles are irregular in shape.
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SEM examination revealed that the TiO. starting powder includes particles from
nanometer to micrometer size as shown in the image in Figure 24 (b). The powder
have a wide range of particles ranging from 0.01 to 70 um. The size of the particles
in this image and that obtained from particle size distribution analysis, shown in
Figure 20, are somewhat different from each another. It is obvious that this powder
had a lot of agglomerates whereas, the ultrasonic bath used before the particle size
distribution analysis successfully dispersed the agglomerates. The TiOz particles are

irregular in shape.

The SEM image shown in Figure 24 (c) exhibits that the CaCOgz starting powder has
particles with various sizes less than 15 pm ranging from 1 to 15 um. SEM
examination revealed that the CaCOs particles are irregular in shape and show a
uniform distribution. Particle size distribution analysis data obtained for the CaCOs

starting powder was confirmed by the SEM examinations.
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Figure 24. SEM images of the (a) MgO, (b) TiO, and (c) CaCOs starting powders.
(1000 X)
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4.1.4 EDS Analysis

The EDS spectrum of the MgO starting powder is represented in Figure 25. The EDS
analysis indicated that the MgO starting powder composed of only Mg and O
elements. No impurity element was detected. EDS analysis revealed that the atomic
percentage of Mg and O is close to each other, implying that MgO is the only oxide
in this powder. EDS analysis confirms the results of the XRD analysis of the MgO
starting powder.
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Figure 25. EDS spectrum of the MgO starting powder. The EDS analysis was taken
at the spot shown in red color in the SEM image.

43



The EDS spectrum of the TiO. starting powder is shown in Figure 26. The EDS
analysis indicated that the TiO2 powder composed of Ti and O elements. No impurity
element was detected. EDS analysis revealed that the atomic percentage of O to Ti
is approximately 2, implying that TiOz is the only oxide in this powder. EDS analysis

confirms the results of the XRD analysis of the TiO> starting powder.
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Figure 26. EDS spectrum of the TiO> starting powder. The EDS analysis was taken
at the spot shown in red color in the SEM image.
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The EDS spectrum of the CaCOs starting powder is shown in Figure 27. The EDS
analysis indicated that the CaCOgz starting powder composed of Ca, C, and O
elements. No impurity element was detected. EDS analysis revealed that the atomic
percentage of C and Ca is close to each other, and the atomic percentage of O to C
element is approximately 3 implying that CaCOs is the only oxide in this powder.
EDS analysis confirms the results of the XRD analysis of the CaCOs starting powder.
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Figure 27. EDS spectrum of the CaCOg starting powder. The EDS analysis was
taken at the spot shown in red color in the SEM image.
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4.2 Characterization of the Calcined M0.95CT Powder

4.2.1 Particle Size Analysis

MO0.95CT powder was prepared as described in Section 3.1. The particle size
distribution of the M0.95CT powder calcined twice at 1050 °C and ball milled for 7
h was narrow and unimodal as shown in Figure 28. The average particle size of the
powder is 1.602 pm. The values of dip and dgo are 0.957 um and 2.730 pm,

respectively.
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Figure 28. Particle size distribution histogram of the M0.95CT powder.
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4.2.2 XRD Analysis

XRD analysis of M0.95CT powder was performed in pellet form as well as in
powder form. The XRD patterns were illustrated in Figure 29. Both patterns
exhibited diffraction peaks for MgTiOs (PDF Code: 00-079-0831), CaTiO3 (PDF
Code: 00-082-0229), and MgTi.Os (PDF Code: 00-089-6945). It is obvious that less
number of diffraction peaks was detected when the XRD analysis was done in pellet
form. The characteristic peaks of MgTiOs at 20.8°, 23.1°, 32.8°, 35.4°, 40.6°, 49.1°,
53.6°, 56.9°, 61.7°, and 63.7° belong to (101), (012), (104), (110), (113), (024),
(116), (018), (214), and (300) planes, respectively. Wang et al. [50] attributed the
five highest diffraction peaks appearing at 26 of 32.89°, 35.50°, 40.64°, 49.16°, and
53.65°t0 (104), (110), (113), and (024), and (116) planes for MgTiO3. The
characteristic peaks located at 23.1°, 32.8°, and 47.4° correspond to the (101), (121),
and (202) planes, respectively of the CaTiOz phase. The CaTiOz peak locations and
intensities coincided well with the standard XRD data of orthorhombic CaTiO3
included in the study of Han et al. [51] The characteristic peaks at 25.4°, 31.4°, 32.7°,
36.8°, 41.4°, 46.3°, 48.7°, 52.4°, 55.3°, and 59.9° belong to (101), (121), (230),
(131), (420), (430), (002), (341), (060), and (351) planes, respectively of MgTi2Os.
The findings are comparable with those reported by Nakagoshi and Suzuki [52].

The intensities of the XRD peaks for the unreacted MgO and TiO> phases were extra
when XRD was taken in powder form. This finding implies that the quantities of the
unreacted MgO and TiO2 phases are more as the calcination is done in powder form.
For that reason, the calcination procedure was carried out in pellets since this way
offers high atomic packaging and increases the possibility of phase transformation.
As the calcination is done in the pellet form, XRD analysis detected MgTiOs as
primary crystalline phase along with CaTiOz and MgTi20s as minor crystalline

phases.
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Figure 29. XRD patterns of M0.95CT powder.

The existence of two distinct phases, MgTiOs and CaTiOs, is an indication that no
solid solution formed between them. Wang et al. [2] concluded that MgTiOs
(ilmenite structure) and CaTiOs (perovskite structure) do not form a solid solution
because of their distinct crystal structures. Also, due to their significantly different
ionic sizes (Mg?* is 0.72 A and Ca?* is 1.00 A), MgTiOs and CaTiOs cannot be
mixed. [53] The second calcination is needed to ensure the reaction of the unreacted
phases and to eliminate the presence of the undesired MgTi>Os phase. The XRD
patterns of M0.95CT ceramics taken after the 1% and 2" calcination were shown in
Figure 30. The XRD pattern of the pressureless sintered M0.95CT ceramic is also
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included in Figure 30 for comparison purpose. The features of this pattern will be

discussed in the next section.

A comparison of the XRD patterns taken after the 1% and 2" calcination revealed
that, as predicted, the unreacted TiO2 phase has completely disappeared. Even though
the intensity of the unreacted MgO phase decreased, the peaks for the MgO phase
were still existent implying that there is still an excess of it in the calcined M0.95CT
ceramic. Unreacted MgO phase leads to formation of undesired MgTi2Os phase. It is
commonly known that MgTi.Os phase is easily produced during mixed oxide
synthesis and is difficult to eliminate entirely. Yu et. al. [54] suggested that by raising
the Mg/Ti ratio to a value slightly higher than 1.27, the formation of MgTi20s phase
can be inhibited but, in this circumstance due to the presence of excess MgO,
Mg2TiO4 phase forms as a second phase. Since the Mg/Ti ratio in this study was less
than 1.27, Mg>TiO4 phase was not detected in the XRD patterns.
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Figure 30. XRD patterns of M0.95CT ceramic. The patterns were taken after the 1%
calcination, 2" calcination, and pressureless sintering at 1400 °C.

4.3  Effect of Green Density

Green density of M0.95CT pellets was determined as described in Section 3.1. The
effect of applied pressure on the relative green density is shown in Figure 31. The
lowest green density was obtained at applied pressure of 80 MPa. An increase in
green density was observed as the applied pressure is increased. It can be interpreted
that, for each applied pressure, interparticle pores are reduced as a result of the
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rearrangement of particles and filling the available space. Also, particle deformation
started at particle-particle contact points. Because of the high degree of packing and
little room for rearrangement, the increase in density achieved at applied pressures
is small. It is obvious that the increase in density slows down at pressures of 200 and
240 MPa. It can be interpreted that the compact ceramic deformed elastically. If this
elastic deformation happens, the ejection force or pressure required to remove the
compact ceramic rises. Therefore, increase in density at higher applied pressures is
low. As a result, 120 and 160 MPa pressure was determined to be the most

appropriate pressures for the compaction.
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Figure 31. Variation in the relative green density with applied pressure.
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The effect of the pressure applied for the formation of the green body on the
densification of M0.95CT ceramic is shown in Figure 32. It is evident that 120 MPa
leads to the best shrinkage occurrance during sintering. The shrinkage value
calculated for 120 MPa pressure is around 20.85 %. Therefore, this pressure was
applied to shape all M0.95CT ceramics.
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Figure 32. Variation in shrinkage occurred during sintering at M0.95CT ceramic
with applied pressure.
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4.4  Sintering of M0.95CT Ceramics

441 Characterization of Pressureless Sintered M0.95CT Ceramic

4411  XRD Analysis

MO.95CT pellet was pressureless sintered as described in Section 3.1. The XRD
patterns of the M0.95CT ceramic sintered at 1300, 1350, and 1400 °C for 1 h are
shown in Figure 33. Same sintering schedule was applied to all ceramics sintered at
three different sintering temperatures. The MgTi.Os phase was detected in all
MO0.95CT ceramics. Intensity of the MgTi.Os phase slightly decreased with
increasing sintering temperature. This finding suggests that there is not much but, a
noticeable decrease in the quantity of MgTi.Os phase. Further research is needed to

quantify the MgTi.Os phase present after each sintering practice.

Negligibly small peak for the unreacted TiO> was detected in the pattern of the
MO0.95CT ceramic sintered at 1300 °C implying that 1300 °C is not a proper
temperature for sintering. The presence of a small peak for the unreacted TiO2 might
result in preferred orientation and different XRD intensity since only a single peak
of TiO2 was detected. MgTiO3 appeared as the essential crystalline phase whereas,
CaTiO3z and MgTi,0Os were detected as secondary phases in the patterns of the
MO0.95CT ceramics sintered at all temperatures. Results comply with those gathered
for the calcined M0.95CT powder.
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Figure 33. XRD patterns of the M0.95CT ceramic pressureless sintered at 1300,
1350, and 1400 °C.

4412  SEM Analysis

The representative SEM images for the thermally etched MO0.95CT ceramics
pressureless sintered at 1300, 1350, and 1400 °C are represented in Figure 34. For
oxide ceramics, thermal etching is frequently utilized. Etching temperature is
typically 150 °C below sintering temperatures. Depending on the structure and
composition of the grain boundary, the etching period might range from 15 minutes
to several hours. [55] In the present study, M0.95CT ceramics were thermally etched
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at 1150, 1200, and 1250 °C for 15 min for the samples pressureless sintered at 1300,
1350, and 1400 °C, respectively. Figure 34 (a) reveals that eventhough the
intergranular pore area decreased due to particle contact points and particle
deformation, sintering at 1300 °C was incomplete. There are a large number of
tightly spaced pores on grain boundaries. The pore forms at the beginning of an

asymmetrical network of interconnected channels.

When the sintering temperature was increased to 1350 °C, the morphology of
MO0.95CT ceramic changed as shown in Figure 34 (b). It is obvious that the driving
force required for sintering is more efficient at 1350 °C than at 1300 °C. The amount
of the pores decreased and the size of the pores became smaller. Matrix phase,
predicted to be MgTiOs, and other secondary phases (CaTiOs and MgTi2Os) were
observed clearly. The SEM image of the thermally etched M0.95CT ceramic
pressureless sintered at 1400 °C is shown in Figure 34 (c). The development of
isolated and spherical pores were observed. The second phases formed within the
grain and at the grain boundaries became more visible compared to the SEM image
of the M0.95CT ceramic sintered at 1350 °C. Grain sizes increased and reached to
approximately 30-40 um for the matrix phase implying that significant amount of

grain growth took place during densification.

In order to see whether the grain size distribution is homogeneous, another SEM
image taken at a lower magnification (1250 X) for the thermally etched M0.95CT
ceramic pressureless sintered at 1400 °C. The image is shown in Figure 35. The
uniform small and cuboid shaped CaTiOs grains are located at the grain boundaries
and inside the MgTiOz grains. Larger and irregular shaped grains were MgTiOs and
MgTi20s. It can be concluded that the M0.95CT ceramic pressureless sintered at
1400 °C has nonuniform grains in terms of matrix structure. Also, abnormal grain
growth was observed in some areas. Jawahar et al. [11] reported that strength of
ceramics decreases by abnormal grain size and grain growth. Also, Wang et al. [2]
stated that grain size in ceramics contribute to extrinsic loss. The effects of grain size
developed during sintering on dielectric properties will be evaluated in the

forthcoming section.
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Figure 34. SEM images of the thermally etched M0.95CT ceramics pressureless
sintered at (a) 1300, (b) 1350, and (c) 1400 °C. (2500 X)
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Figure 35. SEM image of the thermally etched M0.95CT ceramic pressureless
sintered at 1400 °C. (1250 X)

The backscatter detector (BSD) of SEM was employed to take BES-SEM image for
the thermally etched M0.95CT ceramic pressureless sintered at 1400 °C. The image
is shown in Figure 36. The XRD analyses revealed that there is more than one phase
in the ceramic. Thanks to the BSD, with the help of mass contrast of elements,
information about the phase distributions and shapes in the microstructure can be
obtained. Table 2 includes the atomic concentration of each element identified in the
microstructure presented in Figure 36. Gold (Au) was neglegted in the phase
analysis. Oxygen (O) was also ignored during phase analysis because, in general, the
poor sensitivity of EDS analysis makes it challenging to measure light components.
[56] The atomic concentration of O element confirms this interpretation. Analyzing
the atomic concentration of the elements present at Point A reveals that the atomic
percentages of Mg and Ti are close to each other. The phase at Point A can be
interpreted as matrix phase, MgTiOs. The atomic concentration of the elements
present at Point B suggests that Ti to Mg ratio is close to 2. The phase at Point B is
attributed to MgTi.Os. This phase consists of an orthorhombic crystal system with a
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different geometry on each side. It is located at the grain boundaries of MgTiOs in
the structure and exhibited a partially homogeneous distribution. The whitest spots
in the image, Point C, belong to CaTiOsz phase since the ratio between the Ca and Ti
is approximately 1. CaTiOz phase positioned at the grain boundaries as well as
within the grains as shown in Figure 36. Ferreira et al. [10] also reported that CaTiOs

is located at triple spots between grains of MgTiOa.

Figure 36. BSD-SEM image of the thermally etched M0.95CT ceramic pressureless
sintered at 1400 °C.
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Table 2. EDS analysis of the thermally etched MO0.95CT ceramic pressureless
sintered at 1400 °C. The analysis was done at different points shown in Figure 36.

Atomic Concentration (%)
Element Symbol
Point A Point B Point C
O 20.73 13.47 13.38
Mg 35.57 28.1 8.11
Au 2.06 2.23 2.23
Ca 2.07 0.97 33.26
Ti 39.56 55.22 43.02

4.4.2 Characterization of M0.95CT-HIP Ceramic

4421  XRD Analysis

XRD patterns taken before and after the application of HIPing for the MO0.95CT
ceramics pressureless sintered at 1400 °C are shown in Figure 37. In both patterns,
MgTiOs is the primary crystalline phase while, CaTiOsz and MgTi2Os present as
secondary phases. The intensity of the unwanted MgTi.Os phase was almost the
same in both patterns, implying that the quantity of MgTi2Os phase did not change
much after HIPing.
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Figure 37. XRD patterns taken before and after the application of HIPing for the
MO.95CT ceramic pressureless sintered at 1400 °C.

It can be stated that after HIPing, there is no noticeable difference in terms of the
phases present. However, microstructure (sample orientation) has a significant
impact on XRD intensity. [64] Since, crystallites are produced under different
condition (during HIPing), their extension will vary. It might lead to preferred

orientation, changing XRD intensities of the peaks located at 49.19° and 56.99°
belonging to (024) and (018) planes, respectively.
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4422  SEM Analysis

SEM images taken before and after the application of HIPing for the M0.95CT
ceramics pressureless sintered at 1400 °C are shown in Figure 38. Pore amount and

size decrease after HIPing.

Figure 38. SEM images taken (a) before and (b) after the application of HIPing for
the M0.95CT ceramics pressureless sintered at 1400 °C. (2000 X)

Similar microstructures have been reported also by Filipovic et al. [13] for the
MgTiOz ceramics as shown in Figure 39. In their study, HIPing was applied at 1200
°C for 2 h in Ar atmosphere at a pressure of 200 MPa. Grain growth and a small
amount of spherical pores are the main features of the images. It is obvious that much

lower porosities and much compact structure was achieved as a result of HIPing.
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Figure 39. SEM images of MgTiOs ceramic (a) before HIPing, and (b) after
HIPing. [13]

Moreover, as shown in Figure 15, color of the M0.95CT ceramic pellets pressureless
sintered at 1400 °C changed from light brown to dark black after HIPing at 1200 °C
for 1 h. The reason why a color change took place after HIPing is interpreted as a
lack of oxygen and a high concentration of flaws due to inert argon atmosphere. [66]
Moulson and Herbert [71] also supports this attitude by stating that cations like Mg?*,
A", Fe®*, and Ca®* that substitute on Ti*" sites to create acceptors make up the
majority of BaTiOs's main impurities. The oxygen vacancies that result try to

compensate the charge deficiency.

4.4.3 Properties of Pressureless Sintered M0.95CT Ceramics

4431 Density

The relative to theoretical density of the M0.95CT-HIP and the M0.95CT ceramics
pressureless sintered at 1300, 1350, and 1400 °C for 1 h is shown in Figure 40. The
density of M0.95CT-HIP ceramic is included for comparison purpose and will be
discussed later in Section 4.4.4.1. Four measurements were taken into considiration
to establish a reliable data for the density of the M0.95CT ceramics sintered at each

temperature. Since the determinations at 1400 °C are more consistent with each
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other, the data points overlap. The theoretical density of the M0.95CT ceramics
pressureless sintered at 1300 °C is the lowest, with an average of 91.05% + 0.38 %.
The + signs next to the determination point represent the standard deviation. The
MO.95CT ceramic pressureless sintered at 1400 °C has the highest relative density,
with an average of 96.06% + 0.27%. Huang and Weng [45] stated that M0.95CT
ceramics required sintering at temperatures as high as 1400 °C. Lower densities were
obtained for lower sintering temperatures because of insufficient diffusion rates.
Therefore, 1400 °C is selected as pressureless sintering temperature for the rest of

the study.
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Figure 40. Relative density for the M0.95CT ceramics pressureless sintered at
different temperatures.

Ferreira et al. [57] reported the relative density of the M0.94CT ceramic sintered at
1400 °C for 4 h as 97%. On the other hand, Orek [19] stated that the M0.95CT
ceramics had relative densities of 88%, 96%, 97.5%, and 96% after being

pressureless sintered for 4 h at 1200, 1225, 1250, and 1300 °C, respectively. When
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all these studies are compared, it can be deduced that other parameters besides the
sintering temperature and time have a significant effect on the density of M0.95CT

ceramics.

4432 Dielectric Constant and Loss

The parallel plate capacitor method, as stated in Section 3.3.2, was used to measure
the dielectric constant of M0.95CT ceramics. Variation in €r with frequency for the
MO0.95CT ceramic pressureless sintered at 1400 °C is shown in Figure 41. Three
measurements were made at each frequency to establish a reliable data for €r values
for M0.95CT ceramics. An average €r value of 20.58, 20.5, 20.48, and 20.47 was
recorded at 1 kHz, 10 kHz, 100 kHz, and 1 MHz, respectively for the M0.95CT
ceramic pressureless sintered at 1400 °C. Although €r values measured at the same
frequency for the M0.95CT ceramic pressureless sintered at different temperatures
are quite consistent, there is a slight difference in the €r values measured at different
frequencies. A slight decrease in Er with increasing frequency might be resulted from

dielectric polarization mechanism mentioned in Section 2.2.

Zhou et al. [9] reported that the €r value of M0.95CT ceramic is approximately 21 at
7 GHz. Also, Huang et al. [58] stated that the lattice parameters, vibration modes,
packing density, ionic polarizability, and bond valence related to the intrinsic factors,
as well as extrinsic contributions combining the density, second phases, porosity,
impurities, surface morphology, and lattice defect would all affect the microwave
dielectric properties of ceramics. The change of & may be due to all of these

variations.

LCR Meter capacity is suitable only for low frequencies as mentioned Section 3.3.2.
Therefore, €r values at higher frequencies like 1-3 GHz was verified using the

network analyzer with antenna design method.
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Figure 41. Variation in €r with frequency for the M0.95CT ceramic pressureless
sintered at 1400 °C.

The average relative density and &r (at 1 MHz) for the M0.95CT ceramics with
pressureless sintered at different temperatures are shown in Figure 42. Both
properties show parallel results with each other and the highest value is obtainet for
the M0.95CT ceramic pressureless sintered at 1400 °C. It can be concluded that
density has a dominant influence on €r. The results confirm Mohamed’s [12]
argument that a second phase or the grain size have less of an impact than porosity

on electrical properties.
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Figure 42. The average relative density and €r (at 1 MHz) for the M0.95CT
ceramics pressureless sintered at different temperatures.

Variation in Df with frequency for the M0.95CT ceramic pressureless sintered at
1400 °C is shown in Figure 43. The change in Df with frequency exhibits the same
behavior as shown in Figure 5. Df value of the M0.95CT ceramic pressureless
sintered at 1400 °C was 0.00332 at 1 MHz. Huang and Weng [59] stated that
MO0.95CT ceramics may provide typical Qf values 56,000 (at 7 GHz). The Df value
obtained is almost 10 times higher than that Huang et al. reported. Since the Df values
obtained in their study were not measured at the same frequency, the values may not
be compared directly. Oasim et al. [60] reported that the Df value decreases with an

increase in frequency. This statement supports the results obtained.
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Figure 43. Variation in Df with frequency for the M0.95CT ceramic pressureless
sintered at 1400 °C.

4.4.3.3  Resistivity

The variation in resistivity with temperature for the M0.95CT ceramics pressureless
sintered at 1400 °C is shown in Figure 44. The measurement could not be taken for
this ceramic at temperatures higher than300 °C because no current passed through
the ceramic. Since the maximum resistivity value that the device can measure is 200
MQ.cm , it can be interpreted that the M0.95CT ceramic pressureless sintered at
1400 °C has a very high resistivity greater than 200 MQ.cm. When the resistance of
ceramics are considered in general, Zirconia (ZrOz) has low resistivity at 10 GQ.cm,
while ultra-pure Al>O3 has the greatest resistivity at 20,000 TQ.cm. [61] It can be
concluded that the M0.95CT ceramic pressureless sintered at 1400 °C is a good

insulator and dielectric material.
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Figure 44. The variation of resistivity with temperature for the M0.95CT ceramic
pressureless sintered at 1400 °C.

4.4.4 Properties of M0.95CT-HIP Ceramics

4441  Density

The relative densities of M0.95CT and MO0.95CT-HIP ceramics are compared in
Figure 40. It is obvious that HIPing improves the density of the M0.95CT ceramics
pressureless sintered at 1400 °C. The average theoretical density increased from
96.06% + 0.27% to 97.2% + 0.36% . The MO0.95CT ceramics pressureless sintered
at 1400 °C revealed better results in terms of reproducibility. An equal amount of
density increase could not be obtained for each of the M0.95CT-HIP ceramic. The
ratio difference in closed and open porosities before HIPing may be the reason why
the repeatability of M0.95CT-HIP ceramics is lower than that of the M0.95CT

ceramics pressureless sintered at 1400 °C.
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4442 Dielectric Constant and Loss

Variation in Df with frequency for the M0.95CT-HIP ceramic is shown in Figure 45.
The average Df value of M0.95CT-HIP ceramic was measured as 0.3717 at 1 MHz.
A significant loss in Df of the MO0.95CT ceramic pressureless sintered at 1400 °C
occurred upon HIPing. Hu et al. [62] claims that the fluctuation of Qf value in
microwave dielectrics is affected by a variety of factors, including oxygen vacancy
content and impurity phases, anharmonic phonon vibration, order-disorder
transition, pore density, and grain size distribution. In a similar study Filipovic et al.
[63] stated that the samples sintered using HIP exhibit a notably higher level of
disorder as well as increased oxygen vacancy concentrations, by around 40%. The
absence of oxygen during HIPing, because Ar gas was used, causes a greater number
of oxygen vacancies to appear, which increases the degree of crystal lattice disorder.
In line with the comments made, it has been confirmed that the Df value resulting

from the HIP application should be high.
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Figure 45. Variation in Df with frequency for M0.95CT-HIP ceramic.
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Variation in €r with frequency for M0.95CT and M0.95CT-HIP ceramics are shown
in Figure 46. For each frequency, 3 measurements were made for M0.95CT and
MO.95CT-HIP ceramics. The &€r of M0.95CT-HIP ceramic was averaged at 37.71,
33.96, 29.04, and 22.46 for 1 kHz, 10 kHz, 100 kHz, and 1 MHz, respectively.
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Figure 47. Variation in dielectric constant with frequency for M0.95CT and
MO0.95CT-HIP ceramics.

The €r values of M0.95CT-HIP ceramic are higher than expected. Also, there is more
scatter among data at the same and different frequencies unlike the €r values of
MO0.95CT ceramic. These results can be interpreted as an indication of a change in
the electrical properties of the ceramic with the application of HIP. In other words,
HIPing affected the insulating behavior of M0.95CT ceramic. This can be explained
by the fact that M0.95CT-HIP ceramic has high &r and Df values that cause a

decrease in dielectric properties. It can be concluded that dielectric properties of
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MO0.95CT ceramic are significantly influenced by the HIP application and no longer

exhibits insulating behavior.

4443  Resistivity

The variation of the resistivity of M0.95CT-HIP ceramic as measured from room
temperature to 400 °C at intervals of 100 °C is shown in Figure 48. An abrupt
increase was observed in conductivity with increasing temperature. Resistivity
reaches to approximately 10% Q.cm at 400 °C. As temperature rises, more thermal
energy is available to excite electrons from the valence to the conduction band,
increasing the concentrations of both electrons and holes. [64] This may be one of

the main reasons why conductivity increases with increasing temperature.
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Figure 48. Resistivity of M0.95CT-HIP ceramic.
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Resistivity of semiconductors ranges from 10* Q.cm (heavily doped) to 102 Q.cm
(undoped, or intrinsic). [65] According to Antonije et al. [66], HIP transforms
MgTiOs ceramics into a semiconductor. This information gives a clue that a
semiconductor material with high resistance was obtained in this study upon
application of HIPing. It can be anticipated that M0.95CT-HIP ceramic might be

used as a semiconductor in extreme operating temperature conditions.

4444 Hall Effect

Hall potential, magnetic field, and current values were measured and used to
calculate sheet carrier density. Hall mobility values were determined using the sheet
resistivity, which is calculated to be 4.8x10° Q/sq. The results of the Hall effect
measurement of M0.95CT-HIP ceramic at room temperature is shown in Figure 49.
Hall mobility values give a clue about hole transport mechanism. As seen in Figure
49, Hall mobility values are positive.lt can be concluded that holes are the majority
carriers in M0.95CT-HIP ceramic. M0.95CT ceramic transforms from insulator to

p-type semiconductor at room temperature upon HIPing.

The sheet carrier density values obtained in this study seem to be lower then general
semiconductors. For example, the lightest doped region of a silicon device typically
ranges between 10'* and 107 cm 3. [67] The carriers of M0.95CT-HIP ceramic are
more mobile at 400 °C. Therefore, Hall effect measurement at temperatures higher
than room temperature will be more accurate for this study. Jankowski et al. [68]
supports this finding by reporting that the automotive, aerospace, military, oil, gas,
and spacecraft sectors are mainly responsible for the need for the use of different
technologies in extreme temperatures. Apparently, achieving a high performance at
high temperatures might be considerably more challenging in the case of
semiconductor devices. Therefore, Hall effect measurements are generally made

depending on the temperature if adequate equipment can be provided.
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Figure 49. Hall-Effect and sheet carrier density for M0.95CT-HIP ceramic.

4445 Absorbance

The absorption change of M0.95CT-HIP ceramic with respect to the wavelength is
shown in Figure 50. Despite grinding in the mortar and dispersion in ethyl alcohol
with ultrasonic stirrer, the settlement of the particles in the liquid can only be
partially prevented. The reason for the initial negative absorption values in the graph
may be due to particle settlement during measurement. Also, the fact that two
different peaks occurred at the wavelengths of approximately 245 and 284 nm were
due to the non-homogeneous dispersion of the particles. Measuring powder with
smaller particle size could help to obtain a smoother graphic but, it is difficult to
reduce particles to smaller size with single distribution. Doak et al. [69] suggest that
even a little quantity of big particles could have a considerable impact on the

absorbance spectrum of a gold nanoparticle solution. Another possible reason for the
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absorption difference may be the device can not take measurements fast enough

before particle settlement.

Eg of M0.95CT-HIP ceramic was calculated by using the absorbance results and Eq.

(4). The smallest wavelength value in Figure 50, where the absorbance value did not

change with increasing wavelength, was 458 nm. This wavelength value was used

for the calculation for Eg of M0.95CT-HIP ceramic. In a narrow wavelength range,

the peak is shown clearly in the inset in Figure 50.
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Figure 50. Absorbance with respect to wavelength for M0.95CT-HIP ceramic.
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The Eg value of M0.95CT-HIP ceramic, which was determined using a Tauc plot, is
shown in Figure 51. The Eg value of M0.95CT-HIP ceramic is recognized at the
position where a straight line touches the x-axis, which is approximately 2.71 eV.
Low et al. [70] stated that with a 5% margin of error, the value of Eg for silicon
ranges from 1.13 + 0.057 eV at 273 K to 1.11 = 0.056 eV at 330 K. The M0.95CT-

HIP ceramic has a very high Eg value compared to silicon.

Neudeck et al. [67] stated that the intrinsic carrier concentrations of semiconductors
with broad bandgaps (~ 3 eV) like SiC and GaN are much lower than those of silicon.
Therefore, intrinsic carrier conductivity issues do not arise until considerably higher

temperatures, above 600 °C.

Jankowski et al. [68] reported that materials with a large band-gap shows good
thermal stability in terms of electrical characteristics at high temperatures. Therefore,
these materials should be the foundation for high temperature electronics. M0.95CT-
HIP ceramic could be one of these materials as it has a wide Eg range like SiC and
GaN. However, it should be considered that these materials have a weak point in that
their poor electron mobility causes a reduction in the magnetic sensitivity of the
sensors compared to materials with a narrow band-gap. [68]
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CHAPTER 5

CONCLUSION

A study of the effect of hot isostatic pressing (HIPing) on densification,
microstructure, and electrical properties of 0.95MgTi03-0.05CaTiOz ceramic has led

to the following conclusions.

e The 0.95MgTiO3-0.05CaTiOs ceramic could successfully be produced by
mixed oxide method.

e The MO0.95CT ceramic pressureless sintered at 1400 °C, with a relative
density of 96.06%, a €r value of 20.47 (at 1 MHz), and a Df value of 0.00222,
performs best compared to the M0.95CT ceramics pressureless sintered at
lower temperatures.

e The XRD and EDS analyses revealed that the amount of the undesirable
MgTi.Os phase decreases by applying calcination twice and by increasing
the sintering temperature. However, it could not be completely eliminated in
the structure.

e The dielectric properties of ceramics are influenced by and directly related to
microstructural features such as grain size, second phases, and porosity.

e HIPing improves densification. The relative theoretical density of the
MO0.95CT ceramic pressureless sintered at 1400 °C has been improved from
96.06% to 97.2% upon HIPing.

e The addition of HIPing to the production steps of the M0.95CT ceramic
changes its electrical behavior from insulator to semiconductor.

e Resistivity of M0.95CT-HIP ceramic reaches approximately to 10° Q.cm at
400 °C. The electrical behavior of M0.95CT-HIP ceramic changes from
insulator to semiconductor particularly at high temperatures.
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Hall effect measurement findings support resistivity results by indicating that
MO0.95CT-HIP ceramic is a p-type semiconductor.
The Eg of M0.95CT-HIP ceramics is ~2.71 eV. The relatively low Eg of

MO0.95CT-HIP ceramic makes it attractive for high temperature applications.
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CHAPTER 6

FUTURE STUDIES

It is possible to systematically test the dielectric properties at higher frequencies like
microwave frequencies in terms of the &€r and Df values. Therefore, how the
dielectric behavior of M0.95CT ceramic changes as the frequency increases can be

find out.

The quantitative value of MgTi.0s phase can be determined for M0.95CT ceramics

produced at different pressureless sintering temperatures by using Rietveld analysis.
Temperature, pressure, and time optimization can be performed for the HIP process.

Resistivity measurement of MO0.95CT-HIP ceramic can be performed at

temperatures higher than 400 °C.

By guantitative identification of molecules using Raman Spectroscopy or XPS, it can

be determined whether there is a decrease in oxygen partial pressure after HIPing.
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