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ABSTRACT

DEVELOPMENT AND CHARACTERISATION OF ALUMINA-TITANIUM
CARBIDE CUTTING TOOLS

Ahmet Oguzhan TURHAN
Department of Advanced Technologies
Programme in Nanotechnology
Eskisehir Technical University, Institute of Graduate Programs, August 2025
Supervisor: Prof. Dr. Alpagut KARA

This study focuses on the development and characterisation of Al.Os—TiC-based
ceramic cutting tools produced with advanced sintering techniques. Alumina—titanium
carbide composites were prepared with varying TiC and ZrO: contents and sintered under
controlled Gas Pressure Sintering (GPS) conditions. The effects of rare earth oxide (REO)
additives (Er20s, Yb20s3, Y203, Sm20s and CeO:) on densification, microstructure,
hardness and fracture toughness were systematically investigated. Characterisation
commercial products were analyzed for comparison. Microstructural characterisation was
performed using SEM, EDS and XRD analyses, while mechanical properties were
evaluated with hardness and fracture toughness tests. The results demonstrate that
optimized compositions with appropriate REO additions and sintering parameters achieve
improved densification and mechanical performance. This work provides insights into
designing high-performance Al.Os—TiC cutting tools suitable for demanding machining

applications.

Keywords: Alumina, Titanium carbide, Ceramic cutting tools, Gas pressure sintering,
Rare earth oxide.
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OZET

ALUMINA TITANYUM KARBUR KESICI UCLARIN GELISTIRILMESI
VE KARAKTERIZASYONU

Ahmet Oguzhan TURHAN
fleri Teknolojiler Anabilim Dali
Nanoteknoloji Bilim Dal1
Eskisehir Teknik Universitesi, Lisansiistii Egitim Enstitiisii, Agustos 2025
Danigman: Prof. Dr. Alpagut KARA

Bu caligsma, ileri sinterleme teknikleri kullanilarak iiretilen Al:Os;—TiC esash
seramik kesici uglarin gelistirilmesi ve karakterizasyonuna odaklanmaktadir. Farkli TiC
ve ZrO: igeriklerine sahip kompozitler hazirlanarak Gaz Basingli Sinterleme (GPS)
yontemiyle sinterlenmistir. Er-0s, Yb203, Y203, Sm20s ve CeO: gibi nadir toprak oksit
katkilarinin yogunlagma, mikro yapi, sertlik ve kirilma toklugu iizerindeki etkileri
sistematik olarak arastirilmistir. Karsilastirma amaciyla ticari {iriinler de analiz edilmistir.
Mikroyapisal karakterizasyon SEM, EDS ve XRD analizleri ile gergeklestirilmis;
mekanik Ozellikler sertlik ve kirtlma toklugu testleriyle degerlendirilmistir. Sonuglar,
uygun nadir toprak oksit katkilar1 ve sinterleme parametreleriyle optimize edilen
bilesimlerin daha iyi yogunluk ve mekanik performans sagladigini gostermektedir. Bu
caligma, zorlu isleme uygulamalar1 i¢in yiiksek performanslhi Al.Os—TiC kesici ug

tasarimina yonelik 6nemli bilgiler sunmaktadir.

Anahtar Sozciikler: Aliimina, Titanyum karbiir, Seramik kesici ug¢lar, Gaz basingl
sinterleme, Nadir toprak oksitleri.
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1. INTRODUCTION

Advanced ceramics have become essential engineering materials due to their
excellent mechanical strength, chemical stability and resistance to high temperatures and
wear. Among these, alumina (Al.Os) stands out as a widely used ceramic for cutting tool
applications thanks to its high hardness, good chemical inertness and relatively low cost.
However, the inherent brittleness of monolithic alumina limits its widespread use under
demanding machining conditions where fracture toughness is critical.

Composite systems that combine alumina with hard reinforcing phases have been
extensively explored to overcome these limitations. Titanium carbide (TiC) is a
particularly attractive reinforcement owing to its high hardness, excellent thermal
stability and good chemical compatibility with alumina. Al:Os-TiC composites have
improved toughness and wear resistance compared to pure alumina, making them suitable
candidates for cutting tool inserts in metal machining.

However, the processing of Al.Os-TiC composites requires careful control of
powder characteristics, forming methods and sintering conditions to achieve dense,
homogeneous microstructures with minimal defects. Traditional sintering methods often
struggle to fully densify these composites without excessive grain growth, which can
deteriorate mechanical properties. Therefore, advanced sintering techniques, such as Hot
Press (HP) and Spark Plasma Sintering (SPS), have achieved near-theoretical density with
controlled microstructures.

Furthermore, minor additives, such as zirconia (ZrO:), have been shown to
influence grain boundary behavior, densification kinetics and mechanical properties.

Despite these advances, there is still a need for systematic studies that evaluate the
combined effects of composition design, sintering parameters and additive incorporation
on the microstructural and mechanical performance of Al.Os-TiC cutting tools. Such
studies can provide critical insights into optimizing manufacturing routes for industrial
applications.

This thesis focuses on the development and characterization of Al.Os-TiC-based
cutting tools. The research systematically examines commercial characterisated products,
investigates the influence of TiC and ZrO: content on composite properties and explores
the effects of various rare earth oxide additives (Er20s, Yb203, Y203, Sm20s3 and CeO-)
under controlled GPS sintering conditions. Through detailed microstructural analyses,

density measurements and mechanical testing, hardness and fracture toughness



evaluations. This work aims to identify optimal compositions and processing routes for

high-performance ceramic cutting tools.

1.1. Ceramic Materials

The word "ceramic" originates from the ancient Greek word keramikos (Callister Jr
and Rethwisch, 2014) or keramos (Richerson and Lee, 2018), both meaning "burnt stuff."
This term highlights that producing materials with desired characteristics often involves
heat treatment at very high temperatures. The i1dea of ceramics goes back to ancient times
when people mixed clay with water, formed it into shapes, dried it in the sun and then
fired it. The hard and brittle material created through this process was the earliest form of
ceramic, today known as "earthenware." (Richerson and Lee, 2018)

Ceramics are important as engineering materials because they are widely available
in nature and have mechanical and physical properties different from those of metals
(Groover, 2010). Ceramics can be defined as solid compounds composed of at least two
elements, including one nonmetallic or metallic element, that are formed by applying heat
or a combination of heat and pressure (Barsoum, 2020), (Callister Jr and Rethwisch,
2014). The atomic bonds in these compounds are either purely ionic or predominantly
ionic with some covalent characteristics.

Ceramics can be grouped into two main types: traditional and advanced. Traditional
ceramics are usually made from natural materials like clay, silica and feldspar. On the
other hand, advanced ceramics are produced from pure or almost pure compounds such
as alumina (Al203), silicon carbide (SiC) and silicon nitride (SisN4) (Smith and Hashemi,
2019).

Traditional ceramics are generally hard and brittle, with low resistance to cracking
and little flexibility. Advanced ceramics are even harder, stronger and more resistant to
breaking. However, all ceramics have the common problem of low flexibility. Ceramics
are usually very good at blocking electricity and heat. Also, their strong atomic bonds
give them high melting points and stability in difficult environments (Smith and Hashemi,

2019).

1.2. Ceramic Processing

As shown in fig. 1.1, ceramics are processed differently depending on the

microstructure and properties needed. Advanced ceramics start as fine powders pressed
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and heated at high temperatures. This creates a uniform microstructure with very small
grains, low porosity and few added materials. In ceramic matrix composites (CMCs), a
second material—particles, whiskers, or fibers—is often added. These materials must be
correctly aligned and protected during heating to prevent damage (Kulik et al., 2004).
Because ceramic products are so varied, they require very specialized production

methods, but they all begin with ceramic powders.

Starting Mill Grade Mix with
Powder particle size additives Granulate
Final Product Quality Machine Sinter Shape form

Control

Figure 1.1. Steps required to produce ceramics that meet the specifications of the intended applications.
(Richerson and Lee, 2018)

As shown in fig. 1.1, several steps and checks are needed between getting the
starting powders and delivering the final product. At first, these powders usually do not
have the right size or size distribution for the next steps. Therefore, they must be milled
or heated (calcined) and then tested to ensure the correct size has been reached.

In many applications, having a uniform microstructure made of small grains is
important. This microstructure depends on many factors, such as the composition of the
starting powders, the size and distribution of the particles, how well the particles are
packed and the time and temperature of the sintering process. These must be carefully
checked to get the desired properties in the final product. As mentioned earlier, choosing
the right material means matching the ceramic’s properties and design to the application’s
needs. This choice affects the whole production process—from selecting the powder to
using it in the product. Advanced ceramics often aim to have a strong microstructure with
very fine grains. Even tiny impurities (at parts per million levels) can greatly affect the

final product’s properties.

1.2.1. Powder selection criteria
Powder processing is a very sensitive step. The raw material type strongly affects a
ceramic part’s final properties. Factors such as purity, particle size distribution, reactivity,

availability and cost must all be carefully considered and managed.



High-temperature properties such as strength, resistance to breaking under stress
and protection against oxidation are strongly affected by the material’s purity. The impact
of an impurity depends on its chemistry, how it interacts with the main material, how it
is spread in the material and how the component is used (such as time, temperature, stress
and environment). Impurities can greatly affect mechanical properties, but they may have
an even bigger effect on electrical, magnetic and optical properties. These special
properties are usually adjusted for specific uses by adding a small amount of another
material, called a dopant, under strict control. Even small changes in the amount or
position of the dopant can change the material’s behavior. Likewise, unwanted
contaminants can reduce the effect of the dopant and cause the device to work incorrectly.

The particle size distribution is important, depending on the shaping or
consolidation method used. In most cases, the goal of consolidation is to pack the particles
as closely as possible and keep the structure uniform. This helps reduce shrinkage and
control porosity during densification. Using only one particle size does not pack the
material efficiently. Even when particles are packed well, more than 30% of the space
remains empty. Adding particles that fit into the largest spaces can reduce the space to
26%. Adding a third group of smaller particles can reduce the space to about 23%.
Therefore, a mixture of different particle sizes is needed to achieve optimal particle

packing.
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Figure 1.2. Effects of porosity in the powder compact on the porosity and grain size of Al;O3 after
densification. (Richerson and Lee, 2018)

The reactivity of the starting powder is another important factor. When powder is

heated, the change in surface energy helps the particles come closer and become denser.



Very small particles with a large surface area have high surface energy. Because of this,
they try to reduce their surface area by joining together. Particles smaller than 1 um can
be pressed into a porous shape and then heated to reach a density close to the ideal. Almost
all pores larger than 0.4 um must be removed to achieve transparency after sintering. This
is because light, which has a wavelength of around 0.4 to 0.8 um, is scattered by these
larger pores and cannot pass through. Using a highly reactive Al.Os powder with an
average particle size of 0.3 um helps remove these larger pores and improves
transparency.

The powder mixture’s particle size distribution and reactivity are very important
when deciding the temperature and how long it should be applied during sintering. In
general, powders with smaller grains and larger surface area require lower temperatures
and shorter times for densification. This can greatly affect the strength of the final
product. However, keeping the material at high temperatures for too long can make the
grains grow larger and reduce strength. Using powders that densify rapidly with minimal

grain growth is preferable to achieve optimal strength.

1.2.2. Powder preparation

Controlling particle size and particle size distribution (PSD) is important to achieve
optimal application properties. Each application has its own specific needs. For example,
high-strength ceramics need very fine particles (usually around 1 um) to create a
microstructure with minimal defects. Refractory materials, which must handle high heat,
often use a mix of large and small particles, some of which can be hundreds of microns
wide. Abrasive materials must be made in many different sizes, with each size falling into
a narrow range. Many methods have been developed to appropriately produce and

classify powders to meet these needs.

1.2.2.1. Ball milling

In most cases, the desired particle size distribution (PSD) cannot be reached by only
screening, classifying, or washing the raw material. It is often necessary to reduce the size
of the particles, a process called comminution. One of the most widely used techniques
is ball milling. In this method, the material to be ground (called the “charge”) is placed
into a rotating cylinder along with grinding tools such as balls, short cylinders, or rods

(Lii L., 1995). As the cylinder turns, these tools move and crush the ceramic particles.
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The particles are fractured as they become trapped between the moving tools or between

the tools and the cylinder wall. This process is illustrated in the fig. 1.3.

Cylindrical container

with integral Grinding media
bottom and tumbling as

removable lid mill turns

Slurry containing \\ / Wear-resistant
suspension of \ / mill lining
particles \\ //
being sized \

\ij
\/
Rubber-coated rollers
connected by a belt and pulley
to a drive motor

Figure 1.3. Schematic cross-section showing the key elements of a typical ball mill. (Richerson and Lee,
2018)

1.2.2.2. Planetary ball milling

A planetary ball mill is named after the planet-like movement of its vials. It is
suitable for laboratory use because it only needs a small amount of powder— sometimes
only a few grams. The vials are placed on a rotating support disk and spin on their axes.
A special drive system creates this motion. Combining the spinning vials and the rotating
disk creates centrifugal forces that act on the material and the grinding balls inside the
vials. Since the vials and the disk move in opposite directions, the direction of the force
changes repeatedly. This causes the grinding balls to first slide along the inside wall of
the vial due to friction, then lift and move freely, hitting the opposite wall. The balls also

collide increasing the grinding effect (Suryanarayana, 1999).
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Figure 1.4. A schematic view of the motion of the balls and powder mixture. (Richerson and Lee, 2018)

1.2.2.3. Attrition milling

Fig. 1.5 illustrates the structure of an attrition mill. It is similar to a ball mill because
it is also a cylinder with grinding balls or media inside. However, small balls are moved
by stirring arms attached to a central shaft instead of the whole cylinder rotating.
According to Herbell et al. (Herbell and Glasgow, 1978), attrition milling is faster than
ball milling, produces finer particles and causes less contamination. It is also easy to use

in different conditions—dry, wet, vacuum, or inert gas atmosphere.
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Figure 1.5. Schematic of an attrition mill (Richerson and Lee, 2018)

1.2.3. Process controlling agents

Additives are essential in the ceramic forming process. Ceramic powders need
special treatment before shaping to create a uniform final product. When very ductile

powder particles can stick together through cold welding during the milling process. To



reduce cold welding and stop the particles from clumping, process control agents (PCAs)
are added during milling. PCAs can be either organic or inorganic. They are usually
grouped into four main types: solvents, dispersants, binders and plasticizers
(Suryanarayana, 2004).

Solvents are used to mix additives into the powder and to ensure their uniform
distribution. Dispersants, also called deflocculants, increase the repelling forces between
particles. This keeps the mixture stable and prevents the particles from sticking together.
Binders are usually long-chain polymers. Their primary function is to strengthen the
shaped but unfired ceramic (the green body) by forming bridges between particles. In
certain shaping methods, binders also enhance flexibility. Plasticizers are organic
substances with a lower molecular weight than binders. They soften the binder when it is
dry, increasing the green body’s flexibility. Organic additives are often used in advanced
ceramics because they can be completely removed by heating before sintering (Rahaman,

2003).

1.2.4. Spray drying

Spray dryers are often used in ceramic production to make uniform and easy to
handle powders. Fig. 1.6 illustrates a spray dryer equipped with a twin-fluid nozzle.
Before drying, the powder is mixed with additives to form a slurry. This slurry enters the
nozzle at low pressure through one outlet. At the same time, compressed gas (usually air)
enters through the other outlet. The gas atomizes the liquid into small droplets. These
droplets dry rapidly in hot air, forming soft, spherical granules. The size of the granules
can be controlled by changing the air flow, the amount of slurry fed into the system and

the thickness (viscosity) of the slurry (Richerson and Lee, 2018).
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Figure 1.6. Schematic view of a spray dryer equipped with a twin-fluid nozzle

1.2.5. Shape forming processes

Most ceramic products are made using agglomerated (clustered) particles. The type
of raw materials used depends on the final properties needed for the ceramic part. The
powders and additives can be mixed either in dry or wet form. Mixing with water is
common for products that do not require advanced performance characteristics, such as
ordinary bricks. Sometimes, both wet and dry methods are used together. For example,
in the production of high-alumina (Al:Os) insulators, the raw powders are mixed with
water and a binder to create a slurry. This slurry is then spray-dried to form small, round
particles.

Ceramic products made from agglomerated particles can be formed in different
conditions—dry, plastic, or liquid—using various methods. Most ceramic forming
methods are cold-forming processes, but there are also hot-forming techniques. Common
methods to shape ceramics include pressing, slip casting and extrusion (Smith and

Hashemi, 2019).



Table 1.1. Feed materials and shapes of the green body for the common ceramic forming methods
(Rahaman, 2003)

Forming method Feed material Shape of green body

Die compaction Powder or free-flowing Small simple shapes
granules

Isostatic pressing Powder or fragile granules Larger, more intricate shapes

Slip casting Free-flowing slurry with low Thin intricate shapes
binder content

Extrusion Moist mixture of powder and  Elongated shapes with uniform cross-
binder solution section

Compaction is a high-pressure method of shaping powders into a desired form. The
powder is placed in a mold (die) and pressed between two punches. This forms a part
called a “green body,” which means it has not yet been fully processed. The green body
is denser than the loose powder but still weaker than the final sintered product. The
pressure helps the particles move into a better arrangement with fewer gaps and more
contact points. At higher pressures, the particles start to deform slightly, which increases
contact and reduces pores. Different pressing methods are used to perform compaction,
such as uniaxial and isostatic pressing. These methods require powders mixed with

binders and lubricants to ensure proper flow and formability.

1.2.5.1. Uniaxial pressing

Uniaxial pressing is a method of shaping powders by applying pressure from one
direction only. During this process a rigid punch presses the powder into a fixed mold
(called a die). This method is performed using mechanical or hydraulic presses.
Mechanical presses are more commonly used due to their higher operating speeds and
ease of automation.

The process starts by placing the punches into the die to create a cavity. This cavity
is filled with free-flowing powder, usually containing binders, moisture and lubricant.
The powder is selected for its good flowability and ability to achieve uniform mold filling.
First, light pressure is applied from both the top and bottom punches. This step removes
air and slightly compacts the powder. Then, full pressure is applied and the punches move
to a set position to form the final shape.

After compaction, the shaped part is pushed out of the die and the process starts
again. Depending on the type of press and the part being made, this cycle can repeat 6 to

100 times per minute. Most presses used for this process can apply forces between 910
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and 18,200 kilograms (1 to 20 tons). Some larger presses can reach up to 91,000
kilograms (100 tons) of force (Richerson and Lee, 2018).
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Figure 1.7. Schematic illustrating automated uniaxial pressing (Kingery, 1963)

1.2.5.2. Isostatic pressing

Certain limitations of uniaxial pressing can be addressed by applying pressure
uniformly from all directions. This method is called isostatic pressing or cold isostatic
pressing. It was developed to achieve more uniform compaction and improve shape
formation (Richerson and Lee, 2018). The ceramic powder is placed in a flexible, airtight
container—usually rubber. The container is placed in a chamber filled with hydraulic
fluid. When pressure is applied, it exerts force uniformly on all sides of the container,
resulting in even compaction of the powder. After compaction, the container is removed,
yielding a ceramic part with a uniform shape (Smith and Hashemi, 2019).

Ceramics made by isostatic pressing are often used in products like refractories,
bricks, spark plug insulators, radomes, carbide tools, crucibles and bearings. Although
this method uses less extreme pressure than die compaction, it can cause problems like
cracks or layer separation (delamination). These issues generally arise from "spring
back", when the material slightly expands upon pressure release, particularly if the

pressure is reduced too rapidly. (Rahaman, 2003)
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Figure 1.8. Cold isostatic pressing: (1) powders are placed in the flexible mold; (2) hydrostatic pressure
is applied against the mold to compact the powders; and (3) pressure is reduced and the part
is removed. (Groover, 2010)

1.2.6. Binder removal

Debinding is the process of removing organic additives and binders from the green
body before sintering. This step is critical for removing binders while maintaining particle
packing integrity. If any leftover materials or defects remain after debinding, they can
affect how the ceramic structure forms during sintering. This can lead to weaker final
properties in the ceramic part.

Debinding becomes particularly critical when the green body contains a high binder
content. Three main methods are used for debinding: capillary extraction, solvent
extraction and thermal decomposition. Thermal decomposition, also called thermal
debinding, is the most common method due to its high effectiveness in binder removal
(Groover, 2010).

In thermal debinding, the binder is removed as vapor by heating the green body at
normal pressure. This can be done in an oxidizing or non-oxidizing atmosphere, or under
partial vacuum. The process is affected by both chemical and physical factors.
Chemically, the type of binder affects the temperature at which it breaks down and what
gases are released. Physically, the success of binder removal depends on how well heat
enters the body and how easily the gases from the binder can leave the material.

Binder systems usually include at least two different materials, each with its own
evaporation rate and way of breaking down during heating. This process becomes more
complex because the ceramic powder can also affect how the binder breaks down. As a
result, the speed or success of binder removal may change depending on the ceramic

material used (Rahaman, 2003).
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1.2.7. Sintering

Ceramic processing presents challenges due to the heat resistance and brittleness of
ceramics. Unlike glass, most ceramics are not made by melting but by using fine powders.
These powders go through steps such as milling, mixing, shaping (molding) and finally
heat treatment or firing to form strong, dense solids.

Sintering is critical in transforming compacted powder into a strong, dense ceramic
through heating. After forming the green body, the powder particles touch each other but
are not yet fully bonded. During sintering, the particles bond together, making the
material denser and reducing or removing pores. This process usually occurs at 80% to
90% of the material’s melting temperature (Groover, 2010). Sintering requires two
essential conditions: a mechanism for material transport and sufficient energy to initiate
and sustain this movement. (Richerson and Lee, 2018)

The sintering mechanism varies depending on the type of ceramic. Diffusion and
viscous flow are the two main ways materials move during sintering. Heat provides the
energy needed for these processes. In advanced ceramics, densification mostly happens
through mass diffusion. In traditional ceramics, a glassy phase forms during heating,
facilitating grain bonding.

During sintering, atoms or ions move (diffuse) along the edges of grains and from
the inside of the material to the contact points between particles, called necks. This
movement causes the pores to become smaller and the material to become denser. Also,
atoms or ions can evaporate from the surface of pores and then either stick to other
surfaces or move along the pore surface. Both processes help the ceramic become denser
(Askeland and Wright, 2016).

Modern sintering methods include careful control of the furnace atmosphere. This
control has several purposes: to protect materials from oxidation, create a reducing
atmosphere, add carbon to the material (carburizing) and help remove pressing additives.
Common gases used for these atmospheres include inert gases, nitrogen-based gases,
dissociated ammonia, hydrogen, natural gas and sometimes vacuum environments

(Groover, 2010).

1.2.7.1. Stages of sintering
The sintering process proceeds in distinct stages characterized by physical changes

in the material, such as particle bonding and pore elimination. This process is usually

13



described in three stages. In the initial stage, particles begin to form bonds with one
another. In the intermediate stage, most of the densification takes place. In the final stage,
porosity is reduced to a minimum and the material gains full strength.

During the initial stage of sintering, the contact areas between particles grow and
necks form at these contact points, as illustrated in fig. 1.9. As a result, the relative density
increases to about 60—65% (Barsoum, 2020). Different mechanisms, such as plastic and
viscous flow, vapor transport and diffusion, help the necks grow faster during sintering.
These processes lead to shrinkage and densification of the material as the necks develop.

The initial stage continues until the neck radius reaches about 0.4 to 0.5 times the
radius of the particles (Rahaman, 2003). At this point, densification mechanisms become
more noticeable. The material shrinks by about 3% to 5%. As a result, the density

increases to around 65% of the theoretical maximum.
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Figure 1.9. Changes occur during the initial stage of sintering. (a) Starting particles, (b) rearrangement
and (c) neck formation

Continuous pore channels along the grain boundaries mark the intermediate stage
of sintering. During this stage, the material’s density increases from about 65% to 90%
of its theoretical density (Rahaman, 2003). Material is transported toward the pores
through diffusion, which eliminates vacancies. This process promotes neck growth
between particles, reduces porosity and brings particle centers closer together (Richerson
and Lee, 2018), as illustrated in fig. 1.10. The material shrinks in proportion to the
decrease in porosity. Grain boundaries also migrate, allowing one grain to grow at the

expense of its neighbor. This stage ends when the pores become isolated. Most of the
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shrinkage occurs during this stage, which is critical for densification. As a result, the

relative density of the material reaches around 90% of its theoretical value.
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Figure 1.10. (a) Neck growth and volume shrinkage, (b) lengthening of grain boundaries and (c)
continued neck growth and grain boundary lengthening, volume shrinkage and grain
growth.

The final stage of sintering is initiated as the pores close and the pore channels
disappear. At this point, vacancy diffusion along the grain boundaries helps eliminate
remaining pores. Grain boundary movement and grain growth also support pore
elimination and vacancy diffusion, as shown in fig. 1.10. However, if the grains grow too
quickly, the boundaries advance more rapidly than the rate at which pores can be
eliminated. As a result, some pores become trapped inside the grains and remain as
isolated pores.

Isolated pores adopt different morphologies depending on their location. If they are
at the grain boundaries, they become lenticular (lens-shaped). If trapped inside the grains,
they become round (Barsoum, 2020). As the grains grow, these isolated pores are pushed
away from the grain boundaries, making them harder to remove. For this reason,
controlling grain growth is critical for complete pore elimination and achieving full

densification of the material.
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Figure 1.11. (@) Grain growth with discontinuous pore phase, (b) grain growth with porosity reduction,
(c) grain growth with porosity reduction and (c) grain growth with porosity elimination.

1.3. Composite Materials

Composites are another main type of material, along with traditional metals,
ceramics and polymers. They are usually defined as materials made by combining two or
more different substances to create new properties that the individual materials cannot
provide alone. The different parts of a composite must be chemically different and clearly
separated by an interface (Chung, 2010).

The purposeful development of multiphase materials—such as fiberglass-
reinforced polymer in the early 20th century—marked the beginning of composites as a
separate class of materials (Callister Jr and Rethwisch, 2014). Composites are made of a
strong reinforcement phase surrounded by a weaker matrix phase. When combined, these
materials exhibit superior properties compared to their individual constituents. They can
be harder, stronger, tougher, lighter, more resistant to heat and corrosion and may also
exhibit enhanced conductivity. The primary objective is to integrate the desirable
properties of each constituent into a superior overall material.

Throughout history, composite materials have been used in diverse applications. In
ancient times, people used wood and mud to build structures or improve weapons. Today,
composites are critical in fields such as the aerospace and sports equipment because they
can be engineered with tailored properties for specific applications.

Although composites have many advantages, they also have some disadvantages.
Many composites are anisotropic, which means their properties change depending on the
direction of the force. Additionally, most polymer-based composites exhibit high
chemical sensitivity. In addition, they are often expensive to produce and shape because

the manufacturing processes are slow and costly (Groover, 2010).
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Composites integrate the most desirable properties of different materials. An
optimized set of properties can be achieved by carefully selecting and combining these
materials. This makes composites useful in today’s engineering and manufacturing fields

(Shackelford, 2023).

1.3.1. Classification of composites

Composites can be grouped based on the type of matrix material. These groups
include metal matrix composites, polymer matrix composites and ceramic matrix
composites. They can also be classified by the type of reinforcement they contain, such

as particle-reinforced composites, fiber-reinforced composites and structural composites.

Composite Materials

Matrix Material Reinforcement Material
Metal Matrix Composites (MMC) Structural
Polymer Matrix Composites (PMC) Fiber Reinforced
Ceramic Matrix Composites (CMC) Particle Reinforced

Figure 1.12. Classification of composite materials

Metal matrix composites (MMCs) consist of a ductile metal or alloy matrix
reinforced with ceramic particles, continuous or short fibers, or whiskers derived from
various materials. MMCs offer several advantages over polymer matrix composites
(PMCs). They do not break down in contact with organic liquids, are not flammable, and
can operate at elevated temperatures. However, MMCs are more expensive than PMCs
because they require high temperatures during machining. For this reason, their use is
limited to specific areas.

Polymer matrix composites (PMCs) can be grouped based on the type of polymer
they use—either thermoset or thermoplastic. In general, thermoset matrix composites are
more common. However, thermoplastic matrix composites are becoming more popular
because they cost less, can be reused and have other advantages. Nevertheless, they
present limitations, such as requiring higher machining temperatures and offering fewer

suitable processing methods.
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Ceramic matrix composites (CMCs) were developed to address the limitations of
other composites while retaining their advantageous properties. CMCs are made of a
ceramic matrix and a reinforcement phase, which usually includes fibers. However, they
still face certain challenges, including ensuring thermal and chemical compatibility of

components and limitations in manufacturable geometries.

1.4. Manufacturing and Machining

The word 'manufacturing' comes from 'manufacture,' which originally meant 'to
make by hand.' In the past, this referred to making products using only hand tools.
However, as technology developed and hand tools became limited, manufacturing
became an industrial process. Today, it mainly uses machines to turn raw materials into
finished products. Modern manufacturing includes many methods, such as forming,
casting, welding and machining, as shown in fig. 1.13. These methods help shape

materials efficiently and accurately.
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Figure 1.13. Classification of manufacturing technologies (Youssef, 2016)

Machining technology is divided into two main groups: traditional and non-
traditional. Traditional machining can also be divided into chip removal and abrasion.
Turning, milling and drilling are part of the chip removal subgroup and are the main

machining methods used in industry (Youssef, 2016).
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Figure 1.14. Classification of machining technologies (Youssef, 2016)

Turning is a machining process in which material is removed from a rotating
workpiece using a single point cutting tool to produce a cylindrical shape. In milling,
material is removed from a stationary workpiece using a rotating cylindrical tool with
multiple cutting edges. Drilling is another machining process that uses a cylindrical tool,
called a drill or drill bit, to create a circular hole in the workpiece. These machining
methods are shown in fig. 1.15. They are commonly used in the processing of steel and

iron in industry.
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Figure 1.15. Common machining operations: (a) turning operation, (b) drilling operation, (c) milling
operation (Groover, 2010)

1.4.1. Metals

Metals, ceramics and polymers are the three main groups of engineering materials.

Metals are made of one or more metallic elements such as iron, aluminum, copper, or
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titanium. They frequently contain small quantities of nonmetallic elements such as
carbon, nitrogen, or oxygen. Metals are usually denser than ceramics and polymers. They
are stiff, strong, ductile and fracture resistant (Callister Jr and Rethwisch, 2014). Alloys,
which are made of two or more elements (with at least one being a metal), are commonly
used in manufacturing. Metals and alloys are generally divided into two categories:
ferrous metals and nonferrous metals.

Ferrous metals are metals that are mainly made from iron. This group includes steel
and cast iron. Commercially, they represent the most significant class of metals. On the
other hand, nonferrous metals include metals and their alloys that do not contain iron,
such as aluminum, copper, gold and magnesium.

Pure iron has no commercial use. Iron is the main element in all commercial ferrous
metals and is combined with carbon and other alloying elements to achieve desired
properties. The main difference between wrought iron, cast iron and steel is the amount
of carbon they contain. The approximate carbon content limits for each are as follows
(Karwa, 2006);

* Cast iron: C > 2%

* Steel: 0.1 <C<2%

* Wrought iron: C <0.1%

1.4.1.1. Steels

Steels are iron—carbon alloys that contain different amounts of carbon by weight.
They may also include other alloying elements such as manganese, chromium and nickel.
However, it is the carbon content that transforms iron into steel. Different sources define
various types of steel, but steels are generally divided into two main groups: low-alloy
steels and high-alloy steels. Low-alloy steels are further classified into low-carbon,

medium-carbon and high-carbon steels.
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Figure 1.16. Classification of ferrous metals (Callister Jr and Rethwisch, 2014)

Low-carbon steel contains less than 0.20% carbon by weight and is the most used
type of steel. They are used in automobile body parts, steel plates and railroad rails.
Because they are easy to manufacture, low-carbon steels are suitable for applications
where extremely high strength requirements are not critical.

Medium-carbon steels contain between 0.20% and 0.50% carbon by weight. They
are used in applications that require more strength than low-carbon steels. Common uses
include machine parts and engine components such as crankshafts and connecting rods.

High-carbon steels contain more than 0.50% carbon by weight. They are used in
applications requiring high strength, stiffness and hardness. Examples include springs,
cutting tools, blades and parts that must resist wear.

Plain carbon steels contain only small amounts of elements other than carbon,
mostly as impurities. These include about 0.4% manganese and smaller amounts of
silicon, phosphorus and sulfur. As the carbon content increases, the strength of plain
carbon steel also increases.

Stainless steels are steel alloys that contain a high amount of chromium. They are
known for their resistance to corrosion, high strength and flexibility. They are called
"stainless" because, when exposed to oxygen, they form a thin, colorless, hard layer of

chromium oxide that protects the surface and keeps it shiny. If the surface is scratched,
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this protective film forms again. The steel must contain at least 10.5% chromium by
weight for passivation.

Stainless steel is difficult to cut because of its low thermal conductivity, high
thermal expansion, high ductility and high work hardening rate. Its low thermal
conductivity raises the temperature of the cutting tool, which shortens the tool’s life. The
combination of high work hardening and low thermal conductivity affects chip formation,
often resulting in segmented chips. In addition, the high thermal expansion of stainless
steel makes it challenging to maintain precise machining tolerances. Its high ductility also
causes built-up edge (BUE) on the cutting tool, which damages surface quality and
increases vibration and chatter.

A critical factor in achieving optimal machining performance for stainless steel is
selecting the appropriate cutting speed and tool. Effective implementation requires a
comprehensive understanding of how cutting speed influences the material's mechanical

and thermal properties.

1.4.2. Cutting tools

Cutting tools are used to carry out machining operations. During these processes,
the tool is exposed to elevated stress and temperature. If the cutting force exceeds critical
limits, the tool may fracture. The tool material can soften and fail if the temperature gets
too high. Even if these failures do not occur, the cutting edge will inevitably experience
wear over time. Two key factors in cutting tool technology are the tool material and the
tool shape. The first focuses on developing materials that can handle the forces, heat and
wear during machining. The second involves designing the tool’s shape to match the

material and the specific operation (Groover, 2010).
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Figure 1.17. The geometries of cutting tools (Youssef, 2016)
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Toughness, hot hardness and wear resistance are three important properties of a
cutting tool material. The material must be tough enough to prevent breaking during
cutting. Toughness is a combination of strength and ductility in the tool material. Hot
hardness is the ability of a material to maintain its hardness at elevated temperatures.
Since cutting tools work in hot environments, this property is considered critical. The
material must also resist wear. To prevent abrasive wear, the tool must be hard. Hardness
is one of the most important requirements for all cutting tool materials (Youssef, 2016).

At the beginning of the 20th century, Taylor replaced carbon steel tools with high-
speed steel, which tripled cutting speeds. In 1926, Krupp developed a very hard sintered
carbide material called Widia, allowing cutting and forming speeds 3 to 6 times faster
than high-speed steel. By 1950, ceramic tools were introduced, reaching speeds 6 to 8
times higher than high-speed steels. Recently, tool materials like coated carbides and
cubic boron nitride (CBN) have been developed. Today, polycrystalline diamond tools
are mainly used for finishing with cutting speeds over 2 kilometers per minute (Youssef
and El-Hofy, 2008). Although traditionally high speed steels (HSS) and hard metal
(carbide) tools have been widely used, ceramic-based tools have been developed for

higher cutting speed and machining difficult materials.

1.4.2.1. Ceramic cutting tools

Ceramics are made by combining metallic and nonmetallic materials, with oxides,
nitrides and carbides being the most common types. Ceramic materials are generally
characterized by high stiffness and strength. They also exhibit exceptional hardness.
However, ceramics have long been known for being brittle and easy to crack due to their
lack of ductility. Today, newer ceramics are being developed to enhance fracture
resistance. Because of these properties, ceramics are suitable for machining metals at high
cutting speeds and without cutting fluids. The most common ceramic materials used in
cutting tools are alumina (Al203), silicon nitride (Si3N4) and SiAION (a mix of silicon,

aluminum, oxygen and nitrogen).
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Image 1.1. Ceramic cutting tools

Aluminum oxide is wear-resistant but brittle and it is mostly used for machining
hardened steel. Another type is silicon nitride, which is used for machining cast iron and
offers lower hardness but greater toughness. Between these two materials is a group of
ceramics called S1AIONs, which combine their properties. A higher amount of aluminum
oxide makes the material harder, while a higher amount of silicon nitride makes it tougher

(Yin Z. et al., 2015).

1.4.2.2. Alumina based (Al,Os -) cutting tools

The main aluminum source is bauxite, mostly hydrated aluminum oxide
(Al203-H20) and other oxides. The extraction of aluminum from bauxite can be
summarized in three main steps:

» Washing and crushing the ore into fine powder.

* The Bayer process, in which the bauxite is converted to pure alumina (Al2O3)

* Electrolysis, in which the alumina is separated into aluminum and oxygen gas (O2)

The Bayer process, named after the German chemist who developed it, involves
dissolving bauxite powder in a solution of caustic soda (NaOH) under pressure. Then,
pure aluminum oxide (AlOs) is separated from the solution by precipitation.

Aluminum oxide cutting tools perform well when turning cast iron and steel at high
speeds. They are mostly used for finishing turning of hardened steels, with high cutting
speeds, low feed rates and shallow cutting depths. Although alumina is inexpensive and

widely available, the processing cost is high; therefore, ceramic tools are less economical
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than carbide tools. They are highly resistant to crater wear and usually do not require a
coolant. Their tool life is like carbide tools when used at double the cutting speed.

To maximize the advantages of ceramic tools, rigid tool holders and machine tools
are required. Ceramics remain chemically stable (inert) up to very high temperatures,
making them suitable for machining steels, semi-hard steels and cast iron at cutting speeds
up to 600 m/min and feed rates up to 0.25 mm/rev. They maintain their cutting
performance at temperatures up to 1200°C. Even higher speeds and feeds are possible
when machining nonferrous metals.

However, due to their low toughness, ceramics are not recommended for heavy
interrupted cutting operations. Oxides such as titanium, magnesium, chromium, or
zirconium can be evenly distributed within the alumina matrix to improve their toughness.
In conventional machining, ceramic tools are usually used as inserts. Materials like
aluminum and titanium react chemically with alumina and are unsuitable for ceramic
machining. Among ceramic types, alumina-based ceramics are more suitable for
machining stainless steel than silicon nitride ceramics (Cutler and Hurford, 1988).

ADLO3-TiC (alumina-titanium carbide) based composite cutting tools have an
important role in today’s production thanks to their superior heat and wear resistance.
ALO;-TiC cutting tools are composite ceramics containing 30-40% titanium carbide
(TiC) particles in an alumina matrix.

ALlOs-TiC ceramic cutting tools belong to mixed oxide and carbide-based
materials. This composite has a higher hardness than pure alumina. (Grigoriev et al.,
2019) This high hardness can be maintained at temperatures up to 800 °C. Ensuring that
the cutting edge is resistant to deformation even at high temperatures.

The brittleness of ceramics is a factor that limits their use. Al,O3-TiC composite
has higher fracture toughness than pure alumina (approximately 5.4 MPa m'? pure
alumina ~4.5 MPa m'?). TiC particles have a deflection effect, making crack propagation
more difficult and increasing toughness to some extent. However, toughness is still low
compared to metal-based materials, meaning there is a fracture risk in interrupted cutting
or vibrating conditions. (Zmak et al., 2025)

Al>03-TiC cutting tools offer significant advantages, particularly in machining steel
materials. These advantages came from the material’s superior performance against the
high temperature, hardness and wear conditions encountered during steel machining.

Carbide, which makes up more than ~80% tool inserts used today, is used in many ways
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because of its balance of toughness and wear resistance. However, carbide inserts
typically have a hardness of ~16-18 GPa and their performance degrades at high
temperatures (above 700-800 °C) due to softening of the bond material (Zmak et al.,
2025). Al2O3-TiC ceramics do not contain metal binders such as cobalt. Therefore, they
retain their hardness at higher temperatures and resist thermal softening.

Additionally, ceramics are more chemically inert and less likely to react with steel.
However, carbides are superior to ceramics in terms of toughness. They do not break
under sudden impact and are more durable than ceramics in interrupted cutting.

On the other hand, silicon nitride (Si3N4) based ceramics are tougher and more
resistant to thermal shock than alumina ceramics. Therefore, they are advantageous in
interrupted cutting, especially in cast-iron machining. However, the chemical stability of
Si3N4 ceramics is not as good as alumina. They can react with steel and wear rapidly.
They interact chemically with the workpiece and result in the formation of an interlayer
phase.

Al20s5-TiC based cutting tool composites have long been preferred because TiC has
low friction coefficients and can suppress abnormal grain growth during sintering (Yin
Z. et al., 2015). The addition of 3-4 wt.% TiH: in the Al203-30 wt.% TiC system by
pressureless sintering provided >99% relative density, >22 GPa hardness and >600 MPa
flexural strength (Cuttler, Hurford and Virkar, 1988). Chae and Kim (1993) investigated
the effect of Y>0; addition on the densification behavior of the Al,03-30 wt.% TiC
composite. Because achieving full density at high temperatures is difficult due to gas-
forming reactions between Al,O3 and TiC, the sinter + HIP method was used in the study.
Optimum results were achieved with 0.35 wt.% Y203 addition, achieving a relative
density of 97% after sintering at 1700 °C and the open pores were closed. (Cai et al.,
2002) investigated the preparation, microstructure and properties of AlLO3-TiC
composites. Samples produced using powder metallurgy were evaluated under different
sintering conditions and it was observed that the density and mechanical properties of the
composites changed with increasing TiC content. The results indicated that 30 wt.% TiC
content optimized the density and mechanical properties of the composites with hardness
values reaching approximately 20 GPa and fracture toughness reaching 5 MPa m'?,
Densification became more difficult and porosity increased at higher TiC content.
(Kasuriya and Atong, 2006) studied Al,03-30 wt.% TiC composites and investigated the
effects of MgO (0.5 wt.%) and Y203 (0.3-1 wt.%) additives on material properties under
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pressureless sintering conditions at different temperatures. The results showed that the
sample sintered at 1800 °C containing 0.5 wt.% MgO-0.3 wt.% Y»03 reached 97%
relative density. In the study of (Yang and Roberts, 2005), Al,O3-TiCN composites
obtained by gas pressure sintering exhibited a density over 99%, reached a hardness of
19.2 GPa and a fracture toughness of 5.1 MPa m'?.

The objectives of this thesis are to systematically reveal the sinterability of Al>Os-
Ti1C composites by Gas Pressure Sintering (GPS) method and to quantitatively determine
the effects of rare earth oxide (REO) additions (Er203, Yb203, Y203, Smy03, CeO:) on
densification, microstructure and mechanical performance. In this context, the
relationship between sintering parameters, microstructure and properties in AlO3-TiC
composition with varying TiC and ZrO; content processed by GPS in a 5 bar Ar
atmosphere at 1875-1900 °C for 30-90 min is to be observed. The aim is to determine the
microstructures corresponding to hardness and fracture toughness and to compare them
with commercial products. The goal is to propose a validated process recipe for Al>Os-
TiC-based inserts that offer high relative density, increased hardness and improved

fracture toughness by optimizing GPS parameters and REO additives.
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2. MATERIALS AND METHODS

In this study, different compositions were prepared using various weight
percentages of TiC (20, 30, 40 and 55), as suggested in the literature, to determine the
optimal TiC content in the ALOs-TiC composite. The optimal TiC ratio was identified.
After that, ZrO. was incorporated at two different weight percentages (3.5 and 5) to
enhance the toughness of the composite and the optimal ZrO- ratio was also determined.

To further improve the mechanical properties of the Al.Os-TiC-ZrO: composite
(referred to as ATZ), rare earth oxides (REOs) such as Er;O3, Y203, Yb2O3, CeO> and
Sm>0; were added in 3.5% and 5% by weight. The effects of these additions were also
investigated. The specifications of the powders used in sample preparation at the

laboratory scale were listed in Table 2.1.

Table 2.1. The powders used for the study, the supplier company of these powders and their purity

Powders  Supplier/Country Purity

Al O3 Alteo, France >99.8%
TiC Zhuzhou, China >99%
710, Inframat, USA >99,9+%
EnO; Treibacher, Austria ~ >99.9+%
Y,03 REEtec, Norway >99.89%
Yb,0; Treibacher, Austria  >99.9%
CeO, Treibacher, Austria ~ >99.9+%

Sm,0; Treibacher, Austria ~ >99.9+%

2.1. Powder Preparation

The starting powders, totaling 60 grams, were milled and mixed in a planetary ball
mill using 125 ml of 99.8% pure isopropanol and 75 grams of ZrO- balls at 300 rpm for
2 hours. After mixing, the slurry was dried using an evaporator at 50°C with a rotation
speed of 45 rpm. The dried powder was then kept in an oven overnight at 90°C. Finally,
the powders were sieved using a 250 um sieve.

The starting powders were prepared for granule production by mixing 60% solid by
weight with pure water. ZrO: balls, equal to twice the total weight of the mixture, were
added. A dispersant was also included at 4% by weight. The mixture was stirred in an
attrition mill at 1000 rpm for 2 hours. After milling, the slurry was transferred to a
propeller mixer using a peristaltic pump and passed through a 32 um sieve. Appropriate

amounts of binder, lubricant and plasticizer were incorporated in the propeller mixer.
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The prepared ceramic slurry was dried using a Nubilosa LTC-2 model spray dryer.
The slurry was pumped into the dryer at a speed of 30 rpm using a peristaltic pump and
sprayed with air pressure set at 1.1 bar. To avoid burning the organic components in the
slurry, the dryer’s outlet temperature was set to 110°C and the inlet temperature to 240°C.

The weight percentage of all the compositions prepared through the study is
provided in Table 2.2.

Table 2.2. Weight percentage of all the compositions
Composition Name ALOs TiC ZrO: Er0; Y:03 Yb203; Ce:03 Sm20:

T20 80 20 0 0 0 0 0 0
T25 75 25 0 0 0 0 0 0
T30 70 30 0 0 0 0 0 0
T40 60 40 0 0 0 0 0 0
T55 45 55 0 0 0 0 0 0
AT-0ZrO; 70 30 0 0 0 0 0 0
AT-3.5ZrO; 66.5 30 3.5 0 0 0 0 0
AT-5ZrO; 65 30 5 0 0 0 0 0
ATZ-3.5Er 63 30 3.5 3.5 0 0 0 0
ATZ-5Er 61.5 30 3.5 5 0 0 0 0
ATZ-3.5Y 63 30 3.5 0 35 0 0 0
ATZ-5Y 61.5 30 3.5 0 5 0 0 0
ATZ-3.5Yb 63 30 3.5 0 0 3.5 0 0
ATZ-5YDb 61.5 30 3.5 0 0 5 0 0
ATZ-3.5Ce 63 30 3.5 0 0 0 35 0
ATZ-5Ce 61.5 30 3.5 0 0 0 0
ATZ-3.5Sm 63 30 3.5 0 0 0 0 3.5
ATZ-5Sm 61.5 30 3.5 0 0 0 0 5

2.2. Shape Forming Process

The powders were pressed using a hand press and a 12 mm die at different
pressures to study the effect of pressure on the composite. Afterwards, they were cold
isostatically pressed at 300 MPa to increase green density and form pellets. All powder

mixtures followed the same processing steps, except for the granules. The granules
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produced by the spray dryer were shaped using a fully automatic press (Komage S-20XT,

Germany) under different pressures to examine how pressure affects the composite.

2.3. Binder Removal

The organic binders incorporated during granule preparation must be eliminated
before sintering. An atmosphere-controlled thermal debinding method was employed to
achieve this. If this process is done in an oxygen atmosphere, there is a risk that TiC in
the mixture could oxidize and turn into TiO2. To prevent this, the thermal debinding was
carried out in an argon (Ar) atmosphere, holding the temperature at 550 °C for 1 hour. A

Protherm PLF 110/45 model furnace was used for the process.

2.4. Sintering

This study used two different sintering methods: Spark Plasma Sintering (SPS) and
Gas Pressure Sintering (GPS). First, the sintering behavior of the composites was
examined in SPS experiments with holding times of 5, 10 and 15 minutes at temperatures
between 1500-1800 °C. The results from the SPS tests were then used to define the
sintering conditions for the GPS process.

GPS experiments were carried out at higher temperatures, ranging from 1800—
1950 °C, with 30, 60 and 90 minutes holding times. A two-step sintering method was
applied in the GPS process to improve densification. In the first step, sintering was done

under 5 bar of argon gas and under 90 bar of argon gas in the second step,.

2.5. Characterization of Compositions
2.5.1. Density

The Archimedes method was used to measure the density of the produced samples.
This method is based on the principle that the difference between a material’s dry weight
and its weight in liquid equals the buoyant force acting on it (ASTM-311).

The samples were boiled in pure water for 3 hours to remove air from the pores.
Then, the suspended weight (W1) and wet weight (W2) were measured at room
temperature. After that, the samples were placed in an oven preheated to 80 °C for 1 hour
to remove the water inside the pores. Finally, the dry weight (W3) was recorded. Bulk

density (B.D.) and open porosity (O.P.) were calculated using the equations given below.
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. 9
Bulk Density (cm3) = W =W, X Pwater (2.1)
w, — W.
Open Porosity (%) = ﬁ x 100 (2.2)

The theoretical densities of compositions were calculated using the rule of mixtures

method to enable comparison. The formula is provided below.

Pc = P1V1 T P2V; (2.3)

where, p. is the density of composite, pi is the density of “substancel”, vi is the
volume fraction of “substancel”, p> is the density of “substance2”, v> is the volume

fraction of “substance2”.

2.5.2. Phase analysis

Phase analysis of the samples was performed using an X-Ray Diffraction (XRD)
device (Rigaku-Rint 2000, Japan) with copper as the target metal (A\CuKa = 1.54 nm).
After sintering, the samples were ground into powder using a ring mill. XRD analysis

was then carried out on these powders.

2.5.3. Microstructure and chemical analysis

The sintered samples were cut using a precision cutting machine (Struers-Secotom
1, Denmark). After cutting, they were mounted in Bakelite molds with their cross-sections
facing upward. This was done using a hot mounting device (Struers-LaboPress 3,
Denmark) at 180 °C for 4 minutes under a 10 kN load. The mounted samples were then
polished using an automatic polishing machine (Struers-TegraPol 25, Denmark).

The polishing process consisted of two stages: coarse polishing and fine polishing.
Appropriate polishing disks and diamond particle solutions of 9, 6, 3 and 1 pm were used
during fine polishing. After polishing, the sample surfaces were coated with a thin layer
of gold-palladium alloy in a vacuum for 7 seconds. This coating improved conductivity
and prevented surface charging before microstructure analysis.

Microstructure and fracture surface analyses were performed using a scanning
electron microscope (Zeiss-Supra 50 VP, Germany). Chemical analysis of the samples
was carried out using an energy-dispersive X-ray (EDS) detector (Oxford Instruments,

UK) attached to the microscope.
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2.5.4. Hardness and fracture toughness

Hardness measurements of the polished cross-sections were performed using the
Vickers microhardness method (Emcotest-M1C 010, Austria). A square pyramid-shaped
diamond tip with a top angle of 136° was used for indentation. The tests were carried out
under a 49 N load for 6 seconds. The results were calculated using the equations below
(Charles and Evans, 1976). Measurements were taken at five different points on each

sample to ensure accuracy and the average values were then calculated.
P
HVs = 0.47 — (2.4)
a

Where HV;s is Vickers hardness, P is the applied load and a is the half of the
diagonal length of the mark made by the diamond tip.

Fracture toughness was calculated by measuring the crack lengths resulting from
Vickers indentation under an optical microscope and using the formula suggested by

Charles and Evans (Charles and Evans, 1976).

c\-15
Ky = 0.15 x (HVa) x (=) (2.5)
a
Where, K| is the fracture toughness (MPa - m®>), H is the Vickers hardness (GPa),
a is the half of the diagonal length made by the diamond tip (um) and c is the crack length

(um).
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Figure 2.1. Cracks at an indent allow determination of K;.. (Carter and Norton, 2007)
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3. RESULTS AND DISCUSSIONS
3.1. Characterisation of Commercial Products

Al0;-TiC ceramic cutting tools from three different commercial companies were
characterized. The densities of the products were measured using the Archimedes method

and were presented in Table 3.1.

Table 3.1. Commercial products and their densities

Product Name  Density (g/cm®)

Cl 4.2829
C2 4.6604
c3 4.2928

Considering the density results, it is possible to say that C1 and C3 were products
with similar compositions. The density of the C2 product differs from the others due to
the TiN coating on its surface.

Backscattered SEM images of three different commercial Al-Os-TiC composite
products were shown in fig. 3.1. The C1 sample (fig. 3.1.a) has a coarser and more
heterogeneous structure than the others. Clear boundaries between dark and light gray
areas and the TiC particles appear more unevenly and coarsely distributed. The C2 sample
(fig. 3.1.b) shows a homogeneous, fine-grained structure. TiC particles were smaller and
more evenly spread within the Al.Os matrix. The C3 sample (fig. 3.1.c) displays a
microstructure where the TiC phase is dense and separated from the Al:Os matrix. The
amount of TiC appears to be higher than in the other samples. The sharp phase boundaries

suggest that this sample may have high hardness, but possibly lower fracture toughness.
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Figure 3.1. Representative backscattered SEM images taken from polished surface of commercial
products. Cl (a), C2 (b) and C3 (c)

The EDS analysis result of the C1 sample is shown in fig. 3.2. The analysis confirms
that aluminum (30.82 wt.%) and titanium (19.71 wt.%) were the main elements in the
composite. These values indicate that the TiC phase is added to the Al:Os matrix in the
C1 sample. The oxygen content (42.76 wt.%) supports the presence of a high amount of
AlL:Os. The carbon content is measured at 4.42 wt.%. Small amounts of cobalt (0.49 wt.%)
and ytterbium (1.79 wt.%) were also detected. These elements may have been used as
binders, additives in the production process, or special components added by the

manufacturer to improve the material’s properties.
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Figure 3.2. Representative backscattered SEM image and EDS analysis taken from the polished surface
of Cl

The EDS analysis result of the C2 sample is shown in fig. 3.3. The analysis confirms
that aluminum (23.17 wt.%) and titanium (18.07 wt.%) were the main elements in the
composite. The oxygen content (37.25 wt.%) indicates a high amount of Al.Os. Other
noteworthy elements were molybdenum (Mo, 8.40 wt.%) and zirconium (Zr, 2.78 wt.%).
These elements may have been intentionally added to stabilize the microstructure, control
grain growth and improve mechanical properties. A small amount of magnesium (0.12
wt.%) was also detected, possibly in the form of MgO, which may have been used as a

sintering aid.

10.23 18.77
(0] 37.25 51.30
Mg 0.12 0.11
Al 23.17 18.92
Ti 18.07 8.31
Zr 2.78 0.67
Mo 8.40 1.93

1250x 40pm H——

Figure 3.3. Representative backscattered SEM image and EDS analysis taken from the polished surface
of C2

The EDS analysis result of the C3 sample is shown in fig. 3.4. The analysis confirms
that aluminum (30.55 wt.%) and titanium (20.36 wt.%) were the main elements in the
composite. The oxygen content (42.59 wt.%) supports the presence of a high amount of

AlL:Os. Small amounts of zirconium (1.87 wt.%) and magnesium (0.24 wt.%) were also
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detected. These elements may have been added to improve the material’s mechanical

properties and support the sintering process.
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Figure 3.4. Representative backscattered SEM image and EDS analysis taken from the polished surface
of C3

The C3 is an advanced composite that largely follows the Al.Os-TiC system in its
chemical composition, but it is modified with small amounts of Zr and Mg. When the
SEM image and EDS data were evaluated together, it can be said that this product is a
ceramic material with high sintering quality, strong structural integrity and suitable
properties for engineering applications.

A comparison of the hardness and fracture toughness of the C1, C2 and C3 samples
is shown in fig. 3.5. The highest hardness value belongs to the C2 sample (~20.5 GPa).
C3 ranks second with a hardness of about 20 GPa. The C1 sample has the lowest hardness,
around 18 GPa. This lower value may be due to the more noticeable and irregular TiC
clusters in its SEM image.

The order is reversed when it comes to fracture toughness. The C1 sample has the

highest fracture toughness at approximately 6.0 MPa-m'/2. CW2015 has the lowest value,

around 4.5 MPa-m'/?, while C3 is in the middle with about 5.2 MPa-m'’2. Despite its high

hardness, C2 shows low toughness, which suggests that its structure is more brittle.
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Figure 3.5. Representative hardness and fracture toughness of C1, C2 and C3 samples

When a general evaluation is made, the C2 sample stands out regarding hardness,
while the C1 sample shows the highest fracture toughness. The C3 sample balances
between these two mechanical properties, with medium-high hardness and moderate
fracture toughness.

Depending on the application area, C2 can be preferred in environments where high
wear resistance is needed, C1 is suitable where impact resistance is important and C3 is

a good option for systems that require a balance between hardness and toughness.

3.2. Determination of Al,O3; and TiC Content in Composition

In this study, the mechanical properties, microstructural behavior and sintering
process of Al.Os-TiC composites were investigated and compared with findings from the
literature. Four different compositions (T20, T30, T40 and T55) were prepared,
containing between 20% and 55% TiC by weight. The hardness, fracture toughness and
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relative density results were analyzed and similarities and differences with previous
studies were discussed.

The particle size of the starting powders (1.2 pm for ALLO; and 2.3 ym for TiC)
played an important role in achieving a homogeneous microstructure. Compared with
literature, the Spark Plasma Sintering (SPS) method used in this study showed advantages
over the commonly used Hot Pressing (HP) method. Table 3.2 presents the Al,O,-TiC
compositions, relative densities, hardness values and fracture toughness results from

selected studies.
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Table 3.2. Properties of Al>O3-TiC compositions in the relevant literature

Compositions Relative Density (%)  Hardness (GPa)  Fracture Toughness
(MPa m'?)

ALOs3-30wt.%TiC 4.26 19.9+0.7 4.01£0.46

(Cutler and Hurford,

1988)

Al03-30vol.% TiC 4.29 223 4.5

(Ezugwu and Tang,

1995)

ALO3-30wt.%TiC (Mao, 97.4 20.73 5.2

etal., 1997)

AlLO3-30wt.%TiC (Liu,  Densified 21.11 5.14

et al., 2004)

AlL,O3-TiC (1:1vol.%) - 20 5.2

(Deng, Can, and Sun,

2005)

ALO330wt.%TiCN 99.5 19.6 5.85

(Yang and Roberts,

2005)

Al03-30wt. TiC (You, 99.6 21.9 6.12

et al., 2005)

AlL,O3-45wt.%TiC - 20 4.6

(Chen and Kny, 2000)

Al,O3-40wt.%TiC 99.3 20.5 4.87

(Zhang, Ling, and Li,

2005)

Al,O3-30wt.%TiC 98.2 20.10 4.38

(Goldstein and

Singurindi, 2000)

AlL,O3-20wt.%TiC 99.5 21 8.3

(Meir, Kalabukhov and

Hayun, 2014)

Al,03-40vol.%TiC 99 233 7.8

(Grigoriev, et al., 2018)

Al,03-40vol.%TiC (Yin 94 16.7 6

etal., 2013)

AlL,03-30vol.%TiC (Fei - 20.75 6.4

etal., 2014)

AlLO3-55wt.%TiC - 23.5 5.04

(Xing, et al., 2014)
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Figure 3.6. Representative SPS sintering curves of prepared compositions.

The SPS graph of the prepared compositions was shown in fig. 3.6. The specific
sintering temperature for each composition was determined by analyzing the punch
displacement curve as a function of temperature during sintering. The temperature at
which the displacement curve began to rise was defined as the shrinkage start
temperature. The point where the curve became stable was defined as the sintering
temperature.

The sintering process was stopped when the piston reached the sintering
temperature (Tsin), with a heating rate of 100 °C/min and under 16 MPa of uniaxial
pressure, held for 5 minutes. Densification began at 1885 °C for T55, 1800 °C for T40,
1685 °C for T30 and 1665 °C for T20.

It was observed that decreasing the titanium carbide content led to a lower sintering
temperature. The densities of the samples produced by Spark Plasma Sintering were
measured using Archimedes’ method. Hardness and fracture toughness were determined

using the Vickers indentation method. The results were presented in Table 3.3.

Table 3.3. Sintering temperatures and mechanical properties of the investigated compositions

Composition Sintering Temperature Relative Density = Hardness  Fracture

°C) (%) (GPa) Toughness

(MPa m'?)
T55 1885 98.98 20.85 5.11
T40 1800 98.94 20.23 4.43
T30 1685 99.34 19.05 4.66
T20 1665 99.42 18.77 3.94

The T20 composition showed the highest relative density, with a value of 99.42%.
This suggests that the low TiC content helped reduce porosity during sintering, leading
to higher density. A similar result was reported by Meir et al. (Meir, Kalabukhov and
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Hayun, 2014) for an Al-Os-TiC composition containing 20 wt.% TiC, which had a relative
density of 99.5%, hardness of 21 GPa and fracture toughness of 8.3 MPa-m'/2. In this
study, the T20 composition showed a hardness of 18.77 GPa and fracture toughness of
3.94 MPa-m'2,

The T30 composition performed similarly to T20 in terms of density, with a relative
density of 99.34%. In the study by You et al. (2005), an Al.Os-TiC composition
containing 30 wt.% TiC showed comparable results, with a hardness of 21.9 GPa, fracture

toughness of 6.12 MPa-m'/2 and a relative density of 99.6%. In this study, the T30

1/2

composition had a hardness of 19.05 GPa and a fracture toughness of 4.66 MPa-m'">.
The T40 composition showed a slightly lower density than T20 and T30, with a

relative density of 98.94%. In the study by Grigoriev et al. (2018), an AlOs-TiC

composition with 40 vol.% TiC achieved a relative density of 99%, a hardness of

23.3 GPa and a fracture toughness of 7.8 MPa-m'/2. In this study, the T40 composition

had a hardness of 20.23 GPa and a fracture toughness of 4.43 MPa-m'/2.

The T55 composition showed the highest mechanical properties in this study, with
a hardness of 20.85 GPa and a fracture toughness of 5.11 MPa-m"/2. In the study by Xing
et al. (2014), a composition containing 55% TiC produced by the hot-pressing method
reached a hardness of 23.5 GPa and a fracture toughness of 5.04 MPa-m'/2. These values

were quite close to the results of this study, although slightly higher hardness was reported
in their findings.

The differences observed between studies may result from variations in sintering
methods and the types of starting powders used. The density values obtained in this study
were very close to the theoretical densities. The T20 and T30 compositions showed the
best results in terms of relative density, indicating that porosity can be better controlled
when the TiC content is low.

Fig. 3.7 shows the backscattered SEM images of the compositions at 5000x
magnification. Microstructural analysis revealed that the TiC and Al:Os phases were
homogeneously distributed in all samples. In the SEM images, dark areas represent Al.Os,
while light areas represent TiC. Both transgranular and intergranular crack mechanisms
were observed in all samples. However, as the TiC content increased, intergranular cracks
became more dominant. This suggests that a high amount of TiC weakens the grain

boundaries, which may negatively affect the mechanical properties.
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Figure 3.7. Representative backscattered SEM images taken from polished surface of compositions (a)
755, (b) T40, (c) T30 and (d) T20

As a result, the data obtained in this study demonstrate the characterization of
ALOs-TiC composites and the effect of TiC content on their microstructure and
mechanical properties. The methodology used was consistent with the results of similar
studies in the literature. In addition, the analysis of crack mechanisms and microstructure

was successfully linked to the mechanical properties.

3.3. Effects of Sintering Parameters

The previous study obtained the best results from the sample sintered at 1900 °C
for 60 minutes under 90 bar of argon atmosphere. The current study examined closed
porosity points to determine the optimal sintering parameters. Samples were sintered at
1875 °C for 90 minutes and at 1900 °C for 30, 60 and 90 minutes in an argon atmosphere.
Studies by Wang et al. (Wang, et al., 2023) and others suggest that adding ZrO- to ALl>Os-
TiC composites improves their mechanical properties. In this study, we aimed to
determine the optimum weight percentage of ZrO.. Sintering experiments were repeated

by adding 3.5 wt.% and 5 wt.% ZrO- to the composition to evaluate its effect.

3.3.1. 1875 °C for 90 minutes under 5 bar Ar with GPS

Table 3.4 presents the dimensional changes and relative densities of composites
containing 0, 3.5 and 5 wt.% ZrO, sintered at 1875 °C for 90 minutes under 5 bar argon

atmospheres. It was observed that increasing the ZrO: content under the same positively
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affected the sintering process. The correlation between the dimensional changes and the

relative densities of the samples supports this finding.

Table 3.4. Dimensional changes and relative densities of compositions sintered at 1875 °C for 90
minutes under 5 bar Ar

Composites Height (%) Diameter (%) Relative Density (%)
A03-30wt.%TiC-0wt.%ZrO, 15.34 14.73 93.91
66.5wt.%A1,03-30wt.%TiC-3.5wt.%ZrO,  17.12 15.67 94.67
65wt.%A1,03-30wt. %TiC-5wt.%ZrO, 17.46 15.88 95.25

Fig. 3.8 shows backscattered SEM images at different magnifications of the sample
produced by GPS at 1875°C under 5 bar of argon, with a 90-minute soak at peak
temperature. TiC particles were seen to be uniformly distributed within the Al,O, matrix.
However, some coarse TiC and Al,O, grains were present in the microstructure. Fig. 3.8.c

and fig. 3.8.d reveals structural defects, including unclosed pores. These defects were

likely due to the low-pressure sintering conditions.
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Figure 3.8. Representative backscattered SEM images taken from polished surface of the composite
contain Owt.%ZrO:. (a) 500x, (b) 1250x, (c) 2500x and (d) 5000x magnification.

Fig. 3.9 shows backscattered SEM images taken from different magnifications of a

composite containing 3.5 wt.% ZrO-, produced by GPS at 1875 °C under 5 bar of argon,

with a 90-minute soak at peak temperature. TiC particles (gray areas) and ZrO,, particles
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(bright areas) were uniformly distributed within the Al,O, matrix (dark areas). Compared

to the previous study, grain growth was significantly reduced.

Ser i =t \1’ “9«

Figure 3.9. Representative backscattered SEM images taken from polished surface of the composite
contain 3.5wt.%ZrQO:. (a) 500x, (b) 1250x, (c) 2500x and (d) 5000x magnification.

Fig. 3.10 shows the EDS analysis image and data table of the composite containing
3.5 wt.% ZrOs.. In the area scan at 1250x magnification, 2.93 wt.% Zr and 18.35 wt.% Ti
were detected. This result indicates that the added ZrO. was homogeneously distributed

throughout the structure.
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Figure 3.10. Representative backscattered SEM image and EDS analysis taken from the polished surface
of 3.5wt.%ZrO; composition
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Fig. 3.11 shows backscattered SEM images taken from different magnifications of
a composite containing 5 wt.% ZrO-, produced by GPS at 1875 °C under 5 bar of argon,
with a 90-minute soak at the peak sintering temperature. TiC particles (gray areas) and
ZrO, particles (bright areas) were uniformly distributed within the Al,O, matrix (dark

areas). Compared to previous studies, grain growth was noticeably reduced in this sample.
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Figure 3.11. Representative backscattered SEM images taken from polished surface of the composite
contain Swt.%Zr0:. (a) 500x, (b) 1250x, (c) 2500x and (d) 5000x magnification.

Fig. 3.12 shows the EDS analysis image and data table of the composite containing
5 wt.% ZrO:. In the area scan at 1250x magnification, 1.88 wt.% Zr and 19.07 wt.% Ti
were detected. This indicates that the added ZrO- was homogeneously distributed in the
structure. However, despite the increase in ZrO- content in the composition, its detected
amount in the EDS analysis appears lower. This suggests that ZrO. may have diffused or

been transported within the structure during sintering.
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Figure 3.12. Representative backscattered SEM image and EDS analysis taken from the polished surface
of Swt.%ZrO: composition

3.3.2. 1900 °C for 90 minutes under S bar Ar with GPS

Table 3.5 presents the dimensional changes and relative densities of composites
containing 0, 3.5 and 5 wt.% ZrO-, sintered at 1900 °C for 90 minutes under 5 bar of
argon atmosphere. Under these conditions, the addition of ZrO, appears to negatively

affect the sintering compared to the sample without ZrO,. Only a slight difference was

observed between the samples with 3.5 wt.% and 5 wt.% ZrO,.

Table 3.5. Dimensional changes and relative densities of compositions sintered at 1900 °C for 90
minutes under 5 bar Ar

Composites Height (%) Diameter (%)  Relative Density (%)
AlL,03-30wt.%TiC-0wt.%ZrO, 16.67 12.61 96.68
66.5wt.%A1,03-30wt.%TiC-3.5wt.%ZrO,  11.41 15.14 94.63
65wt.%A1,05-30wt.%TiC-5wt.%Zr0O, 11.17 15.53 94.78

Fig. 3.13 shows backscattered SEM images at different magnifications of the
sample produced by GPS at 1900 °C under 5 bar of argon, with a 90-minute soak at the

peak sintering temperature. TiC particles were uniformly distributed within the Al,O,4
matrix. However, some coarse TiC and Al,O, grains were still present in the
microstructure. Compared to the sample sintered at 1875 °C, the microstructure appears

denser, indicating that the sintering process was more effective at the higher temperature.
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Figure 3.13. Representative backscattered SEM images taken from polished surface of the composite

contain Owt.%ZrQO:. (a) 500x, (b) 1250x, (c) 2500x and (d) 5000x magnification.

Fig. 3.14 shows backscattered SEM images taken from different magnifications of
a composite containing 3.5 wt.% ZrO-, produced by GPS at 1900 °C under 5 bar of argon,
with a 90-minute soak at peak temperature. Compared to the previous study, grain growth

and porosity increase was observed.
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Figure 3.14. Representative backscattered SEM images taken from polished surface of the composite
contain 3.5wt.%Zr0.. (a) 500x, (b) 1250x, (c) 2500x and (d) 5000x magnification.

48



Fig. 3.15 shows the EDS analysis image and data table of the composite containing
3.5 wt.% ZrOs-. In the area scan at 1250x magnification, 2.12 wt.% Zr and 17.77 wt.% Ti
were detected. This indicates that the added ZrO: was homogeneously distributed

throughout the structure.
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Figure 3.15. Representative backscattered SEM image and EDS analysis taken from the polished surface
of 3.5wt.%ZrO; composition

Fig. 3.16 shows backscattered SEM images taken from different magnifications of
a composite containing 5 wt.% ZrO, produced by GPS at 1900 °C under 5 bar of argon,
with a 90-minute soak at peak temperature. The grain growth and porosity levels were
similar to those observed in the previous study. The dimensional change and relative

density results support this observation.
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Figure 3.16. Representative backscattered SEM images taken from polished surface of the composite
contain Swt.%Zr0:. (a) 500x, (b) 1250x, (c) 2500x and (d) 5000x magnification.

Fig. 3.17 shows the EDS analysis image and data table of the composite containing
5 wt.% ZrO:. In the area scan at 1250x magnification, 3.23 wt.% Zr and 18.13 wt.% Ti

were detected.
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Figure 3.17. Representative backscattered SEM image and EDS analysis taken from the polished surface
of Swt.%ZrO; composition

3.3.3. 1900 °C for 60 minutes under 5 bar Ar with GPS

Table 3.6 presents the dimensional changes and relative densities of composites

containing 0, 3.5 and 5 wt.% ZrO-, sintered at 1900 °C for 60 minutes under 5 bar argon

atmospheres. Under these conditions, the addition of ZrO, appears to have a negative
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effect on the sintering process compared to the sample without ZrO,. However, only a

slight difference was observed between the 3.5 wt.% and 5 wt.% ZrO, additions.

Table 3.6. Dimensional changes and relative densities of compositions sintered at 1900 °C for 60
minutes under 5 bar Ar

Composites Height (%) Diameter (%)  Relative Density (%)
Al03-30wt.%TiC-0wt.%ZrO, 14.26 14.63 94.75
66.5wt.%A1,03-30wt.%TiC-3.5wt.%ZrO,  14.44 15.52 95.09
65wt.%A1,03-30wt. %TiC-5wt.%ZrO, 15.04 14.33 94.37

Fig. 3.18 shows backscattered SEM images at different magnifications of the
sample produced by GPS at 1900 °C under 5 bar of argon, with a soak time of 60 minutes

at the peak sintering temperature. Compared to the previous study with a 90-minute soak,

an increase in porosity was observed.
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Figure 3.18. Representative backscattered SEM images taken from polished surface of the composite
contain Owt.%ZrO:. (a) 500x, (b) 1250x, (c) 2500x and (d) 5000x magnification.

Fig. 3.19 shows backscattered SEM images taken from different magnifications of
a composite containing 3.5 wt.% ZrO., produced by GPS at 1900 °C under 5 bar of argon,
with a 60-minute soak at peak temperature. The addition of ZrO, at this temperature and

duration affects the microstructure positively.
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Figure 3.19. Representative backscattered SEM images taken from polished surface of the composite
contain 3.5wt.%Zr0:. (a) 500x, (b) 1250x, (c) 2500x and (d) 5000x magnification.

Fig. 3.20 shows the EDS analysis image and data table of the composite containing
3.5 wt.% ZrOs.. In the area scan at 1250x magnification, 1.72 wt.% Zr and 18.57 wt.% Ti

were detected.
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Figure 3.20. Representative backscattered SEM image and EDS analysis taken from the polished surface
of 3.5wt.%ZrO; composition

Fig. 3.21 shows backscattered SEM images at different magnifications of a
composite containing 5 wt.% ZrO:, produced by GPS at 1900 °C under 5 bar of argon,

with a 60-minute soak at peak temperature. The change in ZrO, content appears to have

a minimal effect on the microstructure, as supported by the dimensional change and

relative density results.

52



12503( 40!.|m —_

V‘M, -

5000x l(]pm B

Figure 3.21. Representative backscattered SEM images taken from polished surface of the composite
contain Swt.%Zr0:. (a) 500x, (b) 1250x, (c) 2500x and (d) 5000x magnification.

Fig. 3.22 shows the EDS analysis image and data table of the composite containing
5 wt.% ZrOs-. In the area scan at 1250x magnification, 2.93 wt.% Zr and 19.74 wt.% Ti

were detected.
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Figure 3.22. Representative backscattered SEM image and EDS analysis taken from the polished surface
of Swt.%ZrO; composition

3.3.4. 1900 °C for 30 minutes under 5 bar Ar with GPS

Table 3.7 presents the dimensional changes and relative densities of composites

containing 0, 3.5 and 5 wt.% ZrO-, sintered at 1900 °C for 60 minutes under 5 bar argon

atmospheres. Under these conditions, the addition of ZrO, appears to have a negative
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effect on the sintering process compared to the sample without ZrO,. However, only a

slight difference was observed between the 3.5 wt.% and 5 wt.% ZrO, additions.

Table 3.7. Dimensional changes and relative densities of compositions sintered at 1900 °C for 30
minutes under 5 bar Ar

Composites Height (%) Diameter (%) Relative Density (%)
Al03-30wt.%TiC-0wt.%ZrO, 14.29 15.42 96.05
66.5wt.%A1,03-30wt.%TiC- 13.75 15.31 95.56

3.5wt.%ZrO»

65wt.%A1,03-30wt.%TiC-5wt.%ZrO,  14.89 14.87 95.40

Fig. 3.23 shows backscattered SEM images at different magnifications of the
sample produced by GPS at 1900 °C under 5 bar of argon, with a 60-minute soak at the
peak sintering temperature. Compared to the previous study with a 90-minute soak, an

increase in porosity was observed.
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Figure 3.23. Representative backscattered SEM images taken from polished surface of the composite
contain Owt.%ZrO;. (a) 500x, (b) 1250x, (c) 2500x and (d) 5000x magnification.

Fig. 3.24 shows backscattered SEM images at different magnifications of a
composite containing 3.5 wt.% ZrO-, produced by GPS at 1900 °C under 5 bar of argon,
with a 60-minute soak at peak temperature. At this temperature and duration, the addition

of ZrO, appears to have a positive effect on the microstructure.
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Figure 3.24. Representative backscattered SEM images taken from polished surface of the composite
contain 3.5wt.%Zr0:. (a) 500x, (b) 1250x, (c) 2500x and (d) 5000x magnification.

Fig. 3.25 shows the EDS analysis image and table of the composite contain 3.5wt.%
Zr0s. 1.72 wt.% Zr and 17.27 wt.% Ti was found in the area scan at 1250x magnification.

[ement | weighto | Atomicw
C

5.84 10.14
o 44.74 58.39
Al 30.42 23.54
Ti 17.27 7.53
Zr 1.72 0.39

88 1550x 40um ——

Figure 3.25. Representative backscattered SEM image and EDS analysis taken from the polished surface
of 3.5wt.%ZrO; composition

Fig. 3.26 shows backscattered SEM images at different magnifications of a
composite containing 5 wt.% ZrO:, produced by GPS at 1900 °C under 5 bar of argon,

with a 30-minute soak at peak temperature. The change in ZrO, content appears to have
a minimal effect on the microstructure, as supported by the dimensional change and

relative density results.
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Figure 3.26. Representative backscattered SEM images taken from polished surface of the composite
contain Swt.%Zr0O:. (a) 500x, (b) 1250x, (c) 2500x and (d) 5000x magnification.

Fig. 3.27 shows the EDS analysis image and table of the composite contain Swt.%
Z10s. 2.38 wt.% Zr and 17.04 wt.% Ti was found in the area scan at 1250x magnification.
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Figure 3.27. Representative backscattered SEM image and EDS analysis taken from the polished surface
of Swt.%ZrO; composition
3.3.5. Comparison of Sintering Parameters Results

Fig. 3.28 shows the relative densities, sintering temperatures and peak temperature
durations of the compositions containing 0, 3.5 and 5 wt.% ZrO-, sintered at 1875 °C for
90 minutes and 1900 °C for 30, 60 and 90 minutes.

The best relative density (95.4%) was obtained from the composition with 3.5 wt.%
ZrO: sintered at 1900 °C for 30 minutes. The lowest relative density (93.91%) was
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observed in the sample without ZrO,, sintered at 1875 °C for 90 minutes. This indicates
that lower sintering temperatures did not provide sufficient densification.
Similarly, the highest relative density (96.68%) among the compositions without
ZrO: was achieved at 1900 °C for 90 minutes. These results show that higher temperatures
and longer durations lead to better densification.
When evaluated by composition:
o AlLOs-TiC-0 wt.% ZrO.: Highest density of 96.68% at 1900 °C for 90
minutes.
e  ALOs-TiC-3.5 wt.% ZrO.: Reached 95.56% at 1900 °C for 30 minutes.
e  ALOs-TiC-5 wt.% ZrO:: Reached 95.4% at 1900 °C for 30 minutes.
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Figure 3.28. Representative relative density vs duration graphics of 0-3.5-5 wt.% ZrO; contain AL,Os-TiC
compositions sintered at 1875 °C and 1900 °C for 30-60-90 minutes under 5 bar Ar
atmosphere
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3.4. Effect of Pressing Pressure and Interaction with Crucible on Sintering Behavior

The best result was obtained from the composition containing 3.5 wt.% ZrOa,
sintered at 1900 °C for 30 minutes in the previous study. Holding the temperature for 45
minutes was predicted to give better results. In this study, sintering was carried out at
1900 °C for 45 minutes under 90 bar of argon atmosphere, using different pressing
pressures and various sintering crucibles.

The goal was to determine the minimum pressing pressure required to achieve a
relative density above 99%. Ayas et al. (Ayas, 2003) reported that, during sintering in BN
crucibles, TiC in the structure migrated to the surface and formed TiB:. To avoid this
unwanted reaction and observe the effect of crucible type, additional sintering
experiments were conducted using BN and graphite crucibles under the same conditions.

Two different sample groups were created to observe the effects of pressing
pressure and the sintering crucible. In the first group, the samples were pressed at 50 to
600 MPa pressures. Samples labeled with “P" were pressed using an automatic press
(Komage, S-20XT, Germany), while those labeled with only numbers were first pressed
with a hand press and then further compacted using Cold Isostatic Pressing (CIP) at 2000
bar.

Table 3.8 compares the green density (before sintering) and relative density (after
sintering) of samples pressed under different pressures. An increase in green density was
observed with higher pressing pressures. For example, the green density of the sample
pressed at 50 MPa was 47.29% and gradually increased to 62.86% at 600 MPa.

Relative density values show that samples pressed at lower pressures, such as
sample 1, had lower density (94.06%), while sample 7P, pressed at 200 MPa, reached
around 99%. Sample 2P, pressed at 350 MPa, achieved a relative density of 99.13%. The
highest value, 99.35%, was observed in sample 19P, which was pressed at 500 MPa.
However, a slight decrease in relative density was seen in samples 20P (540 MPa) and
10P (600 MPa), with values of 99.14% and 98.54%, respectively. This trend suggests
excessive pressure may cause mechanical deformation during sintering, slightly reducing
densification.

When examining changes in the diameter and height of the samples, it was observed
that higher pressing pressure caused more shrinkage in diameter. For example, sample 1
(pressed at 50 MPa) showed a diameter change of 20.11%, while sample 19P (pressed at
500 MPa) showed a smaller change of 16%. Similarly, the height changes in sample 1
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were 19.35%, whereas in sample 20P it was 12.10%. These results suggest that higher
pressing pressures lead to more uniform shrinkage during sintering and better pore
closure. However, the slight decrease in relative density observed in highly pressed
samples (20P and 10P) indicates that excessive pressure may cause internal stress or

micro-cracks, negatively affecting densification.

Table 3.8. A1,05-TiC-3.5wt.%ZrO; composition pressed at different pressures and sintered with a BN
crucible

Before GPS After GPS
Sample Applied Pressure Green Body Diameter Height Relative Density

Name (MPa) Density (%) (%) (%) (%)

1 50 47.29 20.11 19.35 94.06
2 100 50.96 19.15 17.40 98.27
3 130 52.50 17.56 19.12 98.65
4 175 53.98 17.57 17.98 98.73
5 220 55.28 16.97 15.76 98.80
6 260 55.51 16.26 17.79 99.01
7P 200 57.71 17.51 17.12 99.01
4P 320 59.81 15.03 14.75 99.07
2P 350 60.30 16.26 13.20 99.13
16P 410 60.71 15.89 14.24 99.19
14P 450 61.31 16.26 14.18 99.30
19P 500 61.70 16.00 14.12 99.35
20P 540 62.27 15.69 12.10 99.14
10P 600 62.86 15.70 12.59 98.54

Table 3.9 compares the density and dimensional changes of the Al.Os—TiC-3.5
wt.% ZrO: composite after sintering in a graphite crucible under different pressing
pressures. As the pressing pressure increases, the green body density of the samples also
increases. For example, sample 8P (pressed at 220 MPa) had a green density of 58.24%,
while sample 17P (pressed at 480 MPa) reached 61.67%. This trend indicates that higher
pressing pressure improves particle packing efficiency.

Increasing the pressing pressure leads to higher green density and an increase in
relative density up to approximately 99.49%. However, beyond 320 MPa, the
improvement in relative density becomes minimal. The optimal pressing pressure range

was between 320 and 360 MPa.
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Table 3.9. A1,05-TiC-3.5wt. %ZrO; composition pressed at different pressures and sintered with a
graphite crucible

Before GPS  After GPS

Sample Applied Pressure Green Body Diameter  Height Relative Density

Name (MPa) Density (%) (%) (%) (%)

8P 220 58.24 17.43 11.97 99.41
11P 320 59.75 17.24 15.77 99.43
1P 335 60.10 15.93 14.99 99.37
3P 357 60.15 16.50 14.14 99.36
12P 360 60.39 17.32 15.51 99.47
15P 435 61.08 18.73 15.65 99.41
17P 480 61.67 17.24 16.06 99.49

Fig. 3.29 shows backscattered SEM images of Sample 2, sintered in a BN crucible,
taken at different magnifications. Pores indicate incomplete densification during

sintering, likely due to insufficient pressing pressure.

Figure 3.29. Representative backscattered SEM images taken from polished surface of Sample 2 (pressed
at 100 MPa) sintered in a BN crucible at different magnifications.

Fig. 3.30 shows backscattered SEM images of Sample 7P, sintered in a BN crucible,
taken at different magnifications. As seen in Fig. 3.30, applying a moderate pressing
pressure of 200 MPa significantly improves densification during sintering and reduces
porosity. A homogeneous distribution of TiC particles within the Al.Os matrix was also

observed.
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Figure 3.30. Representative backscattered SEM images taken from polished surface of Sample 7P
(pressed at 200 MPa) sintered in a BN crucible at different magnifications.

Fig. 3.31 shows backscattered SEM images of Sample 2P, sintered in a BN crucible,
taken at different magnifications. It is clearly seen that a high pressure of 350 MPa
significantly improves both the density and microstructural homogeneity after sintering.
TiC particles were more uniformly distributed within the Al.Os matrix and the number of

pores was greatly reduced.

o
COL e Y PPV
A W\:/“',a"‘q{ x

Figure 3.31. Representative backscattered SEM images taken from polished surface of Sample 2P
(pressed at 350 MPa) sintered in a BN crucible at different magnifications.
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Fig. 3.32 shows backscattered SEM images of Sample 3P, sintered in a graphite
crucible, taken at different magnifications. The results indicate that a high pressure of 350
MPa significantly improves density and microstructural homogeneity after sintering. The
graphite crucible exhibits lower chemical interaction with the material, helping preserve
the microstructure’s purity. The reduced pore size suggests that the sintering process was
completed and the use of a graphite crucible contributed to this outcome. The combination
of 350 MPa pressing pressure and a graphite crucible can be considered an ideal process

for achieving both high density and a homogeneous microstructure.
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Figure 3.32. Representative backscattered SEM images taken from polished surface of Sample 3P
(pressed at ~350 MPa) sintered in a graphite crucible at different magnifications.

Fig. 3.33 shows edge SEM images taken at 250x magnification of samples pressed
at 100, 200 and 350 MPa and sintered in a BN crucible, along with a sample pressed at
350 MPa and sintered in a graphite crucible. The sample pressed at 100 MPa exhibited
lower relative density than the others and its SEM image clearly shows a significant
amount of porosity. The samples pressed at 200 MPa and 350 MPa achieved a relative
density of 99% or higher, which was supported by the edge SEM images. However, both
samples display a thin surface layer, likely formed due to the interaction with the BN

crucible during sintering. A similar layer was observed in the sample sintered in the
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graphite crucible, although the thickness and composition of the layer appear to be
different.

250x 200pm F—————

50x 200um ———

Figure 3.33. Representative backscattered SEM images taken from polished surface of Sample 2, 7P, 2P
and 3P

Fig. 3.34 shows SEM images taken at 1250x magnification of the same samples. A
closer examination of the thin surface layer reveals that the samples sintered in the BN
crucible have an approximate layer thickness of 30 pm. The sample sintered in the
graphite crucible has a thinner layer of around 16 pm. Unexpectedly, the sample pressed
at 200 MPa shows signs of distortion. As seen in the SEM image in Fig. 3.34, the thin
layer at the edge extends toward the corner, reaching a thickness of approximately 60 pm.
This phenomenon was observed only in samples pressed with the automatic press and

sintered in the BN crucible.
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Figure 3.34. Representative backscattered SEM images taken from polished surface of the edge layer of
Sample 2, 7P, 2P and 3P

Fig. 3.35 shows the results of EDS analyses conducted on the edge of Sample 2P
(pressed at 350 MPa and sintered in the BN crucible). The EDS results confirm the
presence of boron (B), originating from the BN crucible, in the outer region of the thin
surface layer. Additionally, the accumulation of titanium at the boundary (highlighted in
green) was confirmed through EDS analysis. As the analysis moves from this boundary
toward the center of the sample, the EDS results begin to show similar compositions,

indicating a gradual transition in material distribution.
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Figure 3.35. Representative backscattered SEM image and EDS analysis taken from the polished surface
of Sample 2P
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XRD analysis of Sample 2P sintered in BN crucible showed that TiB> peaks were
evident and y-Al2O3 and a small amount of C were present as accompanying phases in
Fig. 3.36. This finding was consistent with literature studies showing TiC migrates to the
surface and forms TiB; during sintering in a BN crucible. Therefore, this study also used
graphite crucibles with BN crucibles to investigate the crucible effect comparatively. In
the fig. 3.34 and fig. 3.35, it was observed that a reaction layer approximately 30 pm thick
was formed in the BN crucible and this layer thickened towards the corners in the sample
prepared with an automatic press at 200 MPa. This layer thickness and compositional

differentiation clearly reveal the chemical interaction with BN.
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Figure 3.36. Representative XRD analysis of Sample 2P

Fig. 3.37 shows the results of EDS analyses conducted on the edge of Sample 3P
(pressed at 350 MPa and sintered in a graphite crucible). Unlike the sample sintered in
the BN crucible, this sample displays a thinner surface layer. The layer contains a high
concentration of titanium. It was believed that an interaction occurred between the carbon

from the graphite crucible and the titanium within the sample’s microstructure.
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Figure 3.37. Representative backscattered SEM image and EDS analysis taken from the polished surface
of Sample 3P

In Fig. 3.38, XRD analysis of Sample 3P revealed that the main phases were
preserved as Al,Os, TiC and ZrO; and boride formation was not observed. This result was
consistent with the microstructural observations that the graphite crucible gives lower
chemical interaction with the material. The layer formed in the graphite crucible at the
edge region was thinner than BN (16 um). This indicates that the crucible induced

reactions were limited.
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Figure 3.38. Representative XRD analysis of Sample 3P
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3.4.1. Comparison of Pressing Parameters Results

Fig. 3.39 shows the relationship between pressing pressure and both green density
and relative density. In the first graph, it was clearly observed that green density
continuously increases with rising pressing pressure. While green density remains low at
lower pressures (below 50%), it rises rapidly as the pressure increases and tends to level
off around 600 MPa. This indicates that higher pressing pressures enable tighter particle
packing within the sample and help reduce initial porosity.

The second graph shows the effect of pressure on relative density. A sharp increase
in relative density was observed with pressure increases up to 100 MPa, rising from 94%
to 98%. After this point, the density values begin to stabilize. Around 350 MPa, relative
density reaches approximately 99% and this level was maintained with only slight
increases at higher pressures. However, a slight decrease in relative density was seen to
be beyond 500 MPa. This suggests that very high pressing pressures may cause

mechanical deformation in the microstructure or trigger local reactions during sintering.
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Figure 3.39. Representative green density vs. pressing pressure and relative density vs. pressing pressure
graphic of samples

68



As a result, high pressures clearly improve green density. However, for relative
density, the optimal pressing pressure was in the range of 200-350 MPa. Pressures of 500
MPa and above do not increase density further and may cause a slight decrease. These
graphs indicate that the ideal pressing pressure range for an efficient sintering process

was between 200 and 350 MPa, providing the best green and relative density results.

3.5. Prototype production with GPS and resintering studies

This study investigates different sintering setups to improve the density and
microstructural properties of the Al-Os (66.5 wt.%) — TiC (30 wt.%) — ZrO: (3.5 wt.%)
composition, referred to as ATZ. Initially, high density was achieved in individual
samples through the controlled use of carbon sheets. Based on these results, mass
production trials were conducted. However, increasing the amount of carbon sheets had
negative effects. In the final approach, the carbon sheet was completely removed and
dummy samples were used instead leading to more positive results in density. This study
shows that optimizing sample arrangement and layout during the sintering process plays
a critical role in improving the performance of the ATZ composite.

Table 3.10 compares parameters such as relative density and shrinkage rates after
sintering under different pressing pressures. It was observed that green density generally
increases with higher pressing pressure, which in turn improves relative density after
sintering. Diameter and length shrinkage occurred at similar rates, ranging between
approximately 16-18%. Relative density values were between 99.45% and 99.68%.
These results show that pressing pressure and sintering conditions directly affect density

and that a nearly fully dense structure can be achieved under optimal parameters.

Table 3.10. ATZ composition RPGX 3V geometry pressed at different pressures and sintered with a
graphite crucible

Before GPS  After GPS

Sample Name  Applied Green Body Diameter Height Relative Density
Pressure (MPa) Density (%) (%) (%) (%)
7 - RPGX 3V 352 55.10 16.86 16.95 99.49
9 - RPGX 3V 338 54.99 16.69 16.98 99.59
10 -RPGX 3V 307 54.60 17.70 18.43 99.68
16 - RPGX 3V 320 54.58 17.36 17.17 99.57
17 -RPGX 3V 311 54.46 17.69 18.00 99.45
20 - RPGX 3V 323 54.71 17.75 18.14 99.50
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Table 3.11 presents the results for properties such as relative density and shrinkage
after sintering samples produced in two different geometries (RPGX 3V and SNMN)
under varying pressures in an environment with excess carbon sheet. From the table, it
was observed that green density generally increases with pressing pressure. However, the
presence of excess carbon sheet leads to a decrease in relative density. Due to this
negative effect, relative density values mostly remained between 90% and 92% and did

not reach the desired 99% level.

Table 3.11. ATZ composition RPGX 3V and SNMN geometry pressed at different pressures and sintered
with a graphite crucible

Before GPS After GPS

Sample Name  Applied Green Body Diameter Height Relative Density
Pressure (MPa) Density (%) (%) (%) (%)
35-RPGX 3V 299 54.35 15.65 15.87 94.05
36 -RPGX 3V 368 55.36 15.53 14.36 93.81
37 -RPGX 3V 406 55.73 15.09 14.31 93.72
40 - RPGX 3V 278 53.99 15.89 14.49 93.12
41 -RPGX 3V 205 52.63 16.16 14.91 91.17
42 -RPGX 3V 275 53.86 15.88 14.27 92:65
9 - SNMN 265 59.45 15.62 13.52 91.60
10 — SNMN 219 58.46 15.94 13.95 91.00
12 — SNMN 267 59.51 15.86 13.59 92.56
14 — SNMN 285 60.11 15.57 14.14 93.05
19 — SNMN 199 57.86 16.58 14.65 92.49
25 — SNMN 166 56.78 16.91 15.06 92.28
30 — SNMN 224 58.67 15.88 13.71 91.48

Compared with Table 3.10, Table 3.11 shows that excessive use of carbon sheets
negatively affects the samples’ relative density. While the relative density reached 99%
in Table 3.10, it was limited to a maximum of 94.05% in Table 3.11 due to the presence
of carbon sheets. This difference indicates that carbon sheets disrupt the sample’s internal
structure during sintering and negatively impact the microstructure and mechanical
properties. Therefore, the use of carbon sheets should be carefully optimized, or
alternative methods should be considered.

Table 3.12 shows the relative density values obtained after resintering samples
that did not reach the desired density in previous studies. As seen in the table, resintering

significantly improved in relative density. For example, the values of some samples
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increased to the 95-98% range, indicating clear progress compared to earlier sintering
attempts. The most important outcome of this study was that low-density samples can
approach the targeted density through resintering. However, some samples remained
around 92%, showing that the desired level was not fully achieved. This suggests that
resintering parameters—such as temperature, pressure and time—should be further
optimized and the influence of carbon sheets should be minimized. The study
demonstrates that resintering can improve underperforming samples and help reduce

material waste.

Table 3.12. Relative densities of resintered samples

Relative Density (%)
Sample Name 1. GPS 2. GPS 3. GPS
Run Run Run

9 - SNMN 91.60 95.63 98.90
10 - SNMN 91.00 95.52 98.90
12 — SNMN 92.56 96.31 98.63
30 — SNMN 91.48 95.08 -

31 — SNMN 91.46 95.12 -

32 — SNMN 91.55 95.06 -
35—-RPGX 3V  94.05 99.00 -

36 -RPGX 3V  93.81 98.88 -

38 —RPGX 3V  93.94 98.01 -

Fig. 3.40 illustrates the placement of the samples and carbon sheet inside the
graphite crucible during the experiments. The first configuration, shown in Fig. 3.40.a,
represents the setup used in an individual sintering experiment, where carbon sheets were
placed below and above the samples. Since using carbon paper was limited in this study,
the density results were positive and the samples reached nearly full density (~ 99%).

Fig. 3.40.b shows the configuration used for mass production, where multiple
samples were placed in the same sintering system following the positive results from
earlier experiments. In this setup, the excessive use of carbon sheets had a negative impact
on the material structure during sintering. The increased amount of carbon sheet reduced
the relative density of the samples and negatively affected their overall density.

Fig. 3.40.c illustrates a configuration where previously low-density samples were
used as dummy samples and the carbon sheet was completely removed. The absence of

the carbon sheet contributed to an improvement in the density of the new samples. The
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dummy samples helped balance the system, enhancing thermal conductivity and

supporting increased density during the sintering process.

(a) (b) (c)

»Graphite Crucible
»Carbon Paper
» Samples
#=Carbon Paper

Figure 3.40. Representative sintering configurations used in this study

These three configurations clearly demonstrate the critical importance of the
amount and placement of carbon sheets in the sintering process. While carbon sheets do
not negatively affect density when used in controlled amounts, excessive use leads to
decreased density. Alternatively, sintering setups without carbon sheets have shown more
positive results and have the potential to improve material properties. These findings
highlight the importance of optimizing carbon sheet usage to make sintering processes
more efficient.

Table 3.13 shows the relative density, hardness and fracture toughness of the
resintered samples. Fracture toughness measurements could not be performed for
Samples 8 and 34, as their relative densities were 90% and 93%, respectively. A clear
increase in hardness was observed as density increased. For example, Sample 13, with a

relative density of 96%, showed a hardness of 16.74 GPa and a fracture toughness of 4.85
MPa-m'/2. Sample 26, with 99% relative density, achieved the highest values 20.18 GPa
for hardness and 4.97 MPa-m'/? for fracture toughness. These results clearly demonstrate
that increased density after resintering has a direct and positive effect on mechanical

properties. In particular, Sample 26 showed superior performance in both hardness and

fracture toughness due to reaching 99% density.
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Table 3.13. Mechanical properties of resintered samples

Sample Name Relative Density (%)  Hardness (GPa)  Fracture Toughness (MPa m'?)
8 90 9.86 -

34 93 11.47 -
13 96 16.74 4.85
26 99 20.18 4.97

Fig. 3.41 presents backscattered SEM images of the resintered samples at 2500x
magnification. Fig. 3.41.a shows Sample 8 with 90% density, fig. 3.41.b shows Sample
34 with 93% density, fig. 3.41.c shows Sample 13 with 96% density and fig. 3.41.d shows
Sample 26 with 99% density. These images clearly demonstrate the resintering process’s

effect on density and microstructure.

RE TR 2500 20um ——

Vo B

¥

{ 2500x 20um —— 2500x 20um H——

Figure 3.41. Representative backscattered SEM images taken from polished surface of resintered
samples. (a) sample 8, (b) sample 34, (c) sample 13 and (d) sample 26

As expected, increasing the density led to a significant decrease in pores within the
microstructure. More pores were observed in Samples 8 and 34 (with 90% and 93%
relative density, respectively). The bonding between particles was incomplete and the
structure appears more porous. This explains the weaker mechanical properties and why
fracture toughness could not be measured for these samples. In Sample 13, porosity was
reduced and particles were more tightly packed. Finally, Sample 26 shows the most

homogeneous structure with the least amount of pores. This demonstrates the
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effectiveness of the resintering process and that the material has reached an optimal level
in terms of mechanical properties.

Table 3.14 presents the density and geometric properties of samples pressed within
a very narrow pressure range, between 373 and 381 MPa. It was observed that the relative
densities of the samples produced under these conditions were all above 99%. This
indicates that the selected pressure range was optimal for sintering and has yielded

successful results.

Table 3.14. ATZ composition pressed in a narrow range of pressing pressure and sintered with a
graphite crucible

Before GPS After GPS

Sample  Applied Green Body Diameter  Height Relative Density
Name Pressure (MPa) Density (%) (%) (%) (%)

12 379 54.87 16.71 15.79 99.84

16 373 54.95 15.99 16.32 99.72

20 375 55.13 16.07 16.32 99.82

25 381 55.08 16.63 15.70 99.86

35 367 54.80 16.56 16.40 99.75

When the data in Table 3.14 was examined, it was observed that the green density
ranges between 54.80% and 55.13% and the diameter and length shrinkage rates were
quite consistent. The similarity in density values indicates that the selected pressing
pressure provides consistent and repeatable results. This also shows that the process
parameters have been successfully optimized.

Fig. 3.42 presents backscattered SEM images of Sample 35 at different
magnifications. This sample represents the ALO;-TiC—ZrO: (ATZ) composition
produced under optimal pressing and sintering conditions. In fig. 3.42.a, the overall
structure of the sample can be seen; the particles were uniformly distributed and no visible
pores were present. In fig. 3.42.b, the phase distribution becomes clearer, showing that
TiC particles were homogeneously embedded in the Al.Os matrix. Fig. 3.42.c reveals that
the particle interfaces were rounded and the microstructure was tightly sintered. In fig.
3.42.d, grain boundaries were more distinct and the TiC, ZrO: and Al.Os phases were
clearly visible, along with localized densification. These results demonstrate that when
proper pressing and sintering parameters were applied, the ATZ composition achieves

excellent density and microstructural quality.
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Figure 3.42. Representative backscattered SEM images taken from polished surface of Sample 35

Fig. 3.43 shows the EDS analysis of Sample 35 in backscattered SEM mode at
1250% magnification. According to the results, oxygen (O) and aluminum (Al) were the
main components, with weight percentages of 44.81% and 28.14%, respectively. This
confirms that the sample was based on an Al.Os matrix. Titanium (Ti) was measured at
18.19%, supporting the presence of TiC. Carbon (C) was detected at 6.95%, while
zirconium (Zr) was found at a relatively low 1.90%, indicating that ZrO- was added in a
small amount (3.5 wt.%) as an additive. Despite the low amount, ZrO: contributed
effectively to the overall structure. In conclusion, the EDS analysis confirms that the
chemical composition of Sample 35 matches the expected ATZ (Al.Os—TiC-ZrO-)

composition and that the sintering process was completed.
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Figure 3.43. Representative backscattered SEM image and EDS analysis taken from the polished surface
of sample 35
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Fig. 3.44 shows the crack propagation mechanism in Sample 35. Transgranular and
intergranular crack propagation were observed in the backscattered SEM images taken at
5000x magnification. Transgranular crack propagation means that the crack moves
directly through the grains, indicating a brittle structure with high hardness. Intergranular

crack propagation, on the other hand, shows that the crack follows the grain boundaries.

Figure 3.44. Representative backscattered SEM images taken from polished surface of crack propagation
of sample 35

When the sample’s mechanical properties were examined, the hardness was
measured as 20.90 GPa. This high value confirms that the sample has a compact and
dense structure. However, the fracture toughness was determined as 4.49 MPa-m'/2,
indicating that the material offers some resistance to crack propagation but does not
behave fully ductile. Although the hardness was high, the relatively limited fracture
toughness suggests that transgranular crack propagation was dominant and the brittle
nature of the ceramic was maintained.

In conclusion, fig. 3.44 and the mechanical test results show that Sample 35 has
good toughness and offers a certain level of resistance to fracture. However, intergranular
and transgranular crack propagations occur together, indicating a mixed fracture

mechanism.
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3.6. Effect of Rare Earth Oxide Additives

In this study, after optimizing the pressing and sintering parameters of the ATZ
composition, an additive study using rare earth oxides (REOs) (Er:03, Yb20s, Y20s,
Sm20; and CeO:) was conducted to improve the sintering behavior and mechanical
properties of the material. These oxides were added at 3.5% and 5% by weight and their
effects on the mechanical and microstructural properties of the ATZ composition were
investigated.

There were no studies in the literature specifically focused on the ATZ composition
with REOs. Existing research on Al.Os—TiC systems has generally examined only a
limited number of oxides, without providing detailed comparisons. In this study, the
effects of REO additives on the ATZ composition were evaluated by using previous
research on Al.Os-based systems as a reference. The main reason for selecting these
oxides was that Y205 lies in the middle of the ionic radius range among the chosen REOs.
Since there was an existing study on Al:0s;-TiC-Y20s, it was taken as a reference point
and comparing it with other REOs helped to broaden the scope of this research.

Adding these additives to the ATZ composition aimed to improve sintering kinetics,
control grain growth and enhance mechanical properties. In particular, the effects of
second phases that may form during sintering on the material’s density and fracture
toughness were examined in detail. Efforts were made to determine the optimum type and
amount of additive. In this context, mechanical and microstructural properties were
evaluated comparatively and the impact of modifying the ATZ composition with REOs

on overall performance was clearly revealed.

3.6.1. Er,O; additives

Samples were produced using different sintering methods by adding 3.5 wt.% and
5 wt.% REOs to the ATZ composition and the effects of these methods on material
properties were compared. Sintering was performed using SPS, GPS with a carbon sheet
and GPS without a carbon sheet. The densities of the resulting samples were analyzed in
detail, their mechanical properties were evaluated and microstructural studies were

conducted.
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Figure 3.45. Representative ternary phase diagram of Al;O3-Er>03-ZrO; (Lakiza and Lopato, 2008)

The effect of Er-0Os on sintering behavior and phase formation was investigated by
adding it to the ATZ composition. According to Ozerdem et al. (Ozerdem and Ayas,
2015), the ErsAlsO12 phase (Erbium Aluminum Garnet — EAG) forms when Er.Os was
added to an Al.Os matrix. This phase can precipitate during sintering, helping to control
grain growth and influencing mechanical properties. This study examined the formation
of this phase and its effects on the material structure. The optimum additive ratio and
sintering conditions were determined by adding Er-Os to the ATZ composition.

The SPS method was used to investigate the sintering behavior of the ATZ-3.5Er
composition. SPS was useful for understanding sintering behavior because it enables
densification at high temperatures in a short time. The shrinkage behavior of the sample
was monitored using the displacement curve and the critical temperatures for the sintering
process were identified during the SPS procedure.

According to Fig. 3.46, the temperature at which the displacement curve begins to
rise (Tsyr) was determined as 1320 °C for the ATZ-3.5Er composition. This temperature
marks the point where the sample’s pores begin to close and densification starts. The
temperature at which the displacement curve levels off (Tsi,) was measured as 1610 °C,

indicating the stage where the sample approaches full density and the sintering process
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was nearly complete. The same predetermined parameters were used in the GPS sintering

studies, which were carried out with and without using a carbon sheet.
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Figure 3.46. Representative SPS graphic of ATZ-3.5Er composition

Table 3.15 shows the relative density (%) values of ATZ-3.5Er samples produced
using three different sintering methods. The sample sintered by the SPS method achieved
the highest relative density at 99.95%. This indicates that SPS minimizes porosity by
quickly and effectively sintering the material using high temperature and electrical
current. The sample sintered using the GPS method with a carbon sheet had a relative
density of 95.64%. This result shows that the carbon sheet negatively affected the
sintering process. The presence of the carbon sheet limited oxygen and increased porosity,
preventing full densification.

On the other hand, the GPS sample without a carbon sheet reached a relative density
0f 97.69%, showing better performance than the one with the carbon sheet. The sintering
atmosphere was more stable and the material densified more evenly. However, since GPS
uses lower pressure and requires longer processing time than SPS, it cannot achieve as

high a density as SPS.

Table 3.15. Sintering methods and relative densities of ATZ-3.5Er composition

Sintering Method Relative Density (%)

SPS 99.95
GPS — Carbon Sheet 95.64
GPS 97.69

79



Fig. 3.47 compares the backscattered SEM images of the ATZ-3.5Er composition
obtained using different sintering methods at 5000x magnification. Fig. 3.47.a shows the
image of the sample sintered by the SPS method, which has the lowest porosity. The
additive could not be well distributed in the structure and formed clusters due to the fast
process of SPS. Fig. 3.47.b shows the sample sintered by the GPS method with a carbon
sheet, which has high porosity and visible phase separation. Pores appeared at the grain
boundaries and a homogeneous structure could not be achieved because the carbon sheet
limited full densification. Fig. 3.47.c shows the sample sintered by the GPS method
without a carbon sheet, which has a better microstructure than the one in fig. 3.47.b. Less
porosity formed at the grain boundaries, but some irregularities in the phase distribution

were still observed.
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Figure 3.47. Representative backscattered SEM images taken from polished surface of ATZ-3.5Er
sintered using different methods. (a) SPS, (b) GPS with carbon sheet and (c) GPS without

carbon sheet

Fig. 3.48 shows the XRD analysis that compares the composition of ATZ-3.5Er
with the original ATZ composition. The ATZ composition (orange curve) mainly
contains AlbO3, TiC and ZrO; phases. In addition, some peaks related to carbon (C)
phases were also seen. These carbon peaks were likely caused by the carbon sheet or the

TiC used during the sintering process.
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The ATZ-3.5Er composition (gray curve) shows how adding Er,Os3 changes the
material's structure. The XRD analysis reveals that EroOs doping reacts with Al,O3,
forming the Er;AlsO2 phase. This phase could help stabilize the microstructure and
improve mechanical properties by adding a new oxide to the ATZ composition. The new
peak corresponding to the Er3AlsOi2 phase was clearly visible in the ATZ-3.5Er
composition. Additionally, the main phases (Al,Os;, TiC and ZrO,) in the ATZ
composition remained unchanged, indicating that the overall structure of the material did

not change significantly. However, the additive modified the matrix by creating a new

phase.
A A ° L] A!zoa
® A TIiC
$C
% m Zr0,
e L A Y & Er:AlLO;,
[ J
— [ * - |
3 A
z A
& ATZ
£ ° [ ] ° ATZ-3.5Er
[ ] A
- ° L) ®
°
- *
* e, " » * te e

2-Theta (deg.)

Figure 3.48. Representative comparison of the XRD spectra of ATZ and ATZ-3.5Er

Fig. 3.49 shows the EDS analysis of the ATZ-3.5Er composition in backscattered
mode at 1250x magnification. According to the analysis, the main components of the
composition were Al>O;3, TiC and ZrO, with oxygen (O) being the highest at 43.62 wt.%.
This confirms that the ATZ matrix was primarily based on Al,O3. Aluminum (Al) was
detected at 27.39 wt.% and titanium (T1) was detected at 18.25 wt.%, which supports the
presence of Al,O3 and TiC phases in the ATZ structure. Zirconium (Zr) was detected at
1.83 wt.%, indicating the presence of ZrO> added to the ATZ composition.

Erbium (Er) element was detected with 2.63 wt.% in this analysis. This ratio shows
that the Er2O3 contribution in the material after the sintering process was successfully

incorporated into the composition and supported the formation of the Er;AlsO12 phase
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observed in the XRD analysis. The carbon (C) content was determined to be 6.29 wt. %

due to the TiC content and possible carbon residues used in the sintering process.
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Figure 3.49. Representative backscattered SEM image and EDS analysis taken from the polished surface
of ATZ-3.5Er

Table 3.16 compares the mechanical properties (hardness and fracture toughness)
of samples of ATZ-3.5Er composition produced with different sintering methods.
Mechanical tests were not performed since the relative density of the sample sintered with

a carbon sheet GPS was low.

Table 3.16. Mechanical properties of ATZ-3.5Er compositions

Sintering Method ~ Hardness (GPa)  Fracture Toughness (MPa m'?)
SPS 17.32 4.46
GPS 20.62 6.29

The hardness of the sample sintered with SPS was measured as 17.32 GPa.
However, the fracture toughness of the sample sintered with SPS was measured as 3.46
MPa m'?, lower than that of the sample sintered with the GPS method. The sample
sintered with the GPS method reached 20.62 GPa hardness and 6.29 MPa m'? fracture
toughness values. The higher hardness of the sample sintered with GPS can be explained
by the longer sintering process and more stable phase formations. The higher fracture
toughness indicates that better grain bonding may have been achieved during the GPS
sintering. The Er;AlsOp> phase formed by Er,Os; doping may have contributed to
improving these mechanical properties.

Fig. 3.50 shows the backscattered SEM images comparing the crack propagation
mechanism in SPS and GPS sintered samples of ATZ-3.5Er composition. Fig. 3.50.a
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represents the sample sintered with the SPS method and fig. 3.50.b represents the sample
sintered with the GPS method. Transgranular and intergranular crack propagation
mechanisms were observed in both samples. However, it was determined that the crack

bridging mechanism occurred in the sample using the SPS method.

2 3 -
Al
» N

/ e | - % : * A
% ! b N

. ] j Tyansgranular
' YW} \

4

-

“A',""—"".”.;‘ 2 '.~.
« £ Crack bridging Trapsgranutzaft,_i._ Y

P A N
Intergraitar” £ ®lntergranular
2 o¥ o
A [ &
‘N Uy . : s,
5000x 10pm F—— J A 5000x 10um F——

Figure 3.50. Representative backscattered SEM images taken from polished surface of crack propagation
of ATZ-3.5Er sample, (a) SPS sintered sample, (b) GPS sintered sample

According to fig. 3.51, the temperature at which the displacement curve starts to
increase (Tshr) was determined as 1330 °C for ATZ-5Er. This temperature represents the
threshold at which the sample’s pores begin to close and the material enters the
densification process. The temperature at which the displacement curve remains constant
(Tsin) was measured as 1630 °C. This temperature represents the point at which the
sample reaches the closest level to full density and the material completes the sintering

process.
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Figure 3.51. Representative SPS graphic of ATZ-5Er composition
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Table 3.17 shows the relative density (%) values of samples of ATZ-5Er
composition produced by three different sintering methods. The sample sintered with the
SPS method achieved the highest density by reaching 99.97% relative density. The
relative density of the sample sintered with the GPS — carbon sheet was 94.06%. The
sample sintered with the GPS method without a carbon sheet reached a relative density
of 96.95% and a more successful sintering process compared to the GPS method with a

carbon sheet.

Table 3.17. Sintering methods and relative densities of ATZ-5Er composition

Sintering Method Relative Density (%)

SPS 99.97
GPS — Carbon Sheet 94.06
GPS 96.95

Fig. 3.52 compares the backscattered SEM images of ATZ-5Er composition
obtained with different sintering methods at 5000x magnification. Fig. 3.52.a shows the
image of the SPS sintered sample with the lowest porosity. The additive could not be
sufficiently distributed within the structure and formed clusters due to the speed of the
SPS method. Fig. 3.52.b shows the image of the sample sintered with the GPS with a
carbon sheet showing phase separation. Fig. 3.52.c shows the image of the sample

sintered with the GPS method without a carbon sheet.
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Figure 3.52. Representative backscattered SEM images taken from polished surface of ATZ-5Er sintered
using different methods. (a) SPS, (b) GPS with carbon sheet and (c) GPS without carbon
sheet

Fig. 3.53 shows the EDS analysis of the ATZ-5Er composition in backscattered
mode at 1250x magnification. According to the results of the analysis, the composition’s
main components were Al,Os, TiC and ZrO; with oxygen (O), which was the highest
with a 42.53 wt.%. This confirms that the ATZ matrix was largely AlOs-based.
Aluminum (Al) was detected with 26.19 wt.% and titanium (T1) was detected with 18.72
wt.%. It supports the existence of Al,O3 and TiC phases in the ATZ structure. Zirconium
(Zr) was detected with 2.08 wt. % indicating the presence of ZrO, added to the ATZ
composition.

This analysis detected erbium (Er) element with 2.89 wt.% in this analysis. This
ratio shows that the Er>O3 contribution in the material after the sintering process was
successfully incorporated into the composition and supported the formation of the
Er;AlsO12 phase observed in the XRD analysis. The carbon (C) content was determined
7.59 wt.% due to the TiC content and possible carbon residues used in the sintering

process.
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Figure 3.53. Representative backscattered SEM image and EDS analysis taken from the polished surface
of ATZ-5Er

Table 3.18 compares the mechanical properties (hardness and fracture toughness)
of samples of ATZ-5Er composition produced with different sintering methods.
Mechanical tests were not performed since the relative density of the sample sintered with

the carbon sheet GPS was low.

Table 3.18. Mechanical properties of ATZ-5Er compositions

Sintering Method ~ Hardness (GPa)  Fracture Toughness (MPa m'?)
SPS 17.11 4.61
GPS 20.95 5.41

The hardness of the sample sintered with SPS was measured as 17.11 GPa.
However, the fracture toughness of the sample sintered with SPS was measured as 4.61
MPa m!?, lower than that of the sample sintered with the GPS method. The sample
sintered with the GPS method reached 20.95 GPa hardness and 5.41 MPa m'? fracture
toughness values. The higher hardness of the sample sintered with GPS can be explained
by the longer sintering process and more stable phase formations. The higher fracture
toughness indicates that better grain bonding may have been achieved during the GPS
sintering. The Er;AlsOp> phase formed by Er,Os; doping may have contributed to
improving these mechanical properties.

Fig. 3.54 shows the backscattered SEM images comparing the crack propagation
mechanism in SPS and GPS sintered samples of ATZ-5Er composition. Fig. 3.54.a
represents the sample sintered with the SPS method and fig. 3.54.b represents the sample

sintered with the GPS method. Transgranular and intergranular crack propagation
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mechanisms were observed in both samples. However, it was determined that the crack

bridging mechanism occurred in the sample using the GPS method.

»

Cra{ck‘ﬁqgii‘ ~\”a” S &

Transgranular

q~
ergrapu tar ¢

"c

5000x 10um F———

Figure 3.54. Representative backscattered SEM images taken from polished surface of crack propagation
of ATZ-5Er sample

In fig. 3.55, the darkest areas were Al,O3;, medium bright areas were TiC and the
brightest grains were Er3AlsO2. The detection of ErsAlsO12 in XRD analysis indicates
that Er,O3 reacts with Al,Os and forms garnet type Er;AlsO1o.
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Figure 3.55. Representative backscattered SEM image taken from the fractured surface of ATZ-3.5Er

3.6.2. Yb203 additives

Samples were produced using different sintering methods such as adding 3.5 wt.%
and 5 wt.% Yb20s3 to the ATZ composition and the effects of these methods on the

material properties were compared. Sintering processes were carried out using three
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different methods: SPS, GPS with a carbon sheet and GPS without a carbon sheet. The
densities of the obtained samples were analyzed in detail, their mechanical properties

were evaluated and microstructural studies were carried out.
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Figure 3.56. Representative phase diagram of Al;03-Yb,Os._(Fabrichnaya and Seifert, 2010)

The effects of sintering methods on the material properties were investigated by
adding 3.5 wt.% and 5 wt.% Yb20; to the ATZ composition. Sintering process was
carried out using SPS, GPS with carbon sheet and GPS methods and the obtained
sample’s densities, mechanical properties and microstructures were compared. Studies by
Sun et al. (Sun, et al., 2021) reported that the Yb3AlsO12 (Ytterbium Aluminum Garnet —
YbAG) phase was formed when Yb,O3; was added to the Al,O3 matrix. It has been stated
that this phase has a limiting effect on grain growth during sintering and can increase the
material’s fracture toughness. In this study, the addition of Yb,Os; causes a phase
transformation in the ATZ composition.

The SPS method was used to understand the sintering behavior of ATZ-3.5Yb
composition. SPS provides important information about the sintering behavior of the
material, as it provides densification at high temperature and in a short time. The
shrinkage behavior of the sample was followed by the displacement curve and the critical
temperatures for the sintering process were determined during the SPS sintering process.

According to fig. 3.57, the temperature at which the displacement curve starts to
increase (Tshr) was determined as 1350 °C for ATZ-3.5YDb. This temperature represents
the threshold at which the pores of the sample begin to close and the material enters the
densification process. The temperature at which the displacement curve remains constant

(Tsin) was measured as 1650 °C. This temperature represents the point at which the
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sample reaches the closest level to full density and the material completes the sintering
process. Predetermined parameters were used for the GPS sintering study. Sintering was

performed with the same parameters with and without a carbon sheet.
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Figure 3.57. Representative SPS graphic of ATZ-3.5Yb composition

Table 3.19 shows the relative density (%) values of samples of ATZ-3.5Yb
composition produced by three different sintering methods. The sample sintered with the
SPS method achieved the highest density by reaching 99.99% of the relative density. This
shows that SPS minimizes porosity by sintering the material quickly and effectively under
the influence of high temperature and electrical current. The relative density of the sample
sintered with the GPS — carbon sheet was 95.91%. This shows that carbon sheets have a
negative effect on the sintering process. The carbon sheet prevented full densification
during sintering due to oxygen limitation and increased the porosity level of the sample.
The sample sintered with the GPS method without a carbon sheet reached a relative
density of 98,32% and a more successful sintering process than the GPS method with a
carbon sheet. The sintering atmosphere was more stable and the material was densified
more homogeneously when a carbon sheet was not used. However, since the GPS method
took longer and was under lower pressure than SPS, it could not achieve a density as high

as SPS.
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Table 3.19. Sintering methods and relative densities of ATZ-3.5Yb composition

Sintering Method Relative Density (%)

SPS 99.99
GPS — Carbon Sheet 95.91
GPS 98.32

Fig. 3.58 compares the backscattered SEM images of ATZ-3.5Yb composition
obtained with different sintering methods at 5000x magnification. Fig. 3.58.a shows the
image of the SPS sintered sample with has the lowest porosity. The additive could not be
sufficiently distributed within the structure and formed clusters due to the speed of the
SPS method. Fig. 3.58.b shows the image of the sample sintered with the GPS with a
carbon sheet, showing high porosity and phase separation. Pores formed at the grain
boundaries and a homogeneous structure could not be obtained since the carbon sheet
could not fully densify during the sintering. Fig. 3.58.c shows that the image of the sample
sintered with the GPS method without carbon sheet has a better microstructure than fig.
3.58.b. Less porosity was formed at grain boundaries, but certain irregularities in the

phase distribution were observed.
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Figure 3.58. Representative backscattered SEM images taken from polished surface of ATZ-3.5 Yb
sintered using different methods. (a) SPS, (b) GPS with carbon sheet and (c) GPS without
carbon sheet
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Fig. 3.59 shows the XRD analysis, comparing the composition of ATZ-3.5Yb with
the composition of ATZ. The ATZ composition (orange curve) consists of the main
phases Al203, TiC and ZrO2. some peaks belonging to the carbon (C) phases were also
observed, which were related to the carbon sheet or TiC content used in the sintering
process.

The ATZ-3.5Yb composition (gray curve) reveals how the Yb,Os addition changes
the material’s structure. XRD shows that Yb>Os3 doping reacts with Al,O3; forming the
Yb3AlsO12 phase. This phase may contribute to stabilizing the microstructure and
potentially improving mechanical properties by providing a new oxide contribution to the
ATZ composition. It was seen that the new peak belonging to the Yb3zAlsO12 phase
appears clearly in the ATZ-3.5Yb composition. Besides, other main phases (Al.O3, TiC
and ZrO.) in the ATZ composition remained intact, indicating that the overall structure
of the material did not change significantly. However, the additive modified the matrix

by forming a new phase.
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Figure 3.59. Representative comparison of the XRD spectra of ATZ and ATZ-3.5Yb

Fig. 3.60 shows the EDS analysis of the ATZ-3.5Yb composition in backscattered
mode at 1250x magnification. According to the results of the analysis, the main
components of the composition were Al,Os, TiC and ZrO; with oxygen (O), which was
the highest with a 42.99 wt.%. This confirms that the ATZ matrix was largely AlO;
based. Aluminum (Al) was detected with 24.43 wt.% and titanium (Ti) was detected with
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19.20 wt.%. It supports the existence of AlbO3 and TiC phases in the ATZ structure.
Zirconium (Zr) was detected with 2.45 wt.% indicating the presence of ZrO> added to the
ATZ composition.

This analysis detected ytterbium (Yb) element with 3.19 wt.%. This ratio shows
that the Yb>O3 contribution in the material after the sintering process was successfully
incorporated into the composition and supported the formation of the Yb3AlsO12 phase
observed in the XRD analysis. The carbon (C) content was determined to be 7.74 wt.%

due to the TiC content and possible carbon residues used in the sintering process.
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Figure 3.60. Representative backscattered SEM image and EDS analysis taken from the polished surface
of ATZ-3.5Yb

Table 3.20 compares the mechanical properties (hardness and fracture toughness)
of samples of ATZ-3.5Yb composition produced with different sintering methods.
Mechanical tests were not performed since the relative density of the sample sintered with

the carbon sheet GPS was low.

Table 3.20. Mechanical properties of ATZ-3.5Yb compositions

Sintering Method ~ Hardness (GPa)  Fracture Toughness (MPa m'?)
SPS 17.93 4.10
GPS 17.54 5.01

The hardness of the sample sintered with SPS was measured as 17.93 GPa.
However, the fracture toughness of the sample sintered with SPS was measured as 4.10
MPa m'?, lower than that of the sample sintered with the GPS method. The sample
sintered with the GPS method reached 17.54 GPa hardness and 5.01 MPa m'? fracture
toughness values. The higher hardness of the sample sintered with GPS can be explained

by the longer sintering process and more stable phase formations. The higher fracture
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toughness indicates that better grain bonding may have been achieved during the GPS
sintering. The Yb3AlsO12 phase formed by Yb2Os doping may have improved these
mechanical properties.

Fig. 3.61 shows the backscattered SEM images comparing the crack propagation
mechanism in SPS and GPS sintered samples of ATZ-3.5Yb composition. Fig. 3.61.a
represents the sample sintered with the SPS method and fig. 3.61.b represents the sample
sintered with the GPS method. Transgranular and intergranular crack propagation
mechanisms were observed in both samples. However, it was determined that the crack

bridging mechanism occurred in the sample using the SPS method.

5000x 10um F————

Figure 3.61. Representative backscattered SEM images taken from polished surface of crack propagation
of ATZ-3.5Yb sample, (a) SPS sintered sample, (b) GPS sintered sample

According to fig. 3.62, the temperature at which the displacement curve starts to
increase (Tshr) was determined as 1330 °C for ATZ-5Yb. This temperature represents
the threshold at which the pores of the sample begin to close and the material enters the
densification process. The temperature at which the displacement curve remains constant
(Tsin) was measured as 1640 °C. This temperature represents the point at which the
sample reaches the closest level to full density and the material completes the sintering

Process.
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Figure 3.62. Representative SPS graphic of ATZ-5Yb composition

Table 3.21 shows the relative density (%) values of samples of ATZ-5Yb
composition produced by three different sintering methods. The sample sintered with the
SPS method achieved the highest density by reaching 99.99% of the relative density. The
relative density of the sample sintered with the GPS — carbon sheet was 94.86%. The
sample sintered with the GPS method without a carbon sheet reached a relative density
of 97.90% and a more successful sintering process compared to the GPS method with a

carbon sheet.

Table 3.21. Sintering methods and relative densities of ATZ-5Yb composition

Sintering Method Relative Density (%)

SPS 99.99
GPS — Carbon Sheet 94.86
GPS 97.90

Fig. 3.63 compares the backscattered SEM images of ATZ-5Yb composition
obtained with different sintering methods at 5000x magnification. Fig. 3.63.a shows the
image of the SPS sintered sample with the lowest porosity. The additive could not be
sufficiently distributed within the structure and formed clusters due to the speed of the
SPS method. Fig. 3.63.b shows the image of the sample sintered with the GPS with carbon
sheets showing phase separation. Fig. 3.63.c shows the image of the sample sintered with

the GPS method without a carbon sheet.
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Figure 3.63. Representative backscattered SEM images taken from polished surface of ATZ-5Yb sintered
using different methods. (a) SPS, (b) GPS with carbon sheet and (c) GPS without carbon
sheet

Fig. 3.64 shows the EDS analysis of the ATZ-5Yb composition in backscattered
mode at 1250x magnification. According to the results of the analysis, the main
components of the composition were Al>Os, TiC and ZrO; with oxygen (O), which was
the highest with a 44.03 wt.%. This confirms that the ATZ matrix was largely AlbO3
based. Aluminum (Al) was detected at 28.09 wt.% and titanium (T1) was detected with
17.12 wt.%. It supports the existence of AbO; and TiC phases in the ATZ structure.
Zirconium (Zr) was detected with 1.61 wt.% indicating the presence of ZrO> added to the
ATZ composition.

This analysis detected ytterbium (Yb) element with 2.74 wt.% in this analysis. This
ratio shows that the Yb>O; contribution in the material after the sintering process was
successfully incorporated into the composition and supported the formation of the
Yb3Al5012 phase observed in the XRD analysis. The carbon (C) content was determined
to be 6.41 wt.% due to the TiC content and possible carbon residues used in the sintering

process.
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Figure 3.64. Representative backscattered SEM image and EDS analysis taken from the polished surface
of ATZ-5Yb
Table 3.22 compares the mechanical properties (hardness and fracture toughness)
of samples of ATZ-5Yb composition produced with different sintering methods.
Mechanical tests were not performed since the relative density of the sample sintered with

the carbon sheet GPS was low.

Table 3.22. Mechanical properties of ATZ-5Yb compositions

Sintering Method  Hardness (GPa)  Fracture Toughness (MPa m'?)
SPS 17.99 4.38
GPS 16.19 5.41

The hardness of the sample sintered with SPS was measured as 17.99 GPa.
However, the fracture toughness of the sample sintered with SPS was measured as 4.38
MPa m'?, which was lower than the sample sintered with the GPS method. The sample
sintered with the GPS method reached 16.19 GPa hardness and 5.41 MPa m'”? fracture
toughness values. The higher hardness of the sample sintered with GPS can be explained
by the longer sintering process and more stable phase formations. The higher fracture
toughness indicates that better grain bonding may have been achieved during the GPS
sintering. The Yb3AlsO12 phase formed by Yb2Os; doping may have improved these
mechanical properties.

Fig. 3.65 shows the backscattered SEM images comparing the crack propagation
mechanism in SPS and GPS sintered samples of ATZ-5Yb composition. Fig. 3.65.a
represents the sample sintered with the SPS method and fig. 3.65.b represents the sample
sintered with the GPS method. Transgranular and intergranular crack propagation
mechanisms were observed in both samples. However, it was determined that the crack

bridging mechanism occurred in the sample using the GPS method.
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Figure 3.65. Representative backscattered SEM images taken from polished surface of crack propagation
of ATZ-5Yb (a) SPS sintered sample, (b) GPS sintered sample

In fig. 3.66, the darkest areas were Al,O3;, medium bright areas were TiC and the
brightest grains were Yb3zAlsO12. The porosity remaining within the alumina grain during
sintering was visible. The detection of Yb3AlsO12 in XRD analysis indicates that Yb2Os
reacts with Al,O3 and forms garnet type Yb3AlsOro.
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Figure 3.66. Representative backscattered SEM image taken from the fractured surface of ATZ-3.5Yb

3.6.3. Y203 additives

Samples were produced using different sintering methods by adding 3.5 wt.% and
5 wt.% Y203 to the ATZ composition and the effects of these methods on the material
properties were compared. Sintering processes were carried out using three different

methods: SPS, GPS with a carbon sheet and GPS without a carbon sheet. The densities
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of the obtained samples were analyzed in detail, their mechanical properties were

evaluated and microstructural studies were carried out.
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Figure 3.67. Representative phase diagram of Al;03-Y>0s, (Zhang, et al., 2022)

Studies conducted by Chae et al. (Chae and Kim, 1993) reported that when Y>0O3
was added to the Al,O3; matrix, the Y3Als012 (Yttrium Aluminum Garnet — YAGQG) phase
was formed and this phase left porosity in surface contact with Al>Os. This increases the
risk of porosity formation during sintering, affecting the density and mechanical
properties of the composite. In this study, the formation of Y3AlsOi2 phase in ATZ
composition and the effect of this phase on mechanical properties were evaluated by
XRD, SEM and mechanical tests.

The SPS method was used to understand the sintering behavior of ATZ-3.5Y
composition. SPS provides important information about the sintering behavior of the
material, as it provides densification at high temperature and in a short time. The
shrinkage behavior of the sample was followed by the displacement curve and the critical
temperatures for the sintering process were determined during the SPS sintering process.

According to fig. 3.68, the temperature at which the displacement curve starts to
increase (Tshr) was determined as 1350 °C for ATZ-3.5Y. This temperature represents
the threshold at which the pores of the sample begin to close and the material enters the
densification process. The temperature at which the displacement curve remains constant
(Tsin) was measured as 1640 °C. This temperature represents the point at which the

sample reaches the closest level to full density and the material completes the sintering
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process. Predetermined parameters were used for the GPS sintering study. Sintering was

performed with the same parameters with and without a carbon sheet.
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Figure 3.68. Representative SPS graphic of ATZ-3.5Y composition

Table 3.23 shows the relative density (%) values of samples of ATZ-3.5Y
composition produced by three different sintering methods. The sample sintered with the
SPS method achieved the highest density by reaching 98.90% relative density. This shows
that SPS minimizes porosity by sintering the material quickly and effectively under the
influence of high temperature and electrical current. The relative density of the sample
sintered with the GPS — carbon sheet was 94.57%. This shows that carbon sheets have a
negative effect on the sintering process. The carbon sheet prevented full densification
during sintering due to oxygen limitation and increased the porosity level of the sample.
The sample sintered with the GPS method without a carbon sheet reached a relative
density of 97.09% and a more successful sintering process than the GPS method with a
carbon sheet. The sintering atmosphere was more stable and the material was densified
more homogeneously when a carbon sheet was not used. However, since the GPS method
took longer and was under lower pressure than SPS, it could not achieve a density as high

as SPS.

Table 3.23. Sintering methods and relative densities of ATZ-3.5Y composition

Sintering Method Relative Density (%)

SPS 98.90
GPS — Carbon Sheet 94.57
GPS 97.09
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Fig. 3.69 compares the backscattered SEM images of ATZ-3.5Y composition
obtained with different sintering methods at 5000x magnification. Fig. 3.69.a shows the
image of the SPS sintered sample, with the lowest porosity. The additive could not be
sufficiently distributed within the structure and formed clusters due to the speed of the
SPS method. Fig. 3.69.b shows the image of the sample sintered with the GPS with a
carbon sheet, showing high porosity and phase separation. Pores formed at the grain
boundaries and a homogeneous structure could not be obtained since the carbon sheet
could not fully densify during the sintering process. Fig. 3.69.c shows that the image of
the sample sintered with the GPS method without carbon sheet has a better microstructure
than fig. 3.69.b. Less porosity was formed at grain boundaries, but certain irregularities

in the phase distribution were observed.
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Figure 3.69. Representative backscattered SEM images taken from polished surface of ATZ-3.5 Y
sintered using different methods. (a) SPS, (b) GPS with carbon sheet and (c) GPS without
carbon sheet

Fig. 3.70 shows the XRD analysis, comparing the composition of ATZ-3.5Y with
the composition of ATZ. The ATZ composition (orange curve) consists of the main
phases Al,Os3, TiC and ZrO,. Some peaks belonging to the carbon (C) phases were also
observed, which were related to the carbon sheet or TiC content used in the sintering

process.

100



The ATZ-3.5Y composition (gray curve) reveals how the Y>Os addition changes
the material’s structure. XRD shows that Y203 doping reacts with Al,O3 forming the
Y3Als012 phase. This phase may contribute to stabilizing the microstructure and
potentially improving mechanical properties by providing a new oxide contribution to the
ATZ composition. It was seen that the new peak belonging to the Y3AlsO12 phase appears
clearly in the ATZ-3.5Y composition. Besides, other main phases (Al,O3, TiC and ZrO»)
in the ATZ composition remained intact, indicating that the overall structure of the
material did not change significantly. However, the additive modified the matrix by

forming a new phase.

A
., ° o ALO,
® A TIC
+C
b o Zr0,
. ° N . @ VAL
L ]
. [ ]
- b [
S s
= A
z ATZ
g
£ . e ATZ3 5Y
3
. A
[} . o o -
® e " ) ‘e . ® Y

2-Theta (deg.)

Figure 3.70. Representative comparison of the XRD spectra of ATZ and ATZ-3.5Y

Fig. 3.71 shows the EDS analysis of the ATZ-3.5Y composition in backscattered
mode at 1250x magnification. According to the results of the analysis, the main
components of the composition were Al,Os, TiC and ZrO; with oxygen (O), which was
the highest with a 44.20 wt.%. This confirms that the ATZ matrix was largely AlO;
based. Aluminum (Al) was detected with 26.32 wt.% and titanium (T1) was detected with
17.32 wt.%. It supports the existence of AloO; and TiC phases in the ATZ structure.
Zirconium (Zr) was detected with 1.45 wt.% indicating the presence of ZrO> added to the
ATZ composition.

This analysis detected the yttrium (Y) element was detected with 0.72 wt.%. This

ratio shows that the Y203 contribution in the material after the sintering process was
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successfully incorporated into the composition and supported the formation of the
Y3Al5012 phase observed in the XRD analysis. The carbon (C) content was determined
to be 9.99 wt.% due to the TiC content and possible carbon residues used in the sintering

process.
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Figure 3.71. Representative backscattered SEM image and EDS analysis taken from the polished surface
of ATZ-3.5Y

Table 3.24 compares the mechanical properties (hardness and fracture toughness)
of samples of ATZ-3.5Y composition produced with different sintering methods.
Mechanical tests were not performed since the relative density of the sample sintered with

the carbon sheet GPS was low.

Table 3.24. Mechanical properties of ATZ-3.5Y compositions

Sintering Method ~ Hardness (GPa)  Fracture Toughness (MPa m'?)
SPS 18.17 4.26
GPS 17.37 4.01

The hardness of the sample sintered with SPS was measured as 18.17 GPa.
However, the fracture toughness of the sample sintered with SPS was measured as 4.26
MPa m!2, which was lower than the sample sintered with the GPS method. The sample
sintered with the GPS method reached 17.37 GPa hardness and 4.01 MPa m'? fracture
toughness values. The higher hardness of the sample sintered with GPS can be explained
by the longer sintering process and more stable phase formations. The higher fracture
toughness indicates that better grain bonding may have been achieved during the GPS
sintering. The Y3Als012 phase formed by Y»0; doping may have improved these

mechanical properties.
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Fig. 3.72 shows the backscattered SEM images comparing the crack propagation
mechanism in SPS and GPS sintered samples of ATZ-3.5Y composition. Fig. 3.72.a
represents the sample sintered with the SPS method and fig. 3.72.b represents the sample
sintered with the GPS method. Transgranular and intergranular crack propagation

mechanisms were observed in both samples.
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Figure 3.72. Representative backscattered SEM images taken from polished surface of crack propagation
of ATZ-3.5Y sample, (a) SPS sintered sample, (b) GPS sintered sample

The SPS method was used to understand the sintering behavior of ATZ-5Y
composition. SPS provides important information about the sintering behavior of the
material as it provides densification at high temperature and in a short time. The shrinkage
behavior of the sample was followed by the displacement curve and the critical
temperatures for the sintering process were determined during the SPS sintering process.

According to fig. 3.73, the temperature at which the displacement curve starts to
increase (Tshr) was determined as 1370 °C for ATZ-5Y. This temperature represents the
threshold at which the pores of the sample begin to close and the material enters the
densification process. The temperature at which the displacement curve remains constant
(Tsin) was measured as 1640 °C. This temperature represents the point at which the
sample reaches the closest level to full density and the material completes the sintering
process. Predetermined parameters were used for the GPS sintering study. Sintering was

performed with the same parameters with and without a carbon sheet.
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Figure 3.73. Representative SPS graphic of ATZ-5Y composition

Table 3.25 shows the relative density (%) values of samples of ATZ-5Y
composition produced by three different sintering methods. The sample sintered with the
SPS method achieved the highest density by reaching 98.14% relative density. This shows
that SPS minimizes porosity by sintering the material quickly and effectively under the
influence of high temperature and electrical current. The relative density of the sample
sintered with the GPS — carbon sheet was measured as 90.24%. This shows that carbon
sheets have a negative effect on the sintering process. The carbon sheet prevented full
densification during sintering due to oxygen limitation and increased the porosity level
of the sample. The sample sintered with the GPS method without a carbon sheet reached
a relative density of 96.16% and a more successful sintering process compared to the GPS
method with a carbon sheet. The sintering atmosphere was more stable and the material
was densified more homogeneously when a carbon sheet was not used. However, since
the GPS method took longer and under lower pressure than SPS, it could not achieve a

density as high as SPS.

Table 3.25. Sintering methods and relative densities of ATZ-5Y composition

Sintering Method Relative Density (%)

SPS 98.14
GPS — Carbon Sheet 90.24
GPS 96.16

Fig. 3.74 compares the backscattered SEM images of ATZ-5Y composition
obtained with different sintering methods at 5000x magnification. Fig. 3.74.a shows the

image of the SPS sintered sample with the lowest porosity. The additive could not be
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sufficiently distributed within the structure and formed clusters due to the speed of the
SPS method. Fig. 3.74.b shows the image of the sample sintered with the GPS with a
carbon sheet, showing high porosity and phase separation. Pores formed at the grain
boundaries and a homogeneous structure could not be obtained since the carbon sheet
could not fully densify during the sintering process. Fig. 3.74.c shows that the image of
the sample sintered with the GPS method without carbon sheet has a better microstructure
than fig. 3.74.b. Less porosity was formed at grain boundaries but certain irregularities in

the phase distribution were observed.
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Figure 3.74. Representative backscattered SEM images taken from polished surface of ATZ-YS5 sintered
using different methods. (a) SPS, (b) GPS with carbon sheet and (c) GPS without carbon
sheet

Fig. 3.75 shows the EDS analysis of the ATZ-5Y composition in backscattered
mode at 1250x magnification. According to the analysis results, the main components of
the composition were Al>Os, TiC and ZrO» with oxygen (O), which was the highest with
a 43.00 wt.%. This confirms that the ATZ matrix was largely AlbO; based. Aluminum
(Al) was detected with 25.17 wt.% and titanium (Ti) with 19.66 wt.%. It supports the
existence of Al,O3; and TiC phases in the ATZ structure. Zirconium (Zr) was detected

with 1.86 wt.%, indicating the presence of ZrO> added to the ATZ composition.
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Yttrium (Y) element was detected with 1.67 wt.% in this analysis. This ratio shows
that the Y203 contribution in the material after the sintering process was successfully
incorporated into the composition and supported the formation of the Y3AlsO12 phase
observed in the XRD analysis. The carbon (C) content was determined to be 8.65 wt.%

due to the TiC content and possible carbon residues used in the sintering process.
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Figure 3.75. Representative backscattered SEM image and EDS analysis taken from the polished surface
of ATZ-5Y

Table 3.26 compares the mechanical properties (hardness and fracture toughness)
of samples of ATZ-5Y composition produced with different sintering methods.
Mechanical tests were not performed since the relative density of the sample sintered with

the carbon sheet GPS was low.

Table 3.26. Mechanical properties of ATZ-5Y compositions

Sintering Method ~ Hardness (GPa)  Fracture Toughness (MPa m'?)
SPS 17.63 4.36
GPS 17.24 4.32

The hardness of the sample sintered with SPS was measured as 17.63 GPa.
However, the fracture toughness of the sample sintered with SPS was measured as 4.36
MPa m!?, which was lower than the sample sintered with the GPS method. The sample
sintered with the GPS method reached 17.24 GPa hardness and 4.32 MPa m'? fracture
toughness values. The higher hardness of the sample sintered with GPS can be explained
by the longer sintering process and more stable phase formations. The higher fracture

toughness indicates that better grain bonding may have been achieved during the GPS
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sintering. The Y3Als012 phase formed by Y»0s; doping may have improved these
mechanical properties.

Fig. 3.76 shows the backscattered SEM images comparing the crack propagation
mechanism in SPS and GPS sintered samples of ATZ-5Y composition. Fig. 3.76.a
represents the sample sintered with the SPS method and fig. 3.76.b represents the sample
sintered with the GPS method. Transgranular and intergranular crack propagation

mechanisms were observed in both samples.
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Figure 3.76. Representative backscattered SEM images taken from polished surface of crack propagation
of ATZ-5Y sample, (a) SPS sintered sample, (b) GPS sintered sample

In fig. 3.77, medium bright TiC grains and brighter YAG phases were
homogeneously distributed in the dark Al,O3 matrix.

Figure 3.77. Representative backscattered SEM image taken from the fractured surface of ATZ-3.5Y
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3.6.4. Sm>0Os3 additives

Samples were produced using different sintering methods by adding 3.5 wt.% and
5 wt.% Sm>O3 to the ATZ composition and the effects of these methods on the material
properties were compared. Sintering processes were carried out using three different
methods: SPS, GPS with a carbon sheet and GPS without a carbon sheet. The densities
of the obtained samples were analyzed in detail, their mechanical properties were

evaluated and microstructural studies were carried out.
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Figure 3.78. Representative ternary phase diagram of Al,O3-Sm>03-ZrO:. (Lakiza and Lopato, 2006)

Studies conducted by Tasdemir et al. (Tasdemir et al., 2023) reported that when
Sm>O3 was added to the Al,O3; matrix, the SmAIO; (Samarium Aluminate) perovskite
phase was formed, unlike other rare earth oxides. This phase can have a limiting effect
on grain growth during sintering and increase the fracture toughness. In this study, the
formation of SmAIO; phase in ATZ composition and the effect of this phase on
mechanical properties were evaluated by XRD, SEM and mechanical tests.

The SPS method was used to understand the sintering behavior of ATZ-3.5Sm
composition. SPS provides important information about the sintering behavior of the

material, as it provides densification at high temperature and in a short time. The
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shrinkage behavior of the sample was followed by the displacement curve and the critical
temperatures for the sintering process were determined during the SPS sintering process.

According to fig. 3.79, the temperature at which the displacement curve starts to
increase (Tshr) was determined as 1310 °C for ATZ-3.5Sm. This temperature represents
the threshold at which the pores of the sample begin to close and the material enters the
densification process. The temperature at which the displacement curve remains constant
(Tsin) was measured as 1580 °C. This temperature represents the point at which the
sample reaches the closest level to full density and the material completes the sintering
process. Predetermined parameters were used for the GPS sintering study. Sintering was

performed with the same parameters with and without a carbon sheet.
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Figure 3.79. Representative SPS graphic of ATZ-3.55m composition

Table 3.27 shows the relative density (%) values of samples of ATZ-3.5Sm
composition produced by three different sintering methods. The sample sintered with the
SPS method achieved the highest density by reaching 99.56% relative density. This shows
that SPS minimizes porosity by sintering the material quickly and effectively under the
influence of high temperature and electrical current. The relative density of the sample
sintered with the GPS — carbon sheet was 95.33%. This shows that carbon sheets have a
negative effect on the sintering process. The carbon sheet prevented full densification
during sintering due to oxygen limitation and increased the porosity level of the sample.
The sample sintered with the GPS method without a carbon sheet reached a relative
density of 96.68% and a more successful sintering process than the GPS method with a

carbon sheet. The sintering atmosphere was more stable and the material was densified
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more homogeneously when a carbon sheet was not used. However, since the GPS method
took longer and under lower pressure than SPS, it could not achieve a density as high as

SPS.

Table 3.27. Sintering methods and relative densities of ATZ-3.55m composition

Sintering Method Relative Density (%)

SPS 99.56
GPS — Carbon Sheet 95.33
GPS 96.68

Fig. 3.80 compares the backscattered SEM images of ATZ-3.5Sm composition
obtained with different sintering methods at 5000x magnification. Fig. 3.80.a shows the
image of the SPS sintered sample with the lowest porosity. The additive could not be
sufficiently distributed within the structure and formed clusters due to the speed of the
SPS method. Fig. 3.80.b shows the image of the sample sintered with the GPS with a
carbon sheet, showing high porosity and phase separation. Pores formed at the grain
boundaries and a homogeneous structure could not be obtained since the carbon sheet
could not fully densify during the sintering process. Fig. 3.80.c shows that the image of
the sample sintered with the GPS method without carbon sheet has a better microstructure
than fig. 3.80.b. Less porosity was formed at grain boundaries, but certain irregularities

in the phase distribution were observed.
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Figure 3.80. Representative backscattered SEM images taken from polished surface of ATZ-3.55m
sintered using different methods. (a) SPS, (b) GPS with carbon sheet and (c) GPS without
carbon sheet

Fig. 3.81 shows the XRD analysis, comparing the composition of ATZ-3.5Sm with
the composition of ATZ. The ATZ composition (orange curve) consists of the main
phases Al,Os, TiC and ZrO>. Some peaks belonging to the carbon (C) phases were also
observed, which were related to the carbon sheet or TiC content used in the sintering
process.

The ATZ-3.5Sm composition (gray curve) reveals how the Sm»Os; addition changes
the material’s structure. XRD shows that Sm>O3 doping reacts with AlO3; forming the
SmAIO; phase. This phase may contribute to stabilizing the microstructure and
potentially improving mechanical properties by providing a new oxide contribution to the
ATZ composition. It was seen that the new peak belonging to the SmAIlO; phase appears
clearly in the ATZ-3.5Sm composition. Besides, other main phases (Al203, TiC and ZrO)
in the ATZ composition remained intact, indicating that the overall structure of the
material did not change significantly. However, the additive modified the matrix by

forming a new phase.
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Figure 3.81. Representative comparison of the XRD spectra of ATZ and ATZ-3.55m

Fig. 3.82 shows the EDS analysis of the ATZ-3.5Sm composition in backscattered
mode at 1250x magnification. According to the analysis results, the main components of
the composition were Al,O3, TiC and ZrO» with oxygen (O), which was the highest with
a 42.50 wt.%. This confirms that the ATZ matrix was largely Al,O3 based. Aluminum
(Al) was detected with 27.69 wt.% and titanium (T1) was detected with 18.22 wt.%. It
supports the existence of Al,O3; and TiC phases in the ATZ structure. Zirconium (Zr) was
detected with 2.13 wt.% indicating the presence of ZrO; added to the ATZ composition.

This analysis detected samarium (Sm) element with 1.62 wt.%. This ratio shows
that the Sm>O3 contribution in the material after the sintering process was successfully
incorporated into the composition and supported the formation of the SmAIO3 phase
observed in the XRD analysis. The carbon (C) content was determined to be 7.86 wt.%

due to the TiC content and possible carbon residues used in the sintering process.
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Figure 3.82. Representative backscattered SEM image and EDS analysis taken from the polished surface
of ATZ-3.55m

Table 3.28 compares the mechanical properties (hardness and fracture toughness)
of samples of ATZ-3.5Sm composition produced with different sintering methods.
Mechanical tests were not performed since the relative density of the sample sintered with

the carbon sheet GPS was low.

Table 3.28. Mechanical properties of ATZ-3.5Sm compositions

Sintering Method ~ Hardness (GPa)  Fracture Toughness (MPa m'?)

SPS 17.59 4.85
GPS 17.88 5.37

The hardness of the sample sintered with SPS was measured as 17.59 GPa.
However, the fracture toughness of the sample sintered with SPS was measured as 4.85
MPa m'?, which was lower than the sample sintered with the GPS method. The sample
sintered with the GPS method reached 17.88 GPa hardness and 5.37 MPa m'” fracture
toughness values. The higher hardness of the sample sintered with GPS can be explained
by the longer sintering process and more stable phase formations. The higher fracture
toughness indicates that better grain bonding may have been achieved during the GPS
sintering. The SmAIO; phase formed by Sm>O; doping may have improved these
mechanical properties.

Fig. 3.83 shows the backscattered SEM images comparing the crack propagation
mechanism in SPS and GPS sintered samples of ATZ-3.5Sm composition. Fig. 3.83.a
represents the sample sintered with the SPS method and fig. 3.83.b represents the sample
sintered with the GPS method. Transgranular and intergranular crack propagation

mechanisms were observed in both samples.
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Figure 3.83. Representative backscattered SEM images taken from polished surface of crack propagation
of ATZ-3.55m sample, (a) SPS sintered sample, (b) GPS sintered sample

The SPS method was used to understand the sintering behavior of ATZ-5Sm
composition. SPS provides important information about the sintering behavior of the
material, as it provides densification at high temperature and in a short time. The
shrinkage behavior of the sample was followed by the displacement curve and the critical
temperatures for the sintering process were determined during the SPS sintering process.

According to fig. 3.84, the temperature at which the displacement curve starts to
increase (Tshr) was determined as 1315 °C for ATZ-5Sm. This temperature represents
the threshold at which the pores of the sample begin to close and the material enters the
densification process. The temperature at which the displacement curve remains constant
(Tsin) was measured as 1570 °C. This temperature represents the point at which the
sample reaches the closest level to full density and the material completes the sintering
process. Predetermined parameters were used for the GPS sintering study. Sintering was

performed with the same parameters with and without a carbon sheet.
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Figure 3.84. Representative SPS graphic of ATZ-55m composition

Table 3.29 shows the relative density (%) values of samples of ATZ-5Sm
composition produced by three different sintering methods. The sample sintered with the
SPS method achieved the highest density by reaching 99.21% relative density. This shows
that SPS minimizes porosity by sintering the material quickly and effectively under the
influence of high temperature and electrical current. The relative density of the sample
sintered with the GPS — carbon sheet was 95.18%. This shows that carbon sheets have a
negative effect on the sintering process. The carbon sheet prevented full densification
during sintering due to oxygen limitation and increased the porosity level of the sample.
The sample sintered with the GPS method without a carbon sheet reached a relative
density of 95.92% and a more successful sintering process than the GPS method with a
carbon sheet. The sintering atmosphere was more stable and the material was densified
more homogeneously when a carbon sheet was not used. However, since the GPS method

took longer and under lower pressure than SPS, it could not achieve a density as high as

SPS.

Table 3.29. Sintering methods and relative densities of ATZ-55Sm composition

Sintering Method Relative Density (%)

SPS 99.21
GPS — Carbon Sheet 95.18
GPS 95.92

Fig. 3.85 compares the backscattered SEM images of ATZ-5Sm composition
obtained with different sintering methods at 5000x magnification. Fig. 3.85.a shows the

image of the SPS sintered sample with the lowest porosity. The additive could not be
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sufficiently distributed within the structure and formed clusters due to the speed of the
SPS method. Fig. 3.85.b shows the image of the sample sintered with the GPS with a
carbon sheet showing high porosity and phase separation. Pores formed at the grain
boundaries and a homogeneous structure could not be obtained since the carbon sheet
could not fully densify during the sintering process. Fig. 3.85.c shows that the image of
the sample sintered with the GPS method without carbon sheet has a better microstructure
than fig. 3.85.b. Less porosity was formed at grain boundaries, but certain irregularities

in the phase distribution were observed.
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Figure 3.85. Representative backscattered SEM images taken from polished surface of ATZ-55m sintered
using different methods. (a) SPS, (b) GPS with carbon sheet and (c) GPS without carbon
sheet

Fig. 3.86 shows the EDS analysis of the ATZ-5Sm composition in backscattered
mode at 1250x magnification. According to the analysis results, the main components of
the composition were AlOs, TiC and ZrO; with oxygen (O), which was the highest with
a 44.27 wt.%. This confirms that the ATZ matrix was largely AlbO; based. Aluminum
(Al) was detected with 27.23 wt.% and titanium (T1) was detected with 17.76 wt.%. It
supports the existence of Al,Os and TiC phases in the ATZ structure. Zirconium (Zr) was
detected with 1.64 wt.% indicating the presence of ZrO; added to the ATZ composition.
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This analysis detected samarium (Sm) element with 2.16 wt.%. This ratio shows
that the Sm>O3 contribution in the material after the sintering process was successfully
incorporated into the composition and supported the formation of the SmAIO3 phase
observed in the XRD analysis. The carbon (C) content was determined to be 6.93 wt.%

due to the TiC content and possible carbon residues used in the sintering process.
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Figure 3.86. Representative backscattered SEM image and EDS analysis taken from the polished surface
of ATZ-55m

Table 3.30 compares the mechanical properties (hardness and fracture toughness)
of samples of ATZ-5Sm composition produced with different sintering methods.
Mechanical tests were not performed since the relative density of the sample sintered with

the carbon sheet GPS was low.

Table 3.30. Mechanical properties of ATZ-55m compositions

Sintering Method ~ Hardness (GPa)  Fracture Toughness (MPa m'?)

SPS 18.12 4.86
GPS 16.98 4.50

The hardness of the sample sintered with SPS was measured as 18.12 GPa.
However, the fracture toughness of the sample sintered with SPS was measured as 4.86
MPa m!?, which was lower than the sample sintered with the GPS method. The sample
sintered with the GPS method reached 16.98 GPa hardness and 4.5 MPa m!”? fracture
toughness values. The higher hardness of the sample sintered with GPS can be explained
by the longer sintering process and more stable phase formations. The higher fracture

toughness indicates that better grain bonding may have been achieved during the GPS
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sintering. The SmAIQO; phase formed by Sm>Os; doping may have improved these
mechanical properties.

Fig. 3.87 shows the backscattered SEM images comparing the crack propagation
mechanism in SPS and GPS sintered samples of ATZ-5Sm composition. Fig. 3.87.a
represents the sample sintered with the SPS method and fig. 3.87.b represents the sample
sintered with the GPS method. Transgranular and intergranular crack propagation

mechanisms were observed in both samples.
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Figure 3.87. Representative backscattered SEM images taken from polished surface of crack propagation
of ATZ-55m sample, (a) SPS sintered sample, (b) GPS sintered sample

In fig. 3.88, the darkest areas were Al,Os matrix, medium-bright grains were TiC
and the brightest phases were SmAIQOs. Excessive grain growth of Al,O; grains was
observed in the structure. Sm>O3 added to the composition reacted with Al,O3 to form the

SmAIOs; perovskite phase.

Figure 3.88. Representative backscattered SEM image taken from the fractured surface of ATZ-3.55m
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3.6.5. CeO; additives

Samples were produced using different sintering methods by adding 3.5 wt.% and
5 wt.% CeO: to the ATZ composition and the effects of these methods on the material
properties were compared. Sintering processes were carried out using three different
methods: SPS, GPS with a carbon sheet and GPS without a carbon sheet. The densities
of the obtained samples were analyzed in detail, their mechanical properties were

evaluated and microstructural studies were carried out.
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Figure 3.89. Representative phase diagram of Al,O3-CeQ;. (Chang, et al., 2024)

Studies conducted by Bilgi¢ (Bilgic, 2012) reported that when CeO, was added to
the Al2O3 matrix, the CeAlO; phase was formed, leaving porosity in surface contact with
ALO;. In this study, the formation of CeAlO3 phase in ATZ composition and the effect
of this phase on mechanical properties were evaluated by XRD, SEM and mechanical
tests.

The SPS method was used to understand the sintering behavior of ATZ-3.5Ce
composition. SPS provides important information about the sintering behavior of the

material, as it provides densification at high temperature and in a short time. The
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shrinkage behavior of the sample was followed by the displacement curve and the critical
temperatures for the sintering process were determined during the SPS sintering process.

According to fig. 3.90, the temperature at which the displacement curve starts to
increase (Tshr) was determined as 1310 °C for ATZ-3.5Ce. This temperature represents
the threshold at which the pores of the sample begin to close and the material enters the
densification process. The temperature at which the displacement curve remains constant
(Tsin) was measured as 1535 °C. This temperature represents the point at which the
sample reaches the closest level to full density and the material completes the sintering
process. Predetermined parameters were used for the GPS sintering study. Sintering was

performed with the same parameters with and without a carbon sheet.
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Figure 3.90. Representative SPS graphic of ATZ-3.5Ce composition

Table 3.31 shows the relative density (%) values of samples of ATZ-3.5Ce
composition produced by three different sintering methods. The sample sintered with the
SPS method achieved the highest density by reaching 99.39% relative density. This shows
that SPS minimizes porosity by sintering the material quickly and effectively under the
influence of high temperature and electrical current. The relative density of the sample
sintered with the GPS — carbon sheet was 95.91%. This shows that carbon sheets have a
negative effect on the sintering process. The carbon sheet prevented full densification
during sintering due to oxygen limitation and increased the porosity level of the sample.
The sample sintered with the GPS method without a carbon sheet reached a relative
density of 97.55% and a more successful sintering process than the GPS method with a
carbon sheet. The sintering atmosphere was more stable and the material was densified

more homogeneously when carbon sheet was not used. However, since the GPS method
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took longer and under lower pressure than SPS, it could not achieve a density as high as

SPS.

Table 3.31. Sintering methods and relative densities of ATZ-3.5Ce composition

Sintering Method Relative Density (%)

SPS 99.39
GPS - Carbon Sheet 95.91
GPS 97.55

Fig. 3.91 compares the backscattered SEM images of ATZ-3.5Ce composition
obtained with different sintering methods at 5000x magnification. Fig. 3.91.a shows the
image of the SPS sintered sample with the lowest porosity. The additive could not be
sufficiently distributed within the structure and formed clusters due to the speed of the
SPS method. Fig. 3.91.b shows the image of the sample sintered with the GPS with a
carbon sheet, showing high porosity and phase separation. Pores formed at the grain
boundaries and a homogeneous structure could not be obtained since the carbon sheet
could not fully densify during the sintering process. Fig. 3.91.c shows that the image of
the sample sintered with the GPS method without carbon sheet has a better microstructure
than fig. 3.91.b. Less porosity was formed at grain boundaries, but certain irregularities

in the phase distribution were observed.
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Figure 3.91. Representative backscattered SEM images taken from polished surface of ATZ-3.5Ce
sintered using different methods. (a) SPS, (b) GPS with carbon sheet and (c) GPS without
carbon sheet

Fig. 3.92 shows the XRD analysis, comparing the composition of ATZ-3.5Ce with
the composition of ATZ. The ATZ composition (orange curve) consists of the main
phases Al,Os, TiC and ZrO>. Some peaks belonging to the carbon (C) phases were also
observed, which were related to the carbon sheet or TiC content used in the sintering
process.

The ATZ-3.5Ce composition (gray curve) reveals how the CeO addition changes
the material’s structure. XRD shows that CeO, doping reacts with Al,O3; forming the
CeAlOs phase. This phase may contribute to stabilizing the microstructure and potentially
improving mechanical properties by providing a new oxide contribution to the ATZ
composition. It was seen that the new peak belonging to the CeAlOs phase appears clearly
in the ATZ-3.5Ce composition. Besides, other main phases (Al>O3, TiC and ZrO») in the
ATZ composition remained intact, indicating that the overall structure of the material did
not change significantly. However, the additive modified the matrix by forming a new

phase.
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Figure 3.92. Representative comparison of the XRD spectra of ATZ and ATZ-3.5Ce

Fig. 3.93 shows the EDS analysis of the ATZ-3.5Ce composition in backscattered
mode at 1250x magnification. According to the analysis results, the main components of
the composition were Al,O3, TiC, and ZrO2 with oxygen (O), which was the highest with
a 45.44 wt.%. This confirms that the ATZ matrix was largely Al,O3 based. Aluminum
(Al) was detected with 29.60 wt.% and titanium (T1) was detected with 15.06 wt.%. It
supports the existence of Al,O3; and TiC phases in the ATZ structure. Zirconium (Zr) was
detected with 1.87 wt.% indicating the presence of ZrO; added to the ATZ composition.

This analysis detected a cerium (Ce) element with 1.55 wt.%. This ratio shows that
the CeO> contribution in the material after the sintering process was successfully
incorporated into the composition and supported the formation of the CeAlO3; phase

observed in the XRD analysis. The carbon (C) content was determined to be 6.48 wt.%

due to the TiC content and possible carbon residues used in the sintering process.
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Figure 3.93. Representative backscattered SEM image and EDS analysis taken from the polished surface
of ATZ-3.5Ce

Table 3.32 compares the mechanical properties (hardness and fracture toughness)
of samples of ATZ-3.5Ce composition produced with different sintering methods.
Mechanical tests were not performed since the relative density of the sample sintered with

the carbon sheet GPS was low.

Table 3.32. Mechanical properties of ATZ-3.5Ce compositions

Sintering Method ~ Hardness (GPa)  Fracture Toughness (MPa m'?)

SPS 18.30 4.77
GPS 16.98 4.58

The hardness of the sample sintered with SPS was measured as 18.30 GPa.
However, the fracture toughness of the sample sintered with SPS was measured as 4.77
MPa m'?, which was lower than the sample sintered with the GPS method. The sample
sintered with the GPS method reached 16.98 GPa hardness and 4.58 MPa m'” fracture
toughness values. The higher hardness of the sample sintered with GPS can be explained
by the longer sintering process and more stable phase formations. The higher fracture
toughness indicates that better grain bonding may have been achieved during the GPS
sintering. The CeAlO; phase formed by CeO: doping may have improved these
mechanical properties.

Fig. 3.94 shows the backscattered SEM images comparing the crack propagation
mechanism in SPS and GPS sintered samples of ATZ-3.5Ce composition. Fig. 3.94.a
represents the sample sintered with the SPS method and fig. 3.94.b represents the sample
sintered with the GPS method. Transgranular and intergranular crack propagation

mechanisms were observed in both samples.
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Figure 3.94. Representative backscattered SEM images taken from polished surface of crack propagation
of ATZ-3.5Ce sample, (a) SPS sintered sample, (b) GPS sintered sample

The SPS method was used to understand the sintering behavior of ATZ-5Ce
composition. SPS provides important information about the sintering behavior of the
material, as it provides densification at high temperature and in a short time. The
shrinkage behavior of the sample was followed by the displacement curve and the critical

temperatures for the sintering process were determined during the SPS sintering process.
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Figure 3.95. Representative SPS graphic of ATZ-5Ce composition

According to Fig. 3.95, the temperature at which the displacement curve starts to
increase (Tshr) was determined as 1290 °C for ATZ-5Ce. This temperature represents the
threshold at which the pores of the sample begin to close and the material enters the
densification process. The temperature at which the displacement curve remains constant

(Tsin) was measured as 1560 °C. This temperature represents the point at which the
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sample reaches the closest level to full density and the material completes the sintering
process. Predetermined parameters were used for the GPS sintering study. Sintering was
performed with the same parameters with and without a carbon sheet.

Table 3.33 shows the relative density (%) values of samples of ATZ-5Ce
composition produced by three different sintering methods. The sample sintered with the
SPS method achieved the highest density by reaching 99.12% relative density. This shows
that SPS minimizes porosity by sintering the material quickly and effectively under the
influence of high temperature and electrical current. The relative density of the sample
sintered with the GPS — carbon sheet was 95.55%. This shows that carbon sheets have a
negative effect on the sintering process. The carbon sheet prevented full densification
during sintering due to oxygen limitation and increased the porosity level of the sample.
The sample sintered with the GPS method without a carbon sheet reached a relative
density of 96.60% and a more successful sintering process than the GPS method with a
carbon sheet. The sintering atmosphere was more stable and the material was densified
more homogeneously when carbon sheet was not used. However, since the GPS method
took longer and under lower pressure than SPS, it could not achieve a density as high as

SPS.

Table 3.33. Sintering methods and relative densities of ATZ-5Ce composition

Sintering Method Relative Density (%)

SPS 99.12
GPS — Carbon Sheet 95.55
GPS 96.60

Fig. 3.96 compares the backscattered SEM images of ATZ-5Ce composition
obtained with different sintering methods at 5000x magnification. Fig. 3.96.a shows the
image of the SPS sintered sample with the lowest porosity. The additive could not be
sufficiently distributed within the structure and formed clusters due to the speed of the
SPS method. Fig. 3.96.b shows the image of the sample sintered with the GPS with a
carbon sheet showing high porosity and phase separation. Pores formed at the grain
boundaries and a homogeneous structure could not be obtained since the carbon sheet
could not fully densify during the sintering process. Fig. 3.96.c shows that the image of

the sample sintered with the GPS method without carbon sheet has a better microstructure
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than fig. 3.96.b. Less porosity was formed at grain boundaries but certain irregularities in

the phase distribution were observed.
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Figure 3.96. Representative backscattered SEM images taken from polished surface of ATZ-5Ce sintered
using different methods. (a) SPS, (b) GPS with carbon sheet and (c) GPS without carbon
sheet

Fig. 3.97 shows the EDS analysis of the ATZ-5Ce composition in backscattered
mode at 1250x magnification. According to the analysis results, the main components of
the composition were Al203, TiC, ZrO> with oxygen (O), which was the highest with a
43.02 wt.%. This confirms that the ATZ matrix was largely Al2Os3 based. Aluminum (Al)
was detected with 26.19 wt.% and titanium (T1) was detected with 19.91 wt.%. It supports
the existence of Al,Oz and TiC phases in the ATZ structure. Zirconium (Zr) was detected
with 1.59 wt.% indicating the presence of ZrO, added to the ATZ composition.

This analysis detected cerium (Ce) element with 2.91 wt.%. This ratio shows that
the CeO: contribution in the material after the sintering process was successfully
incorporated into the composition and supported the formation of the CeAlOs phase
observed in the XRD analysis. The carbon (C) content was determined to be 6.38 wt.%

due to the TiC content and possible carbon residues used in the sintering process.
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Figure 3.97. Representative backscattered SEM image and EDS analysis taken from the polished surface
of ATZ-5Ce

Table 3.34 compares the mechanical properties (hardness and fracture toughness)
of samples of ATZ-5Ce composition produced with different sintering methods.
Mechanical tests were not performed since the relative density of the sample sintered with

the carbon sheet GPS was low.

Table 3.34. Mechanical properties of ATZ-5Ce compositions
Sintering Method ~ Hardness (GPa)  Fracture Toughness (MPa m'?)

SPS 17.70 4.95
GPS 16.20 5.5

The hardness of the sample sintered with SPS was measured as 17.70 GPa.
However, the fracture toughness of the sample sintered with SPS was measured as 4.95
MPa m'?, which was lower than the sample sintered with the GPS method. The sample
sintered with the GPS method reached 16.20 GPa hardness and 5.50 MPa m'” fracture
toughness values. The higher hardness of the sample sintered with GPS can be explained
by the longer sintering process and more stable phase formations. The higher fracture
toughness indicates that better grain bonding may have been achieved during the GPS
sintering. The CeAlO; phase formed by CeO: doping may have improved these
mechanical properties.

Fig. 3.98 shows the backscattered SEM images comparing the crack propagation
mechanism in SPS and GPS sintered samples of ATZ-5Ce composition. Fig. 3.98.a
represents the sample sintered with the SPS method and fig. 3.98.b represents the sample
sintered with the GPS method. Transgranular and intergranular crack propagation

mechanisms were observed in both samples.
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Figure 3.98. Representative backscattered SEM images taken from polished surface of crack propagation
of ATZ-5Ce sample, (a) SPS sintered sample, (b) GPS sintered sample

In fig. 3.99, the darkest areas correspond to Al,O3 matrix, medium-bright grains
correspond to TiC and the brightest phase often seen at grain boundaries corresponds to
CeAlO:s. Ce in the system reacts with AlbO3 to form the perovskite phase CeAlOs. The

segregation of this phase at boundaries suppressed Al,O3/TiC grain growth during GPS
at 1900 °C.

Figure 3.99. Representative backscattered SEM image taken from the fractured surface of ATZ-3.5Ce

3.6.6. Comparison of REOs additives

Table 3.35 shows the Tshr, Tsin and AT values obtained in the SPS process of the
ATZ samples which contain rare earth oxides (Er203, Yb203, Y203, Sm203, CeO3) at 3.5
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and 5 wt.%. These parameters were important for evaluating the thermal behavior during
the sintering process and the effects of additives on the sintering kinetics.

ATZ-Y and ATZ-Yb compositions generally exhibit the highest Tshr and Tsin
temperatures. Especially, the ATZ-5Y composition has the highest Tshr value at 1370 °C.
This shows that Y,03; and Yb,O3 additives initiate the sintering process in the Al,O3
matrix at higher temperatures. ATZ-Ce has the lowest Tshr and Tsin temperatures. These
additives have a transient liquid phase effect that can initiate sintering at low
temperatures. The Tshr value of the ATZ-5Ce occurred at 1290 °C. This shows that the
CeO> addition accelerates the sintering process and pulls the beginning of the sintering to
lower temperatures. ATZ-Sm compositions also show a similar trend to ATZ-Ce. The
Tsin value of the ATZ-5Sm was 1570 °C, one of the lowest sintering temperatures among
all compositions.

The widest AT was observed at 310 °C for the ATZ-5Yb composition. It shows that
ATZ-Yb composition continues to densify over a wide temperature range and the
sintering mechanism proceeds more gradually. ATZ-Ce compositions have the lowest AT
(225 °C and 270 °C). This indicates that ATZ-Ce completed the sintering process in a
narrower temperature range and faster shrinkage occurred. ATZ-Sm compositions also
exhibit relatively low AT values. In ATZ-Y composition, an increasing additive ratio
decreases AT. The AT value of ATZ-3.5Y, which was 290 °C, decreased to 270 °C in
ATZ-5Y.

As a result, ATZ-Y and ATZ-Yb compositions require higher sintering
temperatures but have a wider range. ATZ-Ce and ATZ-Sm can densify at lower sintering
temperatures, but the sintering process occurs in a narrower temperature range. Regarding
AT values, the widest sintering window was observed in the ATZ-Yb composition, while

the narrowest sintering window was observed in the ATZ-Ce composition.
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Table 3.35. Tshr, Tsin and AT values of REOs added compositions
Compositions Tshr (°C) Tsin (°C) AT (°C)

ATZ-3.5Er 1320 1610 290
ATZ-5Er 1330 1630 300
ATZ-3.5Yb 1350 1650 300
ATZ-5Yb 1330 1640 310
ATZ-3.5Y 1350 1640 290
ATZ-5Y 1370 1640 270
ATZ-3.5Sm 1310 1580 270
ATZ-5Sm 1315 1570 255
ATZ-3.5Ce 1310 1535 225
ATZ-5Ce 1290 1560 270

Table 3.36 compares the relative densities of samples with different weight ratios
of rare earth oxides (Er203, Yb20O3, Y203, Smy03, CeO;) added to the ATZ composition
by three different sintering methods. The relative density values of the samples produced
with SPS, GPS and GPS with carbon sheets were evaluated and the effects of the sintering
method and additive on the density were analyzed.

Compositions sintered with the SPS method reached the highest relative density
values among all compositions (>98.13%). Especially the composition with Yb2O3
additives reached the highest densities. The lowest SPS density belongs th the ATZ-5Y
compositions (98.14%). All compositions sintered with the SPS method generally have
density values above 98%.

The densities of the compositions sintered with the GPS were lower than those of
SPS sintered but higher than the GPS with a carbon sheet. While the ATZ-3.5Yb
composition had the highest relative density of 98.32%, the ATZ-5Y composition showed
the lowest relative density of 96.16%. It was observed that compositions with Y203
additives had lower densities in the GPS method. ATZ-Er and ATZ-Ce compositions
reached relatively high densities.

All compositions sintered using carbon sheet have the lowest density values. The
ATZ-5Y sample had the lowest density with 90.24%. This indicates that the oxygen
limiting effect of the carbon sheet causes more porosity in compositions containing Y20s.

ATZ-3.5Yb (95.91%) and ATZ-3.5Ce (95.91%) were the highest relative densities.
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Table 3.36. Relative densities of sintered compositions with SPS, GPS and GPS with carbon sheet.

Relative Density (%)

Compositions  SPS GPS GPS with a carbon sheet

ATZ-3.5Er 99.95 97.69 95.64
ATZ-5Er 99.97 96.95 94.06
ATZ-3.5Yb 99.99 98.32 9591

ATZ-5Yb 99.96 9790 94.86
ATZ-3.5Y 98.90 97.09 94.57
ATZ-5Y 98.14 96.16 90.24

ATZ-3.5Sm 99.56 96.68 95.33

ATZ-5Sm 99.21 9592  95.18
ATZ-3.5Ce 99.39  97.55 9591
ATZ-5Ce 99.12  96.60  95.55

Fig. 3.100 compares the microstructural differences of compositions sintered with
SPS (left column) and GPS (right column) containing 3.5 wt.% REOs. Fig. 3.100.a and
fig. 3.100.b show ATZ-3.5Er, fig. 3.100.c and fig. 3.100.d show ATZ-3.5YD, fig. 3.100.¢
and fig. 3.100.f show ATZ-3.5Y, fig. 3.100.g and fig. 3.100.h show ATZ-3.5Sm and fig.
3.100.1 and fig. 3.100.j show ATZ-3.5Ce composition. Compositions sintered with the
SPS had a more homogeneous structure, while compositions sintered with GPS showed
significant porosity and grain growth. It was observed that the grains become larger and
intergranular porosities were more in compositions sintered with GPS, while the
compositions sintered with SPS consist of smaller grains.

Better densification was achieved with SPS, especially in ATZ-3.5Er (fig. 3.100.a)
and ATZ-3.5YD (fig. 3.100.c). Pores and phase separation at the grain boundaries were
evident in compositions (fig. 3.100.b and fig. 3.100.d) sintered with GPS. Grains grow in
the ATZ-3.5Yb (fig. 3.100.d). However, it has a more homogeneous distribution
compared to other compositions. A significant grain growth and pore formation were
observed in the compositions ATZ-3.5Y (fig. 3.100.f). This shows that Y,O; addition
leads to more porosity during sintering with GPS.

Similar behaviors were observed in Sm>03; and CeO, added compositions. There
were larger grains and distinct pores in ATZ-3.5Sm (fig. 3.100.h) and ATZ-3.5Ce (fig.
3.100.j). In fig. 3.100.g and fig. 3.100.1 have a denser structure. Phase separation and
porosity were more noticeable in ATZ-3.5Ce (fig. 3.100.)).
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Figure 3.100. Representative backscattered SEM images taken from polished surface of 3.5wt.% additive
contained compositions. The left column shows SPS sintered samples and the right column
shows GPS sintered samples.
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Fig. 3.101 compares the microstructural differences of compositions sintered with
SPS (left column) and GPS (right column) containing 5 wt.% REOs. Fig. 3.101.a and fig.
3.101.b show ATZ-5Er, fig. 3.101.c and fig. 3.101.d show ATZ-5Yb, fig. 3.101.e and fig.
3.101.f show ATZ-5Y, fig. 3.101.g and fig. 3.101.h show ATZ-5Sm and fig. 3.101.1 and
fig. 3.101.j show ATZ-5Ce composition. Compositions sintered with the SPS had a more
homogeneous structure, while compositions sintered with GPS showed significant
porosity and grain growth. It was observed that the grains become larger and intergranular
porosities were more in compositions sintered with GPS, while the compositions sintered
with SPS consist of smaller grains.

It was seen that porosity was low in ATZ-5Er (fig. 3.101.a) and ATZ-5Yb (fig.
3.101.c), but the additive was not distributed homogeneously in the structure and formed
agglomerations. On the other hand, in ATZ-5Er (fig. 3.101.b) and ATZ-5Yb (fig. 3.101.d)
compositions the additive was more homogeneously distributed in the structure.
Additionally, grain growth and porosity increased. In the ATZ-5Yb (fig. 3.101.d)
composition, porosity at grain boundaries was more noticeable compared to ATZ-5Yb
(fig. 3.101.c).

When fig. 3.100 was compared with fig. 3.101, the grain growth of the composition
containing 5wt.% additive was more noticeable. Porosity increased in compositions
sintered with GPS. Compositions sintered with SPS formed denser structures at both
additive ratios. It has been noticed that grain growth increases slightly even in SPS
compositions containing Swt.% additive.

Meanwhile the intergranular porosities were less than 3.5wt.% composition
sintered with GPS. These porosities increased in the 5wt.% composition. Especially,
Ce0O; added ATZ-5Ce (fig. 3.101.j) composition (96.60%) contains more porosity than
ATZ-3.5Ce (fig. 3.100.j) composition (97.55%).

This comparison shows that porosity increases in composition sintered with GPS
as the additive amount increases. Even in the composition sintered with the SPS, it was
observed that the grains grow slightly at the 5wt.% added composition, but still have

lower porosity compared to the Swt.% added composition sintered with GPS.
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Figure 3.101. Representative backscattered SEM images taken from polished surface of Swt.% additive
contained compositions. The left column shows the SPS sintered samples and the right
column shows the GPS sintered samples.
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Fig. 3.102 presents the XRD results of the composites. No new phases were
detected in the ATZ composite without additives which was consistent with studies in the
literature. Garnet phases such as Er;AlsO12, Yb3AlsO12 and Y3Als012 were formed in
ATZ-3.5Er, ATZ-3.5Yb and ATZ-3.5Y (fig. 3.102.b-d-e) compositions and perovskite
phases such as CeAlO3; and SmAIO; were formed in ATZ-3.5Ce and ATZ-3.5Sm (fig.
3.102.c-f) compositions, respectively. lonic radii play a crucial role in determining the
formation of phases in rare earth oxide-doped ATZ composites. The ionic radius of a rare
earth oxide influences its crystal structure and compatibility with the host ATZ matrix.
Rare earth oxides with similar ionic radii such as ytterbium (0.985 A), erbium (1.004 A)
and yttrium (1.019 A), integrate into the lattice and lead to garnet phases. Larger ionic
radii like samarium (1.079 A) and cerium (1.143 A) result in distinct perovskite phases.
The stability of the perovskite structure was defined by the Goldschmidt Tolerance Factor
(Guvenc, et al., 2025):

T+ 710

t = m (3.1)

Where ra is the radius of the A-site cation, rg is the Radius of the B-site cation and
1o is the Radius of the O. According to this formula, the tolerance factor of the perovskite
phase of ATZ-Ce is tce = 0.927 and ATZ-Sm is tsm = 0.905. Results were in the stable
perovskite range (0.8-1.0). (Tiwar, Gergardt and Szutkowska, 2016)
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Figure 3.102. Representative XRD analysis of the 3.5 wt.% compositions. ATZ (a), ATZ-3.5Er (b), ATZ-
3.58m (c), ATZ-3.5Y (d), ATZ-3.5Yb (e) and ATZ-3.5Ce (f)
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When the hardness values of ATZ-3.5wt.%REQOs compositions were examined, the
compositions sintered with the SPS have higher hardness than those sintered with GPS.
While ATZ-3.5Er (GPS) reaches the highest hardness value (~21 GPa), the ATZ-3.5Ce
(GPS) has the lowest hardness value (~16.5 GPa). ATZ-3.5Y (SPS) and ATZ-3.5Ce
(SPS) have a medium hardness (~18-19 GPa) while ATZ-3.5Er (SPS) has the lowest
hardness (~17 GPa) among the compositions sintered with the SPS. Compositions
sintered with GPS generally showed lower hardness and the porosity and grain growth
negatively affected the mechanical properties.

Although similar trends were observed in ATZ-5wt.%REOs, some differences in
hardness were noteworthy. The ATZ-5Yb (GPS) has the lowest hardness (~16 GPa),
while the ATZ-5Er (GPS) again reaches the highest hardness (~21 GPa). ATZ-5Yb (SPS)
and ATZ-5Sm (SPS) have the medium hardness (~18-19 GPa) while ATZ-5Er (SPS) has
the lowest hardness (~17 GPa). The noteworthy point was that the hardness values in
some compositions decrease as the amount of the additive increases.

When two graphics were compared, it was seen that the 3.5wt.% compositions
generally have higher hardness than the Swt.% compositions. Especially in compositions
sintered with the GPS the hardness decreased significantly as the additive ratio increased.
This is because high additive ratios cause the formation of larger grains and increased
porosity at grain boundaries in some compositions. The hardness value difference
between 3.5wt.% and 5wt.% was less in SPS sintered compositions, but 3.5wt.%
compositions still have higher hardness. In general, SPS offers higher hardness than GPS,

while keeping the additive ratio at the optimum level is critical for mechanical properties.
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Figure 3.103. Representative hardness comparison graphic of ATZ-3.5wt. %REOs and ATZ-5wt. %REOs
sintered with SPS and GPS

Fracture toughness comparison graph of ATZ-3.5wt.%REOs and ATZ-
5wt.%REOs compositions was given in fig. 3.104. When the fracture toughness of ATZ-
3.5wt.%REOQOs composites was examined, the compositions sintered with the GPS
generally showed higher fracture toughness compared to SPS-sintered compositions. The
ATZ-3.5Er (GPS) has the highest fracture toughness (~6.5 MPa m'?). In contrast, the
ATZ-3.5Y (GPS) has the lowest fracture toughness (~3.5 MPa m'?). ATZ-3.5Ce (SPS)
and ATZ-3.5Sm (SPS) exhibited a moderate fracture toughness (~4.5-5 MPa m'?) while
ATZ-3.5Yb had the lowest fracture toughness (~4 MPa m'?). The high fracture toughness

of GPS-sintered compositions was related to the mechanisms that slow down the crack

138



propagation due to the formation of second phases and microstructural arrangements at
the grain boundaries.

Although similar trends were observed in ATZ-5wt.%REOs compositions, a
significant increase in fracture toughness values was noted in some additives. The ATZ-
5Ce (GPS) achieved the highest fracture toughness (~6.5 MPa m'?) followed by the ATZ-
5Er (GPS) (~6 MPa m'?). For other additives, ATZ-5Yb (GPS) and ATZ-5Sm (GPS)
remained at the moderate level (~4.5-5 MPa m'?) while ATZ-5Y (GPS) had the lowest
fracture toughness (~3.5 MPa m'"?). This difference was more noticeable in SPS-sintered
compositions with ATZ-5Ce (SPS) and ATZ-5Sm (SPS) reaching relatively high fracture
toughness (~5 MPa m'?) while ATZ-5Y (SPS) and ATZ-5Yb (SPS) have the lowest
(~3.5-4 MPa m'?). This shows that the fracture toughness enhancing effects of CeO> and

Er,Os additives were more noticeable than other additives.
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Figure 3.104. Representative fracture toughness comparison graphic of ATZ-3.5wt. %REQOs and ATZ-
Swt.%REOs sintered with SPS and GPS

When comparing two additive ratios, Swt.% additive generally have higher fracture
toughness than 3.5wt.% additive. The increase in the additive ratio significantly improved
in fracture toughness especially in compositions containing CeO> and Er>O;. However,
as the additive ratio increased the fracture toughness of compositions containing Y203
remained lower. This shows that the phase formation mechanism of Y203 and its effect
on the Al,O3 matrix differ from other additives. SPS-sintering presents a lower fracture
toughness, while the GPS-sintering provides higher fracture toughness for all additive

ratios. In summary, Er,O3 and CeO, additives provided the best result regarding both
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hardness and fracture toughness, while the effect of Y,Os3 additives on improving

mechanical properties was limited.

3.7. Granulated ATZ-5Er and ATZ-5Ce sintered with GPS

In the previous study, it was determined that the addition of Swt% Er>O; and CeO»
to the ATZ composition improved the mechanical properties more than other additives.
Taking this information as a reference, ATZ-5Er and ATZ-5Ce compositions were
prepared in granule form. Then, the prepared granules were shaped by pressing and
sintered with the GPS regime determined in the previous study. The compositions were
compared by sintering at 1800 °C and then at 1900 °C. It was also investigated whether

the positions of ATZ compositions in the graphite crucible influenced sintering.

3.7.1. 1800 °C GPS sintered ATZ, ATZ-5Er, ATZ-5Ce

Fig. 3.105 shows the positions of ATZ, ATZ-5Er and ATZ-5Ce compositions in the
graphite crucible during sintering with GPS at 1800 °C. The ATZ, ATZ-5Er and ATZ-
5Ce compositions were pressed at 192 MPa, 155 MPa and 228 MPa, respectively.

Figure 3.105. Schematic representation of samples in a graphite crucible sintered at 1800 °C.

In fig. 3.106 backscattered SEM images of compositions sintered at 1800 °C at
2500x magnification were given. Fig. 3.106.a shows the middle part of the ATZ, fig.
3.106.b shows the edge part of the ATZ, fig. 3.106.c shows the middle part of the ATZ-
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SEr, fig. 3.106.d shows the edge part of the ATZ-5Er, fig. 3.106.e shows the middle part
of the ATZ-5Ce and fig. 3.106.f shows the edge part of the ATZ-5Ce composition.

When fig. 3.106.a and fig. 3.106.b of the ATZ composition was examined and a
relatively homogeneous microstructure was observed in the middle region, while a
distinct boundary layer was formed in the edge regions. This boundary layer was related
to the phase separation that occurs on the surface because of the effect of the sintering
temperature. Additionally, the presence of some microcracks in the central region of the
ATZ was noteworthy. This was caused by insufficient sintering temperature and press
failure.

When fig. 3.106.c and fig. 3.106.d of the ATZ-5Er composition was examined and
it was seen that the Er.O3 addition affects the microstructure significantly. The presence
of phases with different morphologies accumulated on the surface during the sintering
was observed in the edge region while the formation of the second phase was noticeable
in the middle region. It was known that Er,O; precipitates in certain regions during
sintering and forms Er;AlsO1> (erbium aluminate garnet phase) and this phase causes
heterogeneous distribution in the microstructure. The intense phase separation in the edge
region suggests that this composition was sensitive to the sintering temperature and prone
to surface phase segregation during sintering.

When fig. 3.106.¢ and fig. 3.106.f of the ATZ-5Ce composition was examined and
it was seen that the effect of CeO, addition on the microstructure was different from that
of ATZ-5Er. A relatively more homogeneous structure was formed in the middle region,
but distinct phase separations were observed at the grain boundaries. It was seen that there
was a distinct sintering layer when the edge region was examined. The CeAlOs perovskite
phase condenses on the surface forming a different layer during sintering. In the edge
region of the ATZ-5Ce, a layered structure was formed on the surface that underwent

phase transformation with the sintering atmosphere.
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Figure 3.106. Representative backscattered SEM images taken from polished surface of ATZ, ATZ-5Er
and ATZ-5Ce compositions sintered at 1800 °C

Distinct phase separations and concentrated phases in the edge regions were
observed in the ATZ-5Er and ATZ-5Ce compositions, while the ATZ composition
exhibited a relatively more homogeneous structure after sintering with GPS at 1800 °C.
The Er,0Os; additive precipitated in certain regions during sintering affecting the
homogeneity of the microstructure and phase segregation. Although the CeO, additive
provides a more stable structure, the different layers in the edge region were noticeable.
These results indicate that rare earth oxides may cause surface phase reactions during
sintering and determining the optimum temperature and atmosphere conditions was
critical.

The relative densities of the compositions that sintered at 1800 °C were given in
Table 3.37. The relative density of ATZ composition was 90.80%. This indicates that full
densification was not achieved during sintering and the compositions still contain
porosity. This shows that the sintering temperature was not sufficient for ATZ. The ATZ-
SEr composition reached the highest relative density with 97.77%. Er,Os addition
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positively affected the sintering process. It also contributed to the reduction of porosity
in the ATZ. The ATZ-5Ce reached a relative density of 91.24%, which was higher than
ATZ but lower than ATZ-5Er. This indicates that CeO, addition provides a certain

contribution to the sintering process but was not sufficient for complete densification.

Table 3.37. Relative densities of compositions sintered at 1800 °C

Compositions  Relative Density (%)

ATZ 90.80
ATZ-5Er 97.77
ATZ-5Ce 91.24

In fig. 3.107 compares the hardness and fracture toughness values of ATZ, ATZ-
5Er and ATZ-5Ce compositions sintered with GPS at 1800 °C. When evaluated in terms
of hardness the ATZ-5Er composition reached the highest hardness value (~20 GPa). This
demonstrated that adding Er,Os; into the ATZ matrix strengthened the grain boundaries
and increased the density. ATZ and ATZ-5Ce compositions showed lower hardness
values (~13-14 GPa). Since it was known from previous data that ATZ contains high
porosity at low sintering temperature, low hardness was an expected result. The hardness
value of ATZ-5Ce was like ATZ and the additive did not significantly increase the
hardness. This can be explained by the formation of the CeAlO3 perovskite phase and

porosity formation at the grain boundaries.
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Figure 3.107. Representative hardness and fracture toughness of ATZ, ATZ-5Er and ATZ-5Ce sintered at
1800 °C

When evaluated in terms of fracture toughness, ATZ has the highest fracture
toughness value (~4.8 MPa m!?). The ATZ-5Ce composition exhibited similar fracture
toughness (~4.5 MPa m'?). However, ATZ-5Er showed the lowest fracture toughness
value (~4 MPa m'?). The relatively higher toughness of ATZ can be explained by the fact
that the pores formed due to low density deflect crack propagation. However, the presence
of the CeAlOs phase in ATZ-5Ce created partial weakness at grain boundaries. It did not
completely negatively affect the fracture toughness. In ATZ-5Er, although the hardness
was high the low fracture toughness shows that the second phase (Er;AlsO12) formed after

sintering makes the structure more brittle.
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3.7.2. 1900 °C GPS sintered ATZ, ATZ-5Er, ATZ-5Ce

Fig. 3.108 shows the positions of ATZ, ATZ-5Er and ATZ-5Ce compositions in
the graphite crucible during sintering with GPS at 1900 °C. The ATZ, ATZ-5Er and ATZ-
5Ce compositions were pressed at 230 MPa, 183 MPa and 228 MPa, respectively.

Figure 3.108. Schematic representation of samples in a graphite crucible

In fig. 3.109 shows backscattered SEM images of compositions sintered at 1900 °C
at 2500x magnification. Fig. 3.109.a shows the middle part of the ATZ, fig. 3.109.b shows
the edge part of the ATZ, fig. 3.109.c shows the middle part of the ATZ-5Er, fig. 3.109.d
shows the edge part of the ATZ-5Er, fig. 3.109.e shows the middle part of the ATZ-5Ce
and fig. 3.109.f shows the edge part of the ATZ-5Ce composition.

When fig. 3.109.a and fig. 3.109.b were examined, it was seen that the
microstructure in the middle part was relatively homogeneous but there were obvious
pores and cracks. Especially in the fig. 3.109.b porosity occurred due to press failure.

When fig. 3.109.c and fig. 3.109.d were examined and the porosity in the inner part
decreases compared to ATZ. The addition of Er,Os3 to the sintering process improved the
density. However, it was noteworthy that there was still a significant phase separation in
the edge region (fig. 3.109.d).

Fig. 3.109.e and fig. 3.109.f shows the most obvious differences in terms of
microstructure. Some large pores and intense phase separation were noteworthy while a
homogeneous structure was observed in the middle region (fig. 3.109.e). However, the

most noticeable difference was seen in the edge region (fig. 3.109.1). Excessive sintering
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and flow occurred in the edge region, which may be related to the CeAlO3 phase being
unstable at high temperatures and disrupting the sintering mechanism by forming a liquid
phase. Such phase separations may adversely affect the mechanical improvement of the

material.

5
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Figure 3.109. Representative backscattered SEM images taken from polished surface of ATZ, ATZ-5Er
and ATZ-5Ce compositions sintered at 1900 °C

These results show that Er,O3 addition improves the sintering process, but attention
should be paid to phase separation. Also, it shows that the CeO; additive was unstable
above certain temperatures and may negatively affect the structural integrity. It was
understood that the ATZ composition has densification problems even at high
temperatures and requires more optimized parameters for pressing.

The density of ATZ increased from 90.80% at 1800 °C to 96.27% at 1900 °C. This
increase shows that temperature plays an important role in closing the pores. The density
of ATZ-5Er increased from 97.77% at 1800 °C to 98.36% at 1900 °C. This shows that

ErO; addition increases the sintering efficiency at high temperatures and significantly
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reduces the porosity. The density of ATZ-5Ce increased from 91.24% at 1800 °C to
94.47% at 1900 °C. This increase shows that CeO; increases densification to a certain

extent during the sintering process but was still not as successful as other additives.

Table 3.38. Relative densities of compositions sintered with full crucible at 1900 °C

Compositions  Relative Density (%)

ATZ 96.27
ATZ-5Er 98.36
ATZ-5Ce 94.47

In fig. 3.110 the hardness and fracture toughness values of ATZ, ATZ-5Er and
ATZ-5Ce compositions sintered with GPS at 1900 °C were compared. As seen in fig.
3.110, ATZ-5Er reached the highest hardness value (~20GPa). Er>O3 addition increased
the sintering efficiency and created a denser structure. The ATZ composition exhibited a
lower hardness value (~18 GPa) than ATZ-5Er when sintered at 1900 °C. ATZ-5Ce has
the lowest hardness value (~15-16 GPa). One of the most important reasons for the low
hardness of ATZ-5Ce was that the abnormal grains formed during phase separation and

sintering negatively affect the integrity of the composite.
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Figure 3.110. Representative hardness and fracture toughness of ATZ, ATZ-5Er and ATZ-5Ce sintered at
1900 °C

The ATZ has the highest fracture toughness value (~4.8 MPa m'?). ATZ-5Er has
~4.4-4.5 MPa m'? and exhibits slightly lower fracture toughness than ATZ. ATZ-5Ce
has the lowest fracture toughness with ~4.0-4.1 MPa m'?. The most important reason
why the fracture toughness of ATZ-5Ce was the lowest was that the composite becomes
brittle due to phase separation and liquid phase flow in the edge regions. Although ATZ-
5Er increased the hardness it did not provide as high fracture toughness as ATZ. This was

because high density and hardness were inversely proportional to fracture toughness.

3.7.3. 1900 °C GPS sintered at isolated ATZ, ATZ-5Er, ATZ-5Ce

Fig. 3.111 shows the positions of ATZ, ATZ-5Er and ATZ-5Ce compositions in
the graphite crucible during sintering with GPS at 1900 °C. The ATZ, ATZ-5Er and ATZ-
5Ce compositions were pressed at 448 MPa, 132 MPa and 238 MPa, respectively. The
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pressure difference was due to the different geometries of the samples. The green density

of all samples was around 60%.

Figure 3.111. Schematic representation of samples in a graphite crucible sintered at 1900 °C.

In fig. 3.112 backscattered SEM images of compositions sintered at 1900 °C at
2500x magnification were given. Fig. 3.112.a shows the middle part of the ATZ, fig.
3.112.b shows the edge part of the ATZ, fig. 3.112.c shows the middle part of the ATZ-
SEr, fig. 3.112.d shows the edge part of the ATZ-5Er, fig. 3.112.e shows the middle part
of the ATZ-5Ce and fig. 3.112.f shows the edge part of the ATZ-5Ce composition.
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Figure 3.112. Representative backscattered SEM images taken from polished surface of ATZ, ATZ-5Er
and ATZ-5Ce compositions sintered at 1900 °C isolated position.

The relative density values obtained because of the sintering process at 1900 °C
with only one sample in the graphite crucible reveal important findings compared to
previous studies. Especially in previous studies where more than one sample was placed
in the same crucible at the same temperature, the ATZ reached a relative density of
96.27%, ATZ-5Er 98.36% and ATZ-5Ce 94.47% respectively. However, in this new
arrangement ATZ reached 98.60%, ATZ-5Ce 98.20% and ATZ-5Er 97.20% respectively.
As symbolized in fig. 3.111, each sample was isolated in the crucible without direct
contact with the carbon sheet. This arrangement ensured the gas flow was regular and
undesirable chemical reactions with the carbon sheet were prevented. As a result, this
new configuration generally provided more effective densification and a more stable

structure development.
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Table 3.39. Relative densities of compositions sintered at 1900 °C

Compositions  Relative Density (%)

ATZ 98.60
ATZ-5Er 97.20
ATZ-5Ce 98.20

In fig. 3.113 the hardness and fracture toughness values of ATZ, ATZ-5Er and
ATZ-5Ce compositions sintered with GPS at 1900 °C were compared. As seen in fig.
3.113, ATZ reached the highest hardness value (~19 GPa) and was followed by ATZ-5Er
(~17 GPa) and ATZ-5Ce (~17 GPa). This ranking in hardness shows that the undoped
ATZ develops a more compact and harder structure, while the additives partially reduce
the hardness. This can be explained by the fact that the additives change the structural
homogeneity by adding new phases to the matrix.

The table changes when the fracture toughness values were examined. ATZ-5Ce

12 This value

composition reached the highest fracture toughness of about 5.2 MPa m
was followed by ATZ (~5.0 MPa m'?) and ATZ-5Er (~4.1 MPa m'?). CeO» addition
positively affected on toughness despite some partial porosity as seen in previous SEM

observations.
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Figure 3.113. Representative hardness and fracture toughness of ATZ, ATZ-5Er and ATZ-5Ce sintered at
1900 °C

Isolated sintering of the samples provided an overall improvement in mechanical
properties as well as density. However, this improvement developed in different
directions depending on the type of contribution. While CeO, addition increased fracture
toughness, Er,0s addition affected the hardness relatively less but kept the toughness at

a limited level.

3.7.4. 1900 °C GPS sintered ATZ, ATZ-5Er, ATZ-5Ce additive ones between ATZs

In fig. 3.114, it was seen that direct contact with the ground in the graphite crucible
was cut off by dummy samples and the compositions containing additives were positioned

between the ATZ without additives and the dummies.
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Figure 3.114. Schematic representation of samples in a graphite crucible sintered at 1900 °C.

In fig. 3.115 backscattered SEM images of compositions sintered at 1900 °C at
2500x magnification were given. Fig. 3.115.a shows the middle part of the ATZ, fig.
3.115.b shows the edge part of the ATZ, fig. 3.115.c shows the middle part of the ATZ-
SEr, fig. 3.115.d shows the edge part of the ATZ-5Er, fig. 3.115.e shows the middle part
of the ATZ-5Ce and fig. 3.115.f shows the edge part of the ATZ-5Ce composition.
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Figure 3.115. Representative backscattered SEM images taken from polished surface of ATZ, ATZ-5Er
and ATZ-5Ce compositions sintered at 1900 °C between positions.

In Table 3.40, the obtained relative density values show that the sintering success
was quite high. ATZ composition reached almost full density with 99.47%. This value
shows that the microstructure has minimum porosity and highly optimized sintering
conditions. ATZ-5Er composition also exhibited high density with 98.76%. The 98.35%
value measured for ATZ-5Ce was quite high but it suggests that the CeO, additive can
provide less density than Er,Os. These results show that dummy samples play an
important role in balancing the heat transfer during sintering and preventing the direct

interaction of the additive contained samples with the graphite surface.

Table 3.40. Relative densities of compositions sintered with dummy at 1900 °C

Compositions  Relative Density (%)

ATZ 99.47
ATZ-5Er 98.76
ATZ-5Ce 98.35
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In fig. 3.116 the hardness and fracture toughness obtained in between sintering
setup were compared. As seen in fig. 3.116, the ATZ-5Er sample reached the highest
hardness value (~20 GPa). The ATZ composition, although it does not contain additives,
shows a very high hardness of approximately 19 GPa. This value has increased compared
to the results in the previous setups and shows that the appropriate sintering environment
was effective. The ATZ-5Ce sample shows a slightly lower hardness (~18 GPa) than the
other two compositions due to the CeO, doping, causing phase separation or edge-
diffusion induced structural porosity at high temperatures.

When the fracture toughness values were examined, the ATZ-5Ce sample exhibits
the highest value (~5.5 MPa m'?). This remarkable result indicates that the CeO> additive
activates crack deflection or crack bridging mechanisms in the microstructure. The ATZ-

5Er composition ranks second with approximately 5.2 MPa m'”?

. Although this value was
quite good, its advantage in hardness was not fully reflected in fracture toughness. The
ATZ composition has the lowest fracture toughness (~4.6 MPa m'?). It still exhibits

proper performance compared to many ATZ ceramics in the literature.
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Figure 3.116. Representative hardness and fracture toughness of ATZ, ATZ-5Er and ATZ-5Ce sintered at
1900 °C between positions.

This sintering setup ensured that the ceramics containing additives were isolated
from the effects of the high temperature crucible and sintered in a homogeneous and inert
environment. It was observed that the values of both hardness and fracture toughness
improved and the effects of the additives became clearer. ATZ-5Er provided the best
performance in hardness, while ATZ-5Ce provided the highest value of fracture
toughness. This shows that each additive type affects the mechanical properties with
different additive mechanisms and the optimization may vary depending on the additive
type and the sintering atmosphere. In conclusion, optimizing sintering in graphite with
careful placement allowed the additive oxides to function fully and led to significant

improvement in mechanical properties.
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4. CONCLUSIONS

The characterization of the commercial products study examined three different
commercial ceramic inserts (C1, C2 and C3). SEM analyses determined that the C2
product exhibited a homogeneous, fine-grained and regular TiC particle distribution,
resulting in the highest hardness value among the products examined. The C1 sample
demonstrated the highest fracture toughness despite its coarser and heterogeneous
microstructure, while the C3 sample showed high hardness but lower fracture toughness.
These results indicate that variations in microstructural and chemical properties directly
affect mechanical performance and can explain differences in industrial preferences.

In the “Determination of Al:Os and TiC Content in Composition” section, the
mechanical properties, microstructural behavior and sintering processes of Al.O;—TiC
composites were investigated comparatively with similar studies in the literature.
Compositions with four different TiC contents (20—55 wt.%) were prepared. The analyses
indicated that the particle size of the starting powders played a significant role in
achieving a homogeneous microstructure. The SPS method provided advantages over the
HP method frequently used in the literature. Density values obtained were close to
theoretical values. T20 and T30 compositions with lower TiC contents achieved relatively
higher densities and limited pore formation. Mechanical tests showed that the highest
hardness (~20.85 GPa) and fracture toughness (~5.11 MPa m'/?) values were achieved in
the TS5 composition. These results indicate that varying TiC contents significantly affect
the mechanical and microstructural properties of the composites.

The study carried out under the title of “Effects of Sintering Parameters™ evaluated
the effects of different sintering parameters on the density, microstructure and mechanical
properties of Al,O3-TiC composites were evaluated. Samples sintered at 1875 °C and
1900 °C for varying durations were analyzed. Higher temperatures and extended sintering
times generally led to increased density and a more homogeneous microstructure.
Samples sintered at 1900 °C for 60 minutes provided the most favorable results in terms
of density and microstructural homogeneity. Additionally, the addition of 3.5 wt.% and
Swt.% ZrO: positively influenced the sintering process by increasing density and
reducing porosity. These findings suggest that ZrO. addition enhances mechanical
properties and microstructural stability by controlling grain growth. Proper optimization
of sintering temperature, duration and additive content was therefore critical for AL.Os—

TiC composites.
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In the section titled “Effect of Pressing Pressure and Sintering Crucible,” the effects
of different pressing pressures and sintering crucible materials on density, microstructure
and mechanical properties of Al.Os-TiC-3.5 wt.% ZrO. composites were investigated. A
significant increase in green density values was observed with increasing pressing
pressure. Density and microstructural homogeneity improved markedly at 350 MPa,
while pressures above 500 MPa slightly decreased density and potential microcrack
formation. In sintering studies using BN and graphite crucibles, graphite crucibles
exhibited lower chemical interaction with the samples. Thinner and more homogeneous
layers formed in samples sintered in graphite crucibles. Overall, an optimum pressing
pressure in the 200-350 MPa range and graphite crucibles produced superior
microstructure and high-density values.

In the study carried out under the title of “Prototype Production with GPS and
Resintering” different sintering arrangements were investigated to improve the density
and microstructural properties of ATZ composition. In the first stage, high densities were
achieved in individual samples with the controlled use of carbon sheets. However,
negative effects of increasing the amount of carbon sheets were observed in trials for
prototype production. More positive results in terms of density were obtained by
completely removing the carbon sheets and using dummy samples instead. Especially in
samples reaching 99% relative density, high hardness (~20 GPa) and fracture toughness
(~4.97 MPa m'?) values were achieved. These findings reveal that optimizing sample
setups and using a carbon sheet in the sintering process was critical in improving ATZ
composites’ performance.

In the section titled “Effect of Rare Earth Oxide Additives,” the addition of various
rare earth oxides (Er20s, Yb20s, Y20s, Sm20s;, CeO:) to ATZ composites was examined
to improve mechanical properties and microstructural behavior. Composites containing
these oxides at 3.5 wt.% and 5 wt.% were evaluated for their effects on sintering kinetics,
grain growth and density. Analyses indicated that samples sintered with the SPS method
achieved higher densities and superior microstructures than those produced by GPS.
However, increasing additive ratios led to higher porosity and more pronounced grain
growth, particularly in GPS-sintered composites. Y20s; and Yb20; additions initiated
sintering at higher temperatures and enabled densification over a wide temperature range,
while CeO: and Sm20s additions accelerated densification at lower temperatures within

a narrower range. These findings indicate that the type and amount of REOs significantly
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affect sintering behavior and mechanical properties and underscore the importance of
careful additive optimization in material design.

In the study carried out under the title of “Granulated ATZ-5Er and ATZ-5Ce
Sintered with GPS” the effects of sintering of granulated composites formed with 5 wt.%
Er;03 and CeO; additions to ATZ compositions by the GPS method on the density,
microstructure and mechanical properties were investigated. Different effects of the
additives were observed in the sintering processes carried out at 1800 °C and 1900 °C
temperatures. Er.O3 doped (ATZ-5Er) composites exhibited high sintering efficiency and
a dense microstructure, reaching the highest hardness values (~20 GPa). However, these
composites have relatively lower values in terms of fracture toughness (~4 MPa m'/?). In
CeO> added (ATZ-5Ce) composites, it was observed that phase separation and large grain
structures formed during sintering disrupted the integrity of the material and negatively
affected the hardness (~15-16 GPa). However, it was determined that the liquid phase
formed by the CeO» added increased the fracture toughness (~4.5 MPa m'/?), especially
despite the porosity in the edge regions. These results reveal that the type of rare earth
oxides and the sintering temperature play a critical role in the mechanical properties and
microstructure of ATZ composites prepared in granular form and sintered by the GPS
method.

Generally evaluated, this study has revealed in detail the importance of different
compositions, sintering parameters and additives used in improving the mechanical and
microstructural properties of Al,O3-TiC based ceramics. Especially by adding rare earth
oxides and applying different sintering methods, high-performance ceramic materials that
can compete with conventional commercial products have been developed. These results
highlight the importance of further research and optimization studies to improve the

performance of ceramic inserts in industrial applications.
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5. FURTHER WORKS

Future research should extend the current material development to actual machining
trials. In particular, the optimized ATZ composition must be evaluated under
representative industrial cutting conditions to assess tool life, wear mechanisms and
workpiece surface finish. Due to their high hardness and wear resistance Al>Os-based
ceramic tools are already used for machining hardened steels. Quantitative metrics such
as flank a crater wear rate, cutting force and temperature and machined surface roughness
must be measured under varying speeds and feeds and under dry versus lubricated

conditions.
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