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On Soz

Makina miithendisligi, glinlimiiz diinyasinda yalnizca geleneksel tiretim ve
tasarim siiregleriyle sinirl kalmayip; enerji, ulagim, ¢evre ve siirdiirtilebilirlik
gibi stratejik alanlarda yenilikgi ¢oztimler tireten ¢ok disiplinli bir miihendislik
dali haline gelmistir. Bu dogrultuda hazirlanan “Makina Miihendisliginde
Yenilik¢i Yaklagimlar ve Yeni Nesil Mithendislik Caligmalarr™ adli bu kitap,
alanin giincel gelismelerini ve gelecege yon veren teknolojik yaklagimlarini
biitiinciil bir bakig agisiyla ele almayr amaglamaktadur.

Kitapta yer alan boliimler; niikleer enerjide kiigiik modiiler reaktorlerin
(SMR) sundugu yeni firsatlar ve Tiirkiye’nin bu alandaki stratejik yaklagima,
elektrikli arag teknolojilerinin teknik, enerjetik ve gevresel boyutlari, elektrikli
ve hibrit araglarda kullanilan sensorlerin iiretim siiregleri ve uygulama
alanlar1 ile dokiim odakl irtin tasarimi ve konstriiksiyon ilkeleri gibi giincel
ve kritik konular1 kapsamaktadir. Bu bagliklar, makina miihendisliginin
enerji doniigiimii, akilli sistemler ve ileri imalat teknolojileriyle olan giiglii
etkilesimini agik¢a ortaya koymaktadir.

Bu eser; akademisyenler, lisansiistii Ogrenciler ve sektorde g¢aligan
miithendisler i¢in hem teorik bir bagvuru kaynagr hem de uygulamaya
yonelik yol gosterici bir ¢alisma niteligi tagimaktadir. Kitabin, makina
miihendisliginde yenilikgi diigiinceyi tegvik etmesi ve yeni nesil mithendislik
caligmalarina katki saglamasi temennisiyle, emegi gecen tiim yazarlarimiza
ve Ozgiir yaymevi ¢aliganlarina tegekkiir ederim.

1ii
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Bolum 1

A New Era in Nuclear Energy: Small Modular
Reactors and Tiirkiye’s Approach @

Furkan Oz!

Ahmet Samanci?

Abstract

Energy is one of the major issues of today and with the advancement of
technology, it will become an even more significant challenge in the future.
Obtaining energy from clean sources is of great importance in minimizing
global warming and other environmental impacts. At this point, the use
of nuclear power plants, which operate with zero carbon emissions, comes
into play. Nuclear power plants are generally facilities that produce large
amounts of electricity. In recent years, small modular reactors (SMRs) have
begun to be developed as an alternative to conventional high-power nuclear
power plants, characterized by smaller sizes, modular designs, and shorter
construction times. Small modular reactors can serve not only as electricity
sources for residential areas and industrial zones, but also for purposes such
as seawater desalination and powering icebreaker ships. In this study, the
fundamental characteristics, current design approaches, and application areas
of small modular reactors which are considered the energy of the future are
examined.

1. INTRODUCTION

Sustainability and security of supply in energy have become crucial issues

today due to the increasing energy demand. Nuclear energy emerges as a
clean and sustainable energy source thanks to its zero carbon emissions and
long-term continuous operating regime. With advancing technology, nuclear

Necmettin Erbakan University, Faculty of Engineering, Department of Energy Systems
Engineering, Konya, Tiirkiye, furkan199516@gmail.com, ORCID: 0009-0003-6278-738X

Prof. Dr., Necmettin Erbakan University, Faculty of Engineering, Department of Energy
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ORCID: 0000-0002-5412-1575
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2 | A New Era in Nuclear Energy: Small Modular Reactors and Tiirkiye’s Approach

power plants have become safer, equipped with passive safety systems that
prevent accidents caused by human error(Kemah, 2017; Nogay, 2016).

High-power nuclear power plants have long and costly construction
processes. Therefore, it is difficult for governments and private companies to
invest in this area. Small modular reactors (SMR), developed as a solution to
this problem, are advancing towards becoming the energy of the future with
their low construction costs and short construction times(Topal, 2019).

In addition to power plants that generate electricity for cities and
industrial facilities, small modular reactors can be used in icebreaker ships,
seawater desalination plants, and mobile nuclear power plants. Today,
there are nuclear power plants and icebreakers with small modular reactors
in operation. Small modular reactors in operation serve as references for
modular reactors in the project phase.

This study examines the technical characteristics, construction advantages
and disadvantages, and construction processes of small modular reactors that
are under construction and in operation. In addition, the progress of modular
reactors in the project phase is evaluated, and our country’s perspective on
small modular reactors is discussed.

To select the right reactors for the small modular nuclear power plants
planned to be built in Tiirkiye, it is important to examine small modular
reactors that are in operation and under construction.

2. LITERATURE REVIEW

(Yurt, 2021), researched the operating principles and construction
processes of nuclear reactors and classified them according to their areas of
use and technical characteristics. He examined the operating principle and
safety systems of the VVER-1200 reactor to be used in the nuclear power
plant to be built in our country.

(Ongﬁ, 2014), examined the types of fuel used in nuclear reactors,
specified the types of radioactive waste produced as a result of energy
production in the reactor, classified the waste according to their radioactivity
levels, and discussed disposal methods.

(Topal, 2019), examined nuclear reactors according to their coolant type,
evaluated the use of different secondary coolants for a modular reactor, and
performed energy and exergy analyses of the reactor.

(Ibig, 2020), stated that fossil fuels other than lignite coal are imported
into Tiirkiye and that the use of lignite coal as an energy source has negative
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environmental impacts. He noted that nuclear power plants play a key role
in reducing energy dependence on foreign sources.

(Sever, 2019), emphasized the necessity of establishing nuclear power
plants to ensure Tirkiye’s sustainable energy future and discussed the
importance of nuclear power plants in terms of energy security and strategy.
He stated that nuclear power plants to be established in Tiirkiye should be
equipped with the most modern systems in terms of technology and safety.

(Abdulla, 2014), has researched the potential for the widespread adoption
of small modular reactors, evaluated them in terms of cost and construction
time, and analyzed the economic feasibility of light water-cooled modular
reactors.

(Taso, 2011), in the first section of his study on the current role of small
modular reactors, discusses the history of nuclear energy and explains its
technical details. In the second section, he addresses small modular reactor
projects proposed in the United States and other countries. In the third
section, he emphasizes the importance of establishing small modular reactors
in countries’ energy and economic policies.

(Asuega-Souza, 2022), evaluated small modular reactors in terms of cost,
conducted a detailed economic assessment of gas-cooled, light water-cooled,
and molten salt small modular reactors, and compared them with natural gas
combined cycle power plants.

(Fernandez-Arias et al., 2023), examined modular plants with pressurized
water reactors (PWR), compared their safety systems, and indicated the
current status of planned PWR-type small modular reactors.

(Boening, 2020), researched small modular reactor strategies in
developing countries and compared Canada and Kenya, which plan to install
small modular reactors in rural areas, in terms of public perception of nuclear
energy and safety.

(Franco, 2021), researched the economic sustainability of micro nuclear
reactors and small modular reactors, comparing micro reactors, modular
reactors, and high-power reactors in terms of electricity generation and cost.

(Godsey, 2019), conducted a life cycle analysis of small modular reactors,
evaluating the process from fuel mining to waste disposal, analyzing mining,
purification, conversion, enrichment, fuel manufacturing, and waste
management processes.

(Lulik, 2020), analyzed how much a small modular reactor would affect
the surrounding area in the event of an accident and examined the change
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in radiation dose according to distance. His work also included a review
describing the technical characteristics of small modular reactors.

(Hussein, 2020), conducted a critical review of developing small modular
reactors, evaluating them under the headings of small size, modularity, and
design, and classifying them technically.

3. NUCLEAR ENERGY

Nuclear energy is a type of energy obtained by the controlled release of
the binding energy in the atomic nucleus. This energy is released through
the splitting (fission) or merging (fusion) of atomic nuclei. The most widely
used method today is the fission of heavy atoms, particularly uranium or
plutonium(bapronomeii et al., 1989).

In the fission process, when an atomic nucleus is bombarded by a neutron,
it splits, releasing new elements, neutrons, radiation, and energy. The newly
formed neutrons strike heavy atoms, causing the fission to continue in a
chain reaction, while the energy released heats the coolant (water, heavy
water, sodium, etc.), enabling steam production. This steam turns turbines,
converting thermal energy into mechanical energy, and mechanical energy
into electrical energy(Raymond L. Murray, 2001).
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Figure 1 Fission reaction illustration (Alahmad & Taskesen, 2024)

In a chain reaction, there is no carbon emission during the splitting of
atoms. In this respect, nuclear energy provides a significant advantage in
terms of environmental sustainability. However, due to its radioactivity, it
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brings with it important challenges such as the safe disposal of nuclear waste
and the prevention of accidents. For this reason, the use of nuclear energy
must be carefully considered in terms of its economic, environmental, and
safety dimensions(Igor Pioro, 2016).

3.1. Nuclear Power Plants

Nuclear power plants are facilities that generate electricity using the
energy released by the splitting of atomic nuclei (fission). Most of these
plants use enriched uranium as fuel. Enrichment levels vary depending on
the coolant and moderator used(Rubinsteyn & Sepetilnikov, 1982).

The heat generated by fission is transferred to the steam boiler via the
coolant. Steam is produced in the steam boiler. The steam enters the turbine
and causes it to rotate. During this rotation, electricity is generated by the
generators. The steam used in the turbines condenses with the help of a
condenser and returns to the steam boiler as water. This creates a closed
cycle(Kypuarosckuii, 2015).

The moderator, fuel, coolant, and cycle type used in a nuclear power
plant are the factors that determine the basic structure of the plant. The
moderator helps the chain reaction occur in a controlled manner. The choice
of moderator depends on the fuel used and the enrichment ratio. The type
of cycle is selected based on the coolant used and cost considerations. In
plants with two or more cycles, the coolant is safer because it is not exposed
to radiation in the second cycle and beyond. However, costs increase due to
the additional equipment required(Anapymeuxo et al., 2010).

Pressurized water reactors (PWR) are the most widely used reactor type
worldwide. PWRs use light water as both the coolant and moderator. In
reactors that use light water as a moderator, the enrichment ratio of the fuel is
higher than in heavy water reactors(Canada deuterium uranium- CANDU)
(Kemah, 2017). Economic criteria and available reserves are evaluated when
selecting the moderator and fuel.

3.1.1. Classification of Nuclear Power Plants

Nuclear reactors are classified according to their purpose of use as research
reactors, commercial reactors, and military reactors. Research reactors are
used for nuclear testing rather than for electricity generation. Commercial
reactors are used for purposes such as electricity and heat generation,
water purification, and providing propulsion power to icebreakers and
submarines(Ahmet Ege, 2019).
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Based on installed power, they are classified as micro, small, medium,
and high-power reactors. Microreactors are generally reactors with an
installed electrical power not exceeding 20 MWe. Small modular reactors
are reactors with an installed electrical power of to 300 MWe. Medium-
power reactors are reactors with an electrical power between 300 MWe and
700 MWe. Reactors with an electrical power output exceeding 700 MWe
are classified as high-power reactors(IAEA, 2024c¢; Liou, 2023; Rowinski
etal.,, 2015).

One of the criteria determining safety in nuclear reactors is the generation
to which the reactor belongs. Reactors produced between 1950 and 1970
are referred to as first-generation reactors, those between 1970 and 1995 as
second-generation, those between 1995 and 2030 as third-generation, and
new-generation reactor projects as fourth-generation reactors. Lessons have
been learned from past accidents in new generation reactors, and passive
safety systems have been enhanced(Rowinski et al., 2015).

Nuclear reactors go through the following stages from the project phase to
commissioning: preliminary design, basic design, conceptual design, detailed
design, licensing, equipment manufacturing, and construction(IAEA,

20244a).

4. SMALL MODULAR REACTORS IN THE
CONSTRUCTION PHASE AND IN OPERATION

4.1. CAREM

CAREM (Central Argentina de Elementos Modulares) is a small
modular reactor of the pressurized water reactor (PWR) type. Developed
and manufactured in Argentina, CAREM is designed to meet the electricity
needs of small regions. In addition to electricity generation, also planned for
use for desalination of seawater(Magan et al., 2011).

The Argentine National Atomic Energy Commission (CNEA) has
granted a construction license for CAREM-25, which was initially designed
as a prototype. The construction license for CAREM-25 was obtained in
2013, and construction began in 2014. CAREM-25 is planned to pioneer
Argentina’s future SMR projects and serve as a model for production and
licensing processes. Construction of CAREM-25 was suspended for two
years in November 2019 and resumed in 2021. The target date for first
criticality is 2027(WNN, 2024a).
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Table 1 CAREM-25 Technical Specifications(Marcel et al., 2013; Tashakor et al., 2017)

Country Argentina

Electric Power 32 MWe

Reactor Type Pressurized Water Reactor (PWR)
Coolant and Moderator Water

Primary/Secondary Cycle Pressures 12.25 MPa / 4.7 MPa

Reactor Length / Width 11m/3.2m

Fuel Type UO, (3.1% enrichment rate)
Fuel Cycle 14 months

Reactor Lifespan 40 Years

The CAREM-25 reactor core is cooled by natural circulation of water.
Natural circulation is a convective cooling method that does not require
pumps. This minimizes equipment and maintenance costs while ensuring
natural cooling under all conditions. As shown in Figure 2, the steam
generators are mounted on the reactor vessel. Coolant water and moderators
absorb heat from the core, rise, and reach the steam generator. The water
transfers its heat to the steam generator and moves downward. This creates
natural circulation(Ganjaroodi et al., 2024).

The CAREM-25 reactor is considered a prototype for small modular
reactors with an electrical power output between 100 MWe and 300 MWe.
It is intended that the data obtained from CAREM-25 and the operational
experience gained will be used in future planned small modular reactor
projects(Tashakor et al., 2017).
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Figure 2 CAREM-25 Reactor Vessel (LAEA, 2022)

4.2. ACP-100

The ACP-100 reactor is a PWR-type small modular reactor designed by
the China National Nuclear Corporation (CNNC). Its intended uses are for
electricity generation, heat production, and seawater desalination(Ishragq,
Rohan, et al., 2024).

The ACP-100 reactor was the first small modular reactor to pass the
safety review by the International Atomic Energy Agency (IAEA) in 2016.
The China National Nuclear Corporation (CNNC) announced the start
of construction of the ACP-100 reactor in 2019, with the first concrete
pouring taking place in July 2021. Construction of the reactor building was
completed in 2023. The reactor is scheduled to enter commercial operation
in 2026(WNN, 2024b).
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Table 2 ACP-100 Technical Specifications (Ishraq, Kruglikov, et al., 2024)

Country China

Electric Power 125 MWe

Reactor Type Pressurized Water Reactor (PWR)
Coolant and Moderator Water

Primary/Secondary Cycle Pressures 15 MPa / 4.6 MPa

Reactor Length / Width 10m/3.35m

Fuel Type UO, (enrichment ratio 1.9-4.95%)
Fuel Cycle 24 Months

Reactor Life 60 Years

In the ACP-100 reactor, the circulation of cooling water between the
reactor core and the steam generator is provided by a pump. Unlike classic
high-power PWR reactor designs, the main circulation pumps and steam
generator are integrated into the reactor vessel. The ACP-100 reactor has a
passive cooling system in addition to the active cooling system. The passive
cooling system allows the reactor to cool itself by natural circulation under
all conditions(Deng et al., 2020; Xiong et al., 2023).

Mounting the main components to the reactor vessel ensures the reactor’s
compactness, thereby enabling its use in various types of projects.

Figure 3 ACP-100 Reactor Vessel (Deny et al., 2020)
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4.3. HTR-PM

The HTR-PM reactor is a fourth-generation gas-cooled reactor operating
at high temperatures. Its initial design was developed by Tsinghua University
in 1992 as the HTR-10 with a 10 MWe electrical power capacity. The
HTR-10 was operated at full capacity in 2003 and served as a reference for
the HTR-PM, which received its construction license in 2012. HTR-PM
reached criticality in 2021 and was operated at full power (210 MWe) in
2022(IAEA, 2022; J. Zhang et al., 2018).

Table 3 HTR-PM Technical Specifications(S. Wu et al., 2023; Z. Zhany et al., 2006)

Country China

Electrical Power 210 MWe

Reactor Type HighTemperature Gas-Cooled Reactor
(HTGR)

Coolant / Moderator Helium / Graphite

Primary / Secondary Cycle Pressures 7 MPa / 13.25 MPa

Reactor Length / Width 25m/5.7m

Fuel Type Pebble bed (spherical, 7 grams) UO,
(8.5% enrichment)

Fuel Cycle Continuous (Used fuel can be taken
out for interim storage, new fuel can be
added)

Reactor Lifespan 40 Years

In the HTR-PM reactor, the fuel consists of five-layered spheres weighing
7 grams. At the center of the sphere is UOz(Uranium dioxide), while the
outer layers consist of pyrocarbon and silicon-carbon carbide coatings of
low, medium, and high densities. This allows the high temperature generated
at the center of the sphere to be transferred to the coolant in a balanced
manner, while limiting the radiation escaping from the sphere’s center (Knol
etal., 2018).

Fuel spheres can be removed from and added to the reactor as they are
used (B. Wu et al., 2022). The ability to change fuel without stopping the
reactor ensures continuity in electricity production.

The HTR-PM reactor has two reactor modules and two steam boilers.
The heat generated by the fuel is transferred to the steam boiler via helium
gas. Helium gas entering the reactor at a temperature of 250 °C heats up
to 750 °C, exits the reactor, and enters the steam boiler. The helium gas is
returned to the reactor by a compressor. The feed water entering the steam
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generator is converted into steam at a temperature of 567 °C and enters the
turbine(S. Wu et al., 2023).

Electric Power H;50, /H;0

maduls :
:mmssn‘ E! ]

= 2008
Seawater - T Multi suu Fluh
Figure 4 HTR-PM Cycle Diagram(Gonzilez Rodriguez et al., 2023)

4.4. KLT-40S8

The KILT-40S reactor is the first floating nuclear power plant project
designed by the Afrikantov OKBM company. The aim of the project is to
make the nuclear power plant mobile and deliver electrical energy to regions
in need. The construction process of nuclear power plants is long and
complex. Building a nuclear power plant in areas where land transportation
is difficult is quite costly and complex. The KI'I-40S reactor, together with
the ship named Akademik Lomonosov, has solved this problem by operating
as a floating power station(Makees, 2015).

The KLT-40S reactor reached criticality in 2018, was shipped to the city

of Pevek in the far north of Russia in 2019, and began generating electricity
in 2020(Maksimov & Mazjarkin, 2023).
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Table 4 KLT-40S Technical Specifications (Bagus Awienandra et al., 2020; Beliavskii et

al., 2023)
Country Russia
Electrical Power 35 MWe
Reactor Type Pressurized Water Reactor (PWR), Ship-
mounted reactor vessel
Coolant and Moderator Water
Primary/Secondary Cycle Pressures 12.7 MPa
Reactor Length / Width 48m/2m
Fuel Type U0, (14.1-18.6% enrichment)
Fuel Cycle 28-36 months
Reactor Lifespan 40 Years

The Akademik Lomonosov ship consists of two KII-40S reactors,
each with a capacity of 35 MWe. The heat generated in the reactor core is
transferred to the steam boiler via circulation pumps. The steam generated
in the steam boiler drives the turbines to produce electrical energy. The
electrical energy is transferred from the port where the ship docks to the
region’s electrical grid(3sepes et al., 2018).

The KLT-408S reactor is used for city heating when needed, in addition
to the electricity it produces. The Akademik Lomonosov ship provides
electricity to the city of Pevek with the energy it produces, while also playing
a role in heating the city(Makees, 2015).

Turbine Section Reactor Section Offices and Residential Areas

Figuve 5 Akademik Lomonosov Ship(TACC, 2022)
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4.5. RITM-200

The RITM-200 reactor was designed by Russia to power icebreaker
ships. It was first installed on the Arktika icebreaker in 2016, and the ship
entered service in 2020. Subsequently, the Sibir icebreaker in 2021 and the
Ural icebreaker in 2022 were commissioned with the RITM-200 reactor.
The Yakutiya icebreaker is expected to be commissioned with the RITM-
200 reactor in 2025, followed by the Chukotka icebreaker in 2026 (Artomnas,
2024).

Afrikantov OKBM, which designed the RITM-200 reactor, also designed
the nuclear power plant version of the reactor, RITM-200N, in 2018 for
installation in the Yakutsk region. Construction of the Yakutsk Nuclear
Power Plant, for which a license was obtained in 2023, is scheduled to be
commissioned in 2027 (basun & Faaustymmm, 2022).

Table 5 RITM-200 Technical Specifications (Petrunin et al., 2019)

Country Russia

Electrical Power 55 MWe

Reactor Type Pressurized Water Reactor (PWR),
Coolant and Moderator Water

Primary/Secondary Cycle Pressures 15.7 MPa / 3.83 MPa

Reactor Length / Width 75m/3.4m

Fuel Type UO, (up to 20% enrichment rate)
Fuel Cycle 5-7 years

Reactor Life 60 Years

The RITM-200 reactor vessel is compactly designed to minimize the risk
of damage to pipe and equipment connection points during ship motion.
The steam generator, circulation pumps, and reactor vessel are integrated
into a single unit. This design minimizes the installation volume while
enabling the simultaneous use of multiple reactor vessels, thereby allowing
for higher power outputs(Zverev et al., 2013, 2019).
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Control Rods

Figure 6 RITM-200 Reactor Vessel(Zavodfoto, 2022)

4.6. BREST-300

BREST-300 is a lead-cooled fast neutron reactor. The BREST-300
reactor was designed by Russia in 2016, and construction began in the city
of Seversk in 2021. The reactor is scheduled to be commissioned between
2028 and 2029. Once commissioned, the BREST-300 reactor will also play
a role in city heating in addition to electricity generation(Interfax, 2024).

The BREST-300 reactor uses a mixed fuel derived from spent nuclear fuel
from other power plants. This allows for the recycling of spent nuclear fuel
while generating electricity(®2H, 2024).
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Table 6 BREST-300 Technical Specifications(Makarov, 2023; Novoselov et al., 2014)

Country Russia

Electrical Power 300 MWe

Reactor Type Lead-Cooled Fast Neutron Reactor
(BREST)

Coolant and Moderator Lead

Primary/Secondar Cycle Pressures Atmospheric Pressure / 18.5 MPa

Reactor Length / Width 17.5m /26 m

Fuel Type Uranium, Plutonium, Nitride Mixture
(MOX-Mixed Oxide Fuel)

Fuel Cycle 5-7 Years

Reactor Lifespan 30 Years

The core coolant of the BREST-300 reactor is liquid lead, which reaches
its boiling point at 1727 °C. When the reactor is in operation, the coolant
reaches a maximum temperature of 420 °C, allowing the reactor vessel to
operate at atmospheric pressure. This reduces material costs and eliminates
safety risks associated with pressure. Thanks to the fuel mixture used, the
reactor can reduce its own reactivity in the event of reactivity increases(Gol’din
& Pestryakova, 2014; ®OH, 2024).

MHA : L oreHepaTop
Main circutation pump e . — Team generator

NWTaTensHOW BOAbI
Feed water inlet

3D mopenb peakTopHo# yctaHoeku BPECT-0/1-300

30 model of the reactor BREST-00- 500

Figure 7 BREST-300 Reactor Vessel(Orlov & Gabaraev, 2023)
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4.7. KP-FHR

The KP-FHR reactor is a fourth-generation molten salt-cooled pebble-
bed reactor. This advanced reactor technology was designed by the
American company Kairos Power with the aim of reducing production and
maintenance costs without compromising safety. The conceptual design of
the KP-FHR reactor was completed in 2018, and construction of the first
engineering test unit (ETU 1.0) began in 2021 and was completed in 2023.
In 2024, construction of the Hermes test reactor began in Tennessee, with
commissioning expected in 2026(IAEA, 2024b).

Table 7 KP-FHR Technical Specifications(Kairos, 2024; Zhao et al., 2023)

Country United States

Electrical Power 140 MWe

Reactor Type Pebble Bed Molten Salt Reactor

Coolant / Moderator Li2BeFs (Flibe) / Graphite

Primary / Secondary Cycle Pressures Atmospheric Pressure

Reactor Length / Width 72m/39m

Fuel Type TRISO Pebble Bed (up to 19.75%
enriched)

Fuel Cycle Continuous (Used fuel can be taken out

for storage, new fuel can be added)

Reactor Lifespan 80 Years

The KP-FHR reactor is a state-of-the-art, innovative, fourth-generation
reactor that uses fluoride salt for cooling in its first cycle and gravel-bed
tuel in its core. Using fluoride salt for core cooling, the first cycle can reach
temperatures up to 650 °C at atmospheric pressure. The absence of high
pressure in the reactor vessel enhances safety by preventing pressure-induced
explosions. It also significantly reduces the cost of the equipment used(Zhao
etal., 2023).

The heat generated in the reactor core is transferred to the intermediate
heat exchanger via a fluoride salt coolant. In the intermediate heat exchanger,
the second-cycle water heats up and enters the steam boiler. In the steam
boiler, the third-cycle water vaporizes and drives the turbines. The steam
used is condensed in the condenser and converted back into water. This
completes the cycle(Lukasz Bartela et al., 2021).
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Figure 8 KP-FHR Cycle Diagram(Kaivos, 2024)

4.8. Small Modular Reactors in the Design Phase

Small modular reactors have become quite popular as an energy solution
in the energy race between countries. Countries have begun to create
numerous designs to produce their own small modular reactors. This
article examines small modular reactors that are under construction and in
operation; reactors in the design phase are classified in Table 8 according to
International Atomic Energy Agency records.
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Table 8 Small modular veactors under design(IAEA, 2024b, 2024n)

Design Name

AP300
BWRX-300
HAPPY200
i-SMR
NuScale
PWR-20
NUWARD
STAR
VBER-300
ABV-6E
BANDI

EM2

FMR
GTHTR300
GT-MHR
HTMR-100
MHR-100
HTGR-POLA
PeLUIt-40

4S8

ARC-100
HEXANA
LFR-AS-200
OTRERA 300
SEALER-55
SVBR-100
Natrium

CA Waste Burner
CMSR

Flex Reactor
FUJI

IMSR 400
Stellarium
ThorCon
Thorizon

XAMR

Status

Basic design
Detailed design
Detailed design
Conceptual design
Detailed design
Detailed design
Detailed design
Basic design
Detailed design
Detailed design
Conceptual design

Conceptual design
Conceptual design
Basic design
Basic design
Basic design
Conceptual design
Basic design
Conceptual design

Detailed design

Conceptual design
Conceptual design
Conceptual design
Conceptual design
Conceptual design
Detailed design

Conceptual design

Detailed design
Conceptual design
Basic design
Conceptual design
Detailed design
Conceptual design
Conceptual design
Conceptual design

Electrical Power Designer
MWe Country
Water-Cooled Reactors (Pressurized, Boiling)
330 USA
300 USA, Japan
200 China
170 South Korea
77 United States
20 USA
170 France
10 Switzerland
325 Russia
9 Russia
60 South Korea
High-Temperature Gas-Cooled Reactors
265 USA
50 USA
300 Japan
288 Russia
35 South Africa
87 Russia
115 Poland
10 Indonesia
Fast Neutron Reactors
10 Japan
100 Canada
150 France
200 Italy / France
110 France
55 Sweden
100 Russia
345 USA
Molten Salt Reactors
100 Denmark
110 Denmark
24 United Kingdom
200 Japan
195 Canada
110 France
250 Indonesia / USA
100 Netherlands / France
40 France

Conceptual design
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5. TURKIYE’S STRATEGY AND POSITION ON SMALL
MODULAR REACTORS

Tiirkiye imports a large portion of the energy sources it uses. Dependence
on foreign energy threatens energy security. In this context, nuclear power
plants increase countries’ energy security thanks to their continuity and high
power production(Furuncu, 2016).

Tiirkiye has not yet joined the ranks of countries that generate electricity
from nuclear power plants. The Akkuyu Nuclear Power Plant, whose
construction began in 2018, will be Tiirkiye’s first nuclear power plant.
The Akkuyu Nuclear Power Plant will have an electrical capacity of 4800
MWe and will consist of four high-power reactors. Secondly, a high-power
nuclear power plant is planned to be built in Sinop province in Tiirkiye. The
third high-power nuclear power plant is planned to be built in the Thrace
region(Karatagl, 2020; NDK, 2024; Polatoglu, 2024).

The Ministry of Energy and Natural Resources stated that Tiirkiye signed
the “Tripling Nuclear Energy” declaration, which includes 31 countries, at the
29th Conference of the Parties (COP29) to the United Nations Framework
Convention on Climate Change held in Baku. It was stated that within this
scope, the goal is to increase the installed electricity capacity to 20GWe
from nuclear energy, by 2050. The statement indicated that, following the
Akkuyu Nuclear Power Plant, two more high-power nuclear power plants
are planned, and in addition to high-power plants, new generation modular
reactor projects are also planned. The planned projects will contribute to a
significant reduction in carbon emissions by 2050(ETKB, 2024).

Energy and Natural Resources Minister Alparslan Bayraktar stated that
they were open to cooperation with the Chinese nuclear energy company
CNOS for new generation modular reactors. In the United States Minister
Bayraktar announced that small modular reactors have an important place in
Tiirkiye’s energy planning and invited American nuclear energy companies
to invest in small modular reactor projects planned in Tiirkiye(CNBC-e,
2024; Okay & Gokkoyun, 2024).

President Recep Tayyip Erdogan announced on March 26, 2025, that
Tiirkiye would begin developing its own Small Modular Reactor (SMR)
design as part of its 2030 Industry and Technology Strategy and that a
nuclear technology park would be established for this purpose. This officially
marked the beginning of the “domestic SMR era” in Tiirkiye’s energy and
industrial policies. The program’s financing model has been structured in
phases: State-guaranteed purchase agreements will be implemented for
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the first two or three modules to be constructed, while new modules in
subsequent phases are expected to be supported by low-interest green bonds
and export credits.

In terms of industry, maintaining a high domestic contribution share
has been designated a strategic priority. The goal is for at least 40-50% of
large-scale equipment, such as reactor pressure vessels and heat exchangers,
to be produced domestically, while support will be provided to companies
operating in the nuclear technology park for the production of the remaining
parts. This approach will ensure that a large portion of the project value
remains within the country while also increasing technology transfer and
skilled employment. In this way, Tiirkiye will take a step that will increase its
global competitiveness not only in terms of energy supply security but also
in terms of advanced technology production and export potential(Anadolu
Ajansi, 2025b, 2025a).

The “Nuclear Energy Technologies Design Competition” organized
by TEKNOEFEST aims to develop innovative solutions in the areas of
innovation, safety, efficiency, and sustainability, focusing particularly on
Small Modular Reactor (SMR)) designs. This competition will increase focus
on SMR among universities, academics, and industry professionals, thereby
encouraging young and competent designers to enter this field. Therefore,
the academic and technical awareness provided by the competition
will directly contribute to both an increase in the number of SMRs and
the development of the modular reactor sector equipped with domestic
technologies(TEKNOFEST, 2025).

Within the scope of its defense industry vision, Tiirkiye has also included
preparations for nuclear propulsion technologies in its National Aircraft
Carrier and National Nuclear Submarine projects. The experience gained at
Akkuyu, the new nuclear power plant projects planned in Sinop and Thrace,
and small modular reactor (SMR) research are considered strategic steps
that will also form the infrastructure for future defense-oriented nuclear
power systems. Thus, Tiirkiye aims to increase its nuclear competence in
both energy supply security and defense technologies(Hiirriyet, 2025).

6. METHOD

This study was conducted to conduct a technical examination of small
modular reactors under construction and in operation and to evaluate their
current construction stages. The study employed a literature review and used
secondary data studies as its methodology.
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A literature review was conducted using the Web of Science, Springer,
ScienceDirect, ProQuest, YOK Tez, ResearchGate, EBSCO, Google Scholar,
Taylor & Francis, and ELibraryRu databases. The keywords “Small Modular
Reactor,” “Nuclear Power Plants,” “SMR Technology,” and “Nuclear Energy
Innovations” were used during the searches.

Publications on the applications and technical characteristics of small
modular reactors in the energy sector were included in the study content,
repetitive or off-topic data were excluded.

7. CONCLUSION, DISCUSSION, AND
RECOMMENDATION

While nuclear energy offers an important solution to meet the growing
energy demand, new generation small modular reactors are becoming an
attractive energy source for countries due to their safety and applicability
compared to traditional high-power reactors.

The technical specifications examined in the article show that small
modular reactors have roles beyond electricity generation, such as water
purification and propulsion power generation. The use and proliferation of
modular reactors in different fields will lead to an overall reduction in carbon
emissions. The safety standards and operational successes of existing reactors
serve as a model for new-generation modular reactors.

From Tiirkiye’s perspective, within the framework of'its 2050 targets, the
establishment of nuclear power plants is important in order to increase energy
supply security, reduce external dependency; and lower carbon emissions in
energy production. The establishment of nuclear power plants will enable
the transfer of existing technology to local engineers and the planning of
national projects. When selecting the small modular reactor project planned
by Tiirkiye within the framework of its 2050 perspective, it is important to
use reactor models that have operational experience, tested safety systems,
and completed standards and regulations. In this context, pressurized water
reactors can be considered a sound choice, as they have been in operation for
many years in nuclear power plants of varying capacities.

In conclusion, new generation small modular reactors offer solutions for
both the global energy transition and Tiirkiye’s future energy strategy. The
development and widespread adoption of small modular reactors will open a
new door in energy policies and offer hope for a clean energy future.
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Bolim 2

Dokiim Odakli Uriin Tasarimi ve Konstriiksiyon
Tlkeleri

Tugce Tezel!
Volkan Kovan?

Ozet

Miihendislik malzemelerinin sekillendirilmesinde koklii bir gegmise sahip
olan dokiim teknolojisi, karmagik geometrilerin tek par¢a halinde ve
yiksek mukavemet degerlerinde {iretilmesine olanak taniryan {istiin bir
imalat yontemidir. Ancak endiistriyel pratikte, tasarim ve liretim siiregleri
arasindaki kopukluk ve tasarimcilarin metaliirjik stireglere dair farkindalik
eksikligi, siklikla tretilebilirlik sorunlarna, maliyet artiglarma ve kalite
kayiplarina neden olmaktadir. Bu kitap boliimii, tasarim miihendislerine ve
tireticilere yonelik olarak, “Dokiim Igin Tasarim” prensiplerini teorik altyapt
ve pratik uygulamalar 1giginda sistematik bir yaklagimla ele almaktadir.
Calismada oncelikle, sivi metalin akigkanligi, katilagma biiziilmesi, 1s1
transferi ve yonlenmis katilasma gibi temel fiziksel olaylarin, par¢a geometrisi
iizerindeki belirleyici rolii irdelenmistir. Ozellikle Bilgisayar Destekli Tasarim
ortaminda olugturulan idealize edilmis modellerin, dokiimhane zeminindeki
termodinamik ger¢eklerle nasil uyumlu hale getirilecegi tizerinde durulmugtur.
Bu kapsamda; et kalinhigi homojenligi, kesit gegislerinde kama kuraly, birlesim
noktalarindaki sicak noktalarn yonetimi, feder tasarimi, maga dayanmmu,
ctkma agilar1 ve igleme paylarinin optimizasyonu gibi kritik konstriiksiyon
kurallar1, dogru-yanhs kiyaslamalartyla detaylandirilmigtir. Ayrica, dokiim
simiilasyon teknolojilerinin tasarim siirecindeki rolii ve siirdiiriilebilir iiretim
perspektifi tartigilmistir. Sonug olarak bu caligma, tasarimcinin sadece
tonksiyonel gereksinimleri degil, ayni zamanda metalin kalip igerisindeki
katilasma sertivenini de Ongorerek; hatasiz, ekonomik ve yiiksek kaliteli
dokiim pargalar tasarlamasina rehberlik etmeyi amaglamaktadir.

1 Dog¢. Dr., Akdeniz Universitesi, Miihendislik Fakiiltesi, Makine Miihendisligi Boliimii,
tugcetezel@akdeniz.edu.tr, ORCID: 0000-0003-0139-442X

2 Prof. Dr., Akdeniz Universitesi, Miihendislik Fakiiltesi, Makine Miihendisligi Boliimii,
kovan@akdeniz.edu.tr, ORCID: 0000-0002-0599-525X
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1. Girig

Miihendislik  malzemelerinin  sekillendirilme  seriiveninde ~ dokiim
teknolojisi, hammaddenin sivi fazdan kati faza kontrollii bir sekilde
doniigtiirtilmesi prensibine dayanan ve insanlik tarihinin bilinen en koklii
imalat yontemlerinden biri olarak kabul edilmektedir. Bronz Cagrndan
giiniimiize uzanan bu siireg, basit alet yapimindan baglayarak evrilmis;
giiniimiizde ise malzeme bilimi, termodinamik ve akigkanlar mekaniginin
kesigim noktasinda yer alan yiiksek teknolojili bir iiretim disiplinine
doniigmistiir (Campbell, 2015). Endiistriyel tiretim yontemleri genel bir
perspektifle incelendiginde; malzemeyi eksilterek sekillendiren talagh imalat
veya par¢alari birlestirerek biitiinlestiren kaynakli imalat) yontemlerinin aksine
dokiim, malzemeyi “olusturarak” sekillendirme yetenegi ile ayrismaktadir.

Bu ayrim, ozellikle geometrik karmagiklik arttikga dokiim teknolojisinin
lehine igleyen belirleyici bir faktordiir. Talagh imalat yontemleri, karmagik
bir pargay1 elde etmek igin kiitlesel bir hammadde blogundan biiyiik oranda
malzeme kaldirilmasini gerektirir ki bu durum, talag kaldirma oram yiiksek
parcalarda ciddi bir hammadde ve enerji israfina yol agmaktadir (Groover,
2020). Kaynakli yapilar ise, ¢ok sayida alt parganin birlestirilmesini
gerektirdigi i¢in montaj is¢iligi maliyetlerini artirmakta ve birlesme
bolgelerinde yorulma dayanimini diigliren gerilme yigilmalarina neden
olabilmektedir. Buna kargin dokiim teknolojisi, en karmagik i¢ bogluklara,
degisken kesitli feder yapilarina ve kavisli yiizeylere sahip pargalar tek bir
operasyonla, monolitik (tek parga) bir biitiin halinde {iretebilme kabiliyetine
sahiptir (Beeley, 2001). Miihendislik literatiirtinde “Net Sekle Yakin” {iretim
olarak tanimlanan bu kabiliyet, nihai tiriiniin boyutlarina ve formuna en kisa
yoldan ulagilmasint saglayarak, ikincil iglemleri minimize etmekte ve {iretim
ekonomisine dogrudan katki saglamaktadir.

Dokiim  teknolojisinin sundugu bu avantajlar, onu sadece geleneksel
makine imalatinin degil, modern yiiksek teknoloji endiistrilerinin de
vazgegilmez bir unsuru haline getirmistir. Ornegin havacilik endiistrisinde,
yiiksek sicaklik ve mekanik zorlanmalar altinda galisan siiper alagim
tiirbin kanatgiklarinin, i¢ sogutma kanallar: ile birlikte tek kristal yapida
iiretilebilmesi, giiniimiiz teknolojisinde sadece hassas dokiim yontemiyle
miimkiindiir (Jolly, 2005). Benzer sekilde otomotiv sektoriinde, emisyon
standartlarini kargilamak ve yakit verimliligini artirmak amaciyla gidilen
hafifletme ¢aliymalarinda, aliiminyum ve magnezyum alagimh karmagik
motor bloklar1 ve yapisal sasi pargalari, yliksek basingli dokiim teknolojileri
sayesinde hayat bulmaktadir. Enerji sektoriinde ise, riizgar tiirbinlerinin
devasa govde parcalarindan niikleer santrallerin kritik vana govdelerine



Tiige Tezel / Volkan Kovan | 33

kadar, giivenlik katsayisinin hayati 6nem tasidigi pek ¢ok bilesen, dokiim
teknolojisinin sagladig1 izotropik malzeme Ozellikleri ve tasarim esnekligi
sayesinde iretilebilmektedir (Ravi, 2005). Dolayisiyla dokiim, sanilanin
aksine sadece agir sanayinin bir pargast degil, mikron mertebesindeki hassas
medikal implantlardan tonlarca agirliktaki gemi pargalarina kadar genis bir
spektrumda modern miihendisligin ¢6ziim ortagidur.

Ancak, dokiim yonteminin miithendislere sundugu bu sinirsiz topolojik
esneklik ve her gekli tiretebilme vaadi, dogru bir miihendislik yaklagimiyla
yonetilmediginde siirecin en biiyiik handikapina doniisme potansiyeli
tagimaktadir. Bilgisayar Destekli Tasarim (CAD) yazilimlarinin son ¢eyrek
asirda gosterdigi gelisim, tasarimcilara yergekimsiz, stirtiinmesiz ve idealize
edilmig bir sanal uzayda ¢aliyma imkani tanimaktadir. Bu dijital ortamda
olusturulan geometriler, matematiksel olarak kusursuz ve estetik agidan
etkileyici goriinebilir. Ancak ekran bagindaki tasarimcinin “fare” hareketiyle
saniyeler iginde olugturdugu keskin bir koge veya ani bir kesit daralmast,
dokiimhane zeminindeki fiziksel ger¢eklikte termodinamik yasalara
carpmaktadir. Sanal diinyadaki kati model, ger¢ek diinyada viskozitesi,
ylizey gerilimi ve katilagma biiziilmesi olan agresif bir sivi metal davranist
sergilemektedir (Campbell, 2003). Dolayisiyla, CAD ekranindaki ideal
geometri ile dokiimhanedeki iiretilebilir parga arasinda, gogu zaman derin
bir ugurum bulunmaktadir.

Tasarim miihendisliginde sikga rastlanan ve bu ugurumu derinlestiren
temel bir metodolojik hata, {iriiniin tasarim agamasinda sadece fonksiyonel
gereksinimlere odaklanilmasidir. Tasarimci, hakli olarak parga tizerindeki
gerilme dagilimini, montaj bogluklarini veya aerodinamik formu optimize
etmeye ¢alisir. Ancak bu odaklanma sirasinda, o fonksiyonel hacmin fiziksel
olarak nasil var edilecegi sorusu, yani iretilebilirlik parametresi, genellikle
stirecin sonuna ertelenmektedir (Boothroyd vd., 2010). Oysa bir dokiim
par¢asinin yapisal biitiinliigii, geometrisinin sivi metal akigina ve katilagma
yonlenmesine ne kadar izin verdigiyle dogrudan iligkilidir. Ornegin, mekanik
dayanim agisindan rijitligi artirmak igin eklenen rastgele bir feder, eger
besleme yollarini tikayan bir bariyer gorevi goriiyorsa, o bolgede olugacak
porozite nedeniyle parganin dayanimini artirmak bir yana, dramatik olgiide
diisiirecektir.

Bu kopukluk, endiistriyel tretim kiiltiirii literatiirinde “Duvarin
tizerinden atma” (Throw it over the wall) yaklagimi olarak tanimlanmakta
ve modern iiretim felsefelerinde siddetle elestirilmektedir (Anderson,
2014). Bu geleneksel yaklagimda tasarim departmanu, tiriinii kendi ofisinde
izole bir sekilde tamamlar ve teknik resimleri iiretim departmanina veya
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tedarik¢i dokiimhaneye “duvarin {izerinden atar” gibi iletir. Bu noktadan
sonra tasarimct i¢in i bitmis, dokiimcii i¢in ise sorunlar baslamis demektir.
Dokiimhane miihendisleri, kaliptan ¢ikmasi imkansiz olan ters agilari,
beslenmesi miimkiin olmayan izole kiitleleri veya tiirbiilansa neden olacak
keskin dontisleri fark ettiklerinde, siire¢ ¢oktan tikanmustir.

Bu senaryoda ortaya ¢ikan tablo genellikle soyledir: Ya pahali ve karmagik
maga sistemleri kullanilarak zorlama bir iiretim yapilmaya galigithr ki bu
maliyeti artirir; ya da tasarim revizyonuna gidilerek siireg baga doner ki bu
da pazara stirme siiresini uzatir (Swift & Booker, 2013). Daha vahim olan
senaryo ise, tasarimun iretilebilir ama kalitesiz olmasidir; yani par¢a dokiiliir
ancak iginde gizli dokiim hatalar1 barindirir. Bu durum, tiriiniin servis émri
sirasinda beklenmedik hasarlara yol agarak, maliyetin ¢ok Otesinde giivenlik
riskleri dogurur. Dolayisiyla, tasarimcinin “ben gizerim, onlar doker”
anlayigindan siyrilarak, ¢izdigi her ¢izginin kalip igerisindeki metalurjik
kargiigint sorguladigs bir farkindalik diizeyine erigmesi gerekmektedir.

Tasarim ve tiiretim siiregleri arasindaki bu kopuklugun yarattig: teknik
sorunlar, kaginilmaz olarak projenin ekonomik stirdiirtilebilirligini de tehdit
etmektedir. Giinitimiiz rekabetgi kiiresel pazarinda, bir mithendislik {irtiniiniin
bagarisini belirleyen faktorler sadece teknik performans ve fonksiyonellikle
sinirlt degildir; maliyet etkinligi ve pazara girig hizi, mithendislik kararlarinin
merkezinde yer almak zorundadir. Literatiirde yapilan kapsamli aragtirmalar,
trtin maliyetlerinin olusum siirecine dair ¢arpict bir gergegi ortaya
koymaktadir: Tasarim faaliyetleri, bir iiriiniin toplam biitgesinin genellikle
%5 gibi kiigiik bir kismini olugturmasina ragmen, nihai iiriin maliyetinin
yaklasik %70 ila %80’ini tasarim agamasinda alinan kararlar belirlemektedir
(Ullman, 2010). Bu durum miihendislik ekonomisinde sabitlenen maliyet
paradoksu olarak bilinir. Yani tasarimci, heniiz ortada fiziksel bir iiriin
yokken, sectigi et kalinliklari, belirledigi toleranslar ve 6ngordiigii malzeme
ile maliyetin biiyiik kismini geri dondiiriilemez bir sekilde kilitlemis olur.
Dokiim teknolojisi 6zelinde bu, kalip malzemesinden soguma siiresine, 1s1l
islem gereksiniminden igleme paylarina kadar tiim gider kalemlerinin, aslinda
dokiimhanede degil, tasarim masasinda karara baglandigi anlamina gelir.

Tasarim asamasinda gozden kagirilan hatalarin veya {iretilebilirlik
kusurlarinin maliyeti ise, iirlin yagam dongiisii boyunca dogrusal degil, iistel
bir artig gosterir. Kalite yonetimi literatiiriinde “1-10-100 Kurali” olarak
bilinen bu prensip, dokiim endiistrisi igin hayati bir 6nem tasir (Anderson,
2014). Tasarim asamasinda (kigit {izerinde veya CAD ortaminda) tespit
edilen bir dokiim hatasinin diizeltilmesi, sadece miihendisin harcayacagi
birkag saatlik bir zaman1 ve sembolik bir 1 birimlik maliyeti temsil eder.
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Ancak bu hata fark edilmeyip kalip iiretimine gegildiginde, hatanin telafisi
i¢in kalibin revize edilmesi veya yeniden islenmesi 10 birimlik bir maliyet ve
ciddi bir zaman kayb1 dogurur. En kotii senaryoda ise, hatali parga dokiiliip,
islenip miisteriye teslim edildikten sonra (6rnegin arag iizerindeyken veya
makine ¢alisirken) ortaya ¢ikacak bir hasar, 100 birimlik maliyetin de
otesinde, garanti kapsamindaki cezai yaptirimlara ve telafisi gii¢ presti
kayiplarina yol agmaktadir. Dolayistyla, dokiim odakli tasarim prensiplerinin
uygulanmasi, sadece teknik bir mitkemmeliyet arayigi degil, ayni zamanda
stratejik bir risk ve maliyet yonetimi aracidir.

Ekonomik denklemin bir diger kritik degigkeni ise pazara stirme siiresidir.
Ozellikle otomotiv ve tiiketici elektronigi gibi dinamik sektorlerde, iiriin
yasam dongiileri kisalmakta ve yeni bir iirlinii rakiplerden Once piyasaya
sunmak biiyiik bir rekabet avantaji saglamaktadir (Clark & Fujimoto, 1991).
Dokiim, dogas1 geregi model ve kalip hazirhig: gibi uzun hazirhik siireleri
gerektiren bir yontemdir. Tasarim kaynakli bir hatanin dokiim denemeleri
sirasinda fark edilmesi, haftalarca siirecek yeni bir kalip imalat dongiisiinii
tetikleyebilir. Bu gecikme, iiriiniin pazar payin kaybetmesine neden olabilir.
Bu baglamda, ilk seferde dogru iiretim hedefi, ancak tasarimcinin dokiim
prosesinin kisitlarint ve gerekliliklerini tasarimin ilk agamalarinda (konsept
sathasinda) dikkate almasiyla, yani ey zamanh miihendislik prensiplerini
igletmesiyle miimkiin olabilmektedir.

Geleneksel {iretim paradigmasinin  yarattigt bu maliyet ve zaman
darbogazlarini agmak, sadece daha hizli bilgisayarlar veya daha geligmis
dokiim makineleri kullanmakla degil, miihendislik siirecinin kendisini
yeniden kurgulamakla miimkiindiir. Bu baglamda, endiistriyel tasarim ve
iretim literatiiriinde son otuz yila damgasini vuran en koklii degisim, dogrusal
stireg yonetiminden ey zamanl miihendislik yaklagimina gegistir (Prasad,
1996). “Design for X” (DfX) semsiyesi altinda yer alan ve ¢aligmamizin odak
noktasini olugturan “Dékiim Igin Tasarim” (Design for Casting - DfC), bu
yaklagimin dokiim teknolojisine uyarlanmug halidir. Geleneksel yontemde
tasarim, analiz, prototip ve iiretim planlama agamalar1 birbirini izleyen ve
birbirinden yalitilmig vagonlar gibi ilerlerken; es zamanli miihendislikte
bu siiregler i¢ ige ge¢mis, dongiisel ve iteratif bir yap: sergiler. Bu modelde
dokiimhane uzmani, heniiz tasarim konsept agamasindayken masada yerini
alir ve parganin geometrisi kesinlesmeden 6nce kaliplama stratejisine dair
geri bildirimlerini sunar. Boylece, iiretim kisitlar1 bir engel olarak degil,
tasarimin sinur sartlarindan biri olarak siirecin en baginda tanimlanmug olur.

Bu metodolojik doniiglim, tasarim miihendisinin yetkinlik setinde
de koklii bir degisikligi zorunlu kilar. Tasarimcinin sadece mukavemet
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hesaplarina veya kinematik analizlere odaklanan mekanik bakig agisinin
yanina, metaliirjik 6ngorii yetenegini de eklemesi gerekmektedir. Metaliirjik
Ongorii; bir pargay: tasarlarken onun sadece bitmig halini degil, siv1 halden
kat1 hale gegerken yasayacagi termodinamik sertiveni zihinde canlandirabilme
yetisidir (Campbell, 2003). Tasarimci, olugturdugu her bir kesit degisiminin,
ekledigi her bir federin veya agtig1 her bir boglugun, kalip igerisindeki 1s1
transferini ve katilagma cephesinin ilerleyigini nasil degistirecegini sezgisel
olarak kavrayabilmelidir. Ornegin, “I” tipi bir kose birlesimini cizerken,
o kogenin i¢ kisminda 1sinin hapsolacagini ve bu durumun yerel bir sicak
nokta yaratarak ¢ekinti bogluguna neden olacagini 6ngorebilmek, bu yetinin
bir sonucudur. Bu 6ngoriiye sahip bir tasarimci, hatayr dokiimden sonra
rontgen filminde gormek yerine, tasarim agamasinda o koseye bir radyus
vererek veya et kalinligini azaltarak bertaraf eder.

DfC prensiplerinin bir diger kritik fonksiyonu ise, tasarim ofisi ile
dokiimhane zemini arasinda koprii kuran “Ortak Dil” iglevini gormesidir.
Miihendislik pratiginde tasarimcilar ve dokiimciiler genellikle farkli jargonlara
sahiptir; biri gerilme yigilmasi, atalet momenti, tolerans dilini konusurken,
digeri yolluk sistemi, ciiruf kapani, kum yanmasi dilini konugur. Bu iletigim
kopuklugu, teknik resimlerin yanlg yorumlanmasma ve {iretilemeyecek
taleplerin ortaya ¢ikmasina neden olur. Dokiim odakli tasarim kurallar1, bu
iki diinya arasindaki gri alanlari netlestiren evrensel bir gramer niteligindedir
(Czerwinski, 2011). Minimum et kalinlig1, ¢itkma agis1 veya besleme mesafesi
gibi kavramlar, bu ortak dilin kelimeleridir. Tasarimcinin bu kurallara sadik
kalarak olusturdugu bir geometri, dokiimciiye sadece ne istendigini degil,
ayni zamanda bunun fiziksel olarak miimkiin oldugunu da séyler. Dolayistyla
bu boliimde ele alinacak olan kurallar biitiinii, sadece teknik bir kilavuz degil,
ayni zamanda disiplinler aras1 bir iletisim protokoliidiir.

Tasarimcinin dokiim siireciyle kurmast gereken bu entelektiiel iliskinin
temelinde, dokiim fiziksel realitesi yatmaktadir. Bilgisayar ekranindaki statik
geometrinin aksine, dokiimhane ortaminda siireg, yiiksek enerjili ve kaotik
bir akigkanlar mekanigi problemiyle baglar. Erimis metal, kalip bogluguna
dokiildiigii andan itibaren yergekimi, viskozite ve yiizey gerilimi kuvvetlerinin
etkisi altindadir. Burada tasarimciyr ilgilendiren en kritik parametre, sivi
metalin akis rejimidir. Ideal bir dékiim igin laminer bir akig arzulanirken,
hatal1 tasarlanmug kesit gegisleri, ani yon degistirmeler veya kontrolsiiz dokiig
yiikseklikleri, akigi tiirbiilansh hale getirir. Literatiirde kritik hiz kavramiyla
agiklanan bu durum, erimis metalin yiizeyindeki oksit filmlerinin yirtilarak
metalin igine karigmasina ve hava kabarciklarinin yapi iginde hapsolmasina
neden olur (Campbell, 2003). Ornegin, tasarimcinin estetik kaygilarla
olugturdugu dar bir boyun veya keskin bir koge, sivi metalin o bolgeden
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gegerken hizlanmasina (Venturi etkisi) ve jet etkisi yaratarak kalip duvarlarini
erozyona ugratmasina yol agabilir. Dolayisiyla, bir par¢anin geometrisi,
aslinda sivi metalin izleyecegi hidrodinamik yol haritasidir ve bu harita ne
kadar piirtizsiizse, i¢ yap1 kalitesi o kadar yiiksek olacaktir.

Stvi metalin kalip boslugunu doldurmasinin ardindan, siirecin ikinci
ve belki de daha karmagik olan evresi, yani katilagma fizigi devreye girer.
Metaller (bizmut ve galyum gibi istisnalar harig) siv1 fazdan kat1 faza gegerken
hacimsel olarak kiigiiliirler. Bu katilagma biiziilmesi, termodinamik bir yasa
olup tasarimcinin pazarhk edemeyecegi bir gergektir (Flemings, 1974).
Eger tasarim, metalin soguma yoniinii (termal gradyani) dikkate almadan
kurgulanmugsa, yani ince kesitlerin arkasinda beslenemeyen kalin kiitleler
birakilmigsa, bu hacimsel kayip parca iginde bosluk (¢ekinti porozitesi)
olarak kalacaktir. Dokiim odakli tasarimin altin kurall olan yonlenmig
katilagma ilkesi tam da bu noktada devreye girer: Katilagma, parganin en
ug noktasindan baglayip besleyiciye dogru ilerlemelidir. Tasarimcinin gorevi,
geometriyi bu termal patikay1 destekleyecek sekilde, yani besleyiciye dogru
giderek genigleyen (veya en azindan daralmayan) bir formda kurgulamaktir.

Ancak fiziksel realite sadece bogluk olugumuyla sinirlt degildir; katilagma
sirasindaki ve sonrasindaki soguma rejimi, parga lizerinde ciddi termal
gerilmeler indiikler. Farkli et kalinliklarina sahip bolgeler farkli hizlarda
sogur; ince kisimlar hizla katilagip biiziiliirken, kalin kisimlar hala plastik
veya swv1 haldedir. Bu durum, par¢a ig¢inde ¢ekme ve basma gerilmelerinin
savagina neden olur. Eger geometri, bu dogal biiziilmeye izin vermeyecek
kadar rijitse (Ornegin, biiyiik bir gemberin ig¢indeki ince kollar gibi), malzeme
kendi i¢ gerilmesine yenik diiger veya kalici deformasyona (garpilma) ugrar
ya da sicak yirtilma adi verilen gatlaklarla pargalanir (Hatton et al., 2006).

Iste bu nedenle, “Neden her geometri dokiilemez?” sorusunun cevabi,
imalat yeteneksizliginde degil, fizik kurallarinda saklidir. Herhangi bir
geometriyl kalibin igine dokmek miimkiindiir, ancak o geometrinin
saglam bir metalurjik yapiyla katilagmasini saglamak, fiziksel kisitlara saygi
duymay1 gerektirir. Izole edilmis kiitleler, birlesme noktalarindaki asiri
sicaklik yigilmalar1 ve biiziilmeyi engelleyen kapali geometriler, dokiim
teknolojisinin dogasina aykiridir. Bu boliimde sunulacak konstriiksiyon
kurallar1, esasen bu fiziksel yasalarin geometrik dile terctime edilmig halidir;
amag, termodinamige meydan okuyan degil, onunla uyum iginde galigan
tasarimlar ortaya koymaktir.

Fiziksel fenomenlerin karmagikhigi ve deneme-yamilma siireglerinin
maliyeti, miithendislik diinyasin1 dijital bir dontisiime zorlamig ve bu
doniigiimiin merkezine Bilgisayar Destekli Miihendislik (CAE) araglarini
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yerlegtirmistir. Dokiim endiistrisinde son geyrek asirda yaganan en biiyiik
devrim, hig siiphesiz dokiim simiilasyon yazilimlarinin tasarim stireglerine
entegrasyonudur. Eskiden dokiimhane zemininde, usta-girak tecriibesiyle
ve pahali fiziksel denemelerle optimize edilmeye ¢aligilan yolluk tasarimlart
ve besleyici hesaplari, artik sanal ortamda mikron hassasiyetinde analiz
edilebilmektedir. Bu yazilimlar, Sonlu Elemanlar (FEM) veya Sonlu Hacimler
(FVM) yontemlerini kullanarak, sivi metalin kalip bosluguna dolusunu,
sicaklik dagilimini, katilasma cephesinin ilerleyisini ve mikroyapisal faz
doniistimlerini gorsellestirebilmektedir (Jolly, 2005). Tasarimci, bu araglar
sayesinde parga igerisindeki goriinmeyeni gorme yetisine kavusur; heniiz
kalipp kumu karigtirllmadan, parganin neresinde hava hapsolacagini veya
hangi bolgesinde gekinti boglugu (porozite) olugacagini dijital ikiz tizerinde
tespit edebilir.

Ancak, simiilasyon teknolojilerinin sundugu bu biiyiileyici yetenekler,
miihendislik camiasinda tehlikeli bir yanilgiyr da beraberinde getirmistir.
Sektorde siklikla kargilagilan bu yanilgi, simiilasyon programlarinin hatali
bir tasarimi diizeltebilecek sihirli bir degnek olarak goriilmesidir. Oysa
simiilasyon yazilimlari, tasarimci tarafindan girilen geometrik veriyi ve
sinir sartlarini fizik kurallarina gore igleyen giiclii birer hesap makinesinden
ibarettir. Bilgisayar bilimlerindeki meshur “Cop girer, ¢op ¢ikar” (Garbage
in, garbage out) ilkesi, dokiim simiilasyonlar1 i¢in de gegerlidir. Eger
tasarimci, dokiim prensiplerine aykiri, termal merkezi dengesiz veya
beslenmesi imkansiz bir geometriyi simiilasyona sokarsa; yazilimin verecegi
¢iktr, mitkemmel bir parga degil, sadece o parganin neden ve nasil hatal
dokiileceginin renkli bir haritasi olacaktir (Ravi, 2008). Simiilasyon, burada
bir hata var diyebilir; ancak bu hatayr suraya bir feder ekleyerek veya su
kesiti incelterek ¢ozebilirsin demez; bu ¢6ziim, miithendisin konstriiksiyon
bilgisine muhtagtir.

Bu noktada, miihendislik sezgisi ve temel tasarim kurallarinin
vazgegilmezligi bir kez daha ortaya ¢tkmaktadir. En geligmis analiz araglar
dahi, deneyimli bir tasarimcinin kesit gegislerinde radyus kullanma veya
yonlenmig katilagmayr saglama gibi temel reflekslerinin yerini tutamaz.
Aksine, simiilasyon araglarinin verimli kullanimi, ancak bu temel kurallara
sadik kalinarak olusturulmug bir baglangi¢ tasarimi ile miimkiindiir. Temel
dokiim kurallarina uygun olarak tasarlanmug bir parga, simiilasyon siirecinde
sadece ufak optimizasyonlara (6rnegin besleyici boyutunun %10 kiigiiltiilmesi
gibi) ihtiya¢ duyarken; kurallardan bihaber yapilmig bir tasarim, onlarca
simiilasyon iterasyonu gerektirecek ve muhtemelen yine de istenen kalite
seviyesine ulagamayacaktir (Sutcliffe vd., 2012). Dolayisiyla, bu boliimde ele
alacagimiz konstriiksiyon ilkeleri, simiilasyon ¢aginda 6nemini yitirmemis,
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bilakis simiilasyonun bir dogrulama araci olarak dogru kullanilabilmesi igin
zorunlu birer 6n kogul haline gelmistir. Mithendisin gorevi, simiilasyona nasil
olsa bilgisayar ¢6zer mantigryla yaklagmak degil, simiilasyona dokiilebilirligi
yiiksek bir geometri sunarak siireci hizlandirmaktir.

21. yiizyil miihendislik paradigmasi, sadece maliyet ve performans
ekseninde degil, artan gevresel kaygilar ve yasal diizenlemeler (6rnegin
Avrupa Yesil Mutabakatr) 1g1ginda siirdiiriilebilirlik ekseninde de yeniden
sekillenmektedir. Bubaglamda, “Eko-Tasarim” kavrami, dokiim teknolojisinin
gelecegini belirleyen temel parametrelerden biri haline gelmigtir. Dokiim,
dogasi geregi geri doniigtiiriilmiig metalleri hammadde olarak kullanabilmesi
(hurda metalin yeniden ekonomiye kazandirilmasi) agisindan dongiisel
ckonominin merkezinde yer alir. Ancak tasarimci agisindan siirdiiriilebilirlik,
malzeme segiminin 6tesinde, geometrik verimlilik ve hafifletme ¢aligmalariyla
baglar. Ozellikle otomotiv ve havacilik endiistrilerinde, arag agirligindaki her
100 kg’lik azalmanin yakit tiiketiminde ve karbon emisyonunda sagladig:
diigiig, dokiim pargalarinin et kalinliklarinin optimize edilmesini zorunlu
kilmaktadir (Ashby, 2012).

Bu noktada, son yillarin popiiler miihendislik akimi olan topoloji
optimizasyonu, dokiim teknolojisi ile mitkemmel bir sinerji olugturmaktadir.
Topoloji optimizasyonu algoritmalari, par¢anin maruz kalacag yiikleri analiz
ederek, gerilmenin diisiik oldugu bolgelerdeki malzemeyi sanal olarak ¢ikarir
ve geriye sadece yiik tagtyan, genellikle organik ve kemiksi bir yapi birakir.
Bu, dogadaki prensiplere benzer bir yaklasimdir. Talagh imalat ile iiretilmesi
neredeyse imkansiz olan bu karmagik ve organik bogluklu yapilar, stvi metalin
akigkanlig1 sayesinde dokiim yontemiyle kolaylikla iiretilebilir. Ancak burada
kritik bir tasarim filtresi gereklidir: Algoritmanin 6nerdigi optimize edilmig
sekil, dokiim kurallarina (gekinti, besleme, ¢tkma agis1) gore revize edilmezse
tiretilemez. Dolayisiyla, siirdiiriilebilir bir hafifletme, ancak optimizasyon
ciktilarinin dokiim konstriiksiyon kurallart ile harmanlanmasiyla miimkiindiir
(Allwood vd., 2011).

Siirdiiriilebilirligin tiretim agamasindaki kargiligr ise enerji verimliligidir.
Dokiimhaneler, metalin eritilmesi igin ¢ok yiiksek miktarda enerji titketen
tesislerdir. Tasarimcinin belirledigi geometri, dogrudan harcanan enerjiyi
dikte eder. Eger tasarimci, gereginden kalin kesitler veya yanhs besleme
gerektiren izole kiitleler tasarlarsa, dokiim verimi diiger. Dokiim verimi,
kaliba dokiilen toplam metal agirhigr ile miisteriye sevk edilen net parga
agirhg arasindaki orandir. Diiglik verimli bir tasarimda, ornegin 1 kg’hk
bir parga igin 2 kg metal eritmek gerekebilir; aradaki fark yolluk ve besleyici
olarak kesilip tekrar ergitilmek {izere firina doner. Bu geri doniis hurdasinin
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tekrar tekrar eritilmesi, muazzam bir enerji israfi ve gereksiz karbon salinimi
demektir (Giurco vd., 2014). Iyi bir dokiim tasarimi, minimum besleyici
ihtiyaci ile maksimum saglamligi hedefleyerek, ilk seferde, en az metalle
tiretimi miimkiin kilar.

Sonug olarak, bu boliimde ele alinacak olan tasarim kurallar1, sadece
par¢anin hatasiz ¢ikmasini saglamakla kalmaz; aym1 zamanda daha az
malzeme kullanilmasini, daha az enerji harcanmasini ve daha hafif iirtinler
elde edilmesini garanti eder. Miihendisin dogru tasarimi, gezegenin
kaynaklarina duyulan sayginin teknik bir ifadesidir.

Tim bu teorik, ekonomik ve ekolojik gerceve 151¢1nda, elinizdeki bu
boliimiin temel amaci; dokiim teknolojisine dair literatiirde dagiik halde
bulunan ve genellikle ustalik bilgisi (know-how) olarak kabul edilip yazili
kaynaklara yeterince yansimayan pratik tasarim kurallarini, sistematik bir
akademik disiplinle bir araya getirmektir. Dokiim odaklr tasarim, sadece bir
cizim teknigi degil, geometrik kararlarin metalurjik sonuglarini yonetme
sanatidir. Bu ¢aligmada, bir dokiim pargasinin kalitesini belirleyen temel
parametreler; teorik soyutlamalardan ziyade, dogrudan uygulamaya doniik
“Konstriiksiyon Kurallar1” baglklar1 altinda ele alinacaktir. Amacimiz,
tasarimc ile dretici arasindaki gri alanlari netlegtirmek; bir parganin kagit
tizerindeki (veya ekrandaki) geometrisinin, dokiimhane zeminindeki fiziksel
gergeklikle nasil ortiigmesi gerektigini somut orneklerle ortaya koymaktir

(Boothroyd, 2002).

Bu kapsamda, izleyen boliimlerde; sivi metalin akigini ve katilagmasini
dogrudan etkileyen et kalinligi homojenligi, L, T, V, X ve Y tipi kesit
birlesimlerinde sicak nokta olugumunun engellenmesi, feder (kaburga)
tasarimi, delik ve yuvalarin konumu, igleme paylarinin optimizasyonu ve
toleranslandirma gibi kritik konular detaylandirilacaktir. Anlatim metodolojisi
olarak, her bir kural i¢in “Dogru Tasarim - Yanlhs Tasarim” kiyaslamalar1
kullanilacak ve neden-sonug iliskileri termodinamik temellere dayandirilarak
agiklanacaktir. Ornegin, bir kdsenin neden radyushu olmasi gerektigi, sadece
gerilme azaltma ile degil, ayn1 zamanda 1s1 transferini kolaylagtirma ve kum
yanmasini 6nleme perspektifinden de irdelenecektir.

Sonug olarak, bu kilavuzun okuyucuya vaat ettigi temel kazanim; tasarim
stirecinde metaliirjik farkindalik yetkinliginin gelistirilmesidir. Bu boliimii
tamamlayan bir tasarim miihendisinin, pargayr modellerken zihninde sadece
bitmis tiriinii degil, onun kalip igindeki olugum siirecini de canlandirabilmesi
hedeflenmektedir. Bu yetkinlik, tasarimcinin tretilebilir ve siirdiiriilebilir
driinler ortaya koymasini saglarken; tiretim miihendislerinin de tasarimcilarla
ayni teknik dili konugarak siireg verimliligini artirmasina olanak tanryacaktir
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(Swift & Booker, 2013). Boylece, tasarim masasinda oturan miihendis igin
bir bagucu kaynag, tiretim sahasindaki miihendis igin ise teknik iletisimde
giiglii bir argiiman seti olugturulmusg olacaktir.

2. Dokiim Teknolojisinin Temel Prensipleri ve Tasarima Etkileri

2.1. Siv1 Metal Akigskanlig: ve Kalip Doldurma

Bir dokiim pargasinin bagarili bir gekilde {iretilebilmesinin ilk ve en temel
kosulu, sivi metalin kalip boglugunu, donmadan ve yapisal biitiinliigiini
bozmadan tamamen doldurabilmesidir. Bu siire¢, termodinamik bir faz
doniigiimii 6ncesinde, hidrodinamik bir akig problemidir. Tasarimer agisindan
bu problemin en kritik degiskeni, malzemenin akiskanligi ve bu akigkanligin
geometrik sinirlar (et kalinhg: ve akig mesafesi) ile olan etkilesimidir.

Metalurjik anlamda akigkanlik, sanilanin aksine sadece sivi metalin
viskozitesi (i¢ siirtiinmesi) ile tanimlanan bir fiziksel 6zellik degildir; daha
ziyade metalin kalip igerisinde ne kadar yol alabildiginin bir oOlgiistidiir.
Bu kabiliyet; dokiim sicakligr (asir1 isitma derecesi), metalin kimyasal
bilesimi, kalip malzemesinin 1s1 transfer katsayisi ve yiizey gerilimi gibi
karmagik parametrelerin bir bileskesidir. Ornegin, otektik bilesime sahip
bir aliiminyum-silisyum alasimi (Al-Si12), dar aralikta katilagtigi igin
miikemmel bir akigkanlik sergilerken; genis katilagma araligina sahip bazi
bronz alasgimlar1 “lapa” geklinde katilastig1 igin akigkanlhiklarr diigtiktiir.
Tasarimci, seq¢tigi malzemenin bu karakteristigini bilmek ve tasarimi buna
gore sekillendirmek zorundadr.

Tasarim geometrisinin akigkanlik tizerindeki en belirleyici kisiti minimum
et kalinlig: kavramudir. Sivi metal, kalip kanallar1 boyunca ilerlerken stirekli
olarak kalip duvarlarina 1s1 kaybeder. Eger kesit ¢ok inceyse, yiizey alani/
hacim orani artar ve 1s1 kayb1 hizlanir. Metal, heniiz kalibin en ug noktasina
ulagamadan likidus sicakhiginin altmna diiser ve akis durur. Bu durum,
literatiirde “Yarim Dokiim” (Misrun) veya metalin iki farkli koldan gelip
sogudugu icin birlesememesi sonucu olugan “Soguk Birlesme” (Cold
Shut) hatasina yol agar . Soguk birlesme, parga tizerinde belirgin bir ¢atlak
veya ¢izgi seklinde goriiliir ve parganin sizdirmazlik 6zelligini ve mekanik
dayanimini yok eder. Bu nedenle tasarimci, 6rnegin kum kaliba dokiilecek
bir ¢elik par¢a igin 6 mm’nin altina, hassas dokiim bir parga igin ise 1,5
mm’nin altina inmemesi gerektigini bilmelidir.

Ancak akigkanlik, sadece ince kesitleri doldurmak demek degildir; ayni

zamanda nasil dolduruldugu ile de ilgilidir. Ideal bir dokiim dolumu,
tirbiilanssiz ve laminer bir rejimde gergeklesmelidir. Campbell (2003)
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tarafindan ortaya konan ve dokiim literatiirlinde mihenk tag1 kabul edilen
kurala gore, sivt metalin kalip igindeki hizi kritik hiz (genellikle 0,5 m/s)
degerini agmamalidir. Eger tasarimci, parga iizerinde ani kesit daralmalari,
keskin kogeli “Z” doniisleri veya selale gibi dokiilmeye neden olacak
geometriler olusturursa, metalin hizi yerel olarak artar ve akig tiirbiilansa
girer. Tirbiilansh akig, metalin yiizeyindeki oksit filminin yirtilarak temiz
metalin igine karigmasina ve hava kabarciklarinin hapsolmasina neden olur.

Sonug olarak, tasarimcinin olusturdugu geometri, sivi metal igin bir
otoban niteliginde olmalidir. Akig yollarr, metalin hizin1 ve sicakligini
koruyacak gekilde optimize edilmeli; genis diizlemlerden ince kesitlere ani
gegiglerden kaginilmali ve miimkiinse akig yoniinde yumusak radyuslar tercih
edilmelidir. Unutulmamahdir ki, dokiimhane miihendisi dokiim sicakligini
artirarak akigkanhgr yapay olarak yiikseltebilir; ancak bu ¢oziim, gaz
¢oziiniirliigiinii artirmak ve kalip 6mriinii kisaltmak gibi bagka sorunlara yol
agar. En dogru ¢oziim, akiskanlik prensiplerine saygi duyan bir geometrik
tasarimdhr.

2.2. Katilasma Mekanizmasi ve Chvorinov Kuralt

Sivi metalin kalip boglugunu doldurmasi siirecin hidrodinamik yiizii ise,
dolum sonrast baglayan katilagma evresi termodinamik yiiziidiir ve dokiim
pargasinin nihai kalitesini belirleyen asil sinav burada verilir. Tasarimer igin
katilagma, sadece metalin donmas: degil, zamanla yarigan bir 1s1 transfer
problemidir. Bu problemin temel aksiyomu, bir dokiim pargasinin soguma
stiresinin, o par¢anin geometrik 6zelliklerine, yani hacmine ve yiizey alanina
bagli oldugudur. Dokiim literatiiriinde bu iligki, 1940 yilinda Cek miihendis
Nicolas Chvorinov tarafindan formiile edilen ve kendi adiyla amilan
Chvorinov Kurali ile agiklanir (Campbell, 2003):

t=Bx(V/A)»

Bu denklemde t katilagma siiresini, V parganin (veya ilgili kesitin)
hacmini, A ise 1sinin transfer edildigi soguma ylizey alanini temsil eder. B
kalip sabiti, n ise genellikle 2 olarak kabul edilen bir iis degeridir. Tasarimci
perspektifinden bakildiginda, bu denklemin en kritik bileseni (V / A)
oranmidir. Dokiim miihendisliginde bu orana modiil ad: verilir. Modiil, bir
geometrinin 1s1 tutma kapasitesinin (Hacim), 1s1 kaybetme kapasitesine
(Yiizey Alani) oramdir. Fiziksel olarak; modiilii biiyiik olan bir geometri,
1sisin1 digarn atacak yeterli yiizey alanina sahip olmadig1 igin ge¢ sogur;
modiili kiigiik olan (ince ve genig) bir geometri ise hizla enerji kaybederek
erken katilagir.
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Tasarimcinin masasinda bu fizik kurali, hayati bir tasarim kisitina
dontiglir: Bir dokiim pargast nadiren tek bir basit geometriden olusur;
genellikle plakalar, gubuklar, kiipler ve silindirlerin karmagik bir bilesimidir.
Bu da parganin farkl bolgelerinin farkli modiillere, dolayistyla farkli soguma
stirelerine sahip olacagi anlamma gelir. Eger tasarimci, yiiksek modiillii
(kalin/kiitlesel) bir bolgeyi, diigiik modiillii (ince) bir bolgenin arkasina
hapsedecek bir geometri olugturursa, dokiim hatasi kaginilmazdr.

Bu durumu somutlagtirmak gerekirse; ince bir kesit (diisiik modiil)
hizla katilagarak sivi metal akig yolunu tikar. Arkasinda kalan kalin kiitle
(yiksek modiil) ise hala sividir ve 1s1 merkezi olarak adlandirilan izole
bir havuz olusturur . Bu izole siv1 kiitle, faz degisimi sirasinda hacimsel
olarak biiziildiigiinde, kendini besleyecek taze metal bulamaz (glinkii yol
donmugtur) ve sonugta pargamin tam kalbinde, digsaridan goriilemeyen
biiyiik bir ¢ekinti boglugu meydana gelir.

Bu nedenle, dokiim odakli tasarimin (DfC) temel hedefi, parga tizerindeki
modiil dagilimini kontrol etmektir. Tasarimci, pargayr modiillerine ayirarak
(Heuvers Cemberi Yontemi gibi tekniklerle) incelemelidir. Ideal senaryo,
katilagmanin en diigitk modiillii bolgeden (ug noktalardan) baglayip, kademeli
olarak artan modiil degerleriyle besleyiciye dogru ilerlemesidir. Eger tasarim
geregi kalin bir kesit, ince bir kesitle ¢evrelenmek zorundaysa, tasarimei ya o
kalin kesiti bogaltarak modiiliinii diigiirmeli ya da besleme pedleri ekleyerek
ince kesitin modiiliinii yapay olarak artirmalidir. Chvorinov kuralina meydan
okuyan bir tasarim, dokiimhanede ancak pahali sogutucular veya egzotermik
besleyiciler kullanilarak kurtarilabilir; bu da kotii tasarimin maliyetini
tiretimde 6demek demektir.

2.3. Hacimsel Degisimler: Biiziilme

Dokiim teknolojisinde tasarim kurallarinin biiyiik bir gogunlugu, tek bir
fiziksel gergegi yonetmek {izerine kuruludur: Metaller (bizmut, galyum ve
bazi dokme demir tiirleri hari¢) sogudukga biiziiliirler. Ancak miihendislik
perspektifinden biiziilme kavramu, tekil bir olay degil, sicaklik diistigiine bagh
olarak ii¢ farkl fazda gergeklesen karmagik bir hacimsel degisim siirecidir.
Tasarimcinin bu ii¢ agamay1 ayirt edebilmesi hayati 6nem tagir; ¢iinkii her
asamanin yol agtigi hata tiirii ve tasarimcidan bekledigi onlem farklhidir
(Beeley, 2001).

Siirecin ilk agamasi sivi biiziilmesidir. Erimig metal potadan kaliba
dokiildiigiinde, dokiim sicakhigindan (6rnegin  1600°C) katilasmanin
baglayacag: likidus sicakligina (6rnegin 1450°C) kadar sogur. Bu aralikta
metal henliz sividir ancak hacmi azalir. Bu hacim kaybi, genellikle
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dokiimciiniin sorumlulugundadir ve besleyicilerdeki rezerv sivi metal ile
kolayca telafi edilir. Tasarimciyr dogrudan etkileyen bir parametre degildir,
ancak besleyici boyutunu etkiler.

Ikinci ve en kritik agama katilagma biiziilmesidir. Metalin siv1 fazdan
kat1 faza gectigi bu faz doniigiimii sirasinda, atomlar diizensiz sivi yapidan
diizenli kristal kafes yapisina gegerler ve daha siki paketlenirler. Bu durum,
dramatik bir yogunluk artigina ve dolayisiyla hacim azalmasina neden olur.
Celiklerde %5-7, aliiminyum alagimlarinda %6-8 civarinda gergeklesen
bu kayip, dokiim pargasinin iginde bogluk olusumunun ana kaynagidur.
Eger tasarimci, parganin geometrisini, bu hacim kaybini telafi edecek taze
metalin (besleyiciden) stirekli akabilecegi sekilde kurgulamamigsa, parga
katilagirken kendi iginden malzeme ¢eker. Sonug, digaridan bakildiginda
kusursuz goriinen ancak igi stingerimsi bogluklarla dolu (makro veya mikro
porozite) bir pargadir. Bu agamadaki biiziilme, yonlenmis katilagma tasarimi
ile yonetilmek zorundadir.

Uglincii asama ise kati biiziilmesidir. Parca tamamen katilagtiktan
(Solidus sicakligindan) oda sicakligina inene kadar gegen siirede gergeklesir.
Bu agamada artik dokiim hatasi (bogluk) olugmaz, ancak parganin boyutlar
kiigiiliir. Tasarimcilarin teknik resimlerde verdikleri boyutsal toleranslar ve
modelcilerin kalip tizerine ekledikleri ¢ekme payi, iste bu lineer kisalmay1
kargilamak igindir. Ancak kat1 biiziilmesi, sadece boyutsal bir sorun degildir;
ayni zamanda bir gerilme problemidir.

Eger dokiim pargasinin geometrisi, metalin dogal olarak biiziilmesine
izin vermeyecek kadar rijitse (6rnegin; iki giiclii flang arasina hapsolmug
ince bir gubuk veya jant kolu gibi), soguyan metal kisalmak isterken kalip
tarafindan engellenir. Bu durum, parga iizerinde muazzam i¢ gerilmeler
varatir. Metal heniiz sicak ve mukavemeti diigitkken bu gerilme malzemenin
gekme dayanimini agarsa, sicak yirtilma adr verilen ve pargayr kullanilmaz
hale getiren gatlaklar olugur. Metal soguduktan sonra bu gerilmeler devam
ederse, par¢a kaliptan ¢ikarildiktan sonra veya igleme sirasinda garpilma
meydana gelir. Dolayisiyla tasarimci, parganin serbest¢e biiziilebilmesine
olanak taniyan esnek geometriler tasarlamali veya gerilmeyi dagitacak genis
radyuslar kullanmalidir.

2.4. Is1 Transferi ve Yonlenmis Katilagma

Dokiim hatalarini 6nlemeye yonelik tiim ¢abalarin nihai amaci, parga
igerisinde kusursuz bir metalurjik biitiinliik saglamaktir. Bu biitiinliigiin
saglanmasi, ergimis metalin kalip igerisindeki soguma rejiminin kontrol altina
alinmasina, yani termodinamik bir disipline baglidir. Dokiim literatiiriinde
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bu disiplinin ad:1 yonlenmis katilagmadir (Directional Solidification). Bu
prensip, dokiim parcasinin en uzak ve en ince noktasindan (soguk bolge)
baslayip, kademeli olarak daha kalin kesitlere dogru ilerleyen ve en sonunda
sivi metal kaynagr olan besleyici ig¢inde son bulan bir katilagma cephesi
olusturmay1 hedefler.

Tasarimcr agisindan bakildiginda, bir dokiim pargast aslinda ii¢ boyutlu
bir 1s1 haritasidir. Parga tizerindeki her geometrik unsur, 1s1 transferi agisindan
farklt bir rol iistlenir: Ince federler, koseler ve genis yiizey alanmna sahip
bolgeler, 1s1y1 hizla kalip kumuna ileterek 1s1 yutucu gibi davranirken; kalin
kiitleler, gobekler ve birlesim noktalar: 1s1y1 biinyesinde tutarak 1s1 merkezi
gibi davranir. Yonlenmis katilagmanin temel kurali, bu 1s1 merkezlerini
besleyiciye giden yol iizerinde birbirine baglamaktr. Eger tasarimci,
besleyiciye ulagan yol iizerinde, arkasindaki kiitleden daha ince bir kesit (dar
bogaz) birakirsa, bu ince kesit erken donarak besleme yolunu keser. Arkada
izole kalan sivi bolge, katilagma biiziilmesi sirasinda ihtiya¢ duydugu taze
metali gekemez ve ¢ekinti boglugu olugturur.

Bu fiziksel zorunluluk, tasarimciyr kama kurali adi verilen geometrik
bir stratejiyi uygulamaya zorlar. Ideal bir dokiim tasarimi, tipki bir kama
gibi, u¢ noktadan besleyiciye dogru giderek genigleyen bir kesit profiline
sahip olmalidir. Bu genigleme, katilagsma cephesinin asla tikanmamasini
ve sivi metalin en son donacak noktaya kadar siirekli akabilmesini garanti
eder. Eger parcanin fonksiyonel gereksinimleri (Ornegin diiz bir plaka
olmasi gerekliligi) bu dogal egime izin vermiyorsa, tasarimct bu kez yapay
yontemlere bagvurmak zorunda kalir. Ornegin, paramin iizerine sonradan
talagh imalatla kaldirilacak olan besleme pedleri eklenerek gegici bir kalinlik
artig1 saglanir.

Ancak, her geometri yonlenmis katilagmaya dogal olarak izin vermez.
Ozellikle tekerlek jantlari, volanlar veya 1zgara yapilarinda oldugu gibi,
gevresel bir gember ile merkezi bir gobegi baglayan kollar, klasik bir termal
catigma alanidir. Kollar ince oldugu igin ¢abuk sogur, gobek ve ¢ember kalin
oldugu igin geg sogur. Bu durumda tasarimci, kollarin birlesim yerlerinde
genig radyuslar kullanarak 1s1 gegigini yumugatmali veya kesit degigimlerini
kademeli hale getirmelidir. Aksi takdirde, dokiimhane miihendisi bu termal
dengesizligi ¢6zmek igin parga lizerine metal sogutucular yerlestirmek veya
izolasyon gomlekleri kullanmak zorunda kalir.

Sonug olarak; iyi tasarim, dokiimhanede ek onlemlere (sogutucu,
ped, karmagik yolluk) ihtiyag¢ duymadan, kendi geometrisiyle dogal
olarak yonlenmis katilagmay1 saglayan tasarimdir. Tasarimci, olusturdugu
geometriyi zihninde canlandirirken gu soruyu sormalidir: Sivi metal, en uzak



46 | Dikiim Odakly Uriin Tasarvms ve Konstviiksiyon lkeleri

noktadan besleyiciye kadar kesintisiz bir siv1 koridoru bulabiliyor mu? Eger
cevap evet ise, o tasarim iiretilebilir, ekonomik ve saglamdir.

3. Dokiim Parga Tasariminda Konstriiksiyon Kurallar:

Dokiim teknolojisinde iiretilebilirlik kavrami, soyut bir temenni degil,
geometrik kesinligi olan bir disiplindir. Bu boliimde, 6nceki kisimlarda
deginilen termodinamik ve hidrodinamik yasalarin, teknik resim masasinda
(veya CAD ckraninda) nasil somut tasarim kurallarina doniistiigii
incelenecektir.

3.1. Et Kalinligr Homojenligi ve Kesit Gegisleri

Dokiim par¢a tasariminin en temel kuraly, literatiirde genellikle “Altin
Kural” olarak nitelendirilen et kalinligi homojenligidir. Ideal bir dokiim
pargasi, miimkiin olan her bolgesinde esit veya birbirine ¢ok yakin et
kalinliklarina sahip olmalidir. Bu gereklilik, estetik bir tercihten ziyade,
metalin soguma fiziginin bir dayatmasidir.

Chvorinov kuralinda ifade edildigi iizere, bir kesitin katilagma siiresi
o kesitin modiilii ile karesel orantilidir. Homojen olmayan bir tasarimda,
ince kesitler hizla soguyup katilagirken, kalin kesitler geg sogur ve gevreleri
dondugu i¢in izole kalarak sicak nokta olugturur. Bu izole kiitleler, katilagma
biiziilmesi sirasinda taze metal ile beslenemedikleri igin par¢anin merkezinde
gekinti bogluguna (porozite) neden olur. Ayrica, farkli soguma hizlar1 parga
tizerinde kalic1 i¢ gerilmelere ve ¢arpilmalara yol agar. Bu nedenle tasarimci,
kiitlesel yigilmalar1 engellemek igin i¢ bogaltma yontemini kullanmali; dolu
bir kiitle yerine, ayni atalet momentini saglayacak federli ve ince cidarl
yapilart tercih etmelidir.
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Sekil 1. Kiitle azaltma prensibi. (a) Yonlss Tasarom: I¢ bosluklara ve sicak nokta
olusuwmuna neden olan dolu kiitle. (b) Dogru Tasarum: Aynt mukavemeti sagjlayan
ancak et kalmlyjr homojenlestivilmis federli yap: (Bode, 1996).

Miihendislik gereksinimleri nedeniyle et kalinligi degisiminin zorunlu
oldugu durumlarda ise (6rnegin flang baglantilar1), gegisin asla ani olmamasi
gerekir. Ani kesit degisimleri, sivi metalin dolum sirasinda tiirbiilansa
girmesine ve keskin koselerde gerilme yigilmast olusmasina neden olur.

Bu sorunlar1 agmak i¢in uygulanmasi gereken strateji kama kurali veya
kademeli gegigtir. Kalin kesitten ince kesite gegis, belirli bir egimle (genellikle
1:3 veya 1:4 oraninda) ve genig radyuslar kullanilarak yapilmalidir. Bu egim,
sadece gerilmeleri yaymakla kalmaz, ayn1 zamanda katilagma cephesinin
besleyiciye dogru yonlenmesine yardimcr olan bir termal patika olugturur.
Tasarimci lego bloklarini tist iiste koyar gibi keskin geometriler degil, dogadaki
formlar gibi birbirine akan, yumusak gegisli geometriler kurgulamalidir.

(SorosssiiN

Sekil 2. Kesit gegislervinde tasavim stratejilevi. (n) Hatalr: Ani kesit degisimi (sicak
nokta ve gerilme yyjilmase viski). (b) Dogru: Kama kuralina wygun kademeli gegis
(Bode, 1996).
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3.2. Kesit Birlesimleri ve Sicak Noktalar

Bir dokiim pargasi, ne kadar karmagik goriiniirse goriinsiin, aslinda
levhalarin, ¢ubuklarin ve koselerin farkli kombinasyonlarla bir araya
gelmesinden olugur. Tasarimci igin en biiyiik tuzak, bu temel geometrilerin
kesigtigi noktalardir. L, T, V, X ve Y seklinde siniflandirilan bu birlegim
bolgeleri, termal dengenin bozuldugu ve dokiim hatalarinin yogunlagtig
kritik alanlardir.

Sorunun temel kaynag1, geometrik birlesim yerlerinde hacmin artmasina
ragmen, 1s1 transferi yapacak yiizey alaninin azalmasidur. C)rnegin iki plakanin
kesigerek olugturdugu bir (+) seklinde X birlegimi veya T birlesimi ele
alindiginda, kesisim noktasindaki kiitle, kollarin kiitlesinden daha fazladur.
Bu durum, o bolgenin ¢evreye gore daha geg¢ sogumasina ve bir 1s1 merkezi
haline gelmesine neden olur. Dokiim literatiiriinde bu durumu tespit etmek
igin Heuvers Cemberi yontemi kullamilir. Bu yonteme gore, kesitin igine
gizilebilecek en biiyiik teget gemberin ¢api, birlesim noktasinda kollarin
kalinligindan belirgin sekilde biiyiikse (6rnegin 1,5 katr), o noktada gekinti
boslugu olugmasi kaginilmazdir.

Sekil 3. Bivlesim noktalarmdaki kiitle artisin gosteren Heuvers Cemberi analizi.
Kesisim bolgesindeki cember capimn avtmasy, o bolgenin en son katilasacagin ve cekinti
riski tasidyjin gosterir (Bode, 1996).

Bu birlesim tiirleri arasinda en riskli olan1 X (Art1) birlesimidir. Dort
kolun tek bir noktada bulustugu bu geometri, 1sinin merkezde hapsolmasina
neden olur. Besleyicinin bu merkezi noktaya ulagmasi ve beslemesi genellikle
zordur ¢iinkii ince kollar daha 6nce donar. Bu sorunu ¢ézmek i¢in tasarimci,
X birlesimini kaydirarak iki adet T birlesimine doniigtiirmelidir. Kollarin
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birbirinden uzaklagtirilmasi, 1s1 merkezini boler ve katilagmay: rahatlatir.
Eger tasarim kusitlar1 nedeniyle X birlesimi zorunluysa, birlesim noktasinin
tam ortasmna maga yerlestirilerek kiitle azaltilmali ve 1s1 transfer yiizeyi
yaratiimalidir.

L ve V koselerinde ise sorun genellikle i¢ kosede olugan sicakliktir. Keskin
bir i¢ koge, 1sinin kalip kumuna aktarilmasini zorlastirir (kum o bolgede
gok 1sinir ve doygunluga ulasir). Bu nedenle i¢ kogelere mutlaka radyus
verilmeli, ancak bu radyusun yarigap1 da agiriya kagmamalidir. Cok biiyiik dig
radyuslar, kogedeki kiitleyi (modiilii) artirarak sorunu ¢6zmek yerine daha da
kotiilestirebilir. Ideal tasarim, i¢ ve dis radyuslarin es merkezli oldugu ve et
kalinhiginin kogeyi donerken sabit kaldigi tasarimdir.

7 7T T T

Sekil 4. X-birlesimlevinde tasavun iyilestivmesi. Kollar: kaydwavak X profilini iki ayr:
T profiline doniistiirmek, sicak nokta olusumunu engeller (Bode, 1996).

3.3. Feder (Kaburga) Tasarimi

Miihendislik tasarimlarinda, bir parganin rijitligini artirmanin en kolay
yolu et kalinhginm artirmak gibi goriinse de dokiim teknolojisinde bu
yaklagim hatalidir. Kalin kesitler, daha 6nce deginildigi tizere porozite riskini
ve agirhgr artirir. Bu nedenle dokiim tasarimcilarr, mukavemeti artirmak
i¢in kiitle eklemek yerine, feder yapilarini kullanmalidir. Federler, parganin
atalet momentini artirarak biikiilme ve burulmaya karsi direng saglarken,
et kaliniginin ince ve homojen kalmasina olanak tanir. Ancak, metalurjik
agidan bakildiginda federler, sadece birer mukavemet elemani degil, aym
zamanda kalip iginde hizla soguyan 1s1 yutucu (fin) yiizeylerdir.

Feder tasariminda yapilan en yaygin hata, feder kalinliginin ana govde
kalinhigy ile ayn1 yapilmasidir. Eger feder kalinhig, baglandigi duvar kalinhigina
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esit olursa, birlesim noktasindaki T kesitinde olusan kiitle, her iki duvardan
da %50-60 daha biiyiik bir modiile sahip olur. Bu durum, federin tabaninda
kaginilmaz bir sicak nokta (hot spot) ve akabinde gekinti bosglugu yaratir.

Bu sorunu 6nlemek igin literatiirde kabul goren standart kural; feder
kalinhiginin, ana duvar kalinliginin %601 ile %80’1 arasinda segilmesidir.
Bu oran, birlegim noktasindaki kiitle yigiimasini minimize ederken, federin
u¢ kisimlarindan baglayan katilagmanin gévdeye dogru saglikli bir sekilde
ilerlemesini saglar. Ayrica, federlerin ucunun kiit (diiz) birakilmasi yerine
radytislii (yuvarlak) bitirilmesi, dis liflerdeki gerilme yigilmasini azaltir.

Federlerin konumu ve yonii de en az boyutlar1 kadar kritiktir. Rastgele
yerlestirilen bir feder, sivi metalin akig yolunu kesen bir baraj gorevi gorebilir
veya tiirbiilansa neden olabilir. Federler, miimkiin oldugunca metal akig
yoniine paralel yerlestirilmeli ve kalip dolumunu desteklemelidir.

Karmagik pargalarda, genis yiizeyleri desteklemek i¢in genellikle 1zgara
(grid) seklinde gapraz feder yapilar1 kullanilir. Ancak bu yapilarin kesigim
noktalar1 (dort yol agizlart), yukarida bahsedilen X-birlegimi sorununu
dogurur. Bu durumu ¢6zmek igin federlerin kesisgtigi noktanin tam ortasina
silindirik bir maga (delik) yerlestirilerek kiitle azaltilmalidur.

SO

Sekil 5. Dogru feder tasavumna ve et kalmlyj ovanlars. Feder kalinlyjs, biviesim yevindeki
kiitleyi azaltmak igin ana duvar kalmlyjimdan daba az olmalidw (Bode, 1996).
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Sekil 6. Coklu feder kesisimlerinde sicak noktayr onlemek icin merkezi bosaltma
(magalama) teknigi (Bode, 1996).

Son olarak, federlerin kaliptan rahat ¢ikabilmesi igin (6zellikle kum kalip
ve basingli dokiimde) mutlaka uygun ¢ikma agisina sahip olmasi gerekir.
Derin federlerde bu agi, federin tepe noktasini gok inceltebileceginden, feder
yiksekligi genellikle taban kalinliginin belirli bir kat1 ile sinirlandirilir.

3.4. Cikma Acilar:

Dokiim pargalarinin tasariminda, geometrinin kalip igerisinden hasarsiz
bir gekilde ¢ikarilabilmesi, en az dolum ve katilagma kadar kritik bir siiregtir.
Par¢anin kalip ayirim diizlemine dik olan yiizeylerine, kaliptan siyrilmay1
kolaylagtirmak amaciyla verilen egime ¢ikma agis1 ad1 verilir.

Tasarimcilar genellikle pargalart dik agili duvarlara sahip olacak sekilde
modelleme egilimindedir. Ancak dokiimhane pratiginde, yiizeyin kaliba
stirtiinmesi ve parga ile kalip arasinda olugan vakum etkisi nedeniyle, 0° agili
(dik) bir yiizeyin kaliptan siyrilmasi fiziksel olarak neredeyse imkansizdir.
Yetersiz ¢ikma agis1, kalip yiizeyinin bozulmasina (kum kopmast), parga
yizeyinde derin giziklere ve hatta parganin kalip iginde sikigip deforme
olmasina neden olur.

Cikma agisinin belirlenmesinde gegerli olan temel fiziksel mekanizma,
metalin biiziilme yoniidiir. Bu baglamda yiizeyler, ig yiizeyler ve dig yiizeyler
olarak iki ana kategoride degerlendirilmelidir:

* Das Yiizeyler: Metal katilagirken biiziildiigiinde, dig kalip duvarlarindan
uzaklagma egilimi gosterir. Bu durum, par¢a ile kalip arasinda dogal
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bir bogluk olusmasini saglar ve siyrilmayi kolaylastirir. Dolayisiyla dig
duvarlarda nispeten kiiglik agilar (1° ila 1,5°) yeterli olmaktadir.

o I¢ Yiizeyler (Maca ve Gobekler): Parca sogudugunda, igindeki
maga veya kalip ¢ikintisinin {izerine dogru biiziilii. Bu durum,
parganin kalib1 bir mengene gibi sikmasina neden olur ve siirtiinme
kuvvetlerini dramatik gekilde artirir. Bu nedenle, ig yiizeylerde ve derin
ceplerde, dig yiizeylere kiyasla daha biiyiik ¢ikma agilar1 (en az 2° ila
3°) uygulanmasi zorunludur.

Tasarimcinin teknik resimde ¢ikma agisini nasil ifade ettigi de boyutsal
toleranslar agisindan hayati 6nem tasir. Cikma agist verilirken parga
geometrisinin tabanda mu yoksa tepede mi degisecegi netlestirilmelidir.
Bode (1996) tarafindan sematize edildigi iizere; ag1, par¢anin mukavemetini
diigiirmemek adina genellikle malzeme ekleyerek (+) verilmeli, yani taban
genisletilmelidir.

Sekil 7. Cikma agise prensibi. Uygun ctkma agist ile siivtiinmesiz ayrima ve aginmn
malzeme eklenerek wygulanmas.

Sonug olarak; ¢ikma agisi, iiretimden sonra par¢anin neden teknik
resimdeki Olgiilerden farkli oldugu tartigmasinin en biiytik kaynagidir. Bu
tartigmay1 Onlemek i¢in tasarimci, aginin nereden baglayacagini ve hangi
yone dogru verilecegini teknik resim tizerinde net olarak tanimlamalidir.

3.5. Delik ve Yuvalarin Konumu

Dokiim pargalar: tizerindeki delikler ve yuvalar, montaj ve fonksiyonellik
igin vazgegilmez unsurlardir. Ancak tasarimci, teknik resim tizerine her gapta
ve derinlikte deligi kolaylikla gizebilse de bu deliklerin dokiim yontemiyle
elde edilmesi her zaman teknik veya ekonomik agidan rasyonel degildir.



Tiige Tezel / Volkan Kovan | 53

Tasarimcinin bu agamada vermesi gereken ilk stratejik karar sudur: “Bu
deligi dokmeli miyim, yoksa parcay1 dolu dokiip sonradan talagh imalatla m1
delmeliyim?”

Kiigiik ¢apli deliklerin (genellikle 6-10 mm alt1) dokiilerek elde edilmesi,
ince kesitli kaum magalarin kullanilmasini gerektirir. Bu ince magalar, dokiim
sirasinda sivi metalin yiiksek sicakligi ve basinct altinda kirilarak parganin
iginde kalabilir veya metalin 1sistyla sinterleserek (kum yanmasi) ylizeye
yapigabilir. Bu tiir durumlarda deligi temizlemek, matkapla yeni bir delik
agmaktan ¢ok daha zor ve maliyetli hale gelir. Bu nedenle genel kabul
goren yaklagim; kiigiik deliklerin korlenmesi (dolu birakilmast) ve sonradan
delinmesidir.

Dokiilerek elde edilmesine karar verilen delikler iginse tasarimci, maganin
dayanim sinirlarini belirleyen geometrik oranlara sadik kalmalidir. Maga ne
kadar uzun ve ince olursa, kirllma veya yiizme riski o kadar artar.

Ozellikle yataklama amaciyla kullanilan uzun deliklerde, boydan boya
tek bir maga kullanmak yerine, tasarimin optimize edilmesi gerekir. Sekil
8de goriildiigii iizere, deligin orta kismi bosaltilarak iki kisa delik haline
getirilmesi, maga boyunu kisaltir ve dayanimu artirir.

7 7
7

7 7

Sekil 8. Capina oranla uzun olan deliklevin tasarum optimizasyonu. (a) Yanls: Tek
parea uzun maga kullanwm kwridma ve eksen kagiklyjs viski tasw: (b) Dogru: Orta
kasman bosaltilavak iki kisa ve vijit maga ile coziim divetilmesi (Bode, 1996).
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Ayrica deliklerin parga kenarma olan mesafesi de kritiktir. Bir delik,
parcanin kenarina ¢ok yakin konumlandirilirsa, arada kalan ince metal
duvar dokiim sirasinda yeterince beslenemeyebilir. Giivenli bir tasarim igin,
islenmeyecek ham deliklerin kenara olan mesafesi, en az delik yarigap1 kadar
olmalidir.

3.6. Isleme Paylarinin Optimizasyonu

Dokiim teknolojisi, net gekle yakin iiretim kabiliyeti sunsa da fonksiyonel
yiizeylerin ¢ogu zaman ham dokiim toleranslarindan daha hassas Olgiilere
ve daha diigiik yiizey piirtizliliigline sahip olmasi gerekir. Bu nedenle, bir
dokiim pargasinin diger pargalarla temas edecegi, sizdirmazlik saglayacagi
veya yataklanacag yiizeyler mutlaka talagh imalat iglemine tabi tutulur.

Tasarimcinin burada yonetmesi gereken temel parametre isleme payidir.
Isleme pay1, ham dokiim parga iizerine eklenen ve sonradan talag kaldirilarak
yok edilecek olan ekstra metal katmanidir. Bu katmanin kalinhgt; dokiim
yonteminin hassasiyetine, parganin boyutuna ve segilen referans ytizeylere
gore degisir (ISO 8062 standartlar: referans alinir).

Ancak tasarim hatasi, genellikle payin miktarinda degil, konumunda
yapilir. En sik yapilan hata, genis ylizeylerin tamamimin islenmeye
caligtimasidir. Bu yaklagim hem igleme maliyetini artirir hem de dokiimiin
sert kabugunun tamamen kaldirilmasina neden olarak korozyon direncini
diigtirebilir.

Dogru tasarim stratejisi, sadece temasin gergeklesecegi bolgelerin
islenmesi ve bu bolgelerin ham ylizeyden daha yukarida olacak sekilde
yiikseltilmig tasarlanmasidir.

Yiizeylerin yiikseltilmesi sadece talag hacmini azaltmakla kalmaz, aym
zamanda kesici takimin erigimini de kolaylastirir. Bode (1996) tarafindan
Sekil 9°da gosterildigi tizere; eger islenecek yiizey, par¢anin geri kalaniyla ayni
seviyede veya daha agagida (gomiik) tasarlanirsa, standart ve ekonomik bir
takim olan ¢anak taglama tag1 dikey duvarlara ¢arpacag icin kullanilamaz. Bu
durumda daha kiigiik ¢aplh, 6zel ve pahali takimlarla iglem yapmak gerekir.
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Sekil 9. Islenecek yiizeylerin evisilebilivligi. (n) Yonls: Gomiik veyn duvar dibindeki
yiizeyler standarvt taslama taglavinm evisimini engeller. (b) Dogru: Yiizeyin

yiikseltilevek tasavianmasy, genis capls ve ckonomik taslama taslarmm kullanwmina
olanak tanw (Bode, 1996).

Sonug olarak tasarimci, iglenecek vyiizeyleri belirlerken su prensibi
izlemelidir: Isleme yiizeyi asla ham dokiim yiizeyi ile aym diizlemde
olmamali, ondan daima birka¢ milimetre yiiksekte duran bir adacik seklinde
tasarlanmalidir. Bu, hem dokiim hatalarinin (kum vb.) takimi koreltmesini
engeller hem de takimin rahatga galigabilecegi bir bogluk yaratir.

3.7. Toleranslandirma

Tasarim mihendisinin teknik resim tizerinde belirledigi toleranslar,
par¢anin sadece montaj edilebilirligini degil, dokiim maliyetini de dogrudan
belirleyen en kritik parametredir. Ancak dokiim teknolojisi, dogas1 geregi
talagh imalat kadar yiiksek hassasiyet sunabilen bir siire¢ degildir. Stvi metalin
katilagma biiziilmesi, kalip kumunun termal genlesmesi ve kalip yarilarinin
montaj hassasiyeti gibi ¢ok sayida degisken, nihai boyutlarda sapmalara
neden olur.

Bu nedenle tasarimci, dokiim parga toleranslarini belirlerken keyfi dar
toleranslar vermekten kaginmali ve uluslararasi kabul gormiis standartlara
sadik kalmalidir. Giiniimiizde dokiim endiistrisinde kiiresel gegerliligi olan
temel standart ISO 8062 (Geometrical Product Specifications (GPS) —
Dimensional and geometrical tolerances for moulded parts) standardidir. Bu
standart, dokiim yontemine (kum, kokil, basingh vb.) ve alagim tiirtine gore
ulagilabilecek boyutsal tolerans siniflarini (DCTG - Dimensional Casting
Tolerance Grades) tanimlar.

Toleranslandirmada dikkate alinmasi gereken en 6nemli gizli kisit, Kalip
Ayrim Diizlemi etkisidir. Bir dokiim pargasinin tiim 6lgiileri ayn1 hassasiyette

degildir:
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e Ayni Kalip Yarist Igindeki Olgiiler: Parcanin iki noktast da ayni kalip
derecesi (Ornegin sadece alt derece) iginde kaliyorsa, bu 6lgli sadece
model hassasiyetine ve metalin biiziilmesine baghdir. Dolayisiyla
oldukea hassastir.

e Kalip Ayrimui Kesen Olgiiler: Eger olgiilen mesafe, kalibin alt
varisindan baglayip {ist yarisinda bitiyorsa (yani ayrim gizgisini
kesiyorsa), isin igine kalip kapatma hassasiyeti ve derece kaymasi
girer. Bu nedenle, kalip ayrimini gegen Olgiilere, ayn1 kalip yarisindaki
Olgiilere kiyasla daha genis toleranslar verilmesi zorunludur.

Tasarimailar igin altin kural sudur: Parcanin fonksiyonu igin kritik
olan hassas detaylar, miimkiinse kalibin ayni yarisinda kalacak sekilde
tasarlanmalidir. Eger ¢ok dar bir tolerans (6rnegin H7 gibi) mutlaka
gerekliyse, bu bolge dokiim toleranslariyla elde edilmeye g¢aligilmamals;
onceki boliimde (Boliim 3.6) belirtildigi gibi igleme pay1 birakilarak talagh
imalata havale edilmelidir. Unutulmamalidir ki, doékiimhaneden talep
edilen gereksiz her mikronluk hassasiyet, kalip maliyetini ve hurda oranini
katlanarak artirir.

4. Sonug ve Degerlendirme

Endiistriyel iiretim tarihinde Bronz Cagindan bu yana varligini stirdiiren
dokiim teknolojisi, giiniimiizde dijitallesme ve malzeme bilimindeki
gelismelerle birlikte yeni bir evrim siirecine girmigtir. Ancak teknolojinin
ulastig1 seviye ne olursa olsun, bir dokiim pargasinin kalitesini belirleyen
temel faktor degismemistir: Tasarimcinin geometrik kararlari ile sivi metalin
tiziksel davraniglar1 arasindaki uyum.

Bu c¢aliymada detaylandirlan  konstriiksiyon — kurallari,  tasarim
miihendislerine sadece ne yapmalar1 gerektigini degil, neden yapmalar1
gerektigini termodinamik ve mekanik temellere dayandirarak sunmustur.
Incelenen prensipler 1g1ginda varilan temel ¢tkarimlar sunlardr:

1. Geometri, Metalurjiyi Dikte Eder: Tasarimcimin CAD ekraninda
cizdigi her ¢izgi, gergek diinyada bir 1s1 transfer sinir gartina dontisir.
Et kaliniginin homojenligi, kesit gegislerinin yumusgaklig: ve birlegim
noktalarinin tasarimi; sadece parganin geklini degil, i¢ yapisindaki
tane boyutunu, porozite dagilimini ve mekanik 6zelliklerini dogrudan
belirler.

2. Uretilebilirlik Bir Sonradan Diisiince Degildir: Geleneksel tasarla
ve duvardan at yaklagimu, yerini e zamanl miihendislik prensiplerine
birakmak zorundadir. Maga dayanimi, gtkma agilar ve igleme paylar
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gibi parametrelerin tasarimin ilk agamalarinda (konsept sathasinda)
dikkate alinmasi, iirtin gelistirme maliyetlerini ve siiresini dramatik
olgiide azaltmaktadir.

3. Simiilasyon Bir Dogrulama Aracidir, Tasarimcir Degildir:
Dokiim simiilasyon yazilimlar1 (CAE), miihendislik diinyasinda
devrim yaratmig olsa da bu araglar kotii bir tasarimi iyi bir pargaya
doniigtiiremez. Simiilasyon teknolojileri, ancak bu boliimde ele alinan
temel dokiim kurallarina sadik kalinarak olusturulmus tasarimlar
tizerinde ger¢ek potansiyelini (optimizasyon ve dogrulama)
sergileyebilir.

Gelecegin miihendislik diinyasinda, dokiim teknolojisinin rolii sadece
karmagik gekilleri tiretmekle sinirl kalmayacak, ayn1 zamanda siirdiirtilebilirlik
hedeflerinin (hafifletme ve enerji verimliligi) gergeklestirilmesinde de kilit bir
rol oynayacaktir. Topoloji optimizasyonu ile elde edilen organik formlarin,
bu galigmada belirtilen dokiim kurallar1 (yonlenmis katilagma, beslenebilirlik)
ile harmanlanmasi, Eko-Dokiim ¢aginin temelini olugturacaktir.

Sonug olarak; bagarili bir dokiim pargasi, tasarim ofisindeki miihendis
ile dokiimhane zeminindeki metaliirji uzmanmmin aym teknik dili
konugabilmesiyle miimkiindiir. Bu ¢aligmada sunulan kurallar biitiinii, bu
iki disiplin arasindaki gri alanlar1 netlegtiren ortak bir alfabe niteligindedir.
Tasarimcinin gorevi, sadece fonksiyonel bir hacim yaratmak degil, sivi
metalin kalip igerisindeki seriivenine rehberlik edecek akilcr bir geometri
kurgulamaktir.
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Chapter 3

Electric Vehicles: Technological, Energetic And
Environmental Dimensions
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Abstract

Electric vehicles represent a major technological shift in the transportation
sector, driven by advancements in electrification and energy systems.
This book chapter provides a structured and comprehensive overview of
electric vehicles with a primary focus on their technological and energetic
dimensions. The chapter begins by outlining the historical development
of electric vehicles, followed by a detailed classification of vehicle types,
including battery electric vehicles, hybrid electric vehicles, and fuel cell
electric vehicles. The fundamental technical components of electric vehicles
are subsequently examined, emphasizing electric motors, power electronics
systems, and energy management strategies. Energy storage systems are
discussed in detail, covering battery technologies currently used in electric
vehicles, battery management systems, and emerging battery technologies
that may contribute to improved performance, reliability, and system
integration. Finally, future-oriented technological trends are explored with
respect to ongoing developments in electrified powertrains, energy storage
solutions, and system-level integration. Overall, this chapter aims to present
an academically rigorous and up-to-date reference that supports a deeper
understanding of electric vehicle technologies and their technological
evolution.
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1. Introduction

The increasing global population, rising urbanisation rates and increased
demand for individual transport are causing a significant rise in energy
consumption [1]. A major portion of this increase is attributable to the
transport sector. Road transport, in particular, plays a decisive role in terms
of fossil fuel consumption and associated greenhouse gas emissions. Issues
such as climate change, air pollution and energy supply security have made
it imperative to develop more sustainable solutions in vehicle Technologies
[2]. Research into reducing environmental pollutants highlights the need
tor sustainable approaches and emphasises the strategic importance of clean
energy Technologies [3], [4], [5].

Electric vehicles are considered one of the key components of this
transformation due to their high energy efficiency drive systems, low
operating costs, and near-zero emissions at the local level. The structural
simplicity offered by electric propulsion systems, along with advantages such
as reduced mechanical losses and enhanced driving comfort, have led to these
vehicles being extensively studied in both academic and industrial circles [6].

This chapter examines electric vehicle technologies in detail from an
academic perspective, covering their historical development, classification
approaches, fundamental technical components, energy storage systems,
charging infrastructure, environmental and economic impacts, and future
trends. The aim is to present the role of electric vehicles within transport
systems in a comprehensive framework.

2. The Historical Development of Electric Vehicles

The origins of electric vehicles date back to a similar time period as internal
combustion engine vehicles. The first electric vehicles, developed in the late
nineteenth century, were considered a noteworthy alternative for urban
transport at the time due to their quiet operation and ease of use. However,
the limited energy density of battery technology and long charging times
prevented these vehicles from becoming widespread.

The historical development of electric vehicles dates back to the early
nineteenth century. In 1800, Alessandro Volta demonstrated that electrical
energy could be stored through chemical means, laying the foundation for
electrochemical energy storage systems. Subsequently, in 1821, Michael
Faraday conducted experiments based on Volta’s chemical cell, leading
to the fundamental principles of electric motors and generators. The first
known electric vehicle model was constructed in 1835 in the Netherlands
by Professor Stratingh. During the mid-1830s, electric road vehicles were
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also developed in the United States by Thomas Davenport, followed by the
introduction of an electric locomotive by Robert Davidson, both of which
relied on non-rechargeable batteries. The advancement of rechargeable lead—
acid batteries after 1859 marked a significant milestone in electric vehicle
technology. By the late nineteenth century, electric vehicles equipped with
lead—acid batteries began to emerge, including early three-wheeled designs
demonstrated in Europe. In the 1880s, several practical electric vehicles were
developed in France and the United Kingdom, achieving modest driving
ranges and speeds suitable for urban transportation. Towards the end of the
nineteenth century, electric vehicle production expanded in the United States
and Europe, with notable contributions from companies such as the Electric
Carriage and Wagon Company. At the beginning of the twentieth century,
electric vehicles were widely adopted in the United States, even outnumbering
gasoline-powered vehicles at certain points. However, improvements in
intercity road networks and increasing demand for longer driving ranges
during the 1920s gradually reduced the competitiveness of electric vehicles,
leading to a decline in their widespread use [7]. Figure 1 shows an example
of one of the electric vehicles.

»
4

Figure 1. One of the first examples of an electvic vehicle [8]
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The first mass-produced electric vehicle, the EV1, was manufactured in
the United States by General Motors in 1996. With this development, the
automotive industry shifted its focus back towards electric vehicles. Various
brands and models were launched, including the Honda EV Plus, Toyota
RAV EV, Ford-Think City, Nissan Altra EV, and Peugeot 106 Electric [9].

The rapid development of internal combustion engine technologies
in the first half of the 20th century, the availability of cheap oil resources,
and the widespread adoption of mass production techniques led to electric
vehicles being relegated to the background. However, the oil crises of the
1970s brought the issue of energy supply security back to the forefront and
accelerated research into alternative propulsion systems. Since the 1990s,
stricter environmental regulations, concerns about urban air quality and
advances in battery technology have brought electric vehicles back into the
spotlight. In particular, the commercial viability of lithium-ion batteries is
considered a turning point in the development of modern electric vehicles
[10].

3. Types and Classification of Electric Vehicles

Electric vehicles are examined under different categories based on their
energy source and drive system architectures. This classification is important
for understanding the usage scenarios and environmental impacts of the
vehicles. Electric vehicle technologies are categorised under three main
models: fully electric vehicles, hybrid electric vehicles, and battery or non-
battery fuel cell vehicles [10]. Figure 2 shows the classification of electric
vehicles according to their types.

Battery Electric

TYPES AND Vehicles (BEVs)
CLASSIFICATION OF ﬁ Known for zero emissions and
ELECTRIC VEHICLES relinnce on battery power

Hybrid Electric Vehicles

qﬂ-ﬂ (HEVs)

Combines electric and gasoline
power for efficiency

A

Fuel Cell Electric
\ @ Vehicles (FCEVs)

Uses hydrogen fuel cells for clean
energy

Figure 2. Classification of electric vehicles
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3.1. Battery Electric Vehicles (BEV)

Battery-powered electric vehicles are vehicle systems that derive all their
propulsion energy from electrical energy stored in battery packs. These vehicles
do not contain internal combustion engines; kinetic energy is generated
solely through electric motors. The high efficiency of electric motors and
the energy recovery provided by regenerative braking systems contribute
significantly to reducing overall energy consumption. The BEV architecture
reduces maintenance requirements due to its mechanically simpler structure.
However, limited range and dependence on charging infrastructure are among
the main factors limiting the widespread use of these vehicles. The key features
of BEVs include a fully electric drive system, typically high-capacity lithium-
ion-based battery packs, high motor efficiency, and regenerative braking
capability. The absence of an internal combustion engine eliminates exhaust
emissions, contributing to improved air quality and reduced greenhouse gas
emissions. The main advantages of battery-powered electric vehicles include
zero exhaust emissions, low energy costs, reduced maintenance requirements,
and quiet operation. Furthermore, tax reductions and incentive mechanisms
implemented in many countries increase the economic appeal of BEVs.
However, range limitations dependent on battery capacity, relatively long
charging times, battery life, and battery replacement costs are considered
fundamental constraints of these vehicles. Additionally, environmental
benefits may vary depending on the structure of the energy sources used in
electricity production [11].

3.2. Hybrid Electric Vehicles (HEV)

In hybrid electric vehicles, the internal combustion engine and electric
motor work together to meet the vehicle’s propulsion needs. The electric motor
typically engages at low speeds and in stop-start conditions, contributing to
reduced fuel consumption and emissions. Due to the limited capacity of
the battery, energy is mostly supplied through regenerative braking or via
the internal combustion engine. Plug-in hybrid electric vehicles (PHEVSs)
teature higher-capacity batteries that can be charged from an external power
source. This allows short journeys to be completed in fully electric mode,
while the internal combustion engine kicks in for longer distances, reducing
range anxiety [12].

Hybrid electric vehicles (HEVs) are defined as vehicles that utilise multiple
energy storage and conversion systems simultaneously. In the literature,
hybrid vehicles are primarily classified based on their propulsion architecture,
degree of hybridisation, and the nature of the energy source used. In terms
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of drive architecture, hybrid vehicles are considered as series, parallel, and
series-parallel (combined or power-split) hybrid systems. In a series hybrid
structure, the internal combustion engine is solely responsible for electricity
generation and has no mechanical connection to the wheels. In parallel hybrid
systems, the internal combustion engine and electric motor are mechanically
connected to the wheels and can provide propulsion either together or
separately. Series-parallel hybrid systems combine the advantages of both
architectures, allowing engine power to be transmitted both mechanically
and electrically, thereby achieving higher efticiency under different driving
conditions. In the classification based on the degree of hybridisation, micro
(or mild), medium and full hybrid vehicles come to the fore. In micro and
mild hybrid systems, the electric motor generally plays a supporting role,
while in full hybrid vehicles, it is possible to drive solely on electric power for
limited distances. In addition to this group, plug-in hybrid electric vehicles
(PHEVs), which can be charged from an external source, offer a longer
electric driving range thanks to their higher battery capacities. Classification
based on the nature of the energy source includes electric-internal combustion
engine hybrids and fuel cell hybrid systems. Fuel cell hybrid vehicles typically
have a series hybrid architecture, with the fuel cell serving as the primary
energy source and the battery or supercapacitors used to meet sudden power
demands [13]. Figure 3 shows hybrid vehicles in terms of drive architecture.
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Figure 3. Hybrid vehicles in terms of dvive avchitecture

The most significant advantages of hybrid electric vehicles include
improved fuel economy, reduced emissions and the elimination of range
anxiety. However, increased system complexity, relatively high purchase costs
and partial dependence on fossil fuels are considered to be the main limitations
of these vehicles.

3.3. Fuel Cell Electric Vehicles (FCEV)

In fuel cell electric vehicles, electrical energy is produced through
electrochemical reactions between hydrogen and oxygen. In these systems,
the electric motor serves as the primary propulsion element, while the battery
is typically used as an auxiliary energy storage unit. The fact that only water
vapour is emitted during operation makes these vehicles an environmentally
appealing alternative [14].
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The basic components of FCEVs include high-pressure hydrogen storage
tanks, a fuel cell stack, an electric motor, and a small-capacity battery system.
The tuel cell stack generates electricity through the reaction of hydrogen and
oxygen, and the resulting energy is transferred directly to the electric motor.
Energy recovered during regenerative braking is stored in the battery [15].
Figure 4 shows a schematic representation of fuel cell vehicle components.

Fuel Cell Electric Vehicle Layout

I- Cooling Systems (Radiatars): 2- Electric Motors; 3-Power Control Unit; 4- DC/DC Converter:
5= Fuel Cell box (Stack); 6-High Pressured Hydrogen Tank; 7-Battery Pack

Figure 4. Schematic vepresentation of fuel cell vehicle components [16]

Fuel cell electric vehicles ofter significant advantages such as zero-emission
operation, long driving range, and short refuelling times. However, the
energy-intensive nature of hydrogen production, the limited availability of
hydrogen production based on renewable sources, and the lack of hydrogen
refuelling infrastructure are among the main obstacles to the widespread
adoption of this technology. Furthermore, high system costs and ongoing
research into the long-term durability of fuel cells are considered important
issues to be addressed in the development process of FCEV technology [17].

4. Basic Technical Components of Electric Vehicles

The performance, efficiency and reliability of electric vehicles depend on
the design and integration of their technical components. These components
cover a wide range, from the vehicle’s energy storage system (usually a battery)
to the electric motor, power electronics systems and energy management
systems. The correct selection and integration of each component has a direct
impact on the overall performance of electric vehicles.
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4.1. Electric Motors

One of the most important components directly determining the
performance of the drive system in electric vehicles is the electric motor. In the
literature, motors used in electric vehicle applications are examined in five main
groups: DC brushed motors, DC brushless motors, asynchronous (induction)
motors, synchronous motors, and switched reluctance motors. These motor
types exhibit different characteristics in terms of criteria such as power-to-
weight ratio, torque-speed characteristics, efficiency; control complexity, and
cost [18]. Figure 5 schematically illustrates some characteristics of different
types of electric motors.
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Figure 5. Schematic vepresentation of some chavactervistics of diffevent types of electric
motors

Brush-type DC motors have been widely favoured in early applications
of electric vehicles due to their high starting torque and simple control
structures. However, mechanical wear caused by brushes and commutators
increases maintenance requirements and limits maximum operating speed.
Furthermore, their relatively low power density restricts the use of these
motors in modern electric vehicles [18].



70 | Electric Vehicles: Technological, Energetic And Environmental Dimensions

Brushless DC motors (BLDC) offer higher efficiency, longer service life
and lower maintenance requirements thanks to the electronic implementation
of mechanical commutation. High power-to-weight ratios and good speed-
torque characteristics make BLDC motors attractive for electric vehicle
applications. However, the high cost of these motors’ drivers and control
systems is considered a significant disadvantage [18].

Asynchronous motors are another type of motor widely used in electric
vehicles due to their robust construction, high reliability and lack of a
commutator. Their ability to operate across a wide speed range and deliver
high efficiency at both full and partial loads are key factors in their popularity.
However, the limited operating range in the constant power region can
impose performance constraints under certain driving conditions [18].

Keyed reluctance motors, on the other hand, stand out due to their simple
rotor structures, high starting torques, and ability to operate across a wide
speed range. Furthermore, these motors are considered a potential alternative
for electric vehicles due to their fault tolerance and relatively low motor and
driver costs. However, issues such as torque fluctuations and acoustic noise
are among the factors limiting the widespread use of these motors [18].

Ultimately, the selection of the motor type used in electric vehicles depends
on numerous parameters, including vehicle performance, energy efficiency,
cost, and intended use. Therefore, different motor types are evaluated
according to different electric vehicle architectures and driving requirements.

4.2. Power Electronics Systems

Power electronics systems are one of the fundamental components of
electric vehicles and convert the direct current obtained from the battery into
the alternating current required for the electric motor. These systems consist
of two main components: inverters and converters.

Inverters: Inverters convert the direct current power from the battery
into the alternating current power required for the electric motor to operate.
The efficiency of inverters has a direct impact on motor performance and the
vehicle’s overall energy consumption. Modern inverters use high switching
frequencies and advanced control algorithms to achieve high efficiency and
low harmonic distortion[19].

Converters: Converters perform energy conversion between different
voltage levels. For example, they are used to step up or step down the battery
voltage to the voltage level required by the motor or other auxiliary systems.
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Converters can be of different types, such as DC-DC (Direct Current - Direct
Current) and AC-DC (Alternating Current - Direct Current)[19].

The switching frequencies of power electronics systems are critical in terms
of efticiency and thermal management. Higher switching frequencies allow
for the use of smaller and lighter components, but they can also increase
switching losses. Therefore, in power electronics design, a careful balance
must be struck between switching frequency; efficiency, size, and cost.

4.3. Energy Management Systems

Energy management systems optimise the flow of energy between the
battery, motor and auxiliary systems in electric vehicles, thereby increasing
the vehicle’s efficiency and range. Energy management systems develop
and implement strategies to reduce energy consumption based on driving
conditions, battery status and driver preferences.

The basic functions of energy management systems are as follows:

Battery Management: The battery management system extends battery
life and ensures safety by controlling the battery’s charging and discharging
processes. The battery management system continuously monitors the
voltage, temperature, and current of the battery cells and activates protection
mechanisms in cases of overcharging, over-discharging, and overheating [20].

Motor Control: The motor control system adjusts the motor’s torque and
speed according to the driver’s demands. This system optimises the motor’s
efficiency, reducing energy consumption and improving driving performance
[20].

Regenerative Braking: The regenerative braking system converts the
vehicle’s kinetic energy into electrical energy to charge the battery. This system
extends the vehicle’s range, particularly in urban driving, by increasing energy
recovery [20].

Management of Auxiliary Systems: Energy management systems optimise
the energy consumption of auxiliary systems such as air conditioning, heating,
lighting, and others. For example, smart algorithms can be used to ensure that
the air conditioning system only operates when necessary, thereby reducing
its energy consumption [20].

Energy management systems are critical for increasing the efficiency and
range of electric vehicles. Using advanced control algorithms and sensor
technologies, the performance of energy management systems is continuously
being improved.
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5. Energy Storage Systems and Battery Technologies

Energy storage systems directly affect the range, performance and service
life of electric vehicles.

5.1. Battery Technologies Used in Electric Vehicles

In electric vehicles, batteries are considered fundamental energy storage
components that directly affect the vehicle’s range, performance, safety, and
total cost of ownership. Advances in battery technology have played a decisive
role in the commercial proliferation of electric vehicles. Batteries preferred
for electric vehicle applications are expected to have high energy density,
long cycle life, low energy loss, sufficient power density, and safe operating
characteristics. Different battery types have been used throughout history to
meet these requirements [21].

Lead-acid batteries are one of the oldest rechargeable battery types used
in electric vehicles. Although they have been preferred for many years due to
their low cost and mature production technologies, their low specific energy
values, limited cycle life, and high mass have made them disadvantageous
for modern electric vehicle applications. Today, lead-acid batteries are mostly
limited to electric two-wheeled vehicles, forklifts, and applications requiring
low speeds [21].

Nickel-cadmium batteries, despite offering a longer cycle life and better
power performance compared to lead-acid batteries, have not found widespread
use in the electric vehicle market due to cadmium being a toxic heavy metal
and their relatively low energy density. Similarly, nickel-metal hydride batteries
offered higher energy density and a more environmentally acceptable structure
than nickel-cadmium batteries. Thanks to these characteristics, they were
used for a certain period, particularly in hybrid electric vehicles, but lost
their competitive edge with the development of lithium-based batteries [21].

Lithium-ion batteries are currently the most widely used energy storage
technology in electric vehicles. These batteries offer significant advantages
tor electric vehicle applications due to their high specific energy and energy
density, low self-discharge rate, long cycle life, and relatively lightweight
construction. Furthermore, the absence of the memory effect is another
important factor that increases the efticiency of lithium-ion batteries. These
characteristics contribute to increasing the range of electric vehicles and
improving overall system efficiency [21].
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5.2. Battery Management Systems

Battery management systems are considered fundamental control
and monitoring units that ensure electric vehicle batteries operate safely,
efficiently, and with a long service life. These systems aim to enhance battery
performance and durability by balancing cell voltages, maintaining battery
temperature under control, and ensuring critical parameters such as voltage,
current, and temperature remain within safe operating limits. Furthermore,
battery management systems prevent battery overload by optimising charging
and discharging processes, thereby supporting system safety. Predicting
internal parameters such as the battery’s state of charge and health allows
for the evaluation of the battery’s current capacity and remaining service life.
Furthermore, recording operational data and sharing it with vehicle control
systems contributes to monitoring battery performance and optimising vehicle
operation. Battery management system structures, supported by advanced
sensing and control algorithms, are among the critical systems that directly
affect the safety, efficiency, and service life of electric vehicle batteries [22].

5.3. Promising Battery Technologies

Various alternative battery technologies are being developed to overcome
the current limitations of lithium-ion batteries and further enhance the
performance of electric vehicles.

Solid-State Batteries: Solid-state batteries use a solid electrolyte instead
of a liquid electrolyte. This increases the battery’s energy density, improves
its safety, and enables faster charging. Solid-state batteries are more stable
and less flammable than lithium-ion batteries, which reduces the risk of fire.
Furthermore, as they have a higher energy density, they can increase the range
of electric vehicles [23].

Lithium-Sulphur Batteries: Lithium-sulphur batteries have a higher
theoretical energy density than lithium-ion batteries. Sulphur is a more
abundant and cheaper material than lithium, so these batteries may offer a
cost advantage. However, lithium-sulphur batteries need improvement in
areas such as cycle life and charge/discharge speed [23].

Sodium-Ion Batteries: Sodium-ion batteries use sodium instead of lithium.
Sodium is a more abundant and cheaper element than lithium. These batteries
may be suitable for large-scale applications, such as energy storage systems
[23].
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6. Charging Infrastructure and Network Integration

As electric vehicles become more widespread, the adequacy, reliability and
accessibility of the charging infrastructure emerge as critical determinants.
The level of development of the charging infrastructure reduces users’ range
anxiety and directly affects the integration of electric vehicles into daily
transport systems. In this context, various charging technologies have been
developed and implemented for different power levels and usage scenarios.

Alternating current (AC) slow charging systems are generally preferred
in homes, workplaces and long-term parking areas. These systems operate at
relatively low power levels and ensure that batteries are charged over longer
periods of time. The positive effects of slow charging on battery life make
this method a suitable option for daily use. Direct current (DC) fast charging
systems, on the other hand, operate at higher power levels, enabling batteries
to be charged significantly in a short time. These systems are particularly
tavoured on motorways, inter-city routes and in high-traffic areas, increasing
the usability of electric vehicles for long-distance travel. Ultra-fast charging
technologies, on the other hand, aim to reduce charging times to levels
comparable to conventional fuel refuelling by offering much higher power
levels; however, the widespread adoption of these systems is closely linked to
technical limitations such as battery thermal management and grid capacity
[24], [25].

The interaction between charging infrastructure and the electricity grid
is becoming increasingly complex with the widespread adoption of electric
vehicles. Charging a large number of vehicles simultaneously can place
additional strain on distribution networks in particular. In this context, smart
charging systems are considered an important solution for balancing grid load
and ensuring the efficient use of energy resources. Smart charging approaches
aim to optimise charging processes by taking into account parameters such
as grid conditions, energy prices and user preferences [26].

Vehicle-to-Grid (V2G) applications, defined as the transfer of energy from
the vehicle to the grid, enable electric vehicles to be considered not only as
energy consumers but also as distributed energy storage units [27]. Thanks
to this approach, the energy stored in electric vehicle batteries can be used
via feedback during periods of high grid demand. V2G systems facilitate
the integration of renewable energy sources into the grid and contribute to
maintaining the energy supply-demand balance. However, the widespread
adoption of these applications requires comprehensive consideration of issues
such as battery life, standardisation, infrastructure investments, and regulatory
trameworks.
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7. Environmental Impacts

Life cycle analysis is used as a fundamental approach in assessing
the environmental impacts of electric vehicles. This analysis method
comprehensively addresses the environmental performance of electric vehicles
by covering the stages of raw material sourcing, production, use and recycling.
Battery production processes, in particular, stand out as one of the stages
where environmental impacts are concentrated due to energy consumption
and raw material use. However, advances in battery recycling technologies
and improvements in production processes contribute to reducing these
impacts. The environmental impacts of electric vehicles during the usage
phase largely depend on the structure of the energy sources used in electricity
generation. Increasing the share of renewable energy sources in electricity
generation significantly reduces the total greenhouse gas emissions and
environmental footprint of electric vehicles. Furthermore, the elimination
of exhaust emissions contributes significantly to improving urban air quality.

8. Future-Oriented Technological Trends

The future of electric vehicle technology is being shaped by advances
in digitalisation and energy storage. Autonomous driving systems, artificial
intelligence-supported energy management and advanced battery chemistries
are among the key technological components of this transformation.

Autonomous driving technologies aim to increase driving safety and
improve traffic efficiency through advanced sensing and control systems.
The software-based structure of electric vehicles facilitates the integration
of these systems [28]. Artificial intelligence-supported energy management
optimises energy consumption [29], extends battery life and improves vehicle
performance by taking driving conditions and user behaviour into account.

New generation chemistries developed in battery technologies are
advancing towards higher energy density, shorter charging times, and
increased safety targets. These developments are expected to contribute to
electric vehicles becoming more competitive in terms of range and cost.
Overall, these technological trends are strengthening the role of electric
vehicles within sustainable and smart transportation systems.

9. Conclusion and Evaluation

Electric vehicles stand out as a strategic technology area in line with the
objectives of increasing energy efficiency, reducing greenhouse gas emissions,
and developing sustainable transport systems. Both the structural advantages
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in propulsion systems and the elimination of local emissions place electric
vehicles in an important position among future transport solutions.

Advances in battery technology play a decisive role in improving the range,
performance, and safety features of electric vehicles. In parallel, the widespread
deployment of charging infrastructure and its planning in harmony with the
electricity grid are making electric vehicles more accessible for everyday use.
The shaping of energy policies to support renewable energy sources further
strengthens the environmental benefits of electric vehicles.

In this context, addressing the technical, environmental and economic
dimensions of electric vehicle technologies together is important for both
academic research and industrial applications. A holistic approach will
contribute to increasing the share of electric vehicles in transport systems
and support the achievement of sustainable mobility goals.
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Chapter 4

Digital Transtormation of Aviation Maintenance:
Artificial Intelligence-Enabled Approaches
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Abstract

Aircraft maintenance is a cornerstone of flight safety, operational continuity,
and cost-effectiveness in the aviation industry. Traditional maintenance
approaches, relying on scheduled inspections and corrective actions, face
limitations in flexibility and efficiency due to their dependence on human
intervention. In recent years, artificial intelligence has revolutionized the sector
by shifting maintenance management from reactive methods to predictive and
data-driven strategies. This transformation has enabled innovative solutions
in digital twins, structural health monitoring, automated visual inspections,
foreign object debris detection on runways, decision-support systems, and
spare parts logistics optimization.

Al-powered predictive maintenance leverages sensor data and deep learning
algorithms to estimate the remaining useful life of critical components,
minimizing unplanned downtime and improving operational reliability.
Digital twin technology creates virtual replicas of aircraft to enable real-time
monitoring and proactive maintenance planning. Moreover, automated visual
inspection systems reduce technicians’ workload while enhancing inspection
accuracy and quality standards.

However, challenges such as data integrity, explainable artificial intelligence,
regulatory compliance, and effective human-machine collaboration remain
critical to ensuring the safe and sustainable implementation of these
technologies.
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This chapter highlights how artificial intelligence contributes to improved
safety, efficiency; cost reduction, and sustainability in aircraft maintenance.
It also provides a forward-looking perspective on the development of
human-centric, ethical, and regulation-compliant maintenance ecosystems,
outlining how these emerging technologies will shape the future of aviation
maintenance practices.

1. Introduction

The aviation sector has a structure that differs from other sectors due to
its complex nature, which requires the highest level of safety standards and
a high degree of technical knowledge and experience (Okine et al., 2025).
Maintenance activities in the aviation sector are not only an operational
necessity but also one of the fundamental parameters of safety, economic
sustainability, and legal compliance. Considering the complex structure of the
systems that make up aircraft, their exposure to environmental conditions,
and their high frequency of use, a regular and effective maintenance process
has become mandatory (Zyluk et al., 2025). The International Civil Aviation
Organisation highlights maintenance activities as one of the most important
parameters of flight safety. It has made it mandatory for maintenance activities
to be supervised by national authorities (Shelton-Mur, 2025). Aircraft
are integrated systems consisting of thousands of component parts. Any
malfunction in any component of these integrated systems can cause large-
scale failures through a chain reaction and even lead to accidents that threaten
flight safety. Planned maintenance activities performed on aircraft are critical
not only for repairing faults but also for preventing them from occurring in
the first place (Stolzer et al., 2023). In addition to safety and continuity, the
economic aspect of maintenance is also very important for airline operators.
Maintenance costs constitute a large portion of airline operators’ annual
expenses (Kinnison & Siddiqui, 2013). For airline operators, this situation
reveals that maintenance activities are not only technical but also a strategic
planning element. Effective maintenance strategies reduce aircraft downtime,
optimise spare parts management, and prevent indirect costs. The proper
documentation of maintenance activities and full compliance with regulations
are essential for maintaining aircraft operability and certification compliance.
Any deficiencies or errors in maintenance records can lead not only to legal
sanctions but also to a loss of corporate reputation (Stolzer et al., 2023).
When evaluated in all these aspects, maintenance activities in aviation are
a multidimensional element that protects human life, makes operations
sustainable, and builds sectoral trust. In today’s aviation, the importance
of maintenance continues to grow not only at the technical level but also
at the managerial, economic, and strategic levels (Truong & Lee, 2025).
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Maintenance activities also play a significant role in ensuring operational
continuity for airlines (Kabashkin et al., 2025). The situation where an
aircraft is grounded due to an unintended malfunction (AOG - Aircraft on
Ground) causes both financial losses and programme disruptions for airlines.
Preventing programme disruptions is directly related to the proactive and
predictive implementation of maintenance. Particularly with the use of
artificial intelligence-supported systems today, maintenance processes are
now data-driven, time-sensitive, and capable of predicting systemic risks in
advance (MoghadasNian, 2025).

The integration of artificial intelligence into maintenance processes in
recent years has brought about a significant transformation in the sector.
Artificial intelligence-based algorithms analyse sensor data, particularly in
aircraft engines and critical components, to predict remaining useful life
(RUL), thus enabling the prediction of failures before they occur (Khan
et al., 2025). This contributes significantly to reducing both AOG events
and unexpected downtime (Alomar & Nikita, 2025). The integration of
artificial intelligence in aviation maintenance processes stands out as a
versatile tool that not only provides safety and continuity but also enables
cost optimisation, operational efficiency, and strategic decision support. In the
coming years, it is anticipated that artificial intelligence will be more widely
used in maintenance processes and become a standard practice in maintenance
management (Moghadasnian and Rajol, 2025).

2. Traditional Maintenance Approaches and Challenges

Aircraft maintenance is one of the most critical activities in aviation,
playing an indispensable and crucial role in terms of the aircraft’s safety,
security, cost and continuity (Ram et al., 2019). These aircraft maintenance
activities exhibit a multidisciplinary structure through the simultaneous
use of different engineering, planning, and operational processes and are
of great importance in all steps of aviation (Marais and Robichaud, 2017).
Traditional maintenance has been implemented in the aviation sector for
many years in accordance with standardised procedures and specific criteria
set by authorities (SKYbrary, n.d.). Traditional maintenance approaches
generally consist of two main elements: scheduled maintenance and post-
failure maintenance. While scheduled maintenance involves inspecting the
aircraft at predetermined intervals or according to the aircraft’s flight hours,
post-failure maintenance is applied after any problem or issue is detected
in the aircraft (Tsang et al., 2020). These elements have provided a safety
and security-centred structure for many years and have contributed to the
establishment of standards in training and inspection processes for aircraft
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personnel (Gongalves et al., 2018). However, these traditional approaches
and methods also bring different challenges. Considering the cost dimension
of aircraft maintenance operations , replacing parts before the end of their
service life causes significant financial loss (Marais and Robichaud, 2017).
Such situations increase operating costs and reduce the efficiency of the parts
used. On the other hand, traditional maintenance approaches are reactive,
meaning intervention is only possible after a problem has occurred. This, in
turn, leads to undesirable problems such as operational disruptions, flight
delays and cancellations. These problems also give rise to undesirable negative
situations such as reduced customer satisfaction (Tsang et al., 2020). In
addition, human factors in maintenance processes are another risk factor. The
high probability of maintenance personnel making mistakes due to fatigue,
time pressure, and stress directly affects the quality of maintenance (Latorella
and Prabhu, 2000). Furthermore, the rigidity of traditional maintenance
procedures has been observed to lack sufficient flexibility in unprepared and
unexpected situations and to be unable to produce quick solutions (SKYbrary,
n.d.). Traditional aircraft maintenance practices are mostly based on a
manual inspection, visual control, and technician experience approach. This
approach limits maintenance reliability due to its susceptibility to human error
(Latorella and Prabhu, 2000). The adverse effects of human error on flight
and ground safety have long been discussed in the literature, and it has been
noted that measures taken to prevent errors, particularly in traditional aircraft
maintenance systems, are insufficient (Gongalves et al., 2018). Although
traditional aircraft maintenance approaches have laid very solid foundations
in terms of continuity and safety, they face significant challenges in terms
of cost, flexibility, and the human factor in today’s advancing and changing
aviation field. For this reason, the transition to a more innovative, data-driven,
and proactive maintenance style in the aviation field is accelerating with each

passing day (Ram et al., 2019).

3. The Role of Artificial Intelligence Technologies in Maintenance

The aviation industry is undergoing a significant and accelerating
transformation by integrating artificial intelligence technologies into aircraft
maintenance processes in its quest to enhance operational reliability, safety,
and cost-effectiveness. At the heart of this transformation is the shift from
traditional reactive or periodic maintenance to predictive maintenance, which
anticipates potential failures and optimises maintenance actions (Kabashkin
and Perekrestov, 2024 ). One of the fundamental roles of artificial intelligence
is its ability to detect abnormal patterns and impending failures by analysing
sensor data, flight records, and historical maintenance data, particularly
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using machine learning and deep learning algorithms (Akbari et al., 2023).
Real-time data collected by Internet of Things devices, combined with the
analytical power of artificial intelligence, creates an ecosystem that monitors
aircraft health and generates actionable insights (Kabashkin & Perekrestov,
2024). This synergy enhances flight safety by predicting potential problems
before they arise, significantly reducing the risk of unexpected failures.
According to Patibandla’s comprehensive research, the implementation
of sophisticated predictive analytics engines in major airlines has achieved
fault prediction accuracy ranging from 87.6% to 93.2% in critical aircraft
components, resulting in significant reductions in unplanned maintenance
events (Patibandla, 2024). In this context, Al-powered systems enable the
planning of part replacements at the most appropriate time by accurately
predicting the remaining useful life (RUL) of components. For example,
using complex hybrid data preparation and optimisation models, the number
of aircraft equipment failures can be predicted with high success, minimising
maintenance costs by preventing unnecessary part replacements while reducing
flight delays and cancellations (Uyar, 2024).

Artificial intelligence is not limited to failure prediction but optimises
the entire range of Maintenance, Repair and Overhaul (MRO) operations.
Reinforcement Learning (RL) algorithms are used to optimise decision-
making processes such as maintenance scheduling and resource allocation.
These algorithms continuously improve their ability to predict the optimal
times for part replacement, repair planning, and workforce allocation by
learning from interactions with the environment and receiving feedback based
on the results obtained (Patibandla, 2024). Furthermore, artificial intelligence
plays a key role in reducing human error and increasing operational efficiency
by analysing large amounts of structural and operational data, providing
technicians with faster and more accurate decision support systems during
maintenance and troubleshooting processes. The Genetic Algorithm
(GA)-based optimisation method proposed in the work of Kabashkin and
Perekrestov has been shown to offer significant reductions in total life cycle
costs by providing a dynamic maintenance schedule that adapts to real-time
component health data (Kabashkin and Perekrestov, 2024).

However, the integration of artificial intelligence into aviation maintenance
also presents significant challenges. One of the most critical challenges is
data quality and availability. Machine learning algorithms require high-
quality; accurate, and consistent data to be effective. Compatibility issues
with existing legacy systems and incomplete/inconsistent data can reduce
the accuracy and reliability of e predictions (Patibandla, 2024). Another
important problem is algorithmic transparency (explainable Al - XAI) and
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model drift. In a high-risk field such as aviation, it must be understandable
why Al predicts a failure or reccommends an action. Model drift, defined as the
model’s performance declining over time and producing incorrect predictions,
poses a significant safety risk requiring continuous monitoring and updating
(Patibandla, 2024). To overcome these challenges, a structured Al governance
framework integrated with aviation safety standards and certification methods
is required. In summary, artificial intelligence is moving aviation maintenance
towards a safer, more economical and sustainable future, but fully realising
this potential depends on the balanced management of technology, regulation
and human expertise.

4. Predictive Maintenance

Thanks to advances in artificial intelligence, machine learning, and big
data analytics, predictive maintenance systems have begun to play an effective
role in the aviation industry’s aircraft maintenance systems. Unlike traditional
maintenance strategies, predictive maintenance systems have the ability to
predict potential failures by analysing real-time monitoring and historical data
through corrective or planned preventive maintenance systems. By providing
warnings before potential failures occur in aircraft, they offer the opportunity
to reduce unplanned downtime, thereby enhancing operational efficiency
and safety, which are of critical importance in aviation. (Khan et al., 2025).
Modern aircraft are equipped with numerous sensors to enhance flight safety
and security. These sensors have the capability to continuously generate
large amounts of data for the protection of aircraft engine health, structural
integrity, and improved avionics performance. Using this collected data,
predictive maintenance systems can be implemented in aviation maintenance
systems for the estimated material wear time of parts that will reach the end
of their service life. In predictive maintenance systems, the collected data is
analysed using artificial intelligence-based algorithms to detect anomalies. For
example, deep learning techniques have successfully analysed turbofan engine
data and demonstrated high accuracy in predicting engine failures (Kabashkin
etal., 2025). The use of predictive maintenance systems in the aviation sector
provides many advantages for the industry. Maintenance practices and the
maintenance of aircraft by maintenance personnel are of great importance in
aviation and play a significant role in aircraft accident incidents (Truong and
Lee, 2025). Predictive maintenance systems make it possible to prevent such
incidents using data provided by maintenance personnel. Furthermore, the
International Civil Aviation Organisation (ICAO) has stated that predictive
maintenance is one of the important parameters for improving flight safety
and optimising global maintenance inspection programmes (Shelton-
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Mur, 2025). Despite these advantages, the implementation of predictive
maintenance involves challenges such as data standardisation, integration
between heterogeneous aircraft systems, and the legal approval requirements
for artificial intelligence-based tools. However, increasing research and
industrial adoption make it clear that predictive maintenance will become
a fundamental part of aviation maintenance practices over the next decade

(MoghadasNian, 2025).

5. Image Processing and Autonomous Inspections

In recent years, artificial intelligence and, in particular, deep learning
architectures have been frequently used in three key areas of aircraft
maintenance processes: condition monitoring and predictive maintenance
(PHM/PdM), visual inspection automation, and runway foreign object
debris (FOD) detection. This transformation directly contributes to the
safety, cost and continuity objectives of maintenance by enabling the scalable
processing of sensor data and images. Al-based PAM approaches enable pre-
failure intervention by estimating the remaining useful life (RUL) of engines,
landing gear, and structural subsystems, thereby reducing delays and AOG
risks (Fu et al., 2023). Complementing this, the quantitative validation of
fault detection reliability in fibre optic, piezoelectric, and accelerometer-
based SHM architectures using probability-based methods (Probability-of-
Detection, POD) has become a critical requirement for regulatory compliance
and certification (Galasso et al., 2024). Finally, in MRO fields, CNN-based
perception and detection models are increasingly replacing human-eye-based
visual inspection, reducing labour costs while increasing reproducibility
(Yasuda et al., 2022; Ali et al., 2025). Predictive maintenance (PdM) and
PHM. Post-2020 academic literature addresses PAM using data-driven (CNN,
LSTM, Transformer), physics-based, and hybrid approaches, emphasising
fleet-scale generalisation capability through multimodal sensor fusion
(vibration, temperature, acoustic emission, fibre-optic strain) and online
learning. The value proposition of PdM is quantified through prediction
accuracy (RUL), false alarm rate, and maintenance window optimisation.
However, explainable artificial intelligence ( , XAI), data access/labelling, and
domain shift in distribution are reported as the main barriers to industrial-
scale deployment (Fu et al., 2023). In SHM, PoD-based reliability analysis
and quantitative proof of detection performance under field conditions serve
as a bridge in the certification journey of artificial intelligence models (Galasso
etal., 2024). Automation of visual inspection. The use of artificial intelligence
in the optical inspection of aircraft exterior surfaces (skin), rivet lines, paint/
coating, and composite repair areas provides pixel-level defect detection,
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repeatability, and time savings compared to previous labour-intensive manual
processes. Systematic reviews indicate that single-stage detectors such as the
YOLO family and RI-DETR  excel in real-time performance in this field;
however, data imbalance, rare defects, and imaging variables such as lighting/
reflection remain challenging (Yasuda et al., 2022). In the most recent field
applications, it is stated that deep learning-based fault detection on images
obtained by unmanned aerial vehicles achieves meaningful accuracy even
under noise/emission variation and geometric diversity and can be integrated
into maintenance cycles (Ali et al., 2025). Runway FOD detection directly
threatens take-oft and landing safety and requires rapid clearance. Post-2020
studies show that lightweight and attention-mechanism-enhanced YOLO/
DETR derivatives, which focus on small object detection, deliver high mAP
and FPS values despite background noise such as runway texture and oil stains.
Using dual-mode cameras (visible and infrared) for day/night robustness and
multi-scale feature fusion has yielded significant gains in detecting small FODs
(Mo etal., 2024). A comprehensive recent review emphasises that integrating
radar/LiDAR, optical, and Al-based methods into combined architectures
adapted to airport conditions is the most promising approach for scalability
and environmental robustness (Shan et al., 2025). Field experiments indicate
that the probability of missing small-scale FODs increases with range in
fixed camera-based systems; therefore, the need for perspective/distance
compensation and multi-sensor fusion is evident (Noroozi et al., 2023).

In terms of open issues and research directions, airports are heterogeneous
in terms of runway surface, climate, and traffic; this leads to shifts in data
distribution and model degradation. Domain adaptation, data augmentation,
and synthetic-real hybrid datasets are emerging as solutions (Shan et al.,
2025). Secondly, although rare, labelling costs, FODs, and critical defects
are quite low, offering hope for combinations of weak/unsupervised learning
and interactive/active learning (Yasuda et al., 2022). Thirdly, reliability and
explainability: Supporting PAM/SHM decisions with PoD, confidence
intervals, and explainable Al representations is a decisive factor in maintenance
authority and regulatory processes (Galasso et al., 2024; Fu et al., 2023).
Finally, for system-level integration, Al-based detection outputs must be
linked online with CMMS/MRO planning tools and digital twins to maximise
operational benefits (Fu et al., 2023).

In conclusion, post-2020 literature indicates that Al is a maturing
technology in maintenance detection and FOD management, yet it still
requires solutions in terms of data, reliability, and field integration. Infrared-
visible fusion, lightweight, and attention-focused detectors are the closest
approaches to achieving a balance between high safety and economic efficiency
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in maintenance decisions, while PoD-supported SHM and XAlI-rich PdAM
approaches are the closest approaches to achieving a balance between high
safety and economic efficiency in maintenance decisions (Mo et al., 2024;
Noroozi et al., 2023; Galasso et al., 2024; Fu et al., 2023; Shan et al., 2025;
Ali et al., 2025).

6. Decision Support and Maintenance Management Systems

Traditional maintenance planning is typically based on fixed schedules
or post-failure intervention. This leads to unnecessary maintenance, wasted
resources, or high cost periods due to unexpected failures. Machine learning
algorithms and real-time data from IoT-enabled sensors are used to overcome
these challenges through Al-supported planning and optimisation (Baryannis
etal., 2019).

The most important application in this field is artificial intelligence-
supported predictive maintenance (PdM) systems. PAM analyses operational
data such as vibration, temperature, pressure and current to predict with high
accuracy when equipment or machines will fail (Lee et al., 2020). These
systems learn from past failure records and normal operating patterns to detect
anomalies and predict maintenance needs before a potential failure point. This
allows maintenance activities to be scheduled at the most appropriate time
when the equipment truly needs it, thereby reducing unplanned downtime
and minimising unnecessary maintenance costs (Ding et al., 2021). On the
optimisation side, artificial intelligence algorithms such as Decision Trees,
Support Vector Machines, and Deep Learning models are highly effective
methods for creating the most efficient maintenance programmes by
simultaneously evaluating multiple constraints, including personnel, vehicles,
budget, and equipment criticality. For example, Mixed-Integer Programming
approaches, combined with large language models (LLMs), can create
integrated maintenance schedules that combine both numerical optimisation
results and strategic qualitative analyses () (Wandabwa, 2025). This enables
maintenance teams to focus their time on the most critical tasks, increasing
the effective use of human resources and operational reliability (Deloitte,
2024). Spare parts inventory management and logistics, an integral part of
maintenance management, is another critical area where artificial intelligence
applications provide significant benefits. The high variety of spare parts
and challenges such as typically intermittent and irregular demand patterns
(lumpy demand) render traditional statistical forecasting methods inadequate
(Gopalakrishnan and Banerji, 2014; Boute and Udenio, 2021).
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For spare parts demand forecasting, artificial neural networks and other
machine learning models offer higher accuracy than traditional methods
in predicting spare parts demand. These models enable more accurate
predictions by analysing not only historical demand data but also a wide
variety of predictors such as equipment age, usage intensity, maintenance
history, and even environmental conditions (Mtynczak, 2008). This allows
businesses to minimise inventory costs while also reducing the risk of stock-
outs. Reinforcement learning, in particular, is a highly successful method
tfor optimising the cost balance between excess and shortage of stock by

dynamically adjusting stock levels (Malyk, 2023).

Logistics and Supply Chain Optimisation is utilised in maintenance logistics
to ensure that parts and technicians arrive at the right place at the right time
through the use of artificial intelligence. Al-supported route optimisation is
used to calculate the most efficient transport and field service routes, taking
into account multiple variables such as traftic conditions, vehicle capacity,
delivery urgency, and prioritised maintenance plans (Talaat et al., 2025).
This reduces transportation costs, shortens delivery times, and helps reduce
the carbon footprint (Boute and Udenio, 2021). Furthermore, artificial
intelligence supports risk management and sustainable supplier selection by
increasing visibility throughout the supply chain (Baryannis et al., 2019).

The integration of Al into Decision Support and Maintenance Management
Systems represents a highly beneficial transformation for industrial operations.
Al-supported PdM systems significantly increase equipment reliability and
operational efficiency by shifting planning and optimisation from traditional,
reactive approaches to proactive, data-driven approaches. Furthermore, the
use of artificial intelligence in spare parts and logistics management plays a
critical role in reducing overall costs and environmental impacts for businesses
by enabling more accurate demand forecasting, optimised inventory levels,
and more efficient supply chain logistics. In the future, with the proliferation
of Al-based CMMS, maintenance processes will become autonomous, and
collaboration between humans and intelligent systems will become the new
standard in the industry. However, issues such as data quality, ethics, and
the transparency of AI models, as well as their successful implementation in
systems, present important challenges that need to be addressed.

7. Safety, Regulations, and Human-Machine Collaboration

Like many technologies used in the aviation sector, artificial intelligence
must also undergo international certification to become standardised. RTCA
and EURA guidance documents incorporate artificial intelligence adaptations
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into the DO-178C software standardisation (RTCA, 2024). The Artificial
Intelligence Safety Assurance Roadmap published by the FAA is considered a
crucial framework in terms of Al risk management, Al testing, and adapting
aircraft airworthiness processes. Recent Al-based systems have enabled
maintenance to be managed in a safer, more efficient manner, with more
accurate predictions of outcomes (FAA, 2024). Furthermore, the integration
of artificial intelligence into aviation necessitates broad consideration not
only of technical aspects but also of regulations, ethical standards, and the
human factor (EASA, 2024). EASA has developed long-term strategies to
ensure the safe use of artificial intelligence in aviation (EASA, 2023). The AI
Roadmap 2.0 document adopts a human-centred approach and emphasises
that artificial intelligence must be evaluated not only technically but also
ethically and in terms of safety (EASA, 2023). Concept Paper Issue 01 and
Issue 2 documents explain the applications of machine learning and how it
will be implemented through regulations (EASA, 2021). On the US side, the
FAA provides corporate guidance called STEP resources to support artificial
intelligence. This resource shows how to ensure the compliance of artificial
intelligence in the design, verification, testing, and operational phases of
safety compliance (FAA, 2024). The human factor is always central to
aircraft maintenance. Research shows that maintenance technicians working
with artificial intelligence systems have a very low probability of making
mistakes (Kirwan et al., 2025). Reports published by NASA recommend
the development of evidence-based safety reasoning in human-machine
teamwork. In situations where humans and machines work together, the
importance of responsibility distribution and who the decision-maker is
is emphasised. Furthermore, it is thought that Al systems will reduce the
workload of technicians but cannot assume responsibility alone (Graydon
et al., 2025). It should never be forgotten that integrating Al into aircraft
maintenance carries not only technical but also ethical responsibilities. The
Ethics Guidelines for Trustworthy Al defined by the European Commission
outline fundamental requirements such as fairness, accountability, and
transparency (European Commission High-Level Expert Group on Al 2019).
The greatest contribution of artificial intelligence lies in its positive potential
within aircraft maintenance processes (EASA, 2024). When considering its
efficiency in terms of safety, regulation, and human-machine collaboration,
its greatest contribution is to increase flight and ground safety as well as
maintenance efficiency (Demir et al., 2024). However, the successful use
of artificial intelligence technology is only possible with transparency, ethics,
compliance, risk assessment, and a detailed examination of the human factor
(ISO, 2023). It is predicted that in future processes, safer, more transparent,
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and human-centred approaches will lead the way in artificial intelligence
(INCOSE, 2025).

8. Current Applications and Future Perspectives

Artificial intelligence has ushered in an innovative new era in aircraft
maintenance in recent years (Bisanti et al., 2023). Extensive and widespread
applications have begun in the aviation sector in key technological areas such
as digital twins, explainable artificial intelligence, predictive maintenance, and
data analysis (Chia et al., 2024).

Digital twin technology enables the maintenance process to be monitored
in real time and simultaneously by creating a virtual copy of the aircraft
(Bisanti et al., 2023). Using this method, maintenance personnel, engineers,
and technicians can detect and diagnose signs of wear or failure before they
occur and plan maintenance in advance. Digital twins are predicted to play a
critical role in aircraft fuselage and structural integrity analyses in the coming
years (Chia et al., 2024). Looking ahead to future perspectives, digital twin-
based ecosystems are expected to be integrated into maintenance and also
used in education (Kabashkin et al., 2025). Explainable artificial intelligence,
on the other hand, is anticipated to be a critical requirement for regulations,
as artificial intelligence covering maintenance processes must be explainable
(Dereci et al., 2024 ). Many artificial intelligence models are being developed
to increase the transparency of these artificial intelligence models. In data-
driven transformation, the PAM 2023 conference suggests that the future of
maintenance in aviation will be entirely data-driven (Aviation Business News,
2023). Another area of application for artificial intelligence is predictive and
proactive maintenance. This type of maintenance has the ability to predict
the likelihood of failures in advance using information from real-time analysis
of aircraft components, replacing traditional maintenance (Stanton et al.,
2023). Predictive and proactive maintenance significantly reduces costs
while increasing operational maintenance and safety. According to research
conducted by NASA, regulatory approvals and cultural adaptation are
considered to be the limiting factors for predictive maintenance (Teubert et
al., 2023). Itis stated that Airbus has made considerable efforts to promote the
widespread adoption of Skywise Predictive Maintenance applications within
some of its aircraft type programmes, and that the world is likely to move in
this direction, with standardisation across all aircraft models considered highly
probable (Airbus, 2024). When considering regulations and standards, the
Artificial Intelligence Roadmap 2.0 document published by EASA emphasises
the adoption of a human-centred approach to Al integration in aviation
(EASA, 2023). In addition, EASA has initiated certification processes with
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some guidance programmes (EASA, 2024). Similarly, the FAA outlines the
framework for safety verification in its Assurance Roadmap report (FAA,
2024). RTCA and SAE International provide standards programmes
supporting integration through AI/ML integration (RTCA, 2023).

9. Conclusion

This highlights the contributions that the transition from traditional
methods to Al-supported approaches in aircraft maintenance processes
brings to the aviation sector and its future potential. Artificial intelligence-
based systems have transformed maintenance activities from a mere technical
necessity into a strategic decision-support element. Predictive maintenance
systems can detect faults before they occur by analysing sensor data, thereby
significantly reducing unplanned downtime and operational disruptions. This
approach both enhances flight safety and contributes to lower maintenance
costs. Digital twin technology enables engineers and technicians to make
more effective decisions by providing the ability to monitor maintenance
processes in real time and simultaneously. Al-supported applications, such
as the automation of visual inspections and runway foreign object detection,
reduce human error while accelerating maintenance cycles and raising quality
standards. Decision support and inventory management systems ensure more
efficient use of resources and more sustainable operations. However, the
integration of artificial intelligence technologies into maintenance processes
still has areas that need to be developed, such as data reliability, ethical
principles, regulatory compliance, and human-machine collaboration. At
this point, it is crucial that technological advances are addressed in a manner
consistent with regulatory frameworks and the human factor.

In conclusion, the contributions of artificial intelligence to aircraft
maintenance offer significant opportunities to the aviation sector in terms of
safety, cost-effectiveness, sustainability, and environmental responsibility. With
the more widespread use of these technologies in the future, it is anticipated
that maintenance processes will become safer, more efticient, and more
human-centred.
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Chapter 5

Robotics and Al in Manufacturing for Speedy
Recycling
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Abstract

Recycling is becoming more popular around the world because people are
now more concerned about the effects of waste on the environment and
because we need to conserve resources. The circular economy depends on
recycling to achieve its goals of pollution reduction and resource conservation
and carbon emission reduction. However, the sorting and processing of
recyclables especially at the material recovery facilities (MRFs) is still a big
issue. As of now, conventional methods that depend on the use of human
labor are ineffectual, imprecise and time consuming. There is a solution
to this problem based on robotics and artificial intelligence (AI) that can
enhance the speed, accuracy and efficiency of the recycling processes.
Autonomous systems equipped with sensors and actuators perform material
sorting of plastics and metals and paper more effectively than human sorters.
Collaborative robots (cobots) further enhance operational flexibility and
system integration. Deep learning operates as an artificial intelligence system
which enables real-time decision making and adaptive control for sorting
operations. However, there are problems such as high costs and material
variation, it is predicted that robotics and Al will increase the application rate
and improve recycling efficiency and sustainability in the future. The current
state of robotics and Al technology in recycling operations serves as the main
tocus of this chapter which also explores upcoming trends and concepts for
these systems to boost recycling efficiency and environmental sustainability.
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1. Introduction

The world has seen a growing need for recycling because people now
understand how waste accumulation harms the environment and depletes
natural resources. Recycling supports the circular economy by conserving
resources and reducing pollution and emissions. Material recovery facilities
(MRFs) face major difficulties when handling big waste volumes because
of the ongoing problem with sorting and processing recyclable materials.
The majority of traditional recycling systems require human workers to sort
materials yet these methods prove to be inefficient and prone to errors and
operate at a slow pace. The recycling industry needs robotics and artificial
intelligence (AI) integration to solve its problems because these technologies
enable faster and more precise recycling operations with better results.

Robotics improves recycling operations through its implementation of
automated sorting systems. These systems are capable of sorting different
materials quickly and accurately with the help of sensors and mechanical
actuators to sort plastics, metals and paper. In comparison to human
labor which is prone to fatigue and inconsistencies, robots can work for
long periods with high accuracy to increase throughput and minimize
contaminants in the recycled materials. The implementation of cobots for
human-robot direct operation in automated recycling systems brings system
flexibility and modularity to the process.

Al is equally important in the recycling process, in the sense that it helps
in the implementation of Al systems that can learn from data and increase
the efficiency of the sorting process. Deep learning techniques such as CNNs
are used to train the systems to recognize and sort the materials with high
accuracy. Cyber physical systems powered by Artificial Intelligence (AI) are
capable of monitoring and controlling the recycling processes with the help
of real time big data collected from sensors and cameras, which in turn help
in real time decision making and adaptive control of sorting operations. This
capability makes it possible to sort materials at higher speeds and with better
accuracy than is current practice, so that high speed sorting becomes feasible
for recycling.

Robots and artificial intelligence can provide several benefits in addition
to the improvements in efficiency that have been discussed. Automation can
solve the problem of the lack of labor and increase the protection of workers
by transferring people from the performance of dangerous and boring
functions, including sharp tools in the waste stream, to the functions that
can bring more value. Al-based vulnerability assessments help organizations
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detect their weaknesses which enables them to reach peak waste management
and recycling resource utilization.

The recycling industry encounters various challenges which block robotics
and artificial intelligence (AI) from reaching their maximum potential for
broad implementation. The main problems in recycling stem from the fact
that different types of plastics are difficult to sort and from contamination and
the growing number of complex materials. The implementation of robotic
systems faces two major obstacles because of their expensive nature and
the requirement for continuous Al model updates and system maintenance
which creates challenges for developing markets. The development of these
technologies will result in higher recycling system adoption because they
become more affordable. Research and investment growth will produce
enhanced recycling solutions which operate at higher speeds to deliver better
results. This chapter presents robotics and Al systems used in recycling today
while studying upcoming developments that will enhance recycling system
sustainability and operational efficiency.

2. AI-Powered Material Recovery Optimization in Recycling

The current work requires Al algorithms to handle real-time data from
material types and waste composition and facility operating conditions.
Thus, in the process of continuous learning from the data, Al can suggest
the best sorting methods, operational recommendations and improve
material recovery plans. When used with robotic systems, Al allows for real
time changes in the sorting approaches based on the data and constantly
improving models and algorithms to ensure that high value materials are
recovered. The use of Al has a great effect on the rate of the recycling
processes. Al algorithms have the ability to identify high tech metals and
grade plastics which are not typically targeted which results in increased waste
stream recovery rates. The system employs Al technology to detect materials
which look identical including various plastic types which leads to enhanced
sorting precision and decreased product contamination. Moreover, Al assists
in predictive maintenance to ensure that the robotic systems are always
running at their best, with minimal down time and maximum production.
Thus, Al enabled material recovery is revolutionizing the recycling sector
by enhancing the current sorting, processing and recovery of materials from
the waste stream. The current recycling system has low material recovery
rates and high contamination rates because human operators sort waste but
AT technology now helps improve recovery rates and reduce waste while
maximizing material recycling potential. The circular economy becomes
sustainable through Al technology which recovers resources and minimizes
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waste and prevents pollution. As an example, the following paper enhances
the intelligent classification and recycling system for solid waste, especially
construction waste by applying the YOLO (You Only Look Once) image
recognition algorithm. The study achieves a 95% classification accuracy
using high level deep learning approaches of data augmentation and transfer
learning. The problem of effective waste sorting is a common challenge
which this approach presents an effective solution to and in addition,
demonstrates the potential of Al enabled technologies to enhance recycling
operations [1].

2.1. AI-Powered Sorting Systems

One of the primary ways in which artificial intelligence (Al is being also
applied to recycling is automating the sorting process. The conventional
sorting methods are based on the common sense and either direct human
intervention or simple mechanical arrangements are used to distinguish
between different materials i.e. plastics, metals, glass and paper. On the
other hand, the Al based systems use sophisticated machine vision and deep
learning techniques to sort the items precisely. These Al systems work by
using cameras and sensors to ‘watch’ the materials being sorted as they move
through the system. Today’s AI models are trained to distinguish between
different kinds of materials like different kinds of plastics, metals, and
paper by their color, shape, texture and other relevant characteristics. These
systems can sort through thousands of items in a minute and do it with
better accuracy than people doing it by hand. Over time, the AI models get
better as it learns from the data and thus enhance the material recovery rate
with minimal contamination. For example, robotic arms powered by Al can
casily tell if there is food residue on a plastic container or sort metals from
other materials by their magnetic field. It leads to better quality and hence
more valuable and in demand recyclables which are also more convenient to
process.

2.2. Optimizing Sorting Parameters Based on Waste Composition

Al enables sorting systems to adapt dynamically to the type of waste
incoming in the stream. The types and proportions of materials in the waste
stream can also span from seasonal changes, local consumer behavior or
geographic variations. These types of systems enable real time analysis of
this data and sorting parameters adjustment for maximum material recovery.
Al systems are able to process real time information on the waste stream,
including material type, size, weight and color and reform their sorting
tactics accordingly to enhance operational efficiency. The AI system will
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be learning over time to predict material trends and therefore sort better,
especially with complex or unknown waste compositions. For instance,
during time of high plastic waste, such as the holiday season, Al systems can
modify their sorting guidelines to first sort for particular types of plastics
and decrease contamination of the materials to be recycled.

2.3. Al in Sensor Integration for Material Detection

The material detection and sorting capability can be enhanced when
Artificial intelligence (Al) is integrated with advanced sensors such as
near-infrared (NIR) spectroscopy, X-ray, and Laser Induced Breakdown
Spectroscopy (LIBS). These sensors identify material properties that are not
visible to the human eye, e.g., different types of plastics or metals that are
difficult to tell from the appearance. For instance, X-ray or LIBS can be
used to detect valuable metals like gold, silver, copper and aluminum that
are present in the e-waste that are usually embedded in electronic products.
The identification and sorting of high value materials is an area in which Al
is crucial in the processing of data from these sensors. In particular, NIR
sensors can be used to scan materials and, with the help of Al algorithms,
predict the chemical composition of the material and sort it by polymer
type. For instance, Al enhanced NIR sensors can tell the difference between
PET (polyethylene terephthalate) and PVC (polyvinyl chloride) plastics in
a waste stream that is mixed—sorting that is difficult to do by hand because
of the similarities in the materials’ appearance. The integration of sensor
technologies and Al increases the efficiency and the accuracy of the recycling
processes, especially for complicated or polluted waste streams.

2.4. Predictive Analytics for Optimized Material Recovery

Using historical data and real time inputs Al can forecast the composition
of future waste streams which enables recycling facilities to sort their input
material accordingly. This predictive capability enables facilities to sort
their sorting systems ahead of time in a proactive manner so as to ensure
maximum material recovery. Moreover, it is possible to use Al for predicting
the market demand for particular recycled materials. For instance, metals
and plastics, which tells the direction for recycling operations, i.e., which
materials should be prioritized for processing to ensure maximum benefit
and resource utilization. Thus, the patterns in waste composition can be
studied with regard to such factors as seasonal fluctuations, geographical
location, and consumer behavior, which is helpful for the improvement of
sorting techniques. For example, Al can tell an increase in some types of
plastic during certain periods of the year or during some events or holidays
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based on the data collected from local waste collection programs. This
enables facilities to optimize their sorting protocols, which in turn leads to
better recovery rates with minimal or no contamination of the materials,
thus producing high-quality recycled materials.

2.5. Quality Control and Contamination Detection

A major challenge in recycling is contamination of materials to be recycled
e.g. food residues on plastic containers or mixing of other materials which
are not recyclable in paper recycling bins. This problem can be solved by
using Artificial intelligence (AI) which can use visual inspection and sensor
data to identify contamination and sort out the pure materials for further
processing. QC is enhanced by AI based systems that can detect and mark
contaminants such as glass, plastics or even non-recyclable items that are
mixed with recyclables. The contaminants can be easily taken out from the
recycling stream to avoid affecting the purity of the materials that are to be
recycled. In addition, the AI systems can monitor the purity of materials
during the sorting process and recognize flaws including mis-sort or sort
failure. For instance, in the sorting of plastic containers, Al can identify and
exclude containers that are contaminated with food or liquid, thus ensuring
that only clean and reusable plastics are sorted. This leads to more valuable
recyclables that are easier to market and recover more resources from.

2.6. The Future of AI-Powered Material Recovery Optimization

The future of Al in material recovery optimization is very bright and the
new technologies that are coming up are only going to make the recycling
processes better. It is expected that robotics and AI will continue to develop
to fully autonomous sorting and processing facilities that need almost no
assistance from people, to sort and process more diverse waste. Al will play
a key role in optimizing the circular supply chain through real-time tracking
of recycled materials from collection to reintegration into manufacturing.
This will assist in the creation of products that can easily be recycled or
that are recyclable. The integration of Al with blockchain technology will
establish improved supply chain tracking for recycled materials by providing
better transparency. The system will reveal the original source and quality
of materials which will boost recycling process reliability. In the future,
AT systems will be designed to sort through a wider variety of and more
complex wastes including mixed and contaminated wastes to enhance
recovery. Currently, AI powered optimization is revolutionizing the recycling
industry by enhancing the speed, efficiency and effectiveness of the material
sorting process and the recovery process. With the help of applications like
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automated sorting systems, predictive analytics, contamination detection and
quality control, Al is assisting recycling operations to enhance the recovery
of valuable resources, reduce waste and achieve sustainability through a
circular economy. Therefore, as the Al technologies are being improved,
they will remain universally important for the materials recovery and for the
future of recycling and sustainable production.

3. Robotics in Industrial Waste Management

Industrial waste management has traditionally been a major problem,
especially for industries that produce a lot of waste of difterent levels of toxicity,
size and complexity. Robotics is gradually turning to be the solution of choice
in changing the model of this sector through improving the efficiency, safety
and sustainability of waste handling, sorting and processing. The application
of the robotic systems has been vital in solving some of the challenges like
labor shortage, risk attitudes in the workplace and the need for accuracy
and speed. Hence, automation and artificial intelligence technologies are
being adopted in the waste management systems to improve how industries
sort and manage their waste, reduce the impacts on the environment and
achieve the necessary standards. In manufacturing facilities, robotics is used
in the collection, transport and sorting of waste. Autonomous mobile robots
(AMRs) are used to transport the waste products from the production
lines to the recycling sections or to the waste disposal areas. This way, the
company reduces the time spent on manual work and allows employees to
concentrate on the more productive work. An Al system can tell the type of
waste and tell the robot the best way to deal with it. For instance, a robot
may tell metal pieces and sort them for recycling, while the remaining waste
is taken to the landfill.

The effects of robotics on speed and efficiency are evident. Robots can
work without stopping for a break, which enhances the efficiency of the
waste management system and decreases the chances of delays in operations.
In this way, manufacturers can cut down on the costs of labor, improve
the flow of work, and enhance production. Also, Al systems enhance the
sorting of recyclable and non-recyclable waste so that more waste can
be directed to the recycling track, thus increasing the material recovery
rate. The following articles can be examples of usage of robotics in waste
management: Manufacturing companies are increasingly under pressure to
cut their environmental footprint, particularly with respect to e-waste, where
sorting and taking apart is difficult. This paper aims at proposing a concept
for the integration of human operators and robotic systems to enhance the
efficiency of electronic device recycling, while considering both technical
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and economic indicators and building on the advances in collaborative
robotics. [2]. As population grows, urban waste management is becoming
more critical, and robotics technologies could offer a way to improve the
collection, sorting, and recycling processes. However, more study is needed
to determine their environmental impact, cost, and how to incorporate
advanced technologies like Al and IoT into waste management systems [3].

3.1. Automated Material Handling and Transportation

Waste material handling is the process of using robotic systems to move
the waste from production lines, factory floors or storage areas to recycling
stations or disposal areas. AMRs are equipped with sophisticated sensors and
navigation software that enables them move around facilities and transport
materials from one location to another. These robots can operate on set paths
or can change their course according to the real time information. In addition,
conveyor belt systems that are linked with robotic hands are employed to
move the waste to sorting yards or bins for further sorting. This ensures that
large quantities of waste can be managed with minimal or no involvement
of people. For example, in large manufacturing plants, AMRs are used to
move about and pick up material such as metal scraps, plastic scraps or any
other industrial waste and transport them to the recycling or disposal area of
the factory, in order to ensure that the material flow of the waste is efficient
and constant in the factory. The application of robotics in material handling
has many advantages. By implementing robotics to transport materials,
the bottlenecks and delays that were once incurred due to the reliance on
human labor can be removed as robotics can work 24/7. This capability not
only reduces the need for human workforce but also prevents the possibility
of injuries and exposure to potentially hazardous substances since workers
are not required to handle large or potentially hazardous waste materials.
Furthermore, the costs of labor overhead are reduced by automated systems,
thus enhancing the production and efficiency of operations in the facility.
Through these improvements, the role of robotic systems in enhancing the
management of wastes in industrial settings is highly noticeable.

3.2. Sorting and Separation of Waste Materials

Industrial waste management is a key area for the application of
robotics. The initial waste management process relies on robotic sorting
systems which identify waste materials for recycling or proper disposal. It is
particularly appropriate for Al-controlled robotic arms that can be equipped
with advanced vision systems that can tell one object from another by its
size, shape, texture and color. These robots use special tools like suction
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cups or mechanical claws to actually do the sorting of the materials. For
instance, in an electronic product manufacturing industry, a robotic sorting
system could be used to separate plastics, metals and electronic components
from the e-waste stream to make sure that each item is placed in the correct
recycling stream. The deployment of Al and machine learning enhances the
efficiency of the sorting process and therefore minimizes contamination of
recyclable materials. On the other hand, sorting waste by people is slow and
inaccurate. Al based robots can sort through hundreds or even thousands
of items in a minute, which is significantly faster than the manual sort.
Furthermore, these systems are intended to work with all kinds of industrial
waste including complex or toxic waste that may be unsafe for human
operators. Robotics waste sorting increases the velocity of operations and
the quality and purity of the materials to be recycled, thus facilitating better
waste management.

3.3. E-Waste Recycling and Disassembly

A major challenge in industries that produce or handle electronic products
is the management of electronic waste also known as e-waste. Robotics and
artificial intelligence are now being used in the disassembly and recycling
of e-waste to make it more automated and retrieve useful components like
metals, glass, and rare earth elements. The conventional manual processing
of e-waste is followed by robotic systems that are fitted with precise tools
that can separate and disassemble electronic devices, including computers,
phones and televisions, keeping in mind the different components like circuit
boards, metals and batteries. Thus, Al systems are used to analyze e-waste
in order to recognize the materials that are of value and recommend the best
disassembly approach for a given device based on its design. For instance, the
disassembly of end-of-life mobile phones happens through robotic systems
which operate for safe disassembly. The systems perform three functions by
extracting lithium-ion batteries, sorting circuit boards, and isolating metals
for recycling while protecting workers from hazardous materials.

3.4. Hazardous Waste Handling and Disposal

Hazardous waste management including chemicals, radioactive materials
and heavy metals pose major safety concerns to workers. This part shows
how robotics can be used safely to transport and process these materials so
that people do not have to work closely with them. Robots are gradually
being adopted in dangerous situations like chemical industries, nuclear
power plants, and waste incineration facilities to handle and transport
toxic or hazardous wastes. These robotic systems come with grippers or
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manipulators that enable the systems to manipulate hazardous chemicals,
solvents, or acids without the risk of their spills or leaks or even the worker
being exposed to them. For example, in a chemical production facility,
robots can move hazardous waste chemicals to the right containment areas
for further processing or disposal, all while keeping workers clear of the
materials.

The use of robotics in hazardous waste management has the following
advantages. It cuts the chances of people’s exposure to toxic substances
therefore in a big way helps in meeting the required standard of safety and
avoiding risks to the health of workers. Furthermore, robots are accurate
in handling hazardous materials therefore the right method of disposal is
chosen and the chances of making a mistake are minimized. Therefore,
robotics can help reduce the frequency of such incidents and spills that
may cause environmental pollution or pose threats to workers and, hence,
contribute to safety and productivity.

3.5. Robotic Waste Compaction and Compression

In an industrial context, it is imperative to compact or compress waste
in order to shrink its spatial requirements, make it easier to transport, and
improve the material recovery process. This role can be easily taken up by
robotics and thus lessen the burden of manual work. Hence, automatic
systems like waste presses, crushers or compactors, controlled by robots,
can crush materials like metal scraps, plastic bottles or paper waste. These
robotic systems are able to change settings automatically to suit changes in
waste type or level and thus work consistently. There are ways to include
Artificial intelligence (Al) algorithms to the compaction process in order
to achieve the best compression that will help in maximizing the container
space and minimizing the cost of transportation by compressing the waste
in the most efficient manner. For example, in a manufacturing environment,
there are robotic compactors that can independently crush aluminum cans
and plastic containers in order to make them ready for transportation to the
recycling plant. The utilization of robotics in waste compaction has many
benefits. First of all, robotic systems allow to compact waste that will help
to save space and transport the waste more efficiently, without the need
to create extra space. Also, these systems can run 24/7, thus ensuring that
the compaction is done as well as possible and without employing more
personnel to attend to other important duties. The reduction in the size of the
waste also results in the reduction of costs associated with the transportation
of the waste. Hence, it leads to overall increased efficiency in the operations
of the companies.
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3.6. The Future of Robotics in Industrial Waste Management

As robotics and artificial intelligence (AI) technologies become more
sophisticated, they are expected to be widely applied in industrial waste
management in the future. Future robotic systems will be more intelligent
and will be able to make real time decisions based on data collected from
sensors, cameras and other monitoring devices and thus be able to run the
waste management operations on their own. The main objective of robots
in recycling facilities is to enhance operational efficiency and safety standards
by working together with human personnel. For example, the cobots will
take over dull or dangerous work from people, thus allowing people to
concentrate on the more challenging tasks. Also, robotic systems will still
improve the recovery of materials by dealing with more complex waste
streams especially mixed and contaminated wastes and sorting them faster.
The integration of robotics with IoT devices and blockchain will provide
real time information on the source, route, and destination of waste, thus
enhancing transparency and accountability in waste management systems.
Robotics is revolutionizing the way that companies are implementing
industrial waste management and handling and sorting of waste materials.
Through automation of vital functions including material handling, sorting,
e-waste disassembly, hazardous waste management, and compaction,
robotics enhances the performance, safety and sustainability of industrial
processes.

4. Precision Recycling: Advanced Techniques and Robotics for
Efficient Waste Processing

Precision recycling is a very specific and sophisticated way of sorting,
processing and recovering materials from the waste streams. This approach
has been developed to improve the recovery of materials with minimum
pollution, minimum waste, and minimum energy input. The implementation
of the robotics, artificial intelligence (AI), machine learning and smart sensor
technologies have enhanced the precision and speed of the recycling process.
These technologies allow for better distinctions of materials that can be used
to tell the material that can be used to recover valuable resources from the
waste that has to be disposed of properly.

In the manufacturing industry and e-waste recycling, precision recycling
is an essential process to recover important and hard to find materials such
as metals, plastics, and rare earth elements, while minimizing the impact on
the environment. The use of robotics and automation in precision recycling
systems has led to important enhancements in material recovery rates. For
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instance, robotic systems can efficiently shred large materials to smaller
and more easily manageable pieces, or granulate certain plastics and metals
to make them ready for further processing. The advanced sensors in these
robots enable them to identify different materials and compounds which
exist in waste streams. The process enables operators to pick out useful
materials and recyclable components which helps decrease contamination
levels and increases the worth of recovered materials. A study on precision
recycling demonstrates its value through a study which investigates how
robotics advances recycling operations through waste sorting robots and
electronic product disassembly systems [4]. This study demonstrates modern
Al robotic waste sorting systems while showing that robotic technology
for electronics recycling remains underdeveloped. It specifically explores
the potential of delta robots for high-speed sorting and accurate material
recognition.

4.1. AI-Driven Material Identification and Sorting

By the use of machine vision technologies, Al systems used for sorting
waste apply deep learning algorithms to distinguish and sort materials
according to their visual, chemical, or spectral nature. Such systems are
integrated with cameras, infrared sensors and X-ray machines to distinguish
between these with a high degree of accuracy. Some of these Al driven
solutions are able to recognize different kinds of materials; from different
kinds of plastics, metals, paper, and even more complex materials like textiles
or composites. The technology is most valuable for sorting mixed waste
streams where conventional methods are poor. The flexibility that AT offers
in material sorting, better material recovery rates and better management of
diverse waste streams are the primary advantages.

4.2. Near-Infrared (NIR) and X-Ray Fluorescence (XRF) Sorting

Near-Infrared (NIR) spectroscopy uses infrared light to signal and sort
materials according to their molecular structure. X-ray fluorescence (XRF)
analyzes materials’ atomic composition by measuring fluorescence output
when material is irradiated with X-rays. Both technologies are very efficient
tor sorting materials like plastics and metals from a mixed waste stream. NIR
is used for sorting different kinds of plastics (e.g., PET, HDPE, PVC) and
XRF for detecting and sorting metals, including the valuable and precious
metals. Major benefits of these technologies include high accuracy of sorting,
high rate of processing, and lower levels of contamination.



Berrin Denizhan / Onur Denizhan | 111

4.3. Electromagnetic Separation and Eddy Current Sorting

Electromagnetic separation is based on the use of strong magnets to
attract and sort out ferrous metals, that is steel and iron, while eddy current
separators work by applying an alternating magnetic field to sort non-ferrous
metals, e.g. aluminum and copper, from non-metallic materials. These
technologies are used extensively in the recovery of metals from mixed waste
streams, particularly in automotive manufacturing and e-waste recycling.
The key advantages of these systems include highly efficient metal recovery,
maximum energy efficiency and non-invasive operation.

4.4. Hydro- and Pyro-Metallurgical Techniques

Hydrometallurgy and pyrometallurgy are sophisticated processes used for
extracting valuable metals from complicated materials. Hydrometallurgy uses
aqueous solutions to selectively extract the metals whereas pyrometallurgy
uses high temperature melting and separation of metals. These techniques
are especially suitable for extracting precious metals such as gold, silver and
palladium, rare earth elements and other materials from electronic waste,
batteries and magnets. The main advantages of these methods are selectivity
in extraction, high metal recovery and environmental friendliness.

4.5. The Future of Precision Recycling

Precision recycling is going to be the future as the current improvements
in artificial intelligence (AI), robotics and materials science improve waste
sorting and material recovery processes. Some of the trends likely to persist
include; artificial intelligence systems are likely to improve their capacity
to distinguish new materials, complicated waste types, and work with
different waste compositions. It is quite probable that the cobots application
progress will continue and more cobots will be used in combination with
human operators to increase the flexibility and responsiveness of recycling
operations. The circular economy will gain advantages from precision
recycling because it helps businesses reduce their need for raw materials and
waste while creating sustainable industrial practices.

5. AI-Driven Predictive Maintenance for Recycling Equipment

In the recycling industry, one has to have reliable equipment to ensure
that there is a high rate of production with minimal down time and good
quality of the recycled products. The conventional methods of maintenance;
periodic examination or only carrying out repairs when there is a problem,
have been found to be costly, result in breaks down and downtime and losses
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incurred in case of a break down. However, PdM is a concept that is driven by
artificial intelligence and it is changing the way that equipment management
is done in recycling facilities. This is done by using data, sensor technologies
and machine learning algorithms to predict the failure of equipment before
it occurs.

Predictive maintenance is the use of data analysis findings to determine
the likely time that equipment will fail or require service. Unlike reactive
maintenance, which occurs after the failure has happened or preventive
maintenance, which is done at set intervals, predictive maintenance enables
the manufacturer or technician to act before the problem occurs. This
process is achieved by the continuous monitoring of critical equipment
variables (vibration, temperature and pressure) in real time. The data
is then analyzed by machine learning and Al models to determine the
remaining useful life of the components, find anomalies and suggest the
right time for maintenance. When integrated with IoT sensors, Al enables
the real-time health monitoring of recycling equipment. It means that the
temperature, vibration and wear can be monitored and, using the Al, it can
tell when maintenance is required before a breakdown occurs. Furthermore,
autonomous maintenance robots that are fitted with diagnostic tools can
move around the recycling machinery and perform inspection and repair
work to minimize on downtime. PM is the application of technology for the
purpose of determining the condition of maturity of used assets, hence the
term predictive, where probability is used to determine the time of failure.
A research demonstrates how Al predictive maintenance works through an
example that applies to recycling operations by studying its application in
the oil and gas sector [5]. The article shows how machine learning enables
predictive equipment failure detection which leads to scheduled maintenance
operations that boost operational performance and minimize equipment

stoppages .

5.1. Data Collection and Sensor Integration

To perform predictive maintenance in recycling operations it is necessary
to gather data from sensors that are installed in recycling machinery. Some
of the sensors most often employed are the following: Vibration sensors
that monitor the movement of motors, conveyor belts, shredders and other
mechanical parts for detecting uncharacteristic noises that may indicate wear
or failure. Temperature sensors which are used to monitor the temperature in
strategic locations such as motors, bearings and other areas that are likely to
get very hot, in order to identify situations of potential overheating or poor
performance. Pressure sensors that measure changes in pressure especially in
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the hydraulic or pneumatic systems and can determine potential problems
before they become serious. Acoustic sensors that detect unusual sounds
that may be an indication of problems like bearing failure, misalignment or
other mechanical failure. Power consumption sensors that monitor energy
consumption and can reveal low efficiency that may be related to failed
motors, drives or other power related problems.

These sensors gather data about the operational condition of the
equipment and send it to an Al system that analyzes the data in real time. The
system analyzes this data to recognize problems, learn when a component is
likely to fail, and suggest when to perform a maintenance activity to improve
the reliability and effectiveness of recycling operations.

5.2. AI and Machine Learning Algorithms

Once the data is collected, Al algorithms, especially machine learning
(ML) and deep learning models, process and analyze it in real-time to
discover patterns and predict failures. These models are trained on historical
maintenance data, operational history, and sensor readings to define what
is normal for a given asset, thus being able to detect changes that may lead
to failure. The AI systems learn to monitor typical recycling equipment
behavior and raise alerts on anomalies by analyzing sensor data. For instance,
a sudden increase or decrease in vibration or temperature could mean that
a bearing is failing. AI models are useful in this case by looking at trends in
the sensor data to predict the remaining useful life (RUL) of a component
and gives the maintenance teams a good idea of when a component needs
to be repaired or replaced. This is because it shifts from a mere guess or a
schedule-based approach to more informed decisions. It can also provide
simultaneous analysis of multiple data sources in order to assist in the
identification of the root cause of a problem. Al systems can also assist in
the diagnosis of the cause of failure and pointing out the likely components
or operating conditions that may have contributed to the failure and thus
informing the maintenance activities to avoid the repetition of the same
failure.

5.3. Real-Time Monitoring and Alerts

New technologies encompass Al-based predictive maintenance systems
that can monitor recycling equipment in real time and send alerts or
notifications to maintenance teams when there is a potential problem or
anomaly. Alerts are raised when the system suggests that a failure is likely to
occur or when any of the equipment parameters is beyond the normal range.
For instance, if the vibration of a motor exceeds the set limit, the system may
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issue an alert for possible failure of the motor. In the event of an anomaly,
the system is capable of scheduling a work order for the maintenance staff
and send information about the affected part, the predicted time of failure,
and other diagnostic information that may be useful in troubleshooting.
The usage of IoT devices and sensors improve the surveillance of recycling
equipment. These devices and sensors are attached to the equipment to
keep a check on temperature, pressure, flow rates and vibration. This one
step data collection process enables the AI model to detect potential failures
almost in real time. There are several advantages of implementing Al in
predictive maintenance. It detects failures proactively as opposed to reactive
maintenance, thus minimizing downtime and costs of maintenance. It
can learn complex patterns and anomalies from the data and give accurate
predictions on the risks of failure of the equipment. Furthermore, it can set
up maintenance plans to each component according to its behavior, so that
only necessary repairs are made at the right time. The integration of AI with
the predictive maintenance systems has greatly improved the reliability and
efficiency of recycling operations. Through the application of Al, companies
are therefore able to improve their maintenance plans and thus reduce the
overall costs of maintaining efficient equipment.

5.4. Maintenance Optimization

Using Al for predicting the ideal time for maintenance can help recycling
facilities improve their maintenance planning so as not to stand over the
machinery and thus avoid unnecessary downtime and possible failures.
Predictive maintenance is the optimal way of managing resources since
it consists of performing maintenance only when it is actually needed,
depending on the actual condition of the equipment rather than standard
schedules. Since certain activities can be arranged to occur when production
is low, this prevents disruptions to the recycling process. Through identifying
and solving problems at their early stage, the facilities can lower the costs
of repairs since many a time it is cheaper to replace a small defect before it
becomes a big and costly problem. CM and BAR reduce the maintenance
window, increase the component’s lifespan, and thus improve the ROI for
recycling companies.

5.5. The Future of AI-Driven Predictive Maintenance for
Recycling Equipment

AlI predictive maintenance technology has brought major improvements
to the management of recycling equipment through its implementation. The
system uses real-time sensor information together with machine learning
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algorithms to forecast equipment breakdowns which results in better
maintenance planning and decreased operational expenses and reduced
equipment downtime. Predictive maintenance will be more and more
important as the recycling industry keeps on growing and becoming more
automated and sustainable. Recycled material quality and equipment life are
both important and so predictive maintenance will be crucial in enhancing
the overall efficiency of the operations in the recycling industry. Recycling
equipment maintenance is slowly but steadily becoming intelligent and data-
driven with the advancement of Al and sensor technologies.

6. AI-Enabled Waste Stream Forecasting in Recycling

Waste stream forecasting is an important part of the modern recycling
systems that enable both companies and municipalities to predict the
quantity, kind, and character of waste that needs to be prepared for further
processing. Improper forecasting leads to ineffective and costly recycling
operations, while proper forecasting helps in the efficient utilization of
resources. Conventional methods of waste stream forecasting have been
based on historical data and simple statistical analyses. However, the
integration of artificial intelligence in these processes has enhanced them to
a greater extent. Al-based waste stream forecasting utilizes machine learning
techniques, prediction models, and data analysis to predict the quantity
and type of waste produced and its constituents. This approach improves
the efficiency of waste collection, sorting and recycling and therefore leads
to more environmentally friendly and economical recycling. The Al based
forecasting systems use both historical data and real time information to
forecast the waste streams and the materials likely to be brought in. These
models assist recycling facilities in predicting changes in the types or quantities
of materials that are likely to be brought in for processing. Combined with
waste forecasting, robotic sorting systems can help facilities get ready for
changes in waste streams and adjust their methods and equipment accordingly.
The effect of Al on recycling speed is significant: through the prediction
of changes in waste composition, recycling plants can change their sorting
techniques and working operations before the actual change to avoid delays
and speed up the sorting of materials. Also, AI makes it possible to forecast
the demand for recycled materials, which helps manufacturers to align their
collection and processing efforts with market requirements more precisely.
Proper management of waste stream forecasting leads to the enhancement of
recycling operations, as well as reducing the amount of waste that is dumped
in landfills and increasing the possibility of material recovery. A research
paper is presented ANASA, a completely autonomous robotic system for
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improving recycling rates in Greece by choosing the optimal placement of
recyclable materials using optical and robotic subsystems. The system is
compared to two urban waste management facilities in Crete and is shown
to have high reliability, speed, and ease of implementation, with low cost
compared to traditional recycling methods [6].

6.1. Data Collection and Integration

Historical data on the type and volume of waste generated, as well as
its composition, is collected, which may apply to household, industrial or
commercial waste, depending on the recycling operation. Other relevant data
sources which include population demographics, socio-economic factors,
seasonal trends and weather forecasts are integrated to get a full picture of
waste generation trends. Real-time data is acquired from sensors that are
installed in waste containers, collection vehicles and recycling equipment to
give information on waste levels, container fill rates and waste composition.
This data is then used to improve the accuracy and the predictive power of
the forecasting models.

6.2. Data Preprocessing and Feature Engineering

To this end, outliers, missing values, and data normalization are addressed
to subject the data collected from different sources to cleaning, processing
and transformation to make it ready to use in the AI models. The process of
feature engineering is used to identify and choose those variables that are most
predictive of the Al system’s performance. Some examples are: indicators of
economic growth are associated with higher levels of commercial waste;
weather patterns might affect the generation of organic waste.

6.3. Al and Machine Learning Models

In supervised learning, machine learning algorithms are trained on
datasets that have been ‘labeled,’ or where the outcomes are known, in
order to learn patterns and predict future waste streams. Others, including
regression models, decision trees, and neural networks, can also be used to
make predictions of waste volumes, material composition, and generation
rates. Finds patterns and relationships without the need for predefined labels
as algorithms for unsupervised learning explore data. This approach can be
very useful in detecting new trends or shifts in waste behavior that may not be
obvious from conventional analysis. Techniques for time series forecasting,
including ARIMA models, LSTM networks, and other deep learning
techniques, are used to forecast waste volumes over time. These models
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capture historical data trends, seasonal variations, and cyclical behaviors of
waste generation to forecast waste patterns with higher accuracy.

6.4. Forecasting and Prediction

Once the AI models are trained, they are able to make predictions about
future waste streams, e.g. the expected quantity of recyclables, hazardous
waste or non-recyclables. These forecasts can be made for different time
frequencies (daily, weekly, monthly) and different geographical locations
(regional, municipal or industrial). In addition to the total volume of
waste, Al systems can also forecast the composition of the waste, e.g. the
expected proportions of plastics, paper, metals and organic materials. This
allows recycling operations to sort and process input materials accordingly
to maximize sorting and processing performance.

6.5. Optimization and Decision-Making

The output of the forecasting model is integrated into strategic decision-
making processes. For example, the predicted trends in waste generation can
be employed to enhance waste collection schedules so that trucks and bins
are used more effectively, in line with expected demand. Furthermore, these
forecasts can be employed by recyclers to align their processing capacity and
staffing levels such that they are ready to deal with peak or seasonal demand
for specific kinds of waste.

6.6. The Future of AI-Enabled Waste Stream Forecasting in
Recycling

It can be stated that Al-driven waste stream forecasting is a significant
step forward in the planning, management, and optimization of recycling
operations. Applying machine learning, big data, and predictive analytics,
recycling facilities can better forecast future waste flows, enhance logistics,
enhance the use of resources, and decrease operational costs. Al-powered
forecasting will be crucial to the recycling industry’s increasing adoption
of data-driven technologies as it seeks to further develop more sustainable,
efficient waste management systems, support a circular economy, and
minimize environmental impact.

7. Al-Integrated Circular Supply Chains in Recycling and Waste
Management

Over the past few years, the idea of the circular economy has emerged
as a key concept for addressing sustainability, waste minimization, and the
optimal utilization of resources. Among the main principles of the circular
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economy, the circular supply chain is also one of the most important. It
implies the regeneration of resources and products, as well as their repair,
re-manufacturing, and recycling, so that the maximum possible percentage
of materials can be excluded from the waste stream. In this regard, Al-based
circular supply chains are a novel way of handling materials management,
enhancing recycling performance, and developing sustainable supply chain
systems.

The circular economy represents a production system which works to
maximize product and material value through extended usage periods. The
system works to decrease hazardous materials and restricted resources and
carbon throughout every production phase. The circular economy protects
environmental health and human health through its waste reduction
activities and its safe product reuse practices after product expiration.
Manufacturing operations generate product value through their operations
while they strive to fulfill global carbon reduction goals. Therefore, circular
economy is a concept that naturally integrates with the concept of Supply
Chain. Integration between all stages of the chain and sustainability-oriented
resource efficiency aims to extend the life cycle of materials and thus reduce
waste and environmental impact. This approach focuses on integrating
circular economy principles into supply chain processes by encouraging
activities such as recycling, sustainable production and sustainable use. This
includes redesigning products to be long-lasting and recyclable, implementing
reverse logistics and encouraging industrial symbiosis [7, 8]. It is important
to capture and recreate value from products and services in order to create
a circular effect throughout the supply chain. To achieve this, new business
models are being promoted. This includes the use of biomaterials and the
development of performance metrics to assess circularity [7].

An AT integrated circular supply chain is one in which Al technologies
are deployed across the various stages of the product system to enable
tirms to transition to the circular economy by optimizing resource use and
minimizing waste. It enables better decision making through more precise
data which can be used to design products, select materials, manage waste,
recycle and reuse. When businesses implement artificial intelligence (AI)
into their circular supply chain, they are able to automate and improve the
cycle of a product, from the time it is produced until the time it is recycled
or disposed of and then brought back into the system. This ensures that
recycling, resource recovery and waste management are done efficiently.
Some of the features of an Al integrated circular supply chain include;
material recovery, recycling and reprocessing, product design for circularity,
resource optimization and demand forecasting and inventory management.
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The circular supply chain benefits from Al integration through multiple
value chain stages which enable data collection and forecasting and support
better decision-making. The system achieves material flow optimization
through this approach which reduces waste production and extends material
usage duration.

7.1. Product Design and Material Selection

The product design is optimized by using AI models for making products
with materials that can be easily reused, recycled or upcycled. This includes:
Material Optimization: Al driven simulations can tell which materials are
the most sustainable and recyclable for a particular product. Eco-Design: Al
tools can guide engineers to build products that can be disassembled or used
again, with factors like reparability, recyclability and environmental impact
considered. Lifecycle Analysis: It calculates the environmental impacts of
products throughout their lifecycle and reveal where material reductions,
energy conservation and design for recycling can be enhanced. In the fashion
industry, Al can assist in identifying trends and consumer preferences to
create products that meet consumer needs and minimize design faults and
costs. Likewise, in textile production, Al can optimize the usage of dyes and
chemicals to reduce their impact on the environment. It is also applied in the
refinement of production processes to minimize waste and carbon emissions
across the supply chain, resulting in sustainable manufacturing practices. Al
is used in repurposing and refurbishing products to prolong the product’s
life and decrease the amount of waste and the consumption of resources.
This includes: Product Resurrection: It can detect damaged components
or potential failures in a product and inform users how to repair or replace
parts for continued use. Remarket-ability Assessment: It can examine a
product’s durability; resale value, and recyclability to assist in determining
whether repair or replacement is more sustainable. Consumer Engagement:
Al powered tools can help customers identify and value existing products,
promoting buying and recycling over new purchases.

7.2. Supply Chain Transparency and Traceability

New Al technologies like blockchain and IoT can help in increasing the
transparency of the supply chain so that the origin and track of materials,
products and even wastes can be traced. Blockchain: Secure and Ethical
Supply Chain Tracking of Materials — Blockchain provides a secure and end
to end tracking of materials, so that the latter can be confirmed as having
been sourced ethically and made traceable from source to product and
throughout the lifecycle. Sensors: IoT: Sensors integrated into products or
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packaging to provide real time tracking and give information about product
usage, wear, tear and life expectancy. This is crucial in being able to know
when products can be taken back for recycling or refurbishing.

The integration of Artificial Intelligence (AI) in supply chain management
is changing the transparency and the traceability of the supply chains for the
better and at the same time, is bringing about significant improvements
in efficiency, security and sustainability. Being used in conjunction with
blockchain technology in the supply chain, Al offers a strong framework
to tackle the weaknesses and constraints of the conventional supply
chain management systems by allowing the tracking and proof of origin
of products and materials in real time. This synergy not only improves
operational transparency, but also supports ethical sourcing and compliance
with regulatory standards. The following sections discuss specific roles that
AlI plays in improving supply chain transparency and traceability.

7.3. Smart Logistics and Transportation

Al can optimize logistics in a circular supply chain by improving the
transport of recyclables, refurbished products and spare parts. Al systems can:
Minimize the possibility of over or under supplying materials or refurbished
products to various areas for the efficient running of the supply chain.
Reduce carbon emissions by calculating the optimal paths that minimize
the amount of fuel used in transportation of recyclable or remanufactured
material. Assist in the development of the reverse logistics of take back
programs for products at the end of their useful life. Artificial Intelligence
(AI) is significantly transforming smart logistics and transportation by
enhancing efficiency, reducing costs, and improving decision-making
processes. Al technologies, such as machine learning, big data analytics, and
the Internet of Things (IoT), are being integrated into logistics systems to
optimize various operations, from route planning to inventory management.
These advancements are not only streamlining logistics processes but also
contributing to environmental sustainability and safety improvements.

7.4. Material Recovery and Sorting

Robotic Automation: Automaton powered by artificial intelligence (AI)
and computer vision can distinguish between types of waste and recognize
potential recyclable materials e.g. plastics, metals and glass. This makes the
recycling process faster and more accurate in sorting, with low probability of
contamination. Predictive Analytics: Al algorithms are capable of predicting
the kinds of materials that are likely to be generated from various waste
streams and therefore help recyclers to modify their processes to suit the type
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of materials that are likely to be delivered to their facilities. This increases the
efficiency of material recovery facilities (MRFs) and improves the recovery
of value metals or plastics. Sensor Technologies: Al based sensor systems
can determine the constitution of the waste through scanning, sorting
and optical detection. For instance, new age Al algorithms are capable of
telling the difference between various kinds of plastics or metals, leading to
a better separation of the material. Matching choice: Sensory technologies;
Al-integrated sensor systems can identify waste material composition
through scanning, sorting, and optical detection. Alternative choice: robotic
automation; Al-powered robots equipped with advanced computer vision
systems can automatically sort waste streams and identify valuable recyclable
materials (e.g. plastics, metals, glass).

7.5. Recycling and Remanufacturing

Recycling and remanufacturing processes have a crucial part in
manufacturing planning and optimization because most of the systems are
focusing on forward manufacturing processes and plans. Recycling and
remanufacturing integration with deterministic methods has created a very
complex problem. Al technologies enable smarter, more efficient recycling
and remanufacturing operations. By analyzing data from different stages of
material recovery, AI models can predict the best methods for reprocessing
and remanufacturing materials, whether they need to be shredded, cleaned,
or refabricated. Optimize the use of recycled materials in manufacturing
processes, ensuring that recycled content is incorporated into new products
without compromising quality. Automate the refurbishment of products; for
example, Al-controlled systems can guide the disassembly of electronics for
parts recovery and reuse. The application of Al in these areas is multifaceted,
involving process optimization, supply chain management, and product
lifecycle management. This integration is crucial for advancing the circular
economy, which aims to minimize waste and maximize resource utilization
through recycling and remanufacturing.

7.6. Demand Forecasting and Inventory Management

Demand forecasting models powered by Al analyze historical data,
market trends, and external factors to predict future demand of raw
materials, recycled materials or refurbished products. To predict the demand,
companies can: Optimize the amount of material to be collected, recycled
and processed without overproducing and creating waste. Enhance the
control of inventories for the recycled goods and components so they will
be on time for remanufacturing or repurposing. Enable closed loop systems
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by achieving supply and demand balance in real time, minimizing waste and
avoiding resource shortage. Al-based demand sensing models use historical
data, market trends, and external factors to predict the demand for raw
materials, recycled materials, or refurbished products. Thus, companies can:
Optimize the amount of material to be collected, recycled, and processed to
avoid overproduction and waste. Enhance the control of inventories for the
recycled goods and components so they will be available when needed for
remanufacturing or repurposing. Enable closed loop systems by supply and
demand balance in real-time, hence reducing waste and scarcity of resources.
By leveraging advanced algorithms and machine learning models, Al systems
can analyze vast datasets to predict demand patterns and optimize inventory
levels, thereby reducing costs and improving customer satisfaction. This
integration of Al into supply chain processes is particularly beneficial in
addressing the complexities of modern markets, where traditional methods
often fall short.

7.7. Real-World Applications of Al-Integrated Circular Supply
Chains

Electronics Recycling: Electronics manufacturers and recyclers have
started using Al enabled systems to automate the process of taking apart,
sorting and extracting valuable materials from electronic waste. It assists in
the recognition of components that can be used again such as rare metals
or circuit boards which reduce the need for virgin materials and enable
remanufacturing. Automotive Industry: Al assists automotive manufacturers
in the lifecycle assessment of vehicles by determining the components that
tail most often, improving vehicle recycling and creating a market for used
car parts. Furthermore, the use of Al in the end of life management of cars
has been strengthened to ensure that metal, plastic, and rubber components
are recovered and used as they should be. Packaging Industry: Packaging
companies can also employ Al in the creation of recyclable and reusable
packaging materials. It is possible for AI models to determine the demand
tfor packaging material, the collection and recycling of used packaging and
ensure that the materials are used in the production of new packaging.
Textiles and Apparel Industry: In the recycling of fabrics and textiles, AI plays
a role in determining the best way of sorting and recycling fibers. Design
tools powered by Al also support the creation of garments that can be more
easily disassembled, repaired or recycled to increase the product life cycle in
the apparel industry. Waste Management Companies: Integration of Al with
waste management systems enables companies to monitor and control the
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tflow of recyclable and non-recyclable wastes. It can forecast waste volumes,
predict recycling rates and enhance the sorting and processing of wastes.

7.8. The Future of Al-Integrated Circular Supply Chains in
Recycling and Waste Management Forecasting in Recycling

New and sustainable ways of doing business can be enabled by AI
integrated circular supply chains in the recycling and waste management
industries to create more efficient, transparent and sustainable systems.
Advanced data analytics, predictive modelling and automation enabled by Al
helps companies discard the idea of waste and instead, focus on the recovery
of valuable materials and the reduction of losses to create a more sustainable
circular economy. Al technologies are still in the process of evolving and
they will further integrate with the circular supply chains as they become
more essential for businesses to achieve their sustainability goals and create
long term value in a resource constrained world.

8. The Future of Robotics and Al in Recycling: Advancing
Sustainability and Efficiency

The development of accelerated recycling manufacturing processes will
receive advantages from robotics and Al technology advancements which
show strong potential for expansion. There are some key trends that are
driving innovation: Advanced Robotics: New generation robots will be
more flexible and self-learning and will increase the efficiency of recycling
processes. Al-Powered Optimization: Al will continue to enhance sort
efficiency, material recovery, and predictive maintenance, thus making
recycling operations more efficient and sustainable. Integration with
Blockchain: Blockchain can be employed to track the materials in the supply
chain, which can increase the recycling rates. This paper aims at exploring
how robotics and artificial intelligence can be combined to enhance recycling
processes. These technologies are likely to radically transform recycling
processes in the near future and therefore it is important to see how this can
be achieved. The future is likely to see better, smarter, and more efficient
systems that will increase the speed of recycling, improve the efficiency of
the process, and at the same time minimize the cost of sorting and recovering
materials.

8.1. Advanced Automation in Sorting and Material Recovery

Al-Powered Robotics: The future of recycling will be more robots in
the form of devices controlled by artificial intelligence and using machine
learning for example in sorting, identifying and processing of materials.
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Today, robots can already sort materials like plastics, metals and paper but the
future of AI and computer vision will enable robots to identify and handle
a wider variety of materials with more precision. These systems will become
better at recognizing contaminants and will sort the materials correctly
almost always. Collaborative Robots (Cobots): Collaborative robots are
now more likely to be used in recycling facilities. These robots share the
same workspace as people to execute certain functions. It is responsible for
functions like bin lifting, sorting and packaging thus avoiding fatigue and
injuries to workers while increasing production. Cobots will be necessary
for mixed-waste sorting plants to increase production without necessarily
replacing the human workforce.

8.2. AI-Driven Predictive Analytics for Material Flow Management

Real Time Data Processing: The capability of processing large amounts
of data in real time will enable recycling plants to track the materials flow
from collection to sorting, processing and finally recovery. Predictive
analytics will be used to predict the waste volumes and types in the future
that will help the recyclers to manage the changes in waste streams and
enhance the processing capacity. Dynamic Waste Stream Forecasting: Al
models will predict the changes in waste composition over time based on
season, consumer behavior, and global economic trends. This will enable
recyclers to enhance their operations to the optimum level, so that necessary
resources (for example, equipment, personnel) are available at the right time
and to avoid overcapacity in low demand periods.

Al-driven predictive analytics is revolutionizing material flow management
by enhancing efficiency, reducing waste, and optimizing resource allocation
in manufacturing and logistics. By leveraging machine learning algorithms,
these systems can forecast demand fluctuations, identify bottlenecks, and
suggest real-time adjustments to improve operational performance [9].
One critical advantage is the ability to process large volumes of data from
various sources, such as IoT sensors and enterprise resource planning
(ERP) systems, to generate accurate predictions [10]. Additionally, Al-
powered models contribute to sustainability by minimizing excess inventory
and energy consumption, aligning with circular economy principles [11].
However, challenges such as data integration, model interpretability, and
high implementation costs remain significant barriers for many organizations
[12]. Future advancements in Al-driven predictive analytics, particularly in
the context of Industry 4.0, will further refine material flow management,
making supply chains more resilient and adaptive to disruptions [13].
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8.3. Intelligent Waste Collection and Smart Logistics

Al-Powered Waste Collection: The traditional waste collection systems
will be integrated with AI such as smart sensors, machine learning and
IoT to monitor the level of waste in bins and containers in real time. The
sensors are able to tell the collectors when the bin is full and in result reform
the collection routes and schedule according to the real time demand. The
generated data can also be used to determine the likely time that an area will
require collection services, this improves the efficiency and effectiveness of
the logistics. Drift Analysis: In areas with a high density of population or in
limited access areas, drones can be used to pray and identify piles of waste
and debris. They can send this information to central systems to help speed
up the collection process and reduce time spent on unnecessary movement.
Intelligent waste collection and smart logistics leverage Al, IoT, and big
data analytics to optimize waste management, reduce operational costs, and
enhance sustainability in urban environments. Smart waste collection systems
use sensor-equipped bins to monitor fill levels and determine the most
efficient collection routes, thereby minimizing fuel consumption and carbon
emissions [14]. Intelligent waste collection and smart logistics represent
a transformative approach to managing urban waste, leveraging advanced
technologies such as the Internet of Things (IoT), artificial intelligence
(AI), and machine learning. These systems aim to optimize waste collection
processes, reduce environmental impact, and enhance operational efficiency:.
By integrating real-time data processing and predictive analytics, smart
waste management systems can significantly improve the sustainability and
effectiveness of waste logistics.

8.4. End-of-Life (EOL) Management for Products and Materials

Al in Product Lifecycle Management: It will enable companies to design
products with the end of life (EOL) in mind. It can also use machine
learning algorithms to analyze design blueprints to recommend materials
or components that are easy to disassemble and recycle. This will create
products that are inherently easier to repurpose, with less waste, and help
support a circular economy. Smart Disassembly: Autonomous robotics
systems enabled by AI will be able to dissect complex products — such as
electronics — and distinguish recyclable components or materials. This will
enhance the recovery of rare earth metals and valuable components from
the e-waste, such as smartphones, laptops, and televisions, which are hard
to recycle.
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8.5. Robotic Systems for Hazardous Waste Management

Hazardous material like chemicals, batteries, or medical waste need
special handling because they are toxic or can cause pollution. Hazardous
materials need to be identified, separated, and disposed of safely away from
human workers. Robotics will play an essential role in the automation of
the identification, separation, and safe disposal of hazardous materials to
reduce risks and lead to higher safety standards in recycling facilities, all
with the help of Al-driven robotic systems. Robotic systems are increasingly
being utilized in hazardous waste management to enhance safety, efficiency,
and precision. These systems are supposed to deal with different kinds of
waste, starting from nuclear, through explosive, to ordinary urban ones,
using cutting edge solutions like teleoperation, autonomous navigation, and
intelligent sorting. Integration of robotics in waste management not only
reduces exposure of people to dangerous environments but also enhances
the efficiency of waste handling processes.

8.6. AI and Decision Support for Circular Economy

New Forms of Recycling with the Help of Al: The future of recycling
will incorporate Al into the broader strategies of the circular economy.
Al can monitor the flow of materials in real time across the value chain of
different industries to tell a company where to look for recycled materials,
what products can be reused, and how waste can be minimized. This level
of intelligence will create more sustainable business models and enhance
the industries’ choices in materials, processes, and waste management.
Decision Making with the Help of Data: It will support decision-making
by the continuous data analysis of various stages of the recycling process
and recommendations for enhancing material capture, decrease pollution
and enhance the quality of remanufactured products. Moreover, Al
models will be used to guide businesses on compliance with regulations,
emissions standards, and sustainability goals. Virtual Recycling Centers:
An Artificial intelligence can power ‘virtual recycling centers’ to sort and
classify the waste in real-time and select the waste for recycling or reuse.
This will become particularly crucial as recycling technology keeps on
improving and new materials are introduced into the market thus requiring
more specific sortation methods. Al can also aid in upcycling of products;
this means that it can determine how the available materials can be used
in the production of value-added products thereby reducing the need for
raw materials and the emissions that are associated with their processing.
AT Circular Economy Models: The future of recycling will include the
application of Artificial intelligence in the circular economy. It can watch
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the material flow and tell companies where their source materials come
from, what products can become, and how to maximize material reuse. It
will be a level of intelligence that will make businesses come up with better
models and make industries more efficient in their selection of materials,
processes and waste management. Decision-Making with the Help of Data:
It will support decision-making by the continuous data analysis of various
stages of the recycling process and recommendations for improving material
recovery rates, reducing contamination and improving the quality of recycled
products. Al models will also be used to guide businesses on compliance with
regulations, emissions standards, and sustainability goals. This approach is
meant to maximize the utilization of resources, reduce waste, and enhance
sustainability in different sectors.

8.7. Improved Recycling of Complex Waste Streams

Al and Robotics in Complex Material Recovery: Another challenge in
recycling is sorting of complex waste streams such as multi material packaging,
electronic waste or composite materials. They will keep on enhancing their
efficiency in case of such materials by learning to sort mixed plastics, fabrics,
metals and composites. Thus, the development of new sorting techniques
with the help of Al will enhance the recycling rate of these complex materials.
Al for Chemical Recycling: Al will also be heavily employed in chemical
recycling technologies, where state of the art AT models is utilized to design
the break down and recycling of different forms of polymers and plastics
into their basic chemicals. This is particularly important as current recycling
methods are unable to cope with the numerous kinds of plastics present in
the market today. The recycling of complex waste streams presents significant
challenges due to the diverse nature of materials such as electronic waste,
plastics, heavy metals, and organic waste, each requiring specific treatment
methods. Recent advancements in sensor technology, recycling devices, and
chemical processes are improving efficiency and effectiveness in recycling
operations. Optical sensors like hyperspectral imaging (HSI) and Raman
spectroscopy enable precise polymer identification in e-waste recycling, even
for dark pigments and brominated compounds, enhancing material recovery
and improving recycle quality [15]. However, impurities in waste streams
caused by improper disposal and poor product design reduce the quality of
secondary raw materials. Addressing these challenges requires collaboration
across the supply chain, enabling improved treatment processes and higher-

quality recycled materials [16].
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9. Conclusion: A Smarter, Greener Future for Recycling

The future of robotics and Al in recycling holds great promise to
increase the effectiveness, quality and sustainability of waste management
systems. These technologies will automate dull work, improve the recovery
of materials and offer real time data driven suggestions, which will be
very useful in advancing the circular economy and reducing the impact
of waste on the environment. However, there are still challenges existing,
the advantages of robotics and Al in the long run are expected to enhance
efficiency, increase material recovery rates and decrease the carbon footprint
in the recycling sector. While these technologies continue to develop, they
will undoubtedly play a part in creating a smarter and more sustainable
future for waste management.

While robotics and Al offer significant benefits in manufacturing for
speedy recycling, there are also some challenges. Table 9.1 presents benefits,
challenges and considerations of the robotics and Al in manufacturing for

speedy recycling.
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Tible 9.1 Benefits, Challenges and Considerations of Robotics and Al in
Manufacturing for Speedy Recycling

Benefits

Challenges and Considerations

* Enhanced sustainability

* Scalability and flexibility

* Improved worker safety

* Cost reduction

* Higher quality of recycled materials
* Increased efficiency and throughput

¢ Improved product lifecycle
management

¢ Increased resource efficiency

* Faster time to market for recycled
products

* Better customer service

¢ Improved planning and compliance
* Better quality control

* Increased maintenance costs

* Increased operational efficiency

* Reduced maintenance costs

* Increased profitability

* Optimized resource allocation

* Increased equipment uptime

* Maximized resource recovery

 Higher-quality recycled materials

* Better data-driven decision making

* Regularity and ethical issues

* Technological adoption and skill
gaps

* Data quality and integration

* High initial investment

* Technology adoption

* Privacy and security

* Upfront investment

* Complexity of waste streams

e Staff training and expertise

* System maintainace and updates

In conclusion, robotics and artificial intelligence (Al) are transforming
the recycling sector through enhancing the speed, efficiency and efficacy of
the recycling processes. These technologies are therefore contributing to the
transformation to a more sustainable circular economy by automating labor
intensive processes, enhancing material recovery and decision making.
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Bolim 6

Bor ve Bilesiklerinin Yiiksek Performansh
Kompozit Malzeme Uygulamalar:

Ersin Unal!
Hediye Kirli Akin?

Ozet

Bu galigma, bor ve onun bor karbiir (B,C), bor nitriir (BN) ve metal
boriirler (TiB,, ZrB,) gibi yiiksek performansh bilesiklerinin kompozit
malzemelerdeki stratejik ve teknolojik uygulamalarini incelemektedir. Bor,
Tiirkiye’nin tekel konumunda oldugu zengin rezervlere sahip stratejik bir
mineraldir. Bor bilesikleri, elmastan sonraki en sert malzemeler arasinda
yer alarak kompozitlerin mekanik, tribolojik ve termal 6zelliklerini tstiin
seviyelere tagir.

Caligmalar, B,C takviyelerinin aliiminyum (Al) matrisli kompozitlerde
sertligi onemli Ol¢iide artirdigini ve balistik zirh uygulamalarinda 4. seviye
tehditlere kargi tam koruma sagladigini gostermektedir. BN nano tiipleri
ve nanolevhalari, hidroksiapatit (HA) matrisli biyo-kompozitlerde kirtlma
toklugunu %86, sertligi ise %129 oraninda artirarak, ortopedik implantlar
igin biiyiik potansiyel sunmaktadir. Metal matrisli kompozitlerde (Al/B,C)
sik¢a kargilagilan diigiik 1slatilabilirlik sorunlari, nikel (N1) kaplama gibi ylizey
modifikasyon yontemleriyle agilmakta, boylece matris-takviye ara yiizey bag:
gliglendirilmektedir. Ayrica TiB, ve B,C ‘nin yiiksek notron absorplama
kapasitesi, onlar1 niikleer reaktor kontrol gubuklari igin kritik kilarken, hBN
bazli kaplamalar aginma ve korozyon direncini ciddi 6lgiide iyilestirmektedir.
Sonug olarak, bor ve iiriinleri, havacilik, savunma ve biyomedikal gibi sektorler
i¢in yiiksek performans gerektiren yeni nesil malzemelerin gelistirilmesinde
kilit bir rol oynamaktadur.
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1. Kompozit Malzemeler

Teknolojideki  hizli ilerleme ve degisim, geleneksel materyallere
kiyasla daha {iistiin Ozelliklere sahip yeni malzemelerin gelistirilmesini
ve kullanilmasini zorunlu kilmigtir. Bu gereklilikten yola ¢ikarak bilim
insanlar1, dogal malzemelerden veya alagimlardan daha iyi performansa
sahip yeni materyaller olusturmak i¢in yogun ¢aba gostermektedir. Bu
caligmalarin sonucunda, geleneksel metal ve alagim malzemelere gore daha
gelismis nitelikler sunan gesitli kompozit malzemeler ortaya gikarilmistir.
Kompozit malzeme; farkli fiziksel ve kimyasal Ozelliklere sahip, birbiri
iginde ¢oziinmeyen, en az iki fazin bir araya gelmesiyle olusan, farkli boyut
ve sekillerdeki bilesenlerin karmagik bir yapr iginde birlegtirilmesiyle elde
edilen heterojen bir malzeme sistemi olarak tanimlanir. Bu ¢ok fazli yapi,
mikro veya makro Olgekte bilesenler igerebilir ve nihai olarak elde edilen
yeni malzemenin, kendisini olusturan bilesenlerden daha tstiin mekanik
ve fiziksel Ozellikler sergilemesi beklenir. Bir malzemenin teknik olarak
kompozit olarak kabul edilebilmesi ve alagimlardan ayirt edilebilmesi igin;
kimyasal olarak farkli en az iki malzemenin bir araya gelmesi, bu bilesenlerin
li¢ boyutlu bir birlesim gostermesi ve ortaya ¢ikan yapinn bilegenlerin tek
bagina sahip olmadig1 yeni performans ozellikleri sunmasi gerekmektedir
[1].

Diisiik yogunluklari, yiiksek 6zgiil dayanimlar: ve iistiin mekanik—termal
ozellikleri sayesinde kompozitler, 6zellikle havacilik, otomotiv, savunma ve
ingaat sektorlerinde yaygin olarak kullanilmaktadir [2]. Bu iistiin 6zellikler,
kompozit malzemeler {izerine yapilan bilimsel ve endiistriyel aragtirmalarin
hizla artmasina neden olmaktadir [3].

Kompozitler genellikle matris (ana yapi) ve takviye malzemesi olmak
tizere iki ana bilegenden olugur. Matris malzemesi kompozitin ana yapisint
olugtururken takviye malzemesi, genellikle daha sert ve yiiksek dayanima
sahip olan bileseni temsil eder. Matris malzemesinin baglica gorevleri,
uygulanan vyiikleri takviye elemanlarina iletmek, catlak ilerlemesini
siirlamak, kompozitin toklugunu artirmak ve takviye elemanlarini gevresel
etkilerden korumaktir. Bu nedenle matris—takviye ara yiizeyinin 6zellikleri,
kompozit malzemenin mekanik performansint dogrudan etkileyen en 6nemli
taktorlerden biridir. Bu yapi sayesinde kompozitler, cam elyaf kompozitler
ve karbon elyat kompozitler gibi lif takviyeli kompozitlerde yiiksek 6zgiil
dayanim-hafiflik dengesini saglar; bu tiir malzemeler havacilik, otomotiv ve
ingaat gibi sektorlerde yaygin kullanilir [4]. Ayrica, nano malzeme katkili
kompozitler, matris igerisine nano Olgekli takviyeler (6rnegin ¢ok duvarh
karbon nanotiipler gibi) ilave edilerek gelistirilmis olup, mekanik, termal ve
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fonksiyonel 6zelliklerde belirgin gelismeler saglar [ 5,6]. Kompozit malzemeler
genellikle matris tiirline ve takviye geometrisine gore siniflandirilir (Tablo 1).
Matris esash siiflandirmada kompozitler; polimer matrisli, metal matrisli
ve seramik matrisli kompozitler olarak {i¢ ana gruba ayrilir. Endiistride en
yaygin kullanilan grup, tiretim kolayhg: ve diisiik maliyeti nedeniyle polimer
matrisli kompozitlerdir. $ekil 1’de dolgu tiirlerine gore kompozit gesitleri
goriilmektedir [7].

Elyaf Tnkviyeli Pargagik Takviyeli Tabakali Kompozitier Karma Kompozitler
Kompozitler Kompozitler

Sekil 1. Dolgu tiirlerine gove kompozit cesitleri [7].

Takviye tiiriine gore yapilan siniflandirmada ise lif takviyeli ve partikiil
takviyeli kompozitler 6n plana ¢ikmaktadir. Bu kapsamda, cam elyaf
takviyeli kompozitler (GFRP) ve karbon elyaf takviyeli kompozitler (CFRP)
lif takviyeli kompozitler grubunda yer almakta olup, yiiksek 6zgiil dayanim
ve rijitlikleri sayesinde miihendislik uygulamalarinda genis kullanim alani
bulmaktadir. Son yillarda kompozit malzemelerin performansini daha da
artirmak amaciyla nano Olgekli takviyeler kullanilmaya baglanmigtir. Nano
malzeme katkili kompozitler, matris igerisine karbon nanotiip (CNT),
grafen veya nano parcaciklar gibi takviyelerin ilave edilmesiyle geligtirilmig
kompozit sistemlerdir [2,6]. Bu tiir katkilar, mekanik dayanimin yani sira
elektriksel ve termal 6zelliklerde de 6nemli iyilesmeler saglamaktadir.
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Tablo 1. Kompozit Malzemelerin Smiflandvrilmass ve Ornekleri

Sm.lﬂa.n dirma Kompozit Tiirii Ornek Malzemeler
Kriteri
Polimer Matrisli Cam elyaf taleye!l pc')hmc.:rler (GERP),
Komporitler (PMC) Karbon elyaf takviyeli polimerler (CFRP),
P Nano katkili polimer kompozitler
Matris Metal Matrisli
Malzemesine . Al-SiC, Al-B+C, Al-Bor, Al-Bor elyaf takviyeli
Gore Kompozitler kompozitler
(MMC) p
Seramik Matrisli . . .
Kompozitler (CMC) $iC-SiC, ALO--SiC
Lif Takviyeli Cam elyaf kompozitler, Karbon elyaf
Kompozitler komporzitler, Bor elyaf takviyeli kompozitler
Takviye Partikiil Takviyeli SiC, ALO:s, B4C takviyeli kompozitler, Nano
Tiiriine Gére Kompozitler partikiil katkili kompozitler
Yapisal Komporzitler Sandvig yapllar, petek (honeycomb)
kompozitler
2. Bor

Giiniimiizde boraks, en onemli stratejik endiistriyel minerallerden biri
olarak kabul edilmektedir. Bor ve bilegiklerinin en 6nemli tek kaynagi
borakstir[8]. Bor, bor alagimlar1 ve bilegikleri cam sanayisinden, balistik
fize yakitina, tekstil, metaliirji uygulamalarina kadar ¢ok genis bir kullanim
alanina sahiptir. Ozellikle bor esasli malzemeler olan bor nitriir (kiibik ve
hekzagonal) ve bor karbiir, elmastan sonraki en sert malzemelerdir [9].

Boraksin bir diger stratejik 6nemi ise, lilkemizin (Tiirkiye’nin) boraks
rezervleri agisindan, krom cevherinde oldugu gibi, diinyada en zengin ve
tekel konumunda olmasidir. Ulkemizde 6zellikle son on yilda, bu madeni iilke
iginde isleyerek katma degeri yiiksek nihai tirtinlere doniigtiirmek amaciyla
kamu, tniversite ve 6zel sektor tarafindan 6nemli ¢aligmalar ve aragtirmalar
yuriitiilmektedir. Bu hedefle, genig kapsaml ve farkli arastirma-gelistirme
faaliyetlerini incelemek tizere bir bor merkezi (BOREN) kurulmustur [10].

2.1 Borun Ozellikleri

Bor; periyodik tabloda III A grubunda yer alir, B simgesiyle gosterilir.
Atom numarast 5 ve atomik kiitlesi 10.81°dir, iki kararli izotoptan olusur.
Ergime noktas1 2300 °C, kaynama noktasi ise 4002 °C olan metal ile ametal
arast yart iletken ozellik gosteren bir elementtir.



Ersin Unal / Hediye Kol Alan | 137

Dogada serbest halde bulunmayan bor, diger elementlerle bilesikler
halinde mevcuttur. Bor, biri amorf ve altis1 kristalin polimorf olmak {izere,
gesitli allotropik formlarda bulunur. En ¢ok arastirilan kristalin polimortlar:
rombohedral formlardir. Bor elementinin kimyasal 6zellikleri, morfolojisine
ve tane biiyiikliigiine baghdir. Mikron boyutundaki amorf bor kolayca ve
bazen giddetli tepkimeye girerken, kristalin bor kolay kolay reaksiyona
girmez. Kimyasal olarak ametal bir element olan kristal bor, normal
sicakliklarda su, hava, hidroklorik asit ve hidroflorik asitler kargisinda soylu
bir davranig sergiler ve yalnizca yiiksek konsantrasyonlu Nitrik Asit ile
sicak ortamda Borik Asit’e doniisebilir. Ote yandan, yiiksek sicakliklarda
saf oksijen ile tepkimeye girerek bor oksit (B,0,), aynt kosullarda nitrojen
ile BN ve ayrica bazi metaller ile Mg,B, ve TiB, gibi endiistride kullanilan
bilegikler olugabilmektedir.

Bor, bilesik halindeyken metal dis1 bilegiklere benzer 6zellikler gosterirken,
saf bor ise karbon gibi elektrigi iletir. Kristalize bor, goriiniim, sertlik ve
optik ozellikler agisindan elmasa benzer bir yapiya sahiptir. Elementel bor,
ilk kez 1808 yilinda Gay-Lussac ve Jacques Thenard ile Sir Humphry Davy
tarafindan Bor Oksit'in Potasyum ile 1sitilmasiyla elde edilmistir [11-13].

2.2 Bor Uriinlerinin Siniflandirilmasi

Endiistride kullanilan bor tiriinleri, tiretim agamalari, prosesleri ve kullanim
alanlar1 dikkate alinarak, ham bor, rafine bor iiriinleri ve ug iiriinler
seklinde ti¢ ana gruba ayrilabilir [ 14]. Ug iiriinler, daha 6nce bahsedilen ham
ve rafine iiriinlerden iretilir. En 6nemli 6zellikleri, ileri teknoloji gerektiren
yontemlerle tiretilmeleridir. Ham ve rafine bor tirtinlerine kiyasla {iretilen ug
tiriin say1s1 daha fazladir. Baglica ug tiriinler arasinda elementel bor, B,C, BN
ve bor alagimlar1 (demirli, nikelli ve kobaltlr) sayilabilir [14,15].

2.2.1 Elementel Bor

Bor fiberi, genellikle Kimyasal Buhar Biriktirme (CVD) yontemiyle,
karbon veya tungsten althk (¢ekirdek) {izerine borun kaplanmasiyla iiretilir.
Uygulanan 1s1] iglem ile hibrit yapr tizerindeki kalinti gerilmeler giderilir.
Fiberin dayanimini azaltacak agir1 tane biitytimesini engellemek icin sicakligin
dikkatle kontrol edilmesi gerekir. Bor fiberler ¢ok yiiksek elastiklik modiilii
degerine sahiptir ancak oldukg¢a pahalidirlar.

Avantajlarina  ragmen, Metal Matrisli Kompozit (MMK) {retimi
sirasinda bor fiberinin aliiminyum (Al) ve titanyum (Ti) gibi metallerle
hizla reaksiyona girmesi bir dezavantajdir. Ayrica, tungsten telin bor ile
kaplanmasi sirasinda meydana gelen reaksiyon sonucu difiizyonla tungsten
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boridik olugumu gergeklesir. Bu durum, borun dig yiizeyine yakin bir yerde
eksenine dik bir basma gerilmesi yaratarak bor fiberi kirilgan hale getirir. Bu
durumu 6nlemek amaciyla, borun iizerine kimyasal buharlagtirma (CVD)
metoduyla SiC veya B,C kaplanmasi tercih edilir ve bu kaplama kalinlig: 25-
45 pm civarindadir [16].

2.2.2 Bor Karbiir (B,C)

B,C, yiizlerce bor bilesigi i¢inde yiiksek pazar hacmine sahip 6énemli bir
bor ug iiriiniidiir. Tleri teknolojik bir seramik malzemesi olan bor karbiir;
yiiksek sertligi, diigitk yogunlugu, kimyasallara karg1 direnci, 1s1tya dayanimi
ve yiiksek notron absorplama 6zelliklerinden dolay1 birgok askeri ve sivil
uygulama alani bulmugtur. B, C iiretimi igin sol jel, kimyasal buhar biriktirme,
kendiliginden ilerleyen yiiksek sicaklik ve karbotermal indirgeme yontemleri
gibi gesitli metotlar mevcuttur.

B,C, SiC, Si,N,,
Ozel bir yere sahip, oksit olmayan bir seramik malzemedir. Kimyasallara
karg1 yiiksek kararliligy, iyi mukavemet 6zellikleri, nétron emme kabiliyeti
ve diigiik yogunlugu gibi birgok iistiin niteligi sayesinde zirh uygulamalari,
niikleer reaktorlerde kontrol gubugu, kesici ve delici uglar ve agindiricilar gibi
gesitli kullanim alanlarina sahiptir. B,C, elmas ve kiibik bor nitriir (kBN)’den
sonraki en sert {iglincii malzemedir [17].

elmas ve aliimina gibi 6nemli sert ametal grubunda

Yiiksek sertlik, mukavemet ve diisiik yogunluk ozelliklerine sahip
olmasina ragmen, yliksek maliyeti nedeniyle kompozit malzemelerdeki
kullanimi heniiz arzu edilen seviyeye ulagmamugtir. Sicaklikla ¢ekme
mukavemetinin artmasi gibi ¢ok az malzemede bulunan bir 6zellik, B,Ci
diger takviye malzemelerine gore 6ne gikarir. B,C takviyeli kompozitlerin
isleme problemleri ve mekanik ozelliklerdeki sinirlamalar, aliiminyumun
matris malzemesi olarak kullanilmasiyla 6nemli 6lgiide azaltilabilir.

B,Clin yogunlugu 2.51g/cm?®, ergime sicakligi 2450 °C’dir gekme
dayanimi 980 °C’de 155 N/mm? ve 1425 °Cde 162 N/mm? olarak
belirlenmistir. Ayrica egme dayanimi 345 N/mm? ve basma mukavemeti
2850 N/mm?dir. Bor karbiir yalmzca HE H,S0O,, HNO, karigimlarinda
yavasta olsa ¢oziinebilmektedir [12].

B,C seramiklerin gekillendirilmesinde sicak presleme ve basingsiz
sinterleme yontemleri kullanilir. Yiiksek sertligi nedeniyle bor karbiir, en ¢ok
agindirici olarak tiiketilmektedir. Semente karbiir ve teknik seramikler gibi
sert malzemelerin taglanmasi ve parlatilmasinda, aginmaya dayanikli kesme
islemlerinde kullanilan nozullarda, hafif zirh malzemesi olarak helikopterlerde
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ve can yeleklerinde plaka halinde ve niikleer reaktorlerde kontrol ¢ubugu
olarak kullanilmaktadir [18].

B,Cseramiklerin en hafifi olmasi, kompozitin toplam agirligini artirmadan
mekanik ozelliklerini gelistirmek igin kullanilmasina olanak tanir. B,C ile
caligirken dikkat edilmesi gereken bir dezavantaj, yiiksek sertligi nedeniyle
kompozitin ekstriizyon kabiliyetinin sinirli olmasidir[19]. Tamamen yogun
mikroyapilarin tiretiminde kargilagilan zorluklar ve B,C “in gevrek kirilmaya
karg1 asir1 hassasiyeti, bu takviye malzemesinin temel sinirliliklaridir. Tablo 2
de genis olarak B,C’iin 6zellikleri verilmistir.

Tablo 2. B, Ciin genel izellikleri[20]

Ozellikler Degerler
Bilegimi B,C
Molekiiler Agirhigi (g/mol) 55.26
Renk Siyah (saf kristali transparan ve renksiz)
X-Ray yogunlugu (gr/cm?) 2,52
Termal iletkenlik (W/m.K) 30,00
Termal genlesme (10¢/°C) 4,30
Elektriksel direng (Q.cm) 0,1-10
Vickers sertligi (GPa) 27.4-34,3
Elastisite modiilii (GPa) 290-450
Kayma modiilii (GPa) 165-200
Posion orant 0,18
Esneme dayanimi (MPa) 323-430
Basma dayanimi (MPa) 2750
Oksitlenme direnci Havada 600 °C’_yc ka'dar oksitlenme
direnci
Kimyasal direng Miikemmeldir.

2.2.3 Bor Nitriir (BN)

BN, diistik reaktifligi ve birgok uygulamasi olan inorganik bir malzemedir.
En sert insan yapisi malzemelerden bir tanesidir. Isil, elektriksel, mekanik
ve fiziksel Ozellikler gibi ¢ok genis bir malzeme nitelikleri dizisine sahip
olmas1 nedeniyle, birgok uygulamasi vardir. Malzeme miihendisleri, gok
cesitli elektronik ve elektrik uygulamalarinda yararli olan, miitkemmel bir
1s1l sok ozelligine ilave olarak elektriksel yalitkanligin, yiiksek 1s1l iletkenligin
ahigilmadik beraberligini bor nitriirde bulmuglardir [18].
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BNiin ilk sentezinin ardindan bu konudaki ¢aligmalar uzun bir siire
laboratuvar meraki olarak devam ettirilmistir. Daha sonralar1 ¢ok yiiksek
sicakliklara ve basinglara ¢ikabilen preslerin geligtirilmesiyle suni elmas
tretilebilmig ve bor nitriir tekrar ilgi odag: haline gelmistir. BN, kompozit
malzemelerde katki malzemesi olarak da kullanilmaktadir. Kovalent bagh
olmas1 sebebiyle sinterlenmesi igin bazi katki maddeleri gerektirmektedir

[21].

BN, grafite ¢ok benzer altigen (hBN) yapida tabakalar halinde veya
kiibik yapida (kBN) elmasa ¢ok yakin 6zelliklerde bulunabilir. kBN bilinen
malzemeler iginde elmastan sonra en sert oldugundan, malzeme endiistrisinde
sert metal kaplamalar yapmada (elmastan daha iistiin 6zelliklerde, metal
islemede) kullanilmaktadir [22].

hBN havada 1000 °C’ye kadar kararlidir. Indirgen kogullarda ve inert
atmosferlerde 1800 °C’ye kadar kullanilabilir. Ustiin fiziksel ve kimyasal
ozellikleri nedeniyle elektriksel yalitkan malzemeleri, kroze ve tepkime
kaplari, yliksek sicaklik buharlagtirma kaplari ve 6zel seramiklerin tiretiminde
endiistriyel olarak kullanilmaktadir. Toz hBN makyaj malzemelerinde dolgu
malzemesi olarak kullanim alani bulmustur [23].

Toz halindeki hBN, yiiksek sicakliklarda yaglama malzemesi olarak genis
bir alanda kullanilmaktadir. Kiibik bor nitriir ise elmas sertliginde bir iiriin
olup “suni elmas” diye tanimlanabilmektedir. 1320 °C’ye kadar o6zelliklerini
korur [15].

BN seramik tozlarinin endiistriyel amagl {iretiminde ii¢ farkli sentez
yontemi mevcuttur.

Geleneksel Endiistriyel Uretimler: Borik asit, bor oksit, azot gazi ve
iire gibi azotlu organik bilesikleri hammadde olarak kullanarak hBN tozu
tretimi geleneksel yontemlere gore daha avantajlidir. Bu yontemle yiiksek
saflikta toz tiretimi miimkiindiir [24-26].

Plazma Yontemi: Plazma prosesinde, ¢ok ince tane boyutuna
sahip hegzagonal bor nitriir tozlari, borik asidin azot plazmas: altinda
ayristirilmasini takiben soguk metan veya propan-biitan gaz ile sogutulmasi
yontemiyle tiretilmektedir [27].

Karbotermik Rediiksiyon: Bu yontemde, bor nitriir tozlarinin bor
oksidin karbotermik rediiksiyonu sonucu iiretilmesi, B,0O, ile aktiflestirilmis
karbon karigimlarinin azot atmosferi altinda 1500 °C’de 120 dakika siire ile
tutulmasi sonucu basartyla gergeklestirilmektedir [28].
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kBN vyiiksek sicaklik ve agir1 yiiksek basing altinda sinterlenerek elde edilir.
Sicak sertlik, oksidasyon direnci ve kirilma toklugunun iyi olmasi nedeniyle
kBN’den yapilan kompozit kesici takimlar, sert demir igerikli malzemelerin
kesme igleminde daha uzun takim Omrii ve miikemmel u¢ dayanimina
sahiptirler.

Bor Kkloriir ve amonyak agagidaki reaksiyonla, bor nitriir bilegigini
meydana getirir:

BClL,+NH, — BN+3HCI

Burada olugan BN bilesigi, yaklagik esit sayida bor ve azot atomlarinin
sirastyla diizenlenerek olusturdugu grafit yapisina benzer hegzagonal yapiya
sahiptir. Hegzagonal boron nitriir hBN yumusak, kaygan bir maddedir. hBN
katalizor olarak bir alkali metali veya nitriirleri (lityum nitriir) gibi ¢oziicii
malzemeleri kullanarak kiibik boron nitriire kBN doniisebilir.

Yiiksek konsantrasyonlu kBN kesici uglarin oda sicaklig sertligi karbiir ve
seramiklerden oldukga yiiksek olup 3500-4000 HV arasinda degisir. Yiiksek
sicaklikta 800-1000 °C’de kBNiin sertligi aliimina ve g¢ogu karbiirlerin
oda sicaklig sertligi ile kargilagtirilabilir. KBN endiistride ve aragtirmalarda
kullanimi, ¢ogunlukla tornalama ve delik biiyiitme iglemlerinde, ¢ok az
olarak da frezeleme islemlerindedir [29].

2.2.4 Metal Boriirler

Metal boriir tozlari, TiO,/ZrO,/HtO,/B,0,/Mg toz karigimlarinin
mekanokimyasal reaksiyon ortaminda sentezlenmesi ile elde edilebilmektedir.
Ayrica Ti, Zr, Hf elementel tozlarinin, elementel B tozu ile mekanik olarak
alagimlandirilmast ile de bortirlerin elde edilmesi miimkiindiir.

IVB grubu metal bortirler, genel olarak, yiiksek sertlik, yiiksek ergime
noktast, yliksek termal iletkenlik, yiiksek elektriksel iletkenlik, diigiik yogunluk
ve yiiksek kimyasal kararlilik gibi iistiin 6zelliklere sahiptirler. Bu 6zellikler,
ileri teknoloji alanlarinda kullanim yeri bulmalarina neden olmaktadir. IVB
grubu metal boriirler, karbotermik rediiksiyon, metalotermik rediiksiyon,
ergimis tuz elektrolizi, toz metalurjisi yontemleri ve halojen metalurjisi ile
dretilebilmektedir [30].

Titanyum Diboriir (TiB,), asinma ve yiiksek sicaklik i¢eren uygulamalar
i¢in 6nem arz eden bir boriirdiir. TiB,, 3225 °C gibi yiiksek bir ergime
noktasina ve 4,52 g/ecm?® diisitk yogunluga sahiptir. Kesici takimlarda,
aginma direnci ekipmanlarinda, zirh yapiminda ve elektrolitik aliiminyum
tiretiminde katot malzemesi olarak kullanilir. N6tron absorblama 6zelligi
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bulundugundan, vyiiksek sicaklik niikleer reaktorlerde kontrol ¢ubuk
malzemesi olarak kullanilmaktadir [31].

Sicak presle iiretilmis titanyum diboriiriin egme mukavemeti 350-575
MPa, knoop sertligi degeri 2600 kg/mm?* ve kirilma toklugu 5-7 MPa.
m'? dir. Elastiklik modiilii 430-500 GPa ve poisson orani 0.18-0.20°dir.
TiB,, SiC, TiC gibi oksit olmayan AL O, gibi oksit malzemelerle kompozit
olusturularak matris malzemenin dayanimi ve kirilma toklugu artirilmaktadir

[32].

Zirkonyum Diboriir (ZrB,), sahip oldugu tstiin ozellikler (ytiksek
ergime noktasi=3246 °C, Yiiksek sertlik=2100 kg/mm? yiiksek termal
iletkenlik = 23-24 W/mK) sayesinde aliiminyumun elektrokimyasal
tretiminde katot olarak, agindirma pargalarinda, kesme takimlarinda,
nozullarda ve bazi zirh uygulamalarinda kullanilir. Ayrica yiiksek oksidasyon
direncine sahip oldugundan, genig bir alanda kullanim yeri bulmaktadir.
Bilinen en fazla kullanim alan1 pota ve termokupl astar1 yapimindadir [33].

Hafniyum Diboriir (HfB,), sahip oldugu mukavemet ve termal
ozelliklerinden otiirii yiiksek hizli araglarda 1s1 kalkani veya aerodinamik ana
kenarlik olarak kullanilmaktadir. Ayrica glintimiizde bu boriir, niikleer reaktor
kontrol ¢ubuklarinda yeni bir malzeme olarak kullanilmaktadir [31,33].

3. Bor ve Uriinlerinin Kompozit Uygulamalart

Bor ve iiriinleri kompozit malzemelerde takviye fazi veya matris olarak
kullanilabilmektedir. Bu {irtinler daha ¢ok metal matrisli kompozitlerde
kullanilmakla birlikte, polimer matrisli ve seramik matrisli kompozitlerde
de uygulama alani bulabilmistir. Bor ve tirtinlerinin yiiksek maliyetlerinden
dolay1 SiC, AL O, gibi diger takviye malzemelerine oranla daha az kullanildig:
goriilmektedir.

Orhan ve ark. [34], %99 saflikta Al tozlar1 matris olarak, %99 saflikta
B,C tozlar ise takviye olarak kullanmig ve agirlikca %10, %20 ve %30
oranlarinda B,C igeren metal matrisli kompozitler tiretmistir. Kompozitler
toz metaliirjisi teknigi ile tiretilmig, soguk izostatik preslemeden sonra sicak
presleme yontemiyle gozeneklilik minimuma indirilmigtir. Artan takviye
oranlariyla birlikte mikrosertlikte artig oldugu ve yogunlukta azalma oldugu
saptanmugtir. Sekil 2°’de iiretilen kompozitleri SEM goriintiileri verilmistir
[34].
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a b c

Sekil 2. Al/B,C kompozitler a) %10 B,C, b)%20 B,C, c) %30 B,C [34].

Al/B,C  kompozitler balistik agidan zirh  malzemesi olarak da
kullanilabilmektedir. Arslan ve ark. [35], savunma sanayisi i¢in yaptiklar
bir ¢aliymada, gozenekli bor karbiir althiklara 2024 aliiminyum alagimlarini
argon ortaminda basingsiz olarak emdirilmesi yontemi ile B,C / Al
kompoxzitleri iiretilmistir. Uretilen kompozitlerin igyapi, mekanik ve balistik
ozellikleri kontrol edilmig; kalinligr yaklagik 1 cm olan kompozit plakalar:
cam elyaf orgiilii destek plakasi ile birlestirilerek elde edilen zirh sistemi,
balistik testlerde 4. seviye tehditlere kargi tam koruma saglamugtir [35]

Aliiminyum matrisli B,C takviyeli kompozit malzemelerin geleneksel
dokiim yontemleriyle iiretiminde, sivi aliminyumun B,C partikiillerini
islatabilirliginin diigiik olmasi bir problemdir. Bu problemi ¢6zmek igin
takviye partikiillerinin kaplanmasi ve 6n 1sitma gibi islemler kullanilir. Nikel,
altiminyum matrisli kompozit malzemelerde takviye fazin kaplanmasi igin en
ok tercih edilen metaldir.

Bir ¢ahgmada [36], B,C partikiillerinin yiizeyleri akimsiz nikel
ile kaplanarak veya farkli sicakliklarda oksitleyerek bor oksit tabakasi
olusturularak 1slatilabilirlik iyilestirilmistir. Akimsiz nikel kaplanmis B,C
partikiilleri kullanilarak dokiim yontemi ile kompozit malzeme iiretilmistir.
Yapilan gahgmalardan, yiizey ozellikleri degistirilen B,C partikiillerinin,
ergitme kogullarinin optimizasyonu saglandiginda sivi aliiminyum tarafindan
islatilabilirliginin iyilegtirilebilecegi sonucuna varilmugtir [36]. Sekil 3.’de Ni
kaplanmug B,C takviyeli bir kompozitin SEM goriintiisii verilmigtir.
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Sekil 3. Nikel kaplanmas B, C parcacyjimin Al matris igindeki SEM goviintiisii [36].

Al/B,C kompozitin B,C takviye oranlarna gore sertlik degisimi grafigi,
Sekil 4’te Al/B,C kompozitin B,C takviye hacim oranlarina gore sertlik
degigimi goriilmektedir. Grafige gore %8 B,C takviye oraninda en yiiksek
sertlik (90 HV civarinda) elde edilmigtir.

100

80 ,__‘//
70

3

g o v

50
% 40 —&— Sertlik Degisimi
» 3

20

10

1 1
AA 1% 2% 4% %8

Sekil 4. Al/B C kompozitin B C takviye ovanlarina gove sevtlik degisimi [37].

Ortopedik implant uygulamalar1 tizerine yapilan bir ¢aliymada [38], bor
nitriir (BN) nano tiipleriyle (ortalama 1.98 um boyu ve ortalama 71 nm
capinda toz) takviye edilmis hidroksiapatit (HA) matrisli (ortalama 210 nm
boyu ve ortalama 37 nm ¢apinda toz) bir kompozit malzeme iiretilmistir.
Kompozit malzeme kivileim plazma sinterleme metoduyla iiretilmistir. %4
BN nano tiip igeren kompozit, HA ile kargilagtirldiginda elastik modiiliinde
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%120 artig, sertlikte %129 artig, kirtlma toklugunda ise %86 artig gbzlenmistir
(Sekil 5). Mekanik ozelliklerdeki bu iyilesme, tane yapisindaki kiigiilme ve
BN nanotiiplerinin gatlaklar1 kopriilemesi ile saglanmugtir. Ayn1 zamanda bu
kompozitin aginma direncinde ise %75 iyilesme gozlenmigtir [38].

b

Sekil 5. Kurilma yiizeyi SEM goriintiisii a) gozenekli HA, b) daha yogun yapuda HA/
BN nano tiip kompozit malzeme [38].

Zou ve ark. [39] yaptig1 bir ¢aligmada Silikon oksinitriir(S-N-O,) siirekli
elyaflarla takviye edilmig bor nitriir (BN) matrisli seramik kompozitlerin
oksiasetilen iifleci altinda ablasyon davranigi incelenmistir. Sekil 6°da S-N-
O,/BN kompozitin mikro yapisi goriilmektedir [39].

anayapl

gekil 6. S-N-O /BN kompozitin mikro yapist [39].
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Afyon Kocatepe tiniversitesinde yapilan bir tez ¢aligmasinda bor atigi
katkili polimer kompozitlerin mekanik ve aginma 6zellikleri incelenmigtir.
Matris malzemesi olarak epoksi regine kullaniimugtir. Bor atig1 ise ogiitiiliip
75 um’luk ortalama toz boyutu elde edilmigtir (Sekil 7). Elde edilen
kompozitlerin sertligi ve basma dayanimi bor atigi miktariyla artmistir.
Ayrica bor atig takviyesi ile aginma direncinde de artiy gozlenmistir [40].
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Sekil 7. Bor atyju takviyeli epoksi matrisli kompozitin takviye miktari-sevtlik iliskisi

[40].

Lahiri ve ark. [41] yaptig1 bir ¢aligmada bor nitriir nano tiiplerle (BNNT)
takviye edilmis Al matrisli kompozitler kivilcim plazma sinterleme metoduyla
tretilmigtir. %2 ve %5 oranlarinda takviyeli kompozitler tiretilmistir. %5
oraninda iiretilen kompozit numunede akma ve basma dayanimi sirasiyla 88
MPa ve 216 MPa elde edilmistir ve bu degerler takviye edilmemis Al’a gore
%50 daha yiiksektir. Sekil 8°de bu kompozitin ig yapist goriilmektedir [41].
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Sekil 8. Al/BN nano tiip kompozit i¢ yapse [41].

Lua ve ark. [42] yaptig1 bir ¢aliyjmada %40 hacim oraninda kiibik bor
nitriir (kBN) takviyeli NiCrAl alagim1 matrisli kompozit malzemeyi mekanik
alagimlama yontemi ile iiretmiglerdir. Mekanik alagimlama igin Oglitme
esnasinda bilyelerde yabanci elementlerin bulagmasini engellemek igin,
ogiitme bilyelerini Ni ile kaplamislardir. Uretilen kBN/NiCrAl kompozit
numunede 1150 HV sertlik degerini elde etmislerdir [42].

Firat tiniversitesinde yapilan bir doktora tezinde mermer kesici
takimlarinda elmas yerine kiibik bor nitriir (kBN) takviye parcaciklarinin
kullanilmast tizerine bir galigma yapilmigtir. Matris malzemesi olarak 45-50
um ortalama toz boyutunda %99.9 saflikta bronz (%85 Cu + %15 Sn)
tozlar1 kullanilmigti. Numuneler 600-700 °C arahiginda sinterlenmistir.
Yapilan test sonuglarma gore kBN takviyeli kompozit numuneler elmas
kadar olmasa da yakin ozellikler sergilemislerdir. Ayrica kBN takviyeli kesici
takim soketleri elmas takviyeli olanlara gore %30 daha fazla egme dayanimi
sergilemiglerdir. $ekil 9°da kBN takviyeli bir kesici takimin SEM goriintiileri
verilmigtir [43].
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(b h I

Sekil 9. kBN takviyeli kesici takumnin kudma yiizeyi SEM goriintiileri a) 600°C’de
sinterlenmis b) 700°C°de sintevienmis [43]

Gorshenkov ve ark. [44] yaptig1 bir caliymada Al-7075 alagimi matrisli
ve amorf bor, hegzagonal bor nitriir (hBN) ve bor karbiir (B,C) takviyeli
kompozitler tiretilmig ve tribolojik testlere tabi tutulmugtur. hBN takviyeli
olan numune vakum emdirme teknigi ile 800 °C’de tiretilmistir. Amorf bor
takviyeli kompozit 100 um ortalama toz boyutunda Al tozlar1 %30 hacim
oraninda ve 10 um ortalama toz boyutunda amorf bor tozlart kullanilarak
patlamali presleme yontemi ile tiretilmistir. %20 hacim oraninda bor karbiir
(ortalama toz boyutu 100 um) ve %2 tungsten tozlar1 (ortalama toz boyutu
50 nm) ve Al matrisi ile mekanik alagimlama metodu ile tiretilmistir. Test
sonuglarina gore en iyi tribolojik performanst B,C ve W takviyeli numune
gostermistir. Bu ti¢ numunenin de SEM goriintiileri sekil 10°da verilmistir
[44].

W mamopant acibdan o -
agkmeratbary,

g NN R —
Sekil 10. Al matvisti a) hBN, b) B,C ve c) amorf B ; takviyeli kompozit numunelerin
SEM goviintiileri [44].

Wang ve ark. [45] yaptig1 bir ¢aligmada Fe-Ti-B 6n sisteminden %10-30-
50-70 gibi farklt hacim oranlarinda Fe igerigiyle, in-situ teknigi kullanmilarak
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TiB, takviyeli kompozit malzeme iiretilmistir. Uretilen kompozit numuneler

incelendiginde 3 farkli bolge tespit edilmistir. Fe igerigi bakimindan zengin
bolgeler, ince taneli TiB, bakimindan zengin bolgeler ve kaba taneli TiB,
bakimindan zengin bolgeler ve de ayrica az miktarda mikro goézenekler
oldugu goriilmiistiir. Elde edilen kompozitin SEM goriintiisii sekil 11°de
verilmistir ve aginma direnci takviyesiz gelik numuneden daha yiiksektir [45].

Sekil 11. Celik matvisli TiB, takviyeli kompozitin SEM goriintiileri [45].

Li ve ark. [46] yaptig1 diger bir ¢caligmada ise silisyum bor nitriir (SiBN)
elyaf takviyeli ve bor nitriir (BN) matrisli kompozit 6n sekil emdirme
teknigi ile 1000 °Cde {iretilmistir ve mekanik ozellikleri incelenmistir. Elde
edilen kompozitin yogunlugu 1.75 g/cm? ve gozeneklilik miktar1 %7.77°dir.
Numunenin biikiilme dayanimi 120.1 MPa, elastik modiilii 46.6 GPa ve
kirilma toklugu 4.68 MPa.m'*dir. Kompozitin SEM goriintiisii sekil 12°de
verilmigtir [46].

Sekil 12. SiBN elyaf takviyeli BN matrsili kompozitin SEM goriintiisii [46].

Yue ve ark. [47] yaptig1 bir ¢aligmada ise zirkonyum diboriir (ZrB,) ve
silisyum karbiir (SiC) matrisli, bor nitriir nanotiip (BNNT) ve bor nitriir
nanolevha (BNNP) karigimu takviyeli kompozit malzemeyi kivileim plazma
sinterleme metodu ile iiretmiglerdir. Takviye oran1 %24.4°e kadar kirilma
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toklugunda artig gergeklegmigtir. Kirilma toklugu 3.73’ten 4.64 MPa.m'?‘ye
yiikselmistir. Kirilma toklugundaki bu gelisme ¢atlak kopriilenmesi, ¢atlak
dallanmasi ve gatlak sapmasi mekanizmalarinin birlikte etki etmesi ile ortaya
¢tkmaktadir. $ekil 13’te bu mekanizmalarin SEM goriintiileri verilmistir
[47].

Sekil 13. (BNNT-BNNP)/(ZrB2-SiC) kompozit malzemenin mikro ¢atlak SEM
goviintiileri; a) mikvo catlak, b) catlak sapmast, c) ¢atiak dallanmasi, d) catlak
kopriilenmesi (nanolevhalar vasitasy ile) [47].

Lee ve ark. [48] yaptig1 bir caligmada Al-%4.5Mg alagimi matrisli ve bor
nitriir (BN) takviyeli bir komp021t malzeme 800 °C’de basingsiz infiltrasyon
metodu ile iiretilmistir. Uretim esnasinda Al ve BN ara yiizeyinde olugan
reaksiyon sonucu aliiminyum nitriir (AIN) intermetalik bilegigi olusmustur.
Bu reaksiyon in-sitii reaksiyonu olarakta bilinmektedir. Elde edilen %7.5 BN
takviyeli Al alagimi esasli kompozit ince taneli bir yapidadir ve tane boyutu
ortalama 4um civarindadir ki bu deger ticari bir Al alagimininkinden 3.5
kez daha incedir. Hem BN takviyesi hemde in-sitii prosesi sonucu olugan
AIN intermetalik bilesgigi sayesinde dayanimda gok iyi gelisme saglanmistir.
Sekil 14°’te kompozit malzeme ve Al alagimin gerilim-gekil degistirme egrisi
verilmistir. Sekilden de anlagilacag tizere BN takviyesinin dayanima énemli
Olgiide katkis1 bulunmaktadir [48].
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Sekil 14. Al-% 4.5 My alasuns matvisli BN takviyeli kompozit malzeme ile Al-% 4.5
My alasumnan gevilme - sekil degistivme egrisinin karvsilasturilmase [48].

Li ve ark. [49] bor nitriir (BN) elyaflarla takviye edilmig BN matrisli
kompozit bir malzemeyi 6n sekil infiltrasyon yontemi ile tretmislerdir.
Kompozit BN nin ince kristalli ve yliksek igerikli yapisina sahiptir. Yogunlugu
1.60 gr/cm® ve gozeneklilik orani %4.66’dir. Kompozit iyi mekanik
ozellikler sergilemistir ve biikiilme dayanimi 53.8 MPa, elastik modiilii 20.8
GPa, kirlma toklugu 6.88 MPa.m"?dir. Kirilma yiizeyinde yapilan SEM
incelemelerinde kompozitin iyi matris/takviye arayiizeyine sahip oldugu
anlagilmigti. Aym1 zamanda kompozit miitkemmel dielektrik 6zellikler
sergilemistir. Elde edilen kompozit numunenin optik ve SEM gériintiileri
sekil 15°te verilmigtir [49].
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Sekil 15. BN elyaf/BN kompozitin optik ve SEM goriintiileri [49].

Mizuuchi ve ark. [50] yaptig diger bir ¢aligmada ise bor elyaf takviyeli
titanyum matrisli kompozit malzeme puls akimi sicak presleme yontemi ile
800 °C’de ve 32 MPa basingta iiretilmigtir ve kompozitteki hacimce bor elyaf
yiizdesi 17.2°dir. Uretim sicakligt 900 °Cnin iizerine ¢ikarildiginda matris
ve elyaf arayiizeyinde TiB, ve bor elyafin merkezinde bulunan tungsten
cekirdegi etrafinda ise amorf yapida bor kristalleri olugtugu gozlemlenmistir.
Yapilan test sonucunda kompozitin elde edilen gekme dayanimi 706 MPa’dur.
Sekil 16°’da bu kompozitin iiretimi gematik olarak gosterilmistir [50].
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Sekil 16. Ti matrisli ve bor elyaf takviyeli kompozitin iivetimi [50].

4. Bor ve Uriinlerinin Kompozit Kaplama Uygulamalar1

Bor ve iirlinleri farkli iiretim metotlariyla gelik, aliiminyum vb. metal
alagimlari ile seramik veya polimerik malzemeler {izerine mekanik, tribolojik
ve korozyon ozelliklerini iyilestirmek amaciyla kaplanabilmektedir. Bor ve
triinleri gesitli metaller, seramik pargaciklar ve iletken polimerlerle birlikte
kaplama olarak kullanilabilmektedir. Borun element olarak Ni ile yaptig
alagimin  kompozit kaplamalarda kullanildigr dikkat ¢ekmektedir. Bu
alagimda ALO,, Si,N,, ZxO, SiC, elmas, CeO,, TiO, gibi takviye elemanlar:
kullanilabilmektedir. Ayrica bor nitriiriinde kompozit kaplamalarda metaller
veya polimerle birlikte kullanildig1 goriilmektedir.

Shakoor ve ark. [51] yaptig1 bir galiymada gelik altlik {izerine Ni-B
matrisli, ALO, takviyeli kompozit kaplama elektro-depolama yontemi ile
kaplanmigtir. Elde edilen kaplamanin sertlik, elastik modiilii ve korozyon
direnci, Ni-B alagim kaplamaya gore daha iyidir ve gekil 17°de Ni-B-ALO,
kompozit kaplamanin SEM goriintiisii verilmigtir [51].
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Sekil 17. Ni-B- AL,O, kompozit kaplamanwn SEM goviintiisii [51].

Shahri ve ark. [52] kobalt (Co) matrisini nano boyutta (70nm)
hegzagonal bor nitriir (hBN) ile takviye ederek elektro-depolama yontemi
ile bakur althk tizerine kompozit kaplama yapmuglardir. Saf Co kaplama ile
kargilagtirldiginda optimum kompozisyona sahip hBN pargacikli kompozit
kaplama daha kaba yiizey piiriizliiliigii, daha yiiksek mikrosertlik ve aginma
direnci ve daha diisiik stirtiinme katsayisi sergilemistir. Sekil 18°de hBN
igerigi ile mikrosertlik iliskisinin grafigi verilmistir [52].
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Sekil 18. hBN igerigi ile mikvosertlik iliskisinin grafigi [52].
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Xiaozhen ve ark. [53] yaptig1 diger bir ¢caliymada ise nikel matrisi igerisine
samaryum oksit (Sm,O,) ve titanyum diboriir (TiB,) pargaciklar1 takviye
edilerek elektro-depolama yontemi ile kompozit kaplama iiretilmistir. 0.6-
3 g/l arasinda degisen konsantrasyonlarda Sm,O, parcacik kullanilmigtir.
Sm,O, ve TiB, tek bagina takviye olarak kullanimina gore birlikte kullanimi
sertlik ve aginma direncinde artiga, stirtiinme katsayisinda azalmaya neden
olmustur [53].

Huang ve ark. [54] yaptig1 bir ¢alismada korozyon direncini geligtirmek
amaciyla poliamid matris, hegzagonal bor nitriir ile takviye edilerek gelik
althk tizerine kompozit kaplama elde edilmigtir. hBN pargaciklarinin % 5°lik
hacim oranindaki numunesi en yiiksek korozyon direncini sergilemistir [54].

Bor nitriir igeren diger bir kompozit kaplama ise Yu ve ark. [55]
tarafindan gergeklestirilmistir. Bu ¢alismada WBN kompozit filmleri farkl
bor igeriklerinde goklu hedef magnetron sigratma teknigi ile tretilmigtir.
En iyi sertlik ve basma dayanimi %38.1 bor igerigi ile elde edilmistir. Bu
degerdeki sertlik 36.1 GPa ve basma dayanimi 2.6 GPa’dir. Ayrica kaplama
korozyon direncini de artirmugtir. Sekil 19°da kompozit kaplamanin HRTEM
goriintiisii verilmigtir [54].

Sekil 19. WBN kompozit kaplamanin HRTEM goriintiisii [55].
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5. Sonuglar

Bu kapsamli inceleme, bor ve bilesiklerinin, 6zellikle bor karbiir (B,C),
bor nitriir (BN) ve metal boriirlerin (TiB,, ZrB,) yiiksek performansl
kompozit malzemeler alaninda oynadig: kritik rolii ve sundugu potansiyeli
agikga ortaya koymaktadir. Geleneksel alagim ve malzemelerin Gtesine gegen
ustlin ozellikler arayist, bor esasl takviyelerin kullanimini zorunlu kilmugtir.

Bor Bilesiklerinin Ustiin Mekanik Performansi:

Bor karbiir ve bor nitriir, elmastan sonra gelen en sert malzemeler olarak
kompozitlerin mekanik performansini dramatik bir gekilde artirmaktadir.

* Bor Karbiir (B,C): B,C ‘nin yiiksek sertligi ve diigiik yogunlugu,
onu zith uygulamalari igin ideal bir takviye yapmaktadir. Ornegin,
Al/ B,C kompozitlerin, balistik testlerde 4. seviye tehditlere karst
tam koruma sagladigi kanitlannugtir B,C takviye orami arttikga, Al
matrisli kompozitlerin mikrosertliginin de 6nemli 6lgiide yiikseldigi
goriilmektedir. Bu, sertlik artig1 ve yogunlukta azalma saglayan toz
metalurjisi ve sicak presleme gibi yontemlerle desteklenmektedir.

e Bor Nitriir (BN); nano tiipleri ve pargaciklari, ozellikle seramik ve
metal matrisli sistemlerde olaganiistii performans iyilestirmeleri
sunmaktadir. Hidroksiapatit (HA) matrisli kompozitlerde, BN nano
tiip takviyesi, kirilma toklugunda %86, elastik modiiliinde %120 ve
sertlikte %129 gibi dikkat gekici artiglar saglamugtir. Bu iyilegmeler,
BN nanotiiplerinin gatlak kopriileme mekanizmasiyla iligkilidir. Al
matrisli kompozitlerde ise %7,5 BN takviyesi, in-situ reaksiyonla
olugan AIN bilesigi sayesinde dayanimi 6nemli 6lgiide artirmig, hatta
ticari Al alagimindan 3,5 kat daha ince taneli bir yapiya ulagmugtir.
BN’nin hegzagonal yapisi nedeniyle, hBN pargacikli Co kaplamalarin
saf Co kaplamaya gore daha yiiksek mikrosertlik ve aginma direnci
sergiledigi gozlemlenmisti.

Bor Bilesiklerinin Fonksiyonel Ustiinliikleri:

Bor bilegikleri sadece mekanik dayanim saglamakla kalmaz, ayn1 zamanda
onemli fonksiyonel 6zellikler de sunar:

¢ Notron Absorpsiyonu ve Termal Kararlilik: B,C ve TiB, nin yiiksek
notron absorplama kabiliyeti, onlar1 niikleer reaktorlerde kontrol
gubuk malzemesi olarak vazgecilmez kilmaktadir. hBN’nin yiiksek
termal kararliligr (indirgen atmosferde 1800 °C’ye kadar) ve yiiksek
ws1l iletkenlikle birlegsen elektriksel yalitkanhgi, onu elektronik ve

yiiksek sicaklik uygulamalari igin ideal yapmaktadir.
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¢ Islanlabilirlik Sorunlar1 ve Coziim Yollar1: B,C gibi bor takviyelerinin
sivi Al matrisleri  tarafindan  diigiik  1slanlabilirligi, dokim
yontemlerinde kargilagilan temel bir zorluktur. Bu sorunun iistesinden
gelmek i¢in, B,C partikiillerinin yiizeyleri nikel ile akimsiz kaplama
veya bor oksit tabakasi olusturacak sekilde oksitleme gibi yiizey
modifikasyon yontemlerinin basarityla uygulandigr goriilmektedir.
Bu ¢oziimler, matris/takviye ara yiizey bag kuvvetini iyilestirerek
kompozit performansini artirmaktadir.

* Agsinma ve Korozyon Direnci: kBN takviyeli kesici takimlarin
yiksek sicak sertligi ve kirilma toklugu sayesinde sert demir igerikli
malzemelerin iglenmesinde {istiin  performans gosterdigi  tespit
edilmigtir. Ayrica hBN’nin polimer matrisli kaplamalarda korozyon
direncini 6nemli Olgiide artirdig1 gosterilmigtir.

Bor Kaynaklarinin Stratejik Onemi:

Tiirkiye’nin boraks rezervleri agisindan tekel konumunda olmasi ve borun
yiiksek katma degerli ug tiriinlere doniistiiriilmesi hedefi, bor esash kompozit
aragtirmalarina verilen 6nemi artirmaktadir. Bor atiklarimin bile epoksi
matrisli kompozitlerde sertligi ve aginma direncini artirmak icin bagarryla
kullanilmasi, bu kaynagin ekonomik ve g¢evresel agidan siirdiiriilebilir bir
sekilde degerlendirilmesi potansiyelini gostermektedir.

Gelecek Perspektifi:

Bor ve bilesikleri, hafit zirh, kesici takimlar, niikleer reaktor bilesenleri
ve ortopedik implantlar gibi yiiksek performans gerektiren alanlarda kritik
oneme sahiptir. Ozellikle BNNT ve BNNP karigimi takviyelerin, seramik
matrislerde gatlak dallanmasi, sapmasi ve kopriilenmesi gibi mekanizmalarla
kirilma toklugunu belirgin sekilde iyilestirmesi, ultra yiiksek performansh
seramik matrisli kompozitlerin gelistirilmesi igin biiyiik bir potansiyel
vadetmektedir.

Sonug olarak, bor ve {iriinleri, kompozit biliminde mekanik tstiinliik,
termal kararhlik ve fonksiyonellik agisindan ¢igir agic1 Ozellikler sunan,
stratejik degeri yiiksek malzemelerdir. Tirkiye’nin kaynak zenginligi
ile birlesen bu teknik potansiyel, bor esasli kompozitlerin gelecekteki
miihendislik uygulamalarinda merkezi bir rol iistlenecegini igaret etmektedir.
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