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From the Editors

Dear Readers,

We are delighted to announce an exciting development in this new issue of our journal. JIENS has been
accepted by the prestigious Index Copernicus index, holding a significant position among international
indices outside SCI and SCI-Expanded, in October 2023. This acceptance will facilitate the exposure of
valuable articles in the journal to a broader global readership, resulting in increased citations. The Index
Copernicus Value (ICV) for JIENS was calculated at 69.43 in 2022, further strengthening our journal's

standing in the academic world.

Furthermore, our journal's infrastructure has undergone a significant transformation as we transitioned
to the DergiPark system. This new system will enable us to manage article submission and peer-review
processes more efficiently and transparently. DergiPark, an innovative and user-friendly platform, will

provide a more accessible experience for our esteemed authors and reviewers.

We extend our sincere thanks to the entire editorial team, authors, and reviewers who contributed to
achieving these successes. With your contributions, our journal will continue to hold a prominent position

in the scientific world.

As we pursue our mission to enhance the quality and publication standards of our journal, we aim to
bring you even more valuable scientific content in the upcoming issues. We appreciate your

participation, interest, and support.

Best regards,

idris Karagdz
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Editorden

Degerli Okuyucularimiz,

Dergimizin bu yeni sayisinda sizlere heyecan verici bir gelismeyi duyurmaktan mutluluk duyuyoruz.
JIENS, 2023 yih Ekim ayinda yurtdisinda, SCI ve SCI-Expanded digindaki uluslararasi indeksler
arasinda 6nemli bir konuma sahip olan prestijli Index Copernicus dizini tarafindan kabul edildi. Bu kabul,
dergide yer alan degerli makalelerin global diizeyde daha genis bir okuyucu kitlesiyle bulusmasini ve
daha fazla atif almasini saglayacak. JIENS’in Index Copernicus Value (ICV) degeri 2022 yilinda 69.43
olarak hesaplandi. Bu, dergimizin akademik dinyadaki konumunu daha da gigclendirdigimizin bir

gostergesidir.

Ayrica, dergimizin alt yapisi dnemli bir degisim gegirerek DergiPark sistemine taginmigtir. Bu yeni sistem
sayesinde makale kabuli ve hakemlik slreglerimizi daha etkin ve seffaf bir sekilde yénetebilecegiz.
Yenilik¢i ve kullanici dostu bir platform olan DergiPark, siz degerli yazarlarimiz ve hakemlerimiz igin

daha kolay ve erisilebilir bir deneyim sunacaktir.

Bu basarilarin elde edilmesinde emegi gecen tim dergi ekibimize, yazarlarimiza ve hakemlerimize igten
tesekkirlerimizi sunuyoruz. Sizlerin katkilariyla dergimiz, bilimsel diinyadaki etkisini artirarak énemli bir

konumda yer almaya devam edecektir.

Dergimizin kalitesini ve yayin standartlarini daha da yuUkseltme misyonumuzu sirddrerek, gelecek
sayllarda da sizlerle birlikte daha degerli bilimsel iceriklere ulagsmayi hedefliyoruz. Katiiminiz, ilginiz ve

destekleriniz igin tesekkur ederiz.

Saygilarimizla,

idris Karagoz
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Wash fastness properties of pre-mordanting cotton fabrics dyed with natural
dyes

H.lbrahim Turgut®*, ** Begum Selcuk Elgun? and “=' Ozlem Yarar?

2Harput Tekstil San. ve Tic. A.§.-R&D Center, Bursa and 16140, Turkiye.

ARTICLE INFO ABSTRACT

Article history: With the awareness of the negative effects of synthetic products on the environment and human health, there
Received 12 May 2023 is a global search for environmentally, friendly and sustainable consumer products with natural dyes. The
Received in revised form 22 June 2023 concept of naturalness gains importance for textile products that are in direct contact with human body.
Accepted 8 August 2023 Therefore, dyeing process of cellulosic based fabrics in different colours with natural dyes has been

developed. In this study, cotton fabrics were dyed in different colours at 1% and 3% concentrations by pre-
mordanting with a cationic mordanting agent, and the washing fastness of the fabrics was tested. Before
dyeing the fabrics were pre-treated and made sustainable for dyeing. Tube dyeing was performed with five
different commercial natural dyes at different concentrations using the HT dyeing technique. Cotton fabrics

Auvailable online

Keywords: structures in different colours were obtained by using a thickening agent in dyeing and a colour chart that
Cotton fabric could be presented to the market was created. In the studies carried out, it was observed that the fastness
Natural dyes results were quite good in the acceptable value range (3-5), although there were dyeing defect, especially in
Sustainability dark dyed fabrics. It was determined that the prepared dyes should be filtered in order to minimize the
Mordant dyeing defect.

Dyeing

I. INTRODUCTION

With the industrialization in the world, textile and ready-made clothing sectors have started to develop. In the
22nd century, it has come to the fore to take measures that affect the ecological balance and prevent its
deterioration in all kinds of industrial applications. The issue of environmentally friendly textile production plays
a major role in guiding the future of the textile industry. It is necessary to pay attention to the damage caused to
the environment as a result of the raw materials used the recycling of the product and the production of the
product [1].

The rapid population growth has led to a decrease in natural resources and the concept of sustainability has
begun to be talked about as a result of the fact that human needs have become unmet. On the one hand, the
increase in people's demand for water, energy, food and space, on the other hand, global population growth,
climate change, the spread of urbanization and excessive industrialization as a result of water, energy, etc.
resulted in resource scarcity and increased concerns about the sustainability of natural resources [2].
Accordingly, as in many sectors, the search for increasing sustainability in the textile field has emerged and

increased.

Textile wet processes generally include pre-treatment (cleaning, bleaching), dyeing, printing and finishing. Many

chemicals are used in these process steps and a large amount of wastewater is discharged. Therefore, some

*Corresponding author. Tel.: +90-551-245-0061; e-mail: halil.turgut@harputholding.com
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environmentally friendly methods (foam and supercritical carbon dioxide dyeing, natural dyeing, etc.) have been

developed to improve dyeing processes and reduce the damage to the environment [3].

With the discovery of synthetic dyes by WH Perkin in 1856, various advantages such as brightness, durability
and cost-effectiveness of colours came to the fore and attracted attention [4-6]. However, scientists have reported
that the production and synthesis of synthetic dyes cause serious human health and environmental problems [7-
9]. Therefore, in recent years, the re-introduction of environmentally friendly and more reliable colourants from
natural sources has become an increasingly green trend around the world. [10-12]. In addition, some natural dyes
have been found to have effective UV protection, fluorescence, antibacterial, antioxidant and antifungal
properties in the development of functional textiles [5, 13-15, 16-17]. Renewable resources such as natural dyes
are predicted to reduce the environmental impact in textile dyeing applications [3]. Today, many natural dye
studies have been started to support the use of natural dyes and their numbers continue to increase day by day.
[18, 19]. In addition, there is increasing research on the extraction of natural dyes from waste materials to reduce

waste and reduce natural dye production costs [10].

Apart from the textile sector, natural dyes, which can be used in many sectors, may have various advantages and
disadvantages. Disadvantages include the difficulties in obtaining large quantities of natural dyes on a
continuous basis, the limited colour palette that can be obtained, the difficulties of standardizing the colour
palette and dye properties, and the acquisition and dyeing costs, which can be high depending on the dye source.
In spite of these disadvantages, the use of such paints that provide benefits to the user as well as important
features such as being obtained from renewable resources to meet increasing sustainability expectations, causing
less damage to nature that will not cause pollution and waste water problems, being able to degrade more easily

at the end of use, and not being toxic and carcinogenic [20-23].

Considering the way they are applied, natural dyes can be divided into two classes as fixed dyes and dyes that
require the use of fixatives. Fixed dyes are dyes that do not require any tool and can be applied directly to the
fabric and offer good fastness. Dyes that require the use of fixatives, on the other hand, need an intermediary
called mordant to establish a bond between the fibre and the dye [24]. Mordants are substances that provide the
fixation of the dyes to the material, improve the fastness properties and create differences in colours. The
mordants used have the effect of deepening or changing the original colour of natural dyes. For example, the dye
obtained from the leaves of Anogeissus leiocarpus changes from dull yellow to bright yellow with mordant,
while the pale yellowish green dye obtained from the leaves of Mangifera indica changes from purple to ochre.
[25].

Many of the traditional mordant materials are heavy metal salts such as aluminium, iron, copper, tin, chromium
[23]. Mordant type and mordanting method significantly affect colour yield and coordinates. Different colours
and fastness properties can be obtained as a result of the formation of different dyes complexes [21, 23, 25]. In
natural dyeing, mordant and dye type, mordant and dye concentrations are important in terms of fastness and
colour darkness. Therefore, it is ecologically and economically important to use the lowest amounts that give the

darkest colour, as there is no change after increasing the darkness up to a certain concentration level [26].

Most natural dyes cannot be permanently attached to the fibre and mordants (fixers) must be used for this [27].

There are basically three different mordanting methods. These; pre-mordanting, co-mordanting and post-

2
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mordanting. Dyeing can be performed in a single step as the mordants are added to the dyebath in co-

mordanting, which requires an additional step in a separate bath for pre-mordanting and final mordanting [28].

With the effects of synthetic products on both the environment and human health, natural origin products are
now given importance. With the increase of conscious consumers in recent years, natural dyeing is seen as an
alternative. In this study, it was aimed to develop sustainable natural dyeing processes with commercial natural
dyes on cotton fabric qualities with pre-mordanting technique and to create a market share. Meanwhile, cotton
fabric was dyed with natural dyes using the pre-mordanting method. In these dyeing, different parameters
(temperature, dyeing time, thickening agent, dye concentration, etc.) were applied and optimization studies were
carried out. Dyeing was done with 5 different natural dyes at 1% and 3% concentrations and colour charts
containing different colours were created with thickening agents. Wet and dry rubbing fastness, washing
fastness, acid sweat fastness, alkali sweat fastness and water fastness tests were used to evaluate the fastness

properties of dyed cotton fabrics.

I1. EXPERIMENTAL METHOD
2.1 Materials and Methods
2.1.1. Materials

100% Cotton fabrics were used and the fabrics properties are given Table 1. Natural dyes and commercial

auxiliary chemicals used in the study were supplied from the market.

Table 1. 100% Cotton fabric properties

%100 Cotton
Grammage 115 g/m?
Weft Ne 30/1 Cotton 22 (weft/cm)
Warp Ne 30/1 Cotton 32 (warp/cm)
Weave Plain

In dyeing process, 5 different commercial natural dyes obtained from Quercus infectoria, Acacia catechu,
Terminalia chebula, Kerria lacca and Morus alba and coded as DB1, DB2, DB3, DB4 and DB5 respectively
were used. Through chemicals, VP1 was used as a pre-mordant material, which increases the affinity of the dye
to the fabric. At the same time, VD1 was used as the dispersing agent. Soda was used to provide an alkaline
environment, VD and VDB were used as thickeners. VS were used as a washing agent and VUP was used as a
light fastness enhancer. Colour measurements were made on a Minolta CM-3006d spectrophotometer device.
The chemicals used during the studies are used as commercial products. The full names of the chemicals cannot

be given in order to avoid a legal sanction by the supplier company.
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2.2 Methods
2.2.1 Preliminary trials in glass beaker

First, 5g cotton fabric was put into the VVP1 solution prepared in a glass beaker and pre-mordanting was done by

mixing it with the help of a glass baguette.

Cotton fabric samples, which were pre-mordanted in glass beakers, were dyed with commercial dye obtained
from Quercus infectoria at different concentrations of 1%, 3% and 5%, and the dyeing stages and results were
evaluated. The dyeing process was carried out in a 1/10 liquor at 25 °C room temperature, in a glass beaker, by
mixing with the help of a glass baguette in 10 minutes. Rinsing was done after each dyeing step. The
applications were continued by dosing VD1 and soda separately in the same beaker with an interval of 10

minutes. Process steps and chemicals used are shown in Table 2.

In the next step, washing with VS chemical and light fastness increasing treatment with VUP chemical were
applied to the fabrics, respectively, and then rinsing was performed. The drying process was carried out in a

laboratory scale Atag brand stenter machine for 3 minutes.

Table 2. DB1 dyeing process steps and applied recipes

Process Steps 1% DB1 Dyeing 3% DB1 Dyeing 5% DB1 Dyeing
Pre-Mordanting 2% VP1 5% VP1 8% VP1
Rinsing Rinsing Rinsing Rinsing
1% DB1 3% DB1 5% DB1
Dyeing 1%VD1 3% VD1 5% VD1
1% Soda 1% Soda 1% Soda
Rinsing Rinsing Rinsing Rinsing
Washing 1% VS 2% VS 3% VS
Rinsing Rinsing Rinsing Rinsing
Light Fastness 2% VUP 2% VUP 2% VUP
Rinsing Rinsing Rinsing Rinsing

2.2.2 Optimization studies on the HT dyeing machine

In HT tube dyeing process steps, 1/10 liquor was applied to all tubes each step. 5g cotton fabric samples were cut

as standard and placed in tubes and the studies were carried out by adding solutions.

2.2.2.1 Pre-Mordanting

5% VP1 solution was prepared to pre-mordanting 6 cotton fabric samples. The application was made with the
mordant chemical VVP1 for 10 minutes in an HT tube dyeing machine at a room temperature of 25 °C. Then, the

fabric samples were rinsed with distilled water for 10 minutes.
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2.2.2.2 Dyeing

The sample fabrics that were rinsed after pre-mordant were dyed with DB1 natural dyes. The dyeing process step
was carried out in 3 stages. For the first step, 3% DB1 dye solution was prepared and mixed in a magnetic stirrer
at 80 °C for 30 minutes, filtered to prevent dyeing defect and made ready for dyeing. For the second and third
stages, 40% VD1 and 35% soda solutions were prepared. First, the prepared dye solution and 5g cotton fabric
were added to the tubes and the tubes were rotated in the HT dyeing machine for 10 and 20 minutes. Then the
machine was stopped and the soda solution was dosed into the tubes and the tubes rotated again for 10 minutes
and 20 minutes. After dyeing, the fabrics were rinsed for 10 minutes until the rinsing water remained clear.

Prescription applications of the dyeing process are given Table 3.

Table 3. Prescription applications of the dyeing process

. Temperature Time
Sample Chemicals (C) (min.)
Sample 1 25 30
Sample 2 o 25 60
Sample 3 vy 60 30
Sample 4 10/" e 60 60
Sample 5 0 25 30
Sample 6 25 60

2.2.2.3 Color darkening

After the dyeing process step, 1% VD + VDB solution was prepared for the colour darkening process. In order to
see the effect of the thickening agent in the HT tube dyeing machine at 25 °C room temperature, the application
was made for 30 minutes and 60 minutes. Then, the fabric samples were rinsed with distilled water for 10

minutes. Prescription applications of the thickening process are given in Table 4.

Table 4. Prescription applications of the thickening process

Sample Chemicals Tem%eé)ature (Tn:me)
Sample 5 o 25 30
Sample 6 1% VD + VDB 25 60

2.2.2.4 Washing

After the colour darkening process step, 2% VS solution was prepared for the washing process. The soaping
agent VS was applied to 6 samples of fabric in an HT tube dyeing machine at 25 °C room temperature for 10

minutes. Then, the fabric samples were rinsed with distilled water for 10 minutes.

2.2.2.5 Increasing light fastness

After the washing process step, 2% VUP solution was prepared to increase the light fastness. The light fastness

increasing agent VUP was applied to 6 sample fabrics in an HT tube dyeing machine at 25 °C room temperature
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for 10 minutes. Afterwards, the cotton fabric samples were rinsed with distilled water for 10 minutes and the lab
temperature was at 120 °C. The drying process was carried out in a scale stenter machine increasing light

fastness.

A dyeing diagram was created based on the optimum values obtained after the optimization studies. The process
steps and applied recipes of HT tube dyeing are given in Table 5. And the diagram is given in Figure 1. Based on
this diagram, dyeing was done at 1% and 3% concentration using 5 different natural dyes, DB1, DB2, DB3, DB4
and DBS. In the HT tube dyeing machine where dyeing was performed, the process application temperature (T2)
was achieved with an increase of 2 °C per minute, based on the initial temperature (T1) for each step, and the

application continued.

Table 5. Process steps and applied prescription of HT tube dyeing for 1% dyeing

Process Steps 1% Dyeing 1% Dyeing + Thickening
Pre-Mordant 2% VP1 2% VP1
Rinsing Rinsing Rinsing
1% Dye 1% Dye
Dyeing 1% VD1 1% VD1
1% Soda 1% Soda
Rinsing Rinsing Rinsing
Thickening - 1% VD + VDB
Rinsing Rinsing Rinsing
Washing 1% VS 1% VS
Rinsing Rinsing Rinsing
Light Fasting 2%VUP 2%VUP
Rinsing Rinsing Rinsing

Table 6. Process steps and applied prescription of HT tube dyeing for 3% dyeing

Process Steps 3% Dyeing 3% Dyeing + Thickening
Pre-Mordanting 5% VP1 5% VP1
Rinsing Rinsing Rinsing

3% Dye 3% Dye
Dyeing 3% VD1 3% VD1

1% Soda 1% Soda
Rinsing Rinsing Rinsing
Thickening - 1% VD + VDB
Rinsing Rinsing Rinsing
Washing 2% VS 2% VS
Rinsing Rinsing Rinsing
Light Fasting 2% VUP 2% VUP
Rinsing Rinsing Rinsing
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Figure 1. Diagram of HT tube dyeing process steps

I11. RESULTS AND DISCUSSIONS
3.1 Pre-Trial Results in Glass Beaker

In the image given in Figure 2, it was seen that the dyes mixture prepared was not completely dissolved. It was
aimed to dissolve and homogeneously disperse the prepared DB1 dyes by mixing the for 30 minutes in a
magnetic stirrer at 25 °C and 80 °C, but it was determined that the dyes were not completely homogeneously
dispersed in the water dye residues at the bottom of the beakers. Therefore, the prepared dye mixture was
filtered, and the residues were removed.

¥

a)25°C b) 80 °C

Figure 2. Residues of dye mix

The natural dye used is not water-soluble. Depending on the production method, it can be said that there are
impurities and precipitations in it, since it is both a natural dye and not a fabricated production. By increasing the
temperature from 25 °C to 80 °C, the dyestuff can be dissolved at high temperature. Besides dissolving at high
temperature, it was also freed from impurities by filtration of the solution.

The prepared dye solution and pre-mordanting cotton fabric samples were treated in a glass beaker with the help
of a glass baguette for 10 minutes. Then, soda was added to the dye solution and mixed for 10 minutes. It was
observed that the colour of the dye solution darkened after the addition of soda. The colour change of the dye

solution after the addition of soda is given Figure 3.

It provides different additives such as soda used as alkali, colour brightener, pH adjustment of baths. The acidity
or alkalinity of the water causes the colour to change. The soda used also makes the baths more alkaline and
provides a colour change feature. Soda, which is used as alkali, increases the effectiveness of the mordant
material used as a fixator and can cause the colours to change significantly [30-32]. Opoku-Asare et al. they
stated that there were serious differences in the colors obtained in dyeing with soda ash [26].
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Figure 3. Colour change of dye solution after soda addition

In order to see the effect of soda on colour change, a dark colour green dyeing study was carried out. The visuals
of the work done are given in Figure 4. In this study, rinsing and dyeing processes were carried out after the
mordanting process. Sample 1 was dyed using only green dyes.

Sample 2 was dyed with a solution containing green dyes and dispersant. Sample 3 was dyed with a solution
containing dyes, dispersant and soda.

Figure 4. Colour comparison of fabric samples

Colour comparison measurements of fabric samples were performed in spectrophotometer. As a standard, fabric
no. 1 containing only dye was taken as a reference. When examined under daylight, the effect of soda and
dispersant chemicals on the colour change can be clearly seen. The total standard deviation values between

fabric samples are given in Table 7.

Table 7. Colour comparison measurements

Standard Fabric Sample (Fabric Sample 1) Fabric Sample 2 Fabric Sample 3

Total Chromatic Aberration AE*< 1

D65 — 10° Source of light 2,22 1,14
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It was determined that cotton fabrics dyed with DB1 natural dyes at different concentrations were dyes
homogeneously and the colour tones were different as expected. Images of cotton fabrics dyed with DB1 natural
dyes are given Figure 5. In the DB1 dyeing studies, it was observed that the solution of the dyes deteriorated in a

short time. The visual at the dye solution kept for 3 days in shown Figure 6.

Figure 5. Cotton fabrics dyed with DB1 natural dyes

In the studies, it was observed that the prepared dye solution could not last for a long time under ambient
conditions and deteriorated. It is foreseen that the dye solution will be prepared and used on the same day when
dyeing will be done under operating conditions. It occurred after the dissolution of the mold/fungus dyes in the

dye solution in Figure 6.

Figure 6. Dye solution left for 3 days

Since the commercial natural dyes used are 90% biodegradable, they may have decomposed and formed a food
source, but in the last drying step of the dyeing processes, in the fabrics that were dried at 120 °C for 3 minutes,
the natural dyes would not decompose and form a food source, so there was no mold/formation on the dyed
fabric. There is no fungal growth. After the prepared paint solution was filtered, it was left to dry on the edge,
and after a long time, when the environment where the paint was observed, no mold/fungus was formed. This

observation showed that there was no situation that would cause any disadvantage in the fabric after drying.
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The advantages such as being obtained from edible sources, being compatible with nature and easily degradable,
protection from UV rays, antibacterial properties make natural dyes attractive [23]. In the literature, the easy
degradability and antibacterial properties of natural dyes were mentioned, and the natural dyes used in the study
created a food source based on their degradability in aqueous environments, but no mold/fungus growth was
predicted because there was no aqueous phase left on the fabric at high temperatures after the application.
Optimization studies were carried out on the HT sample dyeing machine, taking into account the results obtained

after the dyeing studies in the glass beaker.

3.2 Results of optimization study on HT dyeing machine

In HT tube dyeing process steps, 1/10 liquor was applied to all tubes each step. 5g cotton fabric samples were cut

as standard and placed in tubes and the studies were carried out by adding solutions.

3.2.1 Dyeing

With the process steps given in Table 3, sample 1 at 25 °C for 30 minutes, sample 2 at 25 °C for 60 minutes,
sample 3 at 60 °C for 30 minutes and sample 4 at 60 °C dyed for 60 minutes.

In the dyeing study, it was observed that the fabrics dyes at 60 °C for 60 minutes had a slightly darker colour.
However, it was decided that the dyeing process step at 60 °C for 30 minutes was more appropriate in terms of
energy and time savings. In addition, it has been determined that the VD1 and soda chemicals added in repeated
dyeing should be dosed slowly based on the dyeing defect that occur. The effect of time and temperature on
fabrics with 3% DB1 dyeing is given in Figure 7.

Figure 7. The effect of time and temperature on 3% DB1 dyed fabrics

3.2.2. Colour darkening
After the 3% DB1 dyeing process, the 5™ sample and 6% sample fabrics were thickened. Homogeneous dyeing
was achieved in the studies, but it was determined that in the studies where VD and VDB were used, barre

10
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caused by chemicals were formed, so VD and VDB additions should be given slowly and in dosage. It was

observed that the fabrics applied with a thickening agent for 60 minutes had a slightly darker colour. However, it

was deemed appropriate to carry out the thickening process step for 30 minutes in terms of energy and time

saving. The effect of the thickening process on fabrics with 3% DBL1 dyeing is given in Figure 8.

Figure 8. The effect of the thickening process on 3% DBL1 dyed fabrics

The results obtained from the pre-testing and optimization studies are given below;

>

In the studies, it was determined that the dye solutions to be prepared should be mixed for 30 minutes in

a magnetic stirrer at 80 °C and filtered just in case, to be ready for use.

It has been determined that especially chemical additions should be done by gradually dosing in order

to prevent dyeing defect in the dyeing process step.

It was observed that the solution of the prepared DB1 natural dyes deteriorated in a short time.
Therefore, it has been seen that it would be healthy to prepare and use the natural dyes solutions on the
same day.

It was decided that performing the dyeing process step 60 °C for 30 minutes would be more appropriate

in terms of energy and time saving.

It has been decided that the thickening process step for 30 minutes is more appropriate in terms of

energy and time saving.

It has been determined that continuing the process until the water becomes clear, especially in the
dyeing process step and then in the rinsing process, prevents dyeing defects and has a positive effect on
fastness results.

The main task of the VUP chemical is UV absorbency and it is a substance that increased the light
fastness of the fabric. However, partial changes in colour were observed after the application with VUP,

which has a blue colour.

The images of the HT tube dyeing step are given in Figure 9. The images of the final rinse after the dyeing and

thickening step are given in Figure 10.

11
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DB3 DBl DB2 | DB2 DBl DB3

Figure 10. Final rinse after dyeing and thickening step

The colours obtained after HT tube dyeing with optimum parameters and the colour chart of cotton fabrics are

given in Table 8. After dyeing, colours in light, medium and dark tones were obtained.

Washing fastness, water fastness, acid sweat fastness, alkali sweat fastness and rubbing fastness tests were
performed on cotton fabric samples dyed with natural dyes and applied thickening process, and their fastness

properties were evaluated.

The wet and dry rubbing fastness test results on cotton fabrics dyed with natural dyes are given in Table 9.
According to the washing and rubbing fastness test results on cotton fabric samples, it was determined that the
wet rubbing values of the fabrics dyed with DB5 dyes were at medium levels (3) and lower than the other
dyeing. When the dyeing was evaluated in terms of age and rubbing fastness, it was determined that they were
generally at good levels in the 4-5 range. It has been determined that dry rubbing fastness are better than wet

rubbing fastness.

12
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Table 8. Colours chart after HT tube dyeing

DB4 DB5
1% Dyeing
1% Dyeing
+
Thickening
3% Dyeing
3% Dyeing
+
Thickening
Table 9. Wet and dry to rubbing fastness test results
Wet Fastness to Rubbing Dry Fastness to Rubbing
1% DB1 4-5 4-5
1% DB1 + Thickening 4-5 4-5
3% DB1 4-5 4-5
3% DBL1 + Thickening 4 4-5
1% DB2 4-5 4-5
1% DB2 + Thickening 4-5 4-5
3% DB2 3-4 4-5
3% DB2 + Thickening 3-4 4-5
1% DB3 4 4-5
1% DB3 + Thickening 4 4-5
3% DB3 3-4 4-5
3% DB3 + Thickening 4 4-5
1% DB4 4-5 4-5
3% DB4 4 45
1% DB5 3 3-4
3% DB5 3 4

Textiles are subjected to multiple washing processes due to their wide usage areas and frequent use. Therefore, it
is important to preserve textile fastness properties. When the dyeing made with natural dyes are evaluated in
terms of washing fastness, water fastness, acid and alkali sweat fastness, it has been determined that they are
generally at good levels in the 4-5 range. Washing fastness test results are given in Table 10. Water fastness test
results are given in Table 11. Acid sweat fastness test results are given in Table 12. Alkali sweat fastness test
results are given in Table 13. When the tables given below are examined, it is seen that the thickening process

partially reduces the fastness properties in general.

13
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Table 10. Fastness to washing test results

Fastness to Washing

5 k=
L 2 IS c =}
2 < € & S <
1% DB1 4-5 5 5 5 5 5
1% DBL1 + Thickening 4-5 5 4-5 4-5 4-5 5
3% DB1 4-5 5 5 5 5 5
3% DB1 + Thickening 5 5 4-5 4-5 4-5 5
1% DB2 4-5 5 5 5 5 5
1% DB2 + Thickening 5 5 4-5 4-5 4-5 5
3% DB2 5 5 5 5 5
3% DB2 + Thickening 5 4-5 4-5 4-5 5
1% DB3 4-5 5 5 5 5 5
1% DB3 + Thickening 4-5 5 4-5 4-5 4-5 5
3% DB3 5 5 5 5 5 5
3% DB3 + Thickening 5 5 4-5 4-5 4-5 5
1% DB4 5 5 5 5 5 5
3% DB4 5 5 5 5 5 5
1% DB5 5 5 5 4-5 4-5 5
3% DB5 4-5 5 5 4-5 4 5
Table 11. Fastness to water test results
Fastness to Water
@
o 2 £ c g
3 B S E £ 2
= < g & 3 <
1% DB1 5 5 5 5 5 5
1% DB1 + Thickening 4-5 5 5 4-5 4-5 5
3% DB1 5 5 5 5 4-5 5
3% DB1 + Thickening 5 5 5 4-5 4-5 5
1% DB2 4-5 5 5 5 4-5 5
1% DB2 + Thickening 4-5 5 4-5 4-5 4-5 5
3% DB2 4-5 5 4-5 5 4 5
3% DB2 + Thickening 4-5 5 5 4-5 4-5 5
1% DB3 5 5 5 5 4-5 5
1% DB3 + Thickening 4-5 5 4-5 4-5 4-5 5
3% DB3 4-5 5 5 5 4-5 5
3% DB3 + Thickening 5 5 4-5 4-5 4-5 5
1% DB4 4-5 5 4-5 5 4-5 5
3% DB4 4-5 4-5 5 5 4-5 5
1% DB5 4-5 5 5 5 5 5
3% DB5 4-5 5 5 5 5 5
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Table 12. Fastness to acid sweat test results

Fastness to Acid Sweat

. ]
o 2 E c i3
3 B S S £ 2
= < g 2 3 <
1% DB1 5 5 5 5 5 5
1% DBL1 + Thickening 4-5 5 5 4-5 4-5 5
3% DB1 5 5 5 5 4-5 5
3% DB1 + Thickening 5 5 5 4-5 4-5 5
1% DB2 4-5 5 5 5 4-5 5
1% DB2 + Thickening 4-5 5 4-5 4-5 4-5 5
3% DB2 4-5 5 4-5 5 4 5
3% DB2 + Thickening 4-5 5 5 4-5 4-5 5
1% DB3 5 5 5 5 4-5 5
1% DB3 + Thickening 4-5 5 4-5 4-5 4-5 5
3% DB3 4-5 5 5 5 4-5 5
3% DB3 + Thickening 5 5 4-5 4-5 4-5 5
1% DB4 4-5 5 4-5 5 4-5 5
3% DB4 4-5 4-5 5 5 4-5 5
1% DB5 4-5 5 5 5 5 5
3% DB5 4-5 5 5 5 5 5
Table 13. Fastness to alkaline sweat test results
Fastness to Alkaline Sweat
. 5 : .
E : 2 5 g g
= < S g S <
1% DB1 5 5 5 5 5 5
1% DB1 + Thickening 4-5 5 5 4-5 4-5 5
3% DB1 5 5 5 5 4-5 5
3% DBL1 + Thickening 5 5 5 4-5 4-5 5
1% DB2 4-5 5 5 5 4-5 5
1% DB2 + Thickening 4-5 5 5 4-5 4-5 5
3% DB2 4-5 5 4-5 5 4 5
3% DB2 + Thickening 4-5 5 5 4-5 4-5 5
1% DB3 5 5 5 5 4-5 5
1% DB3 + Thickening 4-5 5 4-5 4-5 4-5 5
3% DB3 4-5 5 5 5 4-5 5
3% DB3 + Thickening 5 5 4-5 4-5 4-5 5
1% DB4 4-5 5 4-5 5 4-5 5
3% DB4 4-5 4-5 5 5 4-5 5
1% DB5 4-5 5 5 5 5 5
3% DB5 4-5 5 5 5 5 5
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IV. CONCLUSIONS

When the natural dyes obtained from natural sources are compared with the synthetic dyes, it is seen that their
production and use are at very low levels due to the fact that the natural dye sources and dyes contents are very
low and the dyeing are mostly in light colour tones [29]. Although natural dyes are much more costly than
synthetic dyes and despite these disadvantages, marketing of textiles dye with value-added natural dyes in
targeted markets can provide sustainability in both environmental and economic terms. As in many sectors the
development of sustainable processes in the textile sector is aimed at both economical and environmentally
friendly productions. It has been determined that different colours and tonnages can be obtained from the same
natural dye with the natural dyeing studies and the fastness results are at acceptable values. The results obtained

showed that the fastness of natural dyes were in accordance with the acceptance criteria. These;

» The prepared aqueous solution of natural dyes should be mixed at high temperatures and dispersed
homogeneously by filtering.

» Since the prepared aqueous solution of natural dyes can deteriorate in a short time, it should be prepared
and used within the same day.

» In order to prevent dyeing defects, chemicals such as soda, which affect the colour tone, should be
dosed slowly.

» Since chemicals such as VUP, which is added as an auxiliary chemical and has a blue colour, may
affect the colour tone, its use should be considered.

» It was determined that the dye solution foamed during the preparation of some natural dyes. The

possibility that this foaming may cause dyeing failure should be considered.

In this study, dyeing was done at 1% and 3% concentrations. In future studies, it is aimed to prevent dyeing
defect, especially in dark colours, by dyeing experiments at lower concentrations, and to reduce costs by
reducing the amount of dye used. In this way, the amount of waste dyes will be reduced and the market will be

addressed by obtaining softer colours preferred by customers as a result of market researches.
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MAKELE BIiLGisi OZET

Makale Gegmisi: Giiniimiizde diinya niifusunun hizla artmasi ve teknolojinin gelismesiyle enerji ihtiyaci her gegen giin
Gelis 14 Temmuz 2023 artmaktadir. Gereken enerjinin bilyiik bir kisminin fosil yakitlardan tiretildigi, fosil yakitlarin ise sinirli olmasi
Diizeltme 8 Agustos 2023 ve zararli gevresel etkileri géz Oniine alindiginda yenilenebilir enerji kaynaklarina gegisin 6nemi ortaya
Kabul 19 Agustos 2023 ¢ikmaktadir. Dolayisiyla giines, riizgar ve jeotermal gibi yenilenebilir enerji kaynaklari ragbet gérmeye

baglamigtir. Yenilenebilir enerji kaynaklarinin kullanimimin yayginlasmasi ile elektrikli araglara ydnelimin

Gevrimici meveut onii agilmistir. Batarya teknolojisi ve batarya sarj sistemlerinde gergeklesen gelismelerle elektrikli araglar i¢in

verimi yiiksek batarya sarj sistemleri gelistirilmeye baslanmistir. Bu ¢alismada, elektrikli araglar i¢in 6nem
arz eden batarya sarj sisteminin giines enerjisi tabanl tasarimi gerceklestirilmistir. Giines enerjisinden
maksimum giiciin elde edilebilmesi i¢in farkli Maksimum Gii¢ Noktas1 Takibi (MPPT) algoritmalar:
kullanilarak sonuglar kiyaslanmustir. Enerjinin maksimum verimle yiike aktarilabilmesi igin ise Sifir

Anahtar Kelimeler: Gerilimde Anahtarlama (ZVS) teknigi uygulanan SEPIC DC-DC doniistiirticti kullanilmistir. Sifir gerilimde

Fotovoltaik sistem
Batarya sarj cihazi gii¢ degisimine gore gorev dongiisii ve frekans degisimi gergeklestirilmistir. Sistemin benzetimi PSIM ile

MPPT algoritmast yapilmistir. 400-600-1000-500 W/m? 1sinim degerlerinde Degistir & Gozle (D&G) ve Artan Iletkenlik (Al)

ZVS SEPIC déniistiiriicii algoritmalari i¢in gii¢ takibi ve sistem verimi a¢isindan karsilastirma yapilmistir. Her iki algoritmanin da panel

anahtarlama teknigi kullanilarak yumusak anahtarlama ile anahtar tizerindeki kayiplar azaltilmigtir. Sistemde

giiclinii basarili gekilde takip ettigi ve verimlerinin %99 un iizerinde oldugu gozlemlenmistir. Maksimum

giiciin aktarilmasinda en yiiksek verim %99,86 degeri ile Artan Iletkenlik algoritmasinda saglanmistir.

Design of a high-efficiency battery charging system based on MPPT for electric vehicles

ARTICLE INFO ABSTRACT

Article history: In today's world, with the rapid increase in the global population and technological advancements, the demand
Received 14 July 2023 for energy is increasing day by day. Considering that a significant portion of the required energy is produced
Received in revised form 8 August 2023 from fossil fuels, the limited availability of fossil fuels, and their harmful environmental effects, the
Accepted 19 August 2023 importance of using renewable energy sources has become clear. Therefore, renewable energy sources such

as solar, wind, and geothermal have gained popularity. The widespread use of renewable energy sources has
also opened the way for the adoption of electric vehicles. High-efficiency battery charging systems for electric
vehicles have been developed with advancements in battery technology and charging systems. In this study,
a solar energy-based design of a battery charging system, which is crucial for electric vehicles, has been
realized. Different Maximum Power Point Tracking (MPPT) algorithms have been compared to obtain the
maximum power from solar energy. To achieve maximum efficiency in energy transfer to the load, a Zero
Voltage Switching (ZVS) technique has been applied to the SEPIC DC-DC converter. Switching losses on the

Available online

Keywords: switch have been minimized by using the ZVS technique. The duty cycle and frequency have been adjusted

Photovoltaic system according to the power variation in the system. The simulation of the system has been performed using PSIM.

Battery charger A comparison has been made in terms of power tracking and system efficiency for the Perturb & Observe

MPPT algorithm (P&0) and Incremental Conductance (IC) algorithms at solar irradiance levels of 400-600-1000-500 W/m2,

ZVS SEPIC converter Both algorithms have successfully tracked the panel power and achieved efficiencies above 99%. The highest
efficiency in transferring maximum power, 99.86%, has been achieved with the Incremental Conductance
algorithm.
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I. GIRiS

Fosil yakit kaynaklarinin azalmast sonucu yenilenebilir enerji kaynaklarina yonelim artmigtir [1]. Temiz, sinirsiz
ve gevreci bir kaynak olmasi sayesinde giines enerjisi, yenilenebilir enerji kaynaklar1 arasinda 6nemli bir yere
sahiptir [2]. Fotovoltaik sistemler (PV) sayesinde giines 15181 direkt elektrik enerjisine doniistiiriilebilmektedir.
Dontistiiriilen bu enerji sicaklik, gblgelenme ve giines 1s1n1m seviyesi gibi gevresel faktorlerin degismesi nedeniyle
stirekli olarak ayn1 seviyede olmamaktadir. Bu nedenle fotovoltaik sistemlerden maksimum verimin alinabilmesi
icin maksimum gii¢ noktasini takip eden (MPPT) algoritmalar kullanilmaktadir [3]. Fotovoltaik sistemlerden elde
edilen maksimum giiciin yiike aktarilabilmesi i¢in fotovoltaik panel ile yiik arasima genellikle Dogru Akim (DC-
DC) gii¢ doniistiirticiileri eklenir. Giig¢ doniistiiriiciileri yiliksek frekans degerlerinde anahtarlandiginda yiiksek giic
yogunlugu ve hizli dinamik cevap 6zelligine sahip olurlar. Fakat bu durum gii¢ donistiiriiciide anahtarlama
kayiplar1 ve elektromanyetik girisime (EMI) neden olmaktadir [4]. Bu durumu 6nlemek amaciyla yumugak

anahtarlamal1 gli¢ doniistiiriiciileri kullanilmaktadir [5].

Literatiirde, farkli maksimum gii¢ noktasi takibi algoritmalarinin DC-DC doniistiiriiciilere uygulanarak farkli
parametreler acisindan karsilastirmali olarak sunuldugu c¢alismalar mevcuttur. Ornegin yiikselten déniistiiriicii
kullanilarak maksimum gii¢ noktas1 takibi algoritmalarindan Degistir & Gozle, Artan Iletkenlik ve Empedans
Uyumlulugu algoritmalar1 verim, salinim miktar1 ve yakinsama siiresi bakimmdan kiyaslanmustir [3]. 6V/10 Ah
batarya icin azaltan déniistiiriicii kullanilarak Degistir & Gozle, Artan Iletkenlik ve Birinci Derece Diferansiyel

algoritmalar1 farkli 1g1mim ve sicaklik degerleri i¢in karsilagtirtlmistir [6].

Azaltan/ylkselten DC-DC doniistiirliciiler yaygin olarak kullanilan maksimum gii¢ noktasi takibi
algoritmalarindan Artan letkenlik, Degistir & Gozle ve Bulanik Mantik algoritmalar1 1s1n1m, sicaklik ve bagh
yiikiin degisiminin etkileri agisindan karsilagtirilmistir [7]. Geleneksel SEPIC doniistiiriicii ile Sabit Gerilim
Kontrolorii ve Degistir & Gozle algoritmalari icin verim, gérev dongiisii, devre elemanlar1 tizerindeki stres, kazang
marji ve faz marj1 agisindan kiyaslama yapilmistir [8]. Birinci Derece Diferansiyel, Degistir & Gozle ve Newton
Raphson algoritmalarinin Zeta doniistiiriicii kullanilarak maksimum gii¢ noktasini izleme ve fotovoltaik panel giicii

ile ¢ikis giicii farkindan elde edilen hata degerleri agisindan kargilastirilmasi yapilmugtir [9].

Yapilan ¢alismaya kiyasla literatiirde PI denetleyicisi kullamlan ¢alismalar da mevcuttur. Ornegin, yiikselten
donistiiriicii kullanilarak gergek ¢evre ve iklim kosullar altinda tipik bir fotovoltaik sistem igin Degistir & Gozle

algoritmasi ile PI denetleyicisinin oldugu ve olmadig1 durumlar i¢in kiyaslama yapilmistir [10].

Yine bu ¢aligmaya kiyasla literatiirde geleneksel SEPIC doniistiiriicii ve ZVS SEPIC doniistiiriicii kullanilan
calismalar mevcuttur. Degistir & Gozle algoritmasi ile Artan Iletkenlik algoritmalar1 PI denetleyicisi
kullanilmadan geleneksel SEPIC déniistiiriiciiye uygulanmigtir [11]. Aym sekilde Degistir & Go6zle algoritmasi ve
Artan Iletkenlik algoritmalar1 geleneksel ve ZVS Zeta ve SEPIC déniistiiriiciiler icin sabit 15inmm, sicaklik ve

frekans degerleri kullanilarak PI denetleyicisi olmadan uygulanmig ve karsilagtirilmistir [12].

Bu galigmada literatiire ek olarak, elektrikli araglarda yliksek verimli batarya sarj1 yapilabilmesi igin sifir gerilimde
anahtarlama (ZVS) teknigi uygulanan SEPIC doniistiiriicii tasarimi1 ve benzetimi yapilmis ve iki farkli maksimum
glic noktast takibi algoritmasinin tasarlanan doniistiirlicii {izerindeki performanslarinin karsilastirilmasi
amacglanmistir. Tasarlanan sistemin benzetimi PSIM ile yapilmis olup benzetim sonuglar1 gdsterilmistir.

Fotovoltaik sistemden elde edilen enerjinin bataryaya en verimli sekilde aktarilabilmesi igin SEPIC doniistiiriiciiye
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yumusak anahtarlama tekniklerinden sifir gerilimde anahtarlama teknigi uygulanmis ve anahtar iizerindeki
kayiplar azaltilmigtir. Fotovoltaik sistemin maksimum gii¢ noktasini en iyi sekilde takip edebilmesi igin ise
maksimum gii¢ noktasi takibi algoritmalar1 PI denetleyicisi ile birlestirilerek sabit gorev dongiisii adimi yerine
farkl1 151n1m degerlerine uygun olarak degisen gorev dongiisii degeri belirlenmistir. Ayrica sistemde gorev dongiisii
degisimine bagl olarak frekans degisimi saglanmistir. Boylelikle PI kontrollii maksimum gii¢ noktasi takibi

algoritmasi ile elde edilen maksimum gii¢ en verimli sekilde elektrikli ara¢ bataryasina aktarilmistir.

II. ESDEGER DEVRE VE MPPT ALGORITMALARI
2.1. Giineg Pili Egdeger Devre Modeli

Bir fotovoltaik sistem, giines pillerinin, baglanti elemanlarinin ve sistemi destekleyen diger cihazlarin bir
biitiinlidiir. Sisteme ait matematik modelleme yapilirken hiicre, modiil ya da diziden yararlanilir. Giines pili
karanlik ortamda aktif degildir, dolayisiyla akim ve gerilim iiretmez. Ancak harici bir kaynaga baglanirsa diyot
akimi (Ip) adi verilen akimu iiretir. Bir giines piline ait elektriksel esdeger devre tek bir diyot modeliyle Sekil 1°de

gosterildigi gibi temsil edilebilir [13].

Sekil 1. Tek diyotlu esdeger devre modeli

Esdeger devrede, L,, akim kaynagini, Iy, paralel direng akimini, R, her hiicre igerisinde ve hiicreler arasindaki
baglanti direncini temsil eden seri direnci ve Ry, paralel direnci, V, giines pilinin ¢ikis gerilimini gostermektedir.

Toplam devre akimi (I) Es. 1°de verildigi gibi hesaplanabilir [14].

1)

q(V+IRs) VIR
=Ly —Ip — I, =1ph—10(e kT —1)—%

Burada, I,, diyot doyum akimu, g, elektron yik, m, idealite faktori, k, Boltzmann sabiti ve T, mutlak sicakliktir.

Giines pilinin 6zellikleri Sekil 2°de gosterildigi gibi akim-gerilim (1-V) ve glg-gerilim (P-V) karakteristik egrileri

cizilerek gozlemlenebilir. Bu egriler giines pili ¢iktilarinin dogrusal olmadigini gostermektedir. Giines pili 151n1m
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ve sicaklik basta olmak iizere degisen ¢evre kosullarindan etkilenen bir cihazdir. Ayrica, dogrusal olmayan bir
davranis sergilemesine ragmen genel olarak I-V ve P-V egrileri lizerinde Maksimum Gii¢ Noktast (MPP) adi
verilen bir maksimum nokta bulunmaktadir. Bu nedenle giines pilinden maksimum enerjiyi elde etmek ve yiike

aktarmak 6nemli hale gelmektedir [15].

Gines pillerinden olusan fotovoltaik sistemden maksimum giiciin alinabilmesi i¢in maksimum gii¢ noktasini takip
eden algoritmalar gelistirilmistir. Elde edilen maksimum giiciin yiike en verimli sekilde aktarilabilmesi i¢in
fotovoltaik panel ile yiik arasina genellikle DC-DC gii¢ doniistiiriicii baglanir. Maksimum gii¢ noktas: takibi
algoritmalar1 DC-DC gii¢ dontistiirliciiniin  anahtarlama elemaninin iletimde oldugu siirenin anahtarlama
periyoduna orani olan gérev dongiisii (duty cycle) degerini kontrol ederek doéniistiiriiciiniin maksimum giig
noktasinda veya maksimum gii¢ noktas1 yakinlarinda ¢aligmasini saglar. Yaygin olarak kullanilan maksimum gii¢
noktast takibi algoritmalari; Degistir & Gozle, Artan Iletkenlik, Birinci Derece Diferansiyel, Yapay Sinir Aglari
ve Bulanik Mantiktir [6].

Virr Lupe

Kisa Devre
Akimu

3%
=
C
E
=
<

Ac¢tk Devre
Maksimum Giig Gerilimi

Noktas1 (MPP)

Gerilim Voc

Sekil 2. Giines pili akim-gerilim (1-V) ve glig-gerilim (P-V) karakteristigi

2.2. Degistir & Gozle (Perturb & Observe (P&Q)) Algoritmasi

Degistir & Gozle algoritmasina ait akis diyagrami Sekil 3’te gosterilmistir. Bu algoritmada, fotovoltaik panelin
¢ikis gerilimi ve ¢ikis akimi yani DC-DC doniistiiriicliniin giris gerilimi ve giris akimi izlenmektedir. Gorev
dongiisii degeri (D) sabit adim degeri kadar (AD) artirilarak veya azaltilarak caligma noktasi degistirilmektedir.
Fotovoltaik panelin gerilim ve gili¢ degisimi ayni isarete sahipse c¢aligma noktasi maksimum gii¢ noktasinin
solunda, farkli isarete sahipse maksimum gii¢ noktasinin saginda olacaktir. Calisma noktasinin maksimum gii¢
noktasinin solunda olmasi durumunda gorev dongiisii degeri sabit adim degeri kadar azaltilmali, saginda olmasi
durumunda ise gorev dongiisii degeri sabit adim degeri kadar artirilmalidir. Degistir & Gozle algoritmasimnin
verimli bir sekilde ¢alisabilmesi i¢in gorev dongiisii degistirme adiminin dikkatli se¢ilmesi gerekir. Secilen adim

degeri kiigiikse sistem atmosfer kosullarina tepki vermekte yavas fakat kesin olacaktir ve kosullar sabit oldugunda
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maksimum gii¢ noktasinda daha diisiik salinim gerceklesecektir. Adim biiyiik segildiginde sistem atmosfer
kosullarina hizli tepki verecek fakat hassasiyeti azalacaktir ve sabit kosullar altinda maksimum gii¢ noktasi

civarinda sistem giicii daha fazla salinacaktir [11].

Basla ‘

}

Ornekle

Ppy(K), Vpy(K)

|

AP = Ppy(Kk) — Ppy(k-1)

AV = Vpu(K) — Vpy(k-1)

Hayir Evet
l——:;;_‘\_ AP>0 —l
Ha\'ll- ..."..-. - ‘_.\'\__.....\. . l_: e‘ . H . ’ .'_.-"_--" ".__.\.\-..-__..‘. “ s
) ; AV<0 ":’_'_ v ayn AV>0 .’::) Evet
D=D+AD | ' ‘ D=D-AD | D=D+AD D=D-AD ‘

, I }
,

Basa don

Sekil 3. Degistir & Gozle algoritmasi akis diyagrami

2.3. Artan Iletkenlik (Incremental Conductance (IC)) Algoritmast

Artan iletkenlik algoritmasi kontrolii daha zor olmakla birlikte Degistir & Gozle algoritmasina gore daha
gelismigtir [16]. Artan iletkenlik algoritmasina ait akis diyagrami Sekil 4’te gdsterilmistir. Bu algoritmada,
akimdaki degisimin gerilimdeki degisime orani temel alinmaktadir [17]. Akimdaki degisimin gerilim degisimine

orani yani fotovoltaik panelin iletkenliginin gdzlemlenmesine dayanmaktadir [16].

Bir fotovoltaik sistem i¢in ¢ikis giiciiniin ¢ikis gerilimine gore tiirevi Es. 2 ile verilebilir [18]. Bu esitlik

¢oziimlendiginde ¢alisma noktasinin belirlenmesi Es. 3, Es. 4 ve Es. 5’te verildigi gibi olacaktir.

ap _ alv) _ a _ AL
av ~ dv _I+VdV I+VAV @

Caligma noktas1t maksimum gii¢ noktasinda olacaktir.
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Al -1 (3)

Calisma noktas1 maksimum gii¢ noktasinin solunda olacaktir ve bu durumda gorev dongiisii degeri sabit adim

degeri kadar azaltilmalidir.

Al -1
7 (4)

Calisma noktas1 maksimum gii¢ noktasinin saginda olacaktir ve bu durumda gdrev dongiisti degeri sabit adim

degeri kadar artirtlmalidir.

Al -1
<7 (5)
{ Basla J
Ornekle

Vev(k), Ipy(k)

v

AL = Tpy(k) — Tpy(k-1)

Hayir Evet
r—:;: AV=0 ;;—J
Evet e o it g Evet
< AVAV=IV = <5 AL=0 =3
1 Ha}’ll’ Ha}qr l
il “~ Hayir Hayir ' B Tve
AVAV>-1/V j;;:.jy ry < AI> 0 _j;;!"""‘
- e e ”,—/T’-/ ' . ‘h-““"‘m.,_‘““//”‘-// l
D=D+AD ‘ D=D+AD ‘ ‘ D=D-AD ‘
4 v l l I v

o

Basa don I
N

Sekil 4. Artan Tletkenlik algoritmasi akis diyagrami
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II1. PI DENETLEYICiSi VE SEPIC DONUSTURUCU
3.1. PI Denetleyicisi

PI denetleyicisi, sistemden alinan geri besleme degeri ile referans degerini (r(t)) karsilastirarak bir hata degeri
olusturup (e(t)) bu hata degerini oransal (P) ve integral (I) etki ile igleyerek sistemin istenilen referans degerine
yerlesmesini saglayan bir denetleyici yontemidir [19]. PI denetleyicisinde Es. 6°da verildigi {izere oransal kazang
(Kp) degeri hata miktar1 degeri ile carpilir ve sistemin hata miktara dogrusal tepki vermesi saglanir. Integral
kazang (K;) degeri ile hata miktar1 degeri ¢arpilarak 6nceden integrali alinmig hata degerine eklenir ve boylelikle
sistemdeki birikmis hata giderilir. PI denetleyiciye ait blok diyagram Sekil 5°te verilmistir. Burada u(t) sistemin

giris degerini, y(t) sistemin ¢ikis degerini géstermektedir [20].

y(t) = Kye(t) + K; [ e(®)dt (6)

K, e(t)

A 4

r(t) + e(t) u(t) 7Sistem . ¥

h 4

K; [e(t) dt

Sekil 5. PI denetleyicisinin blok diyagrami

3.2. SEPIC Doniistiiriicii

Sekil 6 (a)’da gosterilen geleneksel SEPIC DC-DC doniistiiriicii, bir anahtar (S), bir diyot (D), iki bobin (L4, L,)
ve iki kondansattrden (C;, C,) olusmaktadir [21]. Giris gerilimi degeri, gorev dongiisii kontrolii ile ¢ikista istenilen
gerilim seviyesinde ayarlanabilir. Boylelikle ¢ikig geriliminin giris geriliminden diisiik olmast istenilen durumlarda
azaltan (buck), ¢ikis geriliminin yiiksek olmasi istenilen durumlarda ise yiikselten (boost) doniistiiriicii modunda
caligmasi saglanabilir. Bu nedenle SEPIC DC-DC doniistiiriiciiler batarya sarj sistemlerinde avantaj saglarlar.
Diger DC-DC doniistiiriiciilere gore onemli avantajlari ise siirekli girig akimi, girig akim dalgalanmasinin filtreye
ihtiya¢ duyulmadan disiiriilmesi, agir1 akim siirlama yetenegi ve yari iletken anahtari siirme kolaylhigidir [22].
SEPIC DC-DC déniistiiriiciiler, fotovoltaik enerji sistemlerinde maksimum gii¢ noktasi takibinde, batarya sarj
sistemlerinde, gii¢ faktdrii diizeltme uygulamalarinda ve giic LED siiriiciilerinde yaygin olarak kullanilmaktadir.
Azaltan-yikselten (buck-boost) ve Cuk doniistiiriiciilerden farkli olarak ¢ikis gerilimi degerinin giris gerilimi

degeri ile ayn1 polaritede olmasini saglamaktadir [23].
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Sekil 6. (a) Geleneksel SEPIC doniistiiriicii, (b) ZVS SEPIC déniistiiriict

3.3. ZVS SEPIC Doniistiiriicii

SEPIC DC-DC donistiiriicii ve diger gii¢ dontstiiriiciilerde anahtar siiriiliirken kullanilan sert anahtarlama teknigi,
anahtar boyunca anahtarlama kayiplari, anahtar {izerinde elektromanyetik girisim ve akim-gerilim stresi gibi
etkilere neden olur. Bu etkileri azaltmak icin devreye rezonans bobini (L,) ve kondansatérii (C,) eklenerek
yumusak anahtarlama yapilabilir. Sifir gerilimde anahtarlama (ZVS) ve sifir akimda anahtarlama (ZCS) yumusak
anahtarlama tekniklerindendir. Sifir gerilimde anahtarlama tekniginde anahtarin drain-source gerilim degeri sifir
oldugunda anahtar iletim ve kesime gecmektedir. Sert anahtarlama uygulanan doniistiiriiciilerin verimliligi %85-
%90 arasinda degisirken yumusak anahtarlama uygulanan donistiiriiciilerin verimliligi %90-%95 arasindadir [12].
Sekil 6 (b)’de gosterilen ZVS SEPIC doniistiiriiciiniin matematiksel modeli i¢in doniistiiriicli devre elemanlarimin
ideal oldugu kabul edilerek rezonans frekansi (w,) ve karakteristik empedans (Z,) Es. 7 ve Es. 8 ile hesaplanir
[24].

1

Wo = == )
ZO=\/I;::=w0Lr=$ 8)

Burada L,., rezonans bobini, C,., rezonans kondansatoridir. Kalite faktori (Q) Es. 9 ile hesaplanabilir.

_ ﬁ _ FRyL _ wsGyRL
Q= Zy  wsly Fn, )

Burada, F, = f;/f, normallestirilmis anahtarlama frekansi, w; = 21 f; anahtarlama frekansinin agisal hizi, R, yuk
direnci degeridir. Rezonans bobini baglangi¢ akimi i;,-(0) ve anahtar kapaliyken anahtar baslangi¢ akimi i;(0) Es.

10 ile ifade edilir.

_ (0 i5(0) (10)

Iintlout  Iintlout
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Burada, I, giris akimi ve I,,; ¢ikis akimidir. ZVS SEPIC donistiiriiciiye ait ¢alisma modlart Sekil 7°de

gosterilmistir.

T 5l A
(a) (b)
et S

(c) (d)
Sekil 7. ZVS SEPIC galisma modlar1 (@) Mod 1, (b) Mod 2, (c) Mod 3, (d) Mod 4

331 Modl(0<t<t,)

ZVS SEPIC dontstiiriiciiye ait dalga formlar1 Sekil 8’de gosterilmistir. Mod 1°de yar1 iletken anahtar ve diyot

iletimdedir. V,, = V,,,./V;y, gerilim kazanci oldugunda bu modda anahtardan gegen akim (i) Es. 11 ile ifade edilir.

i= Uintlout)Qwst + lS(O) (11)

$ FnVim

Benzer sekilde diyot akimi (i) Es. 12 ile ifade edilir.

. Uin+I )Quwst .
g = Iin + lous — %V:nws - lS(O) (12)

Bu mod “t;” aninda yani diyot akim1 (i) sifir degerine ulagtiginda sonlanir.

332, Mod2(t; <t<ty)

Bu modda, yari iletken anahtar iletimde, diyot kesimdedir. Anahtardan akan akim (is) Es. 13 ile verilir.

Is = lin + Loy (13)
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Benzer sekilde diyot gerilimi (vy) Es. 14 ve Es. 15 ile verilir.

Vg = —Vin = Vour

Vg = Vin + Vour

(14)

(15)

Burada, V;,, giris gerilimi, V,,,; ¢ikis gerilimidir. Bu mod, “t,” aninda yani anahtar kesime gittiginde sona erer.

A 0 Lot T
vg_‘_ f f f
> f
A
vn"s /\
/,’-’"] r'"“ L,
'\ , T
A
-vd
ir.’
>
A
Viz2 =
» !

Sekil 8. ZVS SEPIC déniistiiriicii dalga formlart

333, Mod3(t, <t<t3)

Mod 1
Mod 2
Mod 3

Mod 4

Bu modda, yari iletken anahtar ve diyot kesimdedir. Bu mod sirasinda anahtar gerilimi (v;) Es. 16 ile verilir.

V. = VmVin+Vout) ((A)St _ 27TD)

$ FaQ

Burada, D gorev dongiisii degeridir. Benzer sekilde diyot gerilimi (v,) Es. 17 ile verilir.

Vg = (Vin + Vout) (

Vm

FnQ

@J—Zﬂﬂ—l)

Bu mod, “t;” aninda yani diyot gerilimi (v,) degeri sifira ulagtiginda sona erer.
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334, Mod4(t; <t<T)
Bu modda, yari iletken anahtar kesimde, diyot ise iletimdedir. Bu modda anahtar gerilimi (v,) Es. 18 ile ifade

edilir.

Vs = (Vin + Vour) (1 + 2 sin (25222)) (18)

Fn

Diyot akimi (i) ise Es. 19 ile ifade edilir.

ig = Ui + Lye) (1 — cos (%:’5%» (19)
Rezonans bobininden akan akim (i;,.) Es. 20 ile hesaplanir.

ity = Uin + Loue) cos (Z527) (20)

Bu mod, “T” aninda yani anahtar kesime gittiginde sona erer. Doniistiiriictide sifir gerilimde anahtarlama igleminin

gerceklesmesi i¢in Es. 21 ve Es. 22°nin saglanmas1 gerekir.

vs(T) = v5(0) = 0 (21)

iLr(T) = iLr(O) = A(Im + Iout) =0 (22)

Es. 20 su sekilde yazilabilir,

Vi = —sin (M - i) (23)

m Fn Vm

Anahtar baglangi¢c akimi1 Es. 9, Es. 10 ve Es. 20 kullanilarak belirlenir.

A = cos (M - i) (24)

Fn Vm
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Gorev dongiisti degeri (D) Es. 25 kullanilarak elde edilir.

1 tr(—cos i [1—(2) )+ 2
D=1 ZnFn< cos (1 (Vm)>+Vm+2nn> (25)

Burada, n diizeltme faktoriidiir. Anahtarlama periyodunun sabit iletim ve degisken kesim siirelerine sahip oldugu

gorulmektedir. Sifir gerilimde anahtarlama islemi i¢in Es. 26’da saglanmalidur.

RL
Zo

—-1<A1<1lyada0<Q=—<1V, (26)

IV. BATARYA SARJ SiSTEMi MODELI

Elektrikli ara¢ (EA) batarya sarj sistemi i¢in dnerilen sistem modeli Sekil 9°da gosterilmistir. Sistemde, maksimum
gii¢ noktasi takibi algoritmalar fotovoltaik panelin akim (I,,,,) ve gerilim (V},,,) degerlerini girdi olarak alir ve bir
referans gerilimi (V,.;) olusturur. Referans gerilimi ile panel gerilimi degeri karsilastirilarak bir hata sinyali
iretilir. Hata sinyali PI denetleyicisinden gegirilerek gorev dongiisii degeri olusturulur. Olusturulan deger Es. 25
kullanilarak hesaplanan frekans degeriyle modiile edilerek ZVS SEPIC donistiiriicliyii kontrol eden PWM sinyali

tretilmis olur.

ZVS SEPIC Déniistiiriicii

PV Panel Lor “~
'r' L C l)l \
1 Pt
L Rezonans
¥ Tank C
=== % L —_
' 2
S 1
Fy t J— Cr
\ | > kN . /
i i -
(T =l |
i = Sy ~, p———— pmm———————— .
V, ; b \Duty ¥ 1
A LN fa  ERXH pl — J_ﬂng i
: S . - © Ligs
: Hi ey o SRR LTS
i Loyt et | menn TS
1 1
i L epoituie ) N rreians [
! H esabr |
i R bat
1 C Blok )

Sekil 9. Batarya sarj sistemi modeli

Tasarlanan batarya sarj sisteminin PSIM ile benzetimi Sekil 10’da gosterilmistir. Fotovoltaik panele sabit sicaklik

(25°C) altinda 400 — 600 — 1000 — 500 W/m? olmak {izere dért farkli 1simnmm degeri uygulanmstir.
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Fotovoltaik panel &zellikleri Tablo 1’de gosterilmistir. Fotovoltaik panelden alinan veriler C Blok girisine
uygulanarak her iki algoritma i¢in gorev dongiisii degeri belirlenmistir. PI denetleyicisi kullanilarak goérev
dongiisiiniin sabit adim degeri ile artirilip azaltilmasi yerine her 1sinim degerine uygun goérev dongiisii degeri
olusturulmustur. Gérev dongiisii degerinin degisimine bagli olarak frekans degeri de giincellenmistir. ZVS SEPIC
dondstiiriicii ile anahtar kayiplar1 azaltilmis ve maksimum gii¢ 48 V bataryaya aktarilmistir. Tasarlanan sistemde
PI denetleyicisi ve ZVS SEPIC doniistiiriicliye ait parametreler Tablo 2’de gdsterilmistir. PI denetleyicisine ait
oransal kazang ve integral kazang degerleri uzman deneyimine gore belirlenmistir ve benzetim sonuglarina gore

deneme yanilma yapilarak en iyi degerler tespit edilmeye calisiimistir.

Pmax

ﬁi) @ T8 @;CBIOK } P

Sekil 10. Batarya sarj sistemi PSIM modeli

Tablo 1. Fotovoltaik panel 6zellikleri
Fotovoltaik Panel

Parametre Deger (1000 W/m?igin)
Maksimum gii¢ (Pmax) (W) 200
Maksimum gii¢ noktas1 gerilimi (Vupp) (V) 35,4
Maksimum gii¢ noktas: akimi (Ivep) (A) 5,65
Acik devre gerilimi (Vo) (V) 44
Kisa devre akim (Ig) (A) 6,31

Tablo 2. PI denetleyicisi ve ZVS SEPIC doniistiiriici parametreleri

PI Denetleyici ZVS SEPIC Déniistiiriicii
Parametre Deger Eleman Deger Eleman Deger
Kp 3000 Ci (UF) 470 C: (nF) 50
K; 95 Co (UF) 470 Ci (UF) 2
dt 0,00002 Ly, Lo (UH) 80 R (Q) 0,3
Vet (V) 338 L, (uH) 20 Batarya (V) 48

PSIM ortaminda yapilan benzetime ait sonuglar kullanilan iki algoritma igin gii¢ takibi ve verim agisindan
karsilastirilmistir. Ayrica her iki algoritma igin sifir gerilimde anahtarlama ve sifir akimda anahtarlama tekniginin

dogrulugu test edilmistir.
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Sekil 11, Degistir & Gozle algoritmast i¢in giig takibini gdstermektedir. Bu algoritma ile tiim 1s1nim degerlerinde

cikig giictiniin (P,,,;) panel giclni (va) basarili sekilde takip ettigi gozlemlenmistir.

Pmax Pout Ppv

Time (s)
Pmax Pout Ppv Pmax Pout Ppv Pmax Pout Ppv Pmax Pout Ppv
175!
80.1758 121.484 ii 100.781
80.0781 201.563 |
121.094 100.586
79.9805 120703 200.781
—0.8828 . 100.391
120.313 200
79.7852 | 100.195 |
R 199.210 |
49.2188m 50m 0149219 0.15 0.150781 025  0.250781 0.35  0.351563

Sekil 11. Degistir & Gozle algoritmast i¢in farkli isimim degerleri altinda gii¢ takibi

Sekil 12°de Artan Iletkenlik algoritmas: igin giic takibi gdsterilmistir. Bu algoritma ile tiim 151nim degerlerinde

¢ikis giiciiniin (P,,,;) panel guictni (va) basarili sekilde takip ettigi gézlemlenmistir.

Pmax Pout Ppv

Time (s)
Pmax Pout Ppv Pmax Pout Ppy Pmax Pout Ppv Pmax Pout Ppv
121.484 —— — 100.781
500781 | |7 201.563 |
121.004 200.781 100.586
79.9805 ’ 100,391
120.703 .
200
79.8828 120,313 100.195
i 199.219
50m 50.7813m 0.15 0.150781 0.25 0.250391 0.351563  0.353516

Sekil 12. Artan iletkenlik algoritmasi icin farkli 1s1mm degerleri altinda giic takibi
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Sekil 13 ve 14°te her iki algoritmaya ait farkli 151mim degerleri i¢in gorev dongiisii ve frekans degisimi

gosterilmigtir. Her iki algoritmada da gorev dongiisii degisimine bagli olarak frekans degisiminin basarili sekilde

gerceklestigi gdzlemlenmistir.

Garev dongiisii

0.75
0.7 |
0.65 @
0.6
0.55
0.5

400 W/m? 600 W/m? 1000 W/m? 500 W/m?

Frekans

80k
60k |
40k
20k

] | (b)

400 W/m? 600 W/m? 1000 W/m? 500 W/m?

0 0.1 0.2 0.3 0.4
Time (s)

Sekil 13. Degistir & Gozle algoritmasi farkli 1sinim degerleri altinda (a) gérev dongus, (b) frekans degisimi

Giirev dongiisii

0.75
0.7 [
0.65
0.6
0.55
0.5

(a)

400 W/m? 600 W/m? 1000 W/m? 500 W/m?

Frekans

80k
60k |
40k
20k

' J ®)

400 W/m? 600 W/m? 1000 W/m? 500 W/m?

0 0.1 0.2 0.3 0.4
Time (s)

Sekil 14. Artan letkenlik algoritmasi farkli 151i1m degerleri altinda (a) gérev dongusi, (b) frekans degisimi
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Sekil 15 ve 16°da her iki algoritmada da sifir gerilimde anahtarlama tekniginin saglandig1 gézlemlenmistir.

I(MOS1)*5 Vds
1.4k 400 W/m? 600 W/m? 1000 W/m? 500 W/m?
1.2k
1k
800
600
400
200
0
-200
0 0.1 0.2 0.3 0.4
Time (s)
I(MOS1)*5 Vs I(MOS1)*5  Vds I(MOS1)*5 Vds IMOS1)*5  Vds
600
300 300
200 ZV§ 400 ZVS 4 | 200 Zvs
100 . f 200 " f 100 n;\/‘ ‘ ! ‘
01 0 0 St?
ALY o -100 =
0.1503906 0.150415 0.2500488 0.2500732 0.35 0.3500244

Sekil 15. Degistir & Gozle algoritmasi i¢in ZVS SEPIC doniistiiriicti anahtar akimi ve gerilimi

I(MOS1)*5 Vds
1.4k 400 W/m? 600 W/m? 1000 W/m? 500 W/m?
1.2k
1k
800
600
400
200
0
-200 |
0 0.1 0.2 0.3 0.4
Time (s)
I(MOS1)*5 Vds I(MOS1)*5 Vds I(MOS1)*5 Vds I(MOS1)*5 Vds
300 300 400 300
200 ZVS 200 ZVSs ZVS 200 VA%
100 100 f 20 " f 100 f
0 0 f . 0 f 0 .
i -100 N’ L \,_’l
49.97559m S0m 0.15 0.2501221 0.3501465 0.3501709

Sekil 16. Artan iletkenlik algoritmast i¢in ZVS SEPIC déniistiiriicii anahtar akimi ve gerilimi
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Sekil 17 ve 18°de her iki algoritmada da sifir akimda anahtarlama tekniginin saglandig1 gézlemlenmistir.

I(D)*5

vd

400 W/m?

600 W/m?

1000 W/m?

500 W/m?

0 0.1 0.2 0.3 0.4
Time (s)
I(D)*5 Vi I(D)*5 vd I(D)*5 vd I(D)*5 Vd
120 120 160 120
%0 ZCS %0 ZCS 120 ZCS 80 ZCS
80 40
40 - 40 il 40 W A
0 —it 0 p—it 0 = ez
50.01831m 0.1500244 0.2499756  0.25 0.3499878 0.35
Sekil 17. Degistir & Gozle algoritmast i¢in ZVS SEPIC doniistiiriicti diyot akimi ve gerilimi
I(D)*5 Vvd
140 | 2 2 2 2
400 W/m 600 W/m 1000 W/m 500 W/m
120
100
80
60
40
20
0
=20
0 0.1 0.2 0.3 0.4
Time (s)
I(D)*5 vd I{(D)*5 vd I(D)*S Vd I{)*5 vd
120 160
so| ZCS ZCS 20| » ZCS ‘e | ZCS
60 80 60
80
40 m 40
20| AR A 40 AL 20| AR
N i Ly ) =
_;_lt: = || =2 0=z 20 | 2K
49.98779m  50m 0.1500244 0.2501709 0.3502441 0.3502563

Sekil 18. Artan iletkenlik algoritmasi igin ZVS SEPIC déniistiiriicii diyot akimi ve gerilimi
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Sekil 19 ve 20°de her iki algoritma déniistiiriicii verimi agisindan kiyaslanmustir. Artan Iletkenlik algoritmasinda

1000 W/m? 1sinim degerinde %99,86 degeri ile maksimum giiciin en yiiksek verimle aktarildig1 gzlemlenmistir.

ZVS SEPIC déniistiiriicii i¢in benzetim sonuglart Tablo 3’te gdsterilmistir.

Verim
1.6 400 W/m? 600 W/m? 1000 W/m? 500 W/m?
1.4
1.2
n=99,83% n=99,84% n=99,85% n1=99.83%
1 w " I
0 0.1 0.2 0.3 0.4
Time (s
® Sekil
19. Degistir & Gozle algoritmast i¢in farkli 1sinim degerleri altinda doniistiiriicti verimi
Verim
L6 400 W/m? 600 W/m? 1000 W/m? 500 W/m?
1.4
1.2
n=99,84% n=99,85% N =99,86% L "" 99,84%
1| ) ¥
0 0.1 0.2 0.3 0.4
Time (s)
Sekil
20. Artan Iletkenlik algoritmast igin farkli 151mim degerleri altinda doniistiiriicii verimi
Tablo 3. Farkli isinim degerleri igin benzetim sonuglarinin karsilagtirilmasi
Degistir & Gozle (D&G) Algoritmasi
Parametre 400 (W/m?) 600 (W/m?) 1000 (W/m?) 500 (W/m?)
f, (kHz) 60,7 53,5 43,5 56,9
D (%) 66,5 70,4 75,9 68,6
Poue (W) 80,8 120,6 200,2 100,5
n (%) 99,83 99,84 99,85 99,83
VAT v Ve v v
ZCS v v v v
Artan fletkenlik (AQ) Algoritmas
Parametre 400 (W/m?) 600 (W/m?) 1000 (W/m?) 500 (W/m?)
f, (kHz) 60,7 53,5 434 56,7
D (%) 66,5 70,5 76 68,7
Poue (W) 80,8 120,6 200,3 100,7
n (%) 99,84 99,85 99,86 99,84
ZvVs v v v v
Zcs v v v v
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V. SONUCLAR

Bu ¢alismada, elektrikli ara¢ batarya sarj sistemi i¢in sifir gerilimde anahtarlama teknigi uygulanan SEPIC
doniistiiriicii tasarimi gerceklestirilmistir. Degistir & Gozle ve Artan Iletkenlik maksimum gii¢ noktas: takibi
algoritmalar1 doniistiiriicliye uygulanarak algoritmalar gii¢ takibi ve verim agisindan karsilastirilmistir. Maksimum
glic noktasi takibi algoritmalar1 PI denetleyicisi ile birlestirilerek gorev dongiisii degerini sabit adim degeri ile
artirtp azaltmak yerine farkli 1sinim degerlerine gore degisen gorev dongiisii degeri belirlenerek sistemin
kararlilig1, gii¢ takibi etkinligi ve verimi artirilmistir. Tasarlanan sistemde geleneksel SEPIC doniistiiriicli yerine
ZV'S SEPIC doniistiiriicti kullanilarak anahtarlama kayiplari azaltilmig ve giines panelinden elde edilen maksimum
gii¢ degeri 48 V bataryaya aktarilmistir. Benzetim sonuglarina gore, ZVS SEPIC doniistiiriicii ile tasarlanan batarya
sarj sisteminde kullanilan her iki algoritma da gii¢ takibini basarili sekilde gergeklestirmis ve %99’un iizerinde
verim elde edilmistir. Degistir & Gozle algoritmasina kiyasla Artan letkenlik algoritmasi ile 25 °C sicaklik altinda

ve 1000 W/m? 1gmmim degerinde en yiiksek verimin %99,86 degeri ile bu algoritmada elde edildigi gozlemlenmistir.
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Tiim sektdrler farkli bir inovasyon ekosistemine ve farkli politikalara ihtiyag duyar. Bunun yaninda degisik
iilkelerde ayni sektore ait inovasyon sistemlerinin farkli sekillerde yapilanmis oldugunu gozlemleyebiliriz.
Bu durum sektoriin ne kadar katma deger tirettigini belirleyen énemli bir unsurdur. Bu kapsamda tilkemizde
tekstil ve konfeksiyon sektorel inovasyon sistemlerinin en optimum sekilde yapilandirilmasinda ilk adim,
mevcut Ar-Ge ve inovasyon diizeyi ve yapilanmasini analiz etmektir. Bu amagla, bu ¢aligmada Tiirk tekstil
ve konfeksiyon sektoriine yonelik Ar-Ge ve inovasyon verileri ortaya koyulmus, sektore ait aktorler ve bu
aktorlerin meveut sistem igerisinde konumlanmasi incelenmistir. Ortaya konan veriler AB’deki veriler ile
karsilastirlarak ¢ikarimlarda bulunmustur.
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Each sector needs a unique innovation ecosystem and set of policies. Furthermore, we can see that different
countries' innovation systems in the same sector are structured differently. This is a critical determinant of
how much added value the sector generates. In this context, the first step in optimizing our country's textile
and apparel sectoral innovation systems is to assess the current R&D and innovation level and structure.
R&D and innovation data for the Turkish textile and apparel industries were revealed for this purpose. The
sector's actors and their positioning in the current system were investigated. The data was compared to that
of the EU, and inferences were made.

I. GIRiS

Inovasyon genel bir tanim olarak, meveut durumdaki ihtiyaglarin goriilmesinin ardindan, miimkiin olan en fazla
katma deger elde edilmesi i¢in uygulanan ¢esitli siirecleri igerir. Tiirk tekstil inovasyon sisteminin en uygun

sekilde yapilanmasini saglamak igin ilk adim, sektoriin ihtiyaglarmin ve eksiklerinin dogru bir seklide
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anlagilmasidir. Eksik noktalarin ve ihtiyaglarin diger iilkelerde nasil ¢o6ziildiigii gdzden gegirdikten sonra; bu

ihtiyag ve eksiklerin 6ziinde ne tarz firsatlar i¢erdigine odaklanilmalidir.

Bazi faktorlerin bazi sektdrlerde inovasyon tizerinde etkili iken baska bir sektorde etkili olamamaktadir ve bazi
politikalar baz1 sektdrlerde derin bir etki olustururken digerlerinde zayif kalmaktadir. Sistemdeki aktorlerin farkli
sektorler i¢in farkl iglevleri vardir. Bu sebeplerden dolay1 sektdrel inovasyon kavramina ihtiyag duyulmus, bu
yonde g¢aligmalar yapilmigtir [1]. Diinyada yeni teknolojilerin ivmeli bir sekilde artigi ile beraber, onceleri
inovasyon arastirmalar1 yeni teknolojiler lizerine yogunlasmaktaydi. 2000 yilindan itibaren, Avrupa’daki
inovasyon calismalarinda diisiik teknoloji yogunluklu sektor kavrami da 6nemli bir yer tutmaya basladi. Ciinkii
diistiik teknolojili sektdrlerde inovasyon arastirmalari, endistriyel inovasyon proseslerini anlamada, sosyal ve

ekonomik kalkinmada dnemli katkilar saglamaktadir [2].

OECD’nin [3] smiflandirmasina gore 17-19 Nace kodlartyla Tekstil, hazir giyim ve deri (THD) sektorii diisiik
teknolojili sektdr sinifinda yer almaktadir. Oysa sektor, gittikce artan paydaki teknik tekstil iiretimi ile havacilik
ve uzay sanayi (353 kodlu), otomotiv (34 kodlu), medikal sektorii (33 kodlu) gibi sektorlere yar1 mamul ve
iiriinler tiretilmektedir. Bu noktada tekstil sektoriiniin teknoloji yogunlugu kayit altina alinandan daha yiiksek bir
oranda ger¢eklesmektedir. Geligmis iilkelerde THD sektorleri Ar-Ge yogunluguna baktigimizda; AB’de (%55
olan sektorler genel ortalamasinin altinda) %39 olarak seyrederken, Japonya’da sektorler genel ortalamasina
yaklagtigint goérmekteyiz (THD sektorleri ortalamasi: %41, sektorler genel ortalamasi: %43). Teknik
tekstillerinin gelismesiyle THD sektorleri daha teknoloji yogun olabilir. Uygun bir inovasyon ekosistemi

olusturuldugunda Tirkiye’de THD sektorleri Ar-Ge ve inovasyon yogunlugu artabilir [4].

Tablo 1’de gelismis iilkelerin kilogram bagina ihracat degerlerinin yaklagik 2-3 dolar oldugunu gérmekteyiz.
Tiirkiye’nin trettigi mallarda 2001-2015 arasinda kilo basina %108 bir deger artis1 olurken, Cin’de bu deger
%61,5 olarak kalmistir. Tiirkiye bu donemde kilogram basina fiyatta oldukg¢a iyi bir artis yakalamigtir. Son
yillarda pandemi ve yasanan krizlerden dolay1 bir yavaglama s6z konusu olsa da 2001-2015 arasindaki trendi
devam ettirdigi takdirde Tiirkiye’nin kilogram ihracat degerinde iki dolar ve iizerini yakalamasi miimkiin

gorilmektedir.

Tablo 1. Ulkelerin kilogram bagina ihracat degerlerinin 2001-2015 yillar1 arasindaki degisimi [5]

Ulke 2001 2015 Degisim (%)
Japonya 3.44 3.86 12.21
Almanya 1.98 3.68 85.86
italya 2.04 321 57.35
Gulney Kore 141 2.70 91.49
ABD 1.74 1.98 13.79
Polonya 0.55 1.87 240.00
ispanya 1.28 1.79 39.84
Gin 0.96 1.55 61.46
Turkiye 0.69 1.44 108.7
Malezya 0.88 1.07 21.59
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Gelismis iilkelerdeki ihracat kilogram degerinin minimum iki dolar ve iizeri oldugu verisinden yola ¢ikarak ve
tekstil ve hazir giyim sektorlerinin ihracat igindeki paymi koruyacagini kabul edersek, bu durumda tekstil

sektoriiniin kilogram bagina ihracat degerinin 6 $/kg hazir giyim ise 18,8 $/kg olmasi gerekmektedir.

Ihracat kilogram fiyatini arttirmadaki en dnemli faktor ihracat igindeki yiiksek teknolojili iiriinlerin oranidir. Bu
deger Turkiye’de %4 civarindadir. Gelismis tlkelerde ise bu oranin %20-25 civarinda oldugu gorilmektedir.
Turkiye’nin ihracat kilo fiyati ve ileri teknoloji ihracat oranini yiikseltmesi ig¢in hem yiiksek teknolojili hem
geleneksel sektorlerde inovasyon ekosisteminin kurmasi ve olgunlagsmasi gerekmektedir. Savunma ve havacilik
sektorii Tirkiye’nin son yillarda dnem verdigi ve cok giizel bir ivme yakaladig1 sektordiir. Bu konuda kendi
inovasyon ekosistemi olusmaktadir ve bu konuda tekstil ve diger sektorler igin alinmasi gereken dersler vardir.
Bu konuda yapilacak ¢alismalar hem kendi ulusal dinamiklerimizin anlagilmasi hem de diger sektorler igin

¢ikarimlar yapilmasi i¢in dnemlidir [6].

PricewaterhouseCoopers’a gore [7]; 2050°de Tirkiye GSYH’s1 yaklasik 2,5 kat (2030°de yaklasik 1,5 kat)
biiyliyecegi ve Diinya’nin en biiyiik 11. ekonomisi olacagi ongoriilmektedir. Bu hedefe ulasmak iizere 3,73
dolar/kg olan tekstil sektorii, 13,2 dolar/kg olan hazir giyim sektorii ortalama ihracat fiyatlari [8] ve diger
sektorlerin paylari, sektorel ihracat kg fiyatlari, ileri ve ileri-orta teknoloji mal ihracatinin yiizde oranlar
belirlenmeli ve ayrintili yol haritalar1 olugturulmasi gerekmektedir. Tekstil ihracat miktarimizin genel ihracata
oranin azalacagi ongoriildiigiine gore, lilke bazinda toplam %1 olan teknik tekstil ihracatimizin orani ve bu oran
icerisindeki farkli teknik tekstil dallarinin paylari, pazar analizleri yapilarak planlanmali ve planlandigi oranda
desteklenmelidir. Olusturulacak inovasyon ekosistemi bu amaca hizmet etmelidir. Kurumlar ve yatirimlar bu

hedeflere ulagmak iizere konumlandirilmalidir.

Bu calismada Ar-Ge dayali inovasyon kavrami incelenmistir. Ar-Ge’ye dayali inovasyon temel ve uygulamali
aragtirma sonuclarmin kullanildigr ve Ar-Ge sistematiginin yiirttildiigi, isletmeler ve kurumlar i¢in daha
stirdiiriilebilir ve olgiilebilir stiregleri iceren bir kavramdir. Tilrk tekstil ve konfeksiyon sektoriinin Ar-Ge’ye
dayali inovasyon alt yapisi belirlemek iizere, oncelikle inovasyon sistemleri agiklanmis, Ar-Ge harcamalari ile
ekonomik biiyiime arasindaki iligki irdelenmis, Turkiye’deki ulusal inovasyon sistemi ve Ar-Ge verileri ortaya
koyulmus, Tirkiye’deki Sanayi Bakanligi onayl tekstil Ar-Ge merkezleri, tekstil kiimeleri ve aragtirma alt
yapilar1 irdelenmis, Universite Sanayi Isbirligi ve ara yuzleri hakkinda bilgi verilmis, tekstil ve konfeksiyon
sektorine yonelik Ar-Ge verileri AB verileri ile karsilagtirilmis ve ¢ikarimlar yapilmistir. Boylece sektoriin
inovatif kaynaklar1 ve Ar-Ge alt yapist ortaya koyulmustur. Sonu¢ kisimda yapilan ¢aligmalara yonelik

cikarimlar yapilmistir.

II. LITERATUR TARAMA

2.1. Inovasyon Kavrami ve Ulusal Inovasyon Sistemi (UIS)

Inovasyon kavrami hem bir siireci hem de bir sonucu anlatir. AB ve OECD’e gore, inovasyon “bir fikri

pazarlanabilir bir iiriin ya da hizmete, yeni ya da gelistirilmis bir imalat ya da dagitim yéntemine ya da yeni bir
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toplumsal hizmete doniistiirmeyi” ifade eder. Ayrica, bu siirecin sonunda ortaya konan, “pazarlanabilir, yeni ya

da gelistirilmis {irtin, ydontem ya da hizmeti” de ifade eder [9].

Inovasyon tiirleri odak noktalarma gére farkli olarak siniflandirilabilir. Diizeylerine gére inovasyon tiirleri,
radikal, adimsal ve yikici olarak smiflandirilir. Inovasyon yapilis sekline gére; kapali, agik ve tersine olarak
tanimlanabilir. inovasyon tiirleri, konusuna ve yapildig1 alana gore iiriin, siireg, is modeli, érgiitsel ve pazarlama
inovasyonu olarak smiflandirilabilir. Uriin/hizmet inovasyonu, yeni veya ozellikleri veya kullanim amaglar
kapsaminda 6nemli Sl¢iide gelistirilmis veya iyilestirilmis bir mal veya hizmetin pazara sunulmasidir. Siireg
inovasyonu, yeni veya énemli 6lciide gelistirilmis {iretim ya da dagitim yéntemlerinin uygulanmasidir. Is modeli
inovasyonu, isletmelerin miisteriye sunulan deger, kar, kaynaklar, siireglerle ilgili konularda degisiklikler
olusturarak, farkli inovasyonlar olugturmasidir. Orgiitsel inovasyon, is yapilarmin, bunlarin uygulamalarmin ve
modellerinin olusturulmasini ve degisimini kapsar. Bu konuda, pazarlama, sure¢ ve is modeli inovasyonlarini
icine alir. Pazarlama inovasyonu, firmalarin {iriin tasarimi, paketlenmesi, yerlestirilmesi, promosyonu ve
fiyatlandirilmasi gibi konularda 6nemli degisiklikler yaparak yeni bir pazarlama yonteminin uygulamasidir. Bu

tiirlerin her biri isletmeler icin dnemli yenilik kaynaklaridir.

Inovasyon sistemi kavrami gelisim siireci boyunca énce ulusal boyuta, sonrasinda makro ve mikro boyuttaki
sistemlere yoOnelmigtir. 1990'li yillarda baslayan inovasyon arastirmalarinda odak lineer ilk modellerden,
giiniimiizde ag yap1 dinamiklerine dogru evirilmistir. Inovasyon sistemlerine bilgiyi iireten ve dagitan, isleyerek

ekonomiye kazandiran, katma deger olusturan sistemler olarak bakmak gerekir [10].

Sektorel inovasyon, ulusal inovasyon sisteminin altindan yapilanmis olmasindan &tiirii ulusal inovasyon sistemi
sektorel inovasyon sistemini sekillendirir. Bu sebeple 6ncelikle ulusal inovasyon sistemi kavrami incelenecektir.
Freeman [11] UIS’i 6zel sektdr ve kamu kuruluslarinin yeni teknolojileri benimseyerek kabul etmesi, sahip
olmasi, gelistirmesi ve yayginlastirmasi noktasinda; bu kurumlarin aralarindaki biitiinciil network ve faaliyetler

olarak tanimlar.

Ulusal inovasyon sisteminin 30 kiisur senelik olusumu boyunca 3 farkli dsnemden bahsedilebilir. ilk dénemde
Ar-Ge’ye ve inovasyon arzim1 gelistirmeye yogunlasilmistir. Ikinci donemde, sistem ve kiimelerin
gelistirilmesine, Uglincii donemde ise farkli sektdrler ve disiplinler arasi koordinasyon ve etkilesimin

saglanmasina odaklanilmistir.

Birinci dénemde Freeman [11-13], Lundvall [14-16], Nelson [17-19], Patel and Pavitt [20] baslca
arastirmacilardir. Bu déonemde odaklanan konular arasinda; kurumsal yapi, miisterek 6grenme gelir. Yapilan
calismalar daha cok OECD iilkelerinin iizerine olmustur. Bu dénemde gelismekte olan iilkelere dahil olan iilkeler
Kore, Tayvan, Singapur, Meksika Arjantin’dir. Ikinci dsnemde 6ne ¢ikan arastirmacilar Carlsson ve Stangiiwicz
[21], Breschi ve Malerba [22], Asheim ve Isaksen [23], Cooke ve ark [10], Jacobsson ve Johnson’dur [24]. One
¢ikan konular ise UIS’1n belirleyicilerin saptanmasi ve UIS yaklasiminin fonksiyonlarimin belirlenmesi, makro
yaklasim {izerine olusan siipheler, sektdrel ve bolgesel inovasyon sistemlerinin gelistirilmesidir. Bu dénemde
one cikan iilkeler Hindistan, Cin, Brezilya’dir. Calismalarda ayrica Endonezya, Filipinler gibi iilkelerin {izerinde
durulmustur. ikinci donemde sektdrel, bolgesel ve teknoloji sistemleri yiikselise gegmistir. Yeni teknolojilerin

dogusu, gelismesi, difiize olmasi ve inovasyon sistemlerinin zaman ic¢inde gelismesinde aktdrlerin arasinda,
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prosesler iligkiler ve bolgesel dinamiklerin nasil isledigi anlasilmaya ¢aligilmistir. Hindistan, Brezilya, Cin gibi
yiikselen ekonomiler ve Endonezya, Filipinler gibi gelismekte olan ekonomiler hakkinda artan miktarda UIS
calismalar1 olmustur. Uciincii donemdeki ¢nemli arastirmacilar, Pavitt ve Patel [25], Carlsson’dir [26]. Bu
donemin konulart UlS’in uluslararasi hale gelmesi, uluslararasi aktdrlerin rolleri, global bilgi akiglart ve
pazarlardir. Diger konular Hindistan, Giliney Afrika gibi biiyiliyen giic odaklarinda bilgi ve iletisim teknolojileri,

biyoteknoloji ve temiz Uretim teknolojileri gibi konulardir.
2.2. Sektorel Inovasyon Sistemi

Pavitt (1984) sektorleri inovasyonun kaynagina gore siiflandirmigtir. Pavitt taksonomisine gore enddistriyel
firmalar 4 kategoride siniflandirmistir. Bu smiflandirma sektdrel inovasyon kavraminm olusmasma onciilik
etmigtir [27]. OECD ise Pavitt taksonomisine ¢ok benzer bir endiistriyel siniflandirmay1 halen kullanmaktadir.

OECD Pavitt taksonomisinden farkli olarak bilgi yogun sektorleri siniflandirmasina eklemistir [28].

Malerba [29] sektorel inovasyon konusunda dnemli ¢aligmalar yapmistir. Malerba ¢alismasinda AB iilkelerinde
altt ana sektorii karsilastirmis ve sektdrel inovasyonu belirli bir kullanima yonelik {iriin grubu ile bu {irtinleri
gelistirmeye, iiretmeye, pazarlamaya yonelik aktorlerin piyasa ve piyasa dist iligskilerden olusan biitiinsel bir yap1
olarak tanimlamigtir. Sektorel inovasyon sisteminin temel 6geleri; bilgi altyapisi ve teknolojiler, aktorler ve ag

yapilar, kurumsal sistemler olarak siniflandirilabilir.
2.3. Farkli Ulkelerde Sektorel Inovasyon Sistemlerinin Farkli Bir Sekilde Yapilanmis Olmast

Malerba’ya [2] gore farkli lilkelerdeki ayni sektor birbirinden ¢ok farkli yapida olabilir, farkli paydaslar igerebilir
veya aktorler arasindaki iligki ve aktorlerin inovasyon sistemine etki dereceleri farkli olabilir. Benzer 6zelliklere
sahip farkl iilkelerdeki aym sektdr farkli sekilde gelisebilir. Ornek olarak; Tayland ve Vietnam’da motosiklet

iiretimi sektorii gelisim siireci icinde farkli inovasyon ve iiretim siirecleri geligmistir [30].

Aynt tilkede bir sektor ¢ok yenilikei bir yapiya sahipken, diger sektor oldukca taklit¢i ve muhafazakar bir yapiya
sahip olabilir. Mani’e gore [31], Hindistan’da ilag endiistrisi ithalatg1 ve yiiksek patent sayilarina sahip, kendi
kendine yeten bir sektor iken, telekomiinikasyon sektoriiniin, az patent sayisina sahiptir, ayrica uluslararasi

sirketlere ve ithalata bagimlidir.

Geleneksel ve diisiik teknolojili bir sektdr uygun yapilandirilmis bir inovasyon sistemine sahip oldugu takdirde
zaman i¢inde bilgi yogun ve inovatif olabilir. lizuka [32] Sili somon balig1 Giretimi sektorii {izerine ¢alismis,
mevcut teknolojik ve organizasyonel yapisi, market bilgisi ve farkli teknolojik alanlarla kombinlenerek

ekonomik kalkinma konusunda 6nemli bir katk: olusturabildigi gérmiistiir.
2.4. Turkiye Ulusal Inovasyon Sistemi

Tiirkiye, UIS ve inovasyon ile ilgili calismalara olduk¢a ge¢ baglamistir. Bunun en énemli nedeni, inovasyonun
biylme ve refah seviyesini yukseltmekteki roliiniin ge¢ fark edilmesidir. Ulusal inovasyon sistemi dort temel

bilesenden olusur. Bu bilesenler; aktorler, aktorlerin etkilesimleri, kurumsal yapi ve fiziksel alt yapidir [33]. Bir
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ulusal inovasyon sisteminin incelenmesi, sorunlarin ve ¢oOziimlerin analizi bu temel bilesenler iizerinden
yapilabilmektedir [34]. Tiirkiye nin ulusal inovasyon sistemi i¢in, belirtilen temel bilesenlerin her birinin hangi

seviyede oldugu ve hangi ¢alismalarin nasil planlanmasi gerektigi belirlenmelidir.

Tarihsel siireci igerisinde 1980 sonrasi ihracata dayali ekonomi, sonrasinda ve 1996 Tiirkiye’nin AB Gumrik
Birligine girmesiyle beraber rekabet sartlar1 agirlasti. Boylece Ar-Ge ve inovasyona olan ihtiyag fark edilmeye
baslandi. 1980’lerde Devlet Planlama Teskilati (DTP) ile TUBITAK Tiirk Bilim Politikas1 1983-2003
olusturulmustur [35]. Bu politikalarin uygulanmasmin saglamak amaciyla Bilim Teknoloji Yiiksek Kurulu
(BTYK) 1983 yilinda kurulmustur [36]. Etkin oldugu 1983-2018 yillarinda BTYK bilim ve teknoloji politikasini
olusturan en iist organ olmustur. BTYK kararlarina genel olarak bakildiginda, onceki dénemlerde alinan
kararlarin sonuglarinin analiz edilmedigi, ortaya konulan politikalarin, ¢ogunlukla anlik giindemlere ait oldugu

ve sistemin gelistirilmesi i¢in gerekli biitiinsel yaklasimdan uzak oldugu goériilmektedir [37].

5746 sayili Arastirma ve Gelistirme Faaliyetlerinin Desteklenmesi Hakkinda Kanun 2008 tarihinde yiiriirliige
girmistir [38]. 4691 sayili Teknoloji Gelistirme Bolgeleri Kanunu 21 Haziran 2001 tarihinde yiirtirliige girmistir
[39]. Bu kanun iiniversite odakli teknoparklarin yayginlasmasini miimkiin kilmistir. TUBITAK liderliginde
yapilan ulusal inovasyon politikalarna yonelik dnemli projelerin bazilari; Ulusal inovasyon Girisimi 2008 [40],
Ulusal inovasyon Stratejisi 2008-2010 [41], Uluslararas1 Bilim, Teknoloji ve Yenilik Stratejisi 2007-2010 [42]
ve Ulusal Bilim, Teknoloji ve Inovasyon Stratejisi 2011-2016°dir [43]. Arastirma Alt Yapilarmin
Desteklenmesine Yonelik 6550 nolu Kanun 10 Temmuz 2014 tarihinde 29056 say: ile Resmi Gazete ’de
yaymmlanmig ve yirirlige girmistir [44]. 2016-2019 Ulusal e-Devlet Stratejisi ve Eylem Plani [45], Tiirkiye
Sanayi Strateji Belgesi 2015-2018 [46], Bilgi Toplumu Stratejisi ve Eylem Plan1 2015-2018 [47] énemli déniim

noktalar1 olarak sayabiliriz.

2018 yilinda BTYK kurulus kanunu 77 sayili KHK ile yiirtirlitkkten kaldirilmigtir. Cumhurbagkanligi biinyesinde
Bilim Teknoloji ve Yenilik Politikalar1 Kurulu (BTYPK) 2018 yilinda kurulmustur. Eylil 2019 itibariyle
BTYPK, iilkemiz i¢in dncelikli alanlar belirlemistir. Bahsedilen faaliyetler disinda bugiine kadar hazirlanan 11
adet kalkinma planindan bahsedebiliriz. BTYK 6ncesi ilk 4 kalkinma plan1 daha yonlendirici olurken; BTYK
sonrasi inovasyon konusundaki yonlendirmeler BTYK kararlart dogrultusunda olmustur. Bahsedilen ¢aligmalar
ulusal inovasyon sistemimizin ve ilgili kurumlarinin kurulmasi i¢in 6nemli caligmalar olmustur. Fakat
sektorlerde inovatif ekosistemlerin olusturulmasmi saglayamamis; bdylece iilkemizde pek ¢ok sektor dlgek

ekonomisi ve fason iiretim kiskacinda diisiik katma degerler olusturabilmistir.

Kiiresel Inovasyon Endeksi 132 iilkenin ulusal inovasyon verilerini siralayan bir endekstir. 2022 verilerine gore
Turkiye ilk defa 132 ekonomi arasinda 37 siraya yiikselmistir. Kendi gelir grubunu igeren 36 tilke arasinda 4.
siradir. Kuzey Afrika ve Bat1 Asya’daki 19 ekonomi igerisinde 4. ekonomi arasina girmistir. Inovasyon ¢iktilart
konusunda 33. sirada, inovasyon girdileri konusunda 49. siradadir. Ciktilar konusunda daha yiiksek sirada olmasi
Turkiye’nin ulusal inovasyon sistemini artik daha iyi yonetebildigi daha az girdi ile daha fazla ¢ikti

olusturabildigini anlamina gelmektedir.
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2.5. Ar-Ge Harcamalart ile Ekonomik Biiyiime Arasindaki Iliski

Incelenen farkli ¢aligmalara gore ekonomik biiyiime ile Ar-Ge harcamalari arasinda uzun dénemli ve pozitif
yonlii bir iligkinin vardir. Goger’e gore [48] Ar-Ge harcamalarinda %1°lik bir artig bilgi iletisim teknolojileri
ihracatinda %0,6°lik, yiiksek teknolojik {iriin ihracatinda %6,5’lik, ve ekonomik bilytime tizerinde % 0,43’lUk bir
artisa sebep olmaktadir. Giilmez ve Akpolat’a gore [49] Ar-Ge harcamalarinda %10’luk bir artis kisi bagi
GSYIH’a % 3,27 oraninda bir artis olusturmaktadir. Altintas ve Mercan [S0] Ar-Ge harcamalarinda 1 birimlik
artis ile, ekonomik biiyiimeyi 3,4 birim arttirdigin1 6ne siirmiistiir. Tiirkiye ve bazi iilkeler arasinda GSYIH ile
Ar-Ge harcamalari ile GSYIH iliskisini 1999 2016 yillar1 arasinda inceleyen bir calismaya gore [51] Tiirkiye’de
Ar-Ge harcamalarinda %1°lik artisa karsilik, GSYIH’ da %1,98’lik bir artisa sebep olacagi hesaplanmustir.
Ozkan ve Yimaz’a gore [52] Ar-Ge harcamalarinda %1°lik bir artis GSYIH de %1,38’lik, ileri teknoloji
ihracatinda %3,5’lik bir artis meydana getirmektedir. Farkli c¢aligmalara gore; iki degisken arasinda uzun

donemli ve gift yonli bir besleme ve iliski oldugu goriilmektedir [53].
2.6. Turkiye’de Ar-Ge Verileri

2022-2023 Turkiye mevcut Ar-Ge kapasitesi; 208 adet lniversite, 1261 adet Ar-Ge Merkezi, 319 adet Tasarim
Merkezi, 97 adet Teknoloji Gelistirme Bolgesi (TGB), 222 bin adet TZE Ar-Ge personeli, 169 bin adet TZE
aragtirmaci, toplam 101 milyar 738 milyon TL Ar-Ge harcamasidir. Tirkiye’nin Ar-Ge hedeflerine henlz
ulagamamasina ragmen, Ar-Ge verileri artig oraninin Sekil 1°de goriildiigi gibi pek ¢ok gelismis iilkeden daha

yiiksek bir ivme ile gerceklestigi izlenmektedir.
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Sekil 1. Tiirkiye ve bazi gelismis Ulkeler Ar-Ge harcamalari artig oranlari [54]
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2.7. Turkiye’deki Sanayi Bakanligi Onayli Tekstil Ar-Ge Merkezleri

5746 sayili kanun 2008, 2014 ve 2016 yillarinda reform paketleri ile revize edilmis ve bu giinkii halini almistir.
Yapilan reform paketlerinin ana hedefleri; Ar-Ge merkezi olma sartlarin1 kolaylastirip sayilarini arttirmak ve
daha nitelikli olmalarin1 saglamaktir. Reform paketleri ile isletmeler i¢in en 6nemli barajlardan biri olan
minimum TZE Ar-Ge merkezi personel sayisin1 50’den 6nce 30’a sonra 15’e disiiriilmistiir. Boylece 2008-2016
yillar1 arasindaki 8 senelik zamanda ancak 232 olan Ar-Ge merkezi sayisi (2019’a kadar) kalan 3 yillik siirecte
yaklagik 4 kat katlanarak 1200 kusurlu sayilara ulasirken Ar-Ge personeli sayist 2 kat artmistir. Ar-Ge
merkezlerinde yapilan arastirma faaliyetlerinin daha ¢ok Ur-Ge bazli olmasi ve Ar-Ge kiltirl ve sisteminin

heniiz igletmelerde yerlesememis olmast ise lizerinde ¢alisilmasi gereken 6nemli bir konudur.

Nisan 2023 verilerine gore, Tiirkiye’de olan Sanayi Bakanligi onayli Ar-Ge merkezlerinin sayis1 1261 adettir. Bu
Ar-Ge merkezlerinin 79’si tekstil sektdriinde 1 tanesi hazir giyim sektdriinde yer almaktadir. Olusturdugu
istihdam ihracat ve GSYIH icindeki payina gore tekstil sektoriiniin Ar-Ge merkezleri icindeki pay1 (% 6,3)
oldukga diisiik kalmaktadir.

[lk onayl tekstil Ar-Ge merkezleri 2009 y1linda Sanko ve Kordsa olurken, Sekil 2°de goriildiigii gibi 2016 dncesi
donemde bu say1 ancak 11 olabilmistir. 2016-2019 arast dénemde artis ¢ok ivmeli olmustur (say1 67’ye
ulagsmistir). 2017 yilinda 23 adet tekstil Ar-Ge merkezi onay almistir. 2019°dan giiniimiize ulagsan dénemde ise

artis hiz1 yavaglamig ve 79 sayisina ulagilmistir.
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Sekil 2. Yillara gore onaylanan tekstil ve hazir giyim Ar-Ge merkezi sayisi

Tablo 2’de Ar-Ge merkezlerinin illere gore dagilimi ve yas ortalamalar1 verilmistir. Illere gore dagilima
baktigimizda Bursa ili tekstil Ar-Ge merkezleri i¢in merkez iistii olurken bunu Tekirdag ve Izmir izlemektedir.
Tum Ar-Ge merkezlerinin ortalama yast 5,5 yildir ve bu ¢ok kisa bir siire olarak goriilmektedir. Ar-Ge
merkezlerinin nitelikli isler ¢ikarmasi igin belli bir olgunluk seviyesine gelmeleri ve bu siireci hizlandirmak igin

nitelikli elemanlar ve alt yapilara sahip olmalar1 gerekmektedir.
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Tablo 2. Tirkiye’de bulunan tekstil ve hazir giyim Ar-Ge merkezlerinin illere gore dagilimi ve ortalama yagi

il Say1 Ar-Ge Merkezi Ort. Yasi
Bursa 17 6.4
Tekirdag 10 54
zmir 9 6.1
Denizli 7 5.9
Kahramanmaras 7 41
istanbul 6 6.2
Gaziantep 6 3.7
Malatya 3 6.7
Kayseri 3 43
Sakarya 2 35
Adana 2 55
Diger iller 8 5.0

2.8. Tiirkiye Tekstil Sektorii Arastirma Altyapilart ve Merkezleri

3.07.2014 tarihinde yiiriirlige giren 6550 nolu kanun kapsamindaki aragtirma altyapilari, Ar-Ge faaliyetlerinin
yuriitiildiigl arastirma laboratuvarlari, merkezi aragtirma laboratuvarlari, tematik aragtirma laboratuvarlarindan
olusan birimlerdir. Arastirma altyapilarinin gelisme asamalarina yonelik destekler yetersiz kalmakta, olgunluk

asamasina yonelik bir destek bulunmamaktadir.

Arastirma altyapilari, vakiflara ait olanlar harig, heniiz giderlerinin yaklasik yarisin1 karsilayabilmektedir. Yeterli
olgunluk seviyesine ulasip, finansal agidan ayakta durabilecek diizeye gelene kadar destek mekanizmalarina
ihtiyag duyulmaktadirlar [55]. Ulkemizde yer alan tekstil sektoriine yonelik arastirma alt yapilari, arastirma

merkezleri ve milkemmeliyet merkezlerini agagida gormekteyiz.

TUBITAK BUTAL: 1972 yilinda Bursa Test ve Analiz Laboratuvari Siimerbank catisinda kurulmustur. 1996
yillinda TUBITAK’a devredilmistir. Kimya, tekstil, cevre ve gida konular1 kapsaminda hizmet vermektedir.

Kamu, 6zel sektdr ve tniversiteler ile is birlikleri bulunmaktadir.

BUTEKOM (Bursa Teknoloji Koordinasyon ve Ar-Ge Merkezi): Tekstil ve konfeksiyon sektdriine yonelik
olarak 2008 yilinda kurulan sonrasinda, belirlenen hedef sektérlere hizmete baslayan Ar-Ge merkezidir.
Biinyesinde proje asamasinda teknik tekstil, nanoteknoloji ve kompozit milkemmeliyet merkezleri
bulunmaktadir. Model Fabrika birimi, endiistri 4.0 faaliyetlerine taban ve farkindalik olusturmaya yonelik olarak
hizmet vermektedir. Belirlenen hedef sektdrlerde test, muayene, analiz, egitim, organizasyon, proje hazirlama
hizmetleri, teknik danismanlik, teknik raporlama hizmetleri vermektedir. Ulusal ve uluslararasi Ar-Ge

merkezleri, iiniversiteler, kamu kurumlari ve sanayi is birlikleri mevcuttur.

TEKSMER (Teknik Tekstiller Arastirma ve Uygulama Merkezi): 2014 yilinda izmir’de kurulmustur. 2017°den
beri Ege Thracat¢i Birlikleri biinyesinde Tekstil ve Konfeksiyon Birlikleri ortakhig: ile tiizel kisilik kazanarak
calismalarina devam etmektedir. Tekstil sektoriine yonelik, test, muayene, analiz, proje yazim ve ydnetimi,
teknik danismanlik, egitim-seminer-calistay, Ar-Ge ve Ur-Ge calismalar1 yapmaktadir. Ar-Ge merkezleri ve

Universitelerle is birlikleri bulunmaktadir.

TEKAUM (Tekstil ve Konfeksiyon Arastirma Uygulama Merkezi): Ege Universitesi ¢atis1 altinda 1988 yillinda

tekstil ve konfeksiyon sektoriine yonelik olarak kurulmustur. Tekstil sektoriiniin  gelismesine yonelik
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hizmetlerinin yaninda, test, muayene analiz, proje, kurs, egitim, yayin gibi hizmetler vermektedir. Universiteler,

kamu ve 6zel sektor ile is birlikleri bulunmaktadir.

Anadolu Universitesi Sivil Havacilik Arastirma ve Uygulama Merkezi: 1995’te kurulmustur. Havacilik
sektoriine yonelik, blinyesinde metal digt malzeme laboratuvari, tekstil laboratuvari, polimer, kompozit arastirma
ve karakterizasyon laboratuvari ile tekstil sektoriine de hizmet vermektedir. TEI, TAI, THY ve cesitli Ar-Ge

merkezleri ile is birlikleri bulunmaktadir.

Prof. Mustafa Koseoglu Tekstil Tabanli Kompozit Ileri Teknoloji ve Inovasyon Merkezi, Evrensel TEMAG
Laboratuvart: Hava Filtrasyonu (NEFES) Medikal Tekstiller (MEDITEKS) Ar-Ge Merkezleri, Evrensel Tekstil
Tasarim Merkezi, TESENLIF Laboratuvari, ITU biinyesinde yer alan merkezlerdir. Bunun yaninda Marmara
Universitesi biinyesinde yer alan ITAM’1 sayabiliriz. TUBITAK MAM Malzeme Enstitiisii biinyesinde kurulan,
Koruyucu Tekstil Test Merkezi (KOTTEM) bir diger merkezdir.

2.9. Yurtdisi Tekstil Arastirma Merkezlerine Genel Bakis

Yurtdis1 tekstil arastirma merkezlerini inceledigimizde; Ispanya’dan AITEX Textile Research Institute ve
LEITAT Managing Technologies, Portekiz’den CITEVE Textile Technology, Belgika’dan CENTEXBEL
Textile Competence Centre, italya’dan NEXT Technology Tecnotessile, AlImanya’dan ITA-AACHEN bunlardan
bazilaridir. Bu merkezleri ¢ogu yeni kurulmus ve gelisim asamasinda olan iilkemizdeki merkezlerle
karsilastirdigimizda; ¢alisan sayilarmin 150-500 arasinda oldugunu ve personelin dnemli bir kismimin akademik
alt yapilarmin oldugunu gérmekteyiz (Ulkemiz’de bu merkezlerde ¢alisan sayist 50’nin alti olmaktadir,
akademik personel orani ise daha diisiiktiir). Yabanci merkezlerde patent ve fayda model sayilar1 yiiksektir
(Ulkemizdeki merkezlerin patentleri oldukca az sayidadir veya patent bulunmamaktadir). Yabanci merkezlerin
onemli sayida uluslararasi ig birlikleri ve projeleri bunmaktadir. Yabanci aragtirma merkezlerinin en ayirt edici
ozelliklerinden biri de bu merkezlerin sertifikasyonlardan ciddi gelir saglamalaridir. Sonug olarak tilkemizdeki
tekstil aragtirma merkezlerinin performanslarmin diisiikk oldugunu sdylemek yanlig bir yaklagim olacaktir.
Bahsedilen yabanci tekstil arastirma merkezlerinin en az 30-100 senelik ge¢misleri bulunmaktadir. TUBITAK
BUTAL hari¢ tuttugumuzda, yeni kurulmus olan bu kurumlarin, énemli alt yapilar oldugu ve ciddi gelismeler

gosterdigini sdyleyebiliriz.
2.10. Tiirkiye’de Universite Sanayi Is Birligi ve Ara Yiizler

Universitede yapilan bilimsel faaliyetler form ve zaman acisindan sanayi tarafindan dogrudan kullanilmaya
uygun degildir. Teknoloji transfer ara yiizleri, bu probleme ve taraflarin gereksinimlerine uygun c¢oziimler
getirmeye calisan kurumlardir [56]. Giiniimiizde isletmeler tiniversiteler ile is birligi yapmak zorundadir. Bunun

dort ana nedeni vardir;

e Rekabetin artmasi
e Teknolojinin her alanda, tarihte daha dnce hi¢ olmadigi kadar hizli gelismesi
e Ogrencilerin iiniversitelerden sadece teorik bilgiler edinerek mezun olmak istememesi, bunun 6tesinde

is diinyasina yakinlasmak, aragtirmalarinin sonuglarinin iglevselligi ve ticarilesmesini arttirmak
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e Temel ve uygulamali bilimlerde arastirma yapabilecek insan kaynagi bulundurmak ve laboratuvarlara

yatirim yapmanin igletmeler i¢in ciddi maliyetler getirmesidir [57].

Ara yiiz kurumlarini, teknoloji transfer ofisleri, teknoloji gelistirme bolgeleri (teknoparklar) ve kulugkaliklar
olarak sayabiliriz. Ayrica tiniversite biinyesinde kurulan aragtirma alt yapilar1 ve miikemmeliyet merkezlerini de

bu kurumlara ekleyebiliriz.

Teknoparklarin gorevleri; yeni teknoloji kokenli isletmeler olusturmak ve biiylitmek, iiniversite bulus ve know-
how’larmin ticari sonuglara doniistirmek, teknoloji transferini artirmak ve isletmelerin Ar-Ge faaliyetlerini
ekonomik kazanca doniistiirmektir. Sanayi ve Ticaret Bakanligi Mart 2023 verileriyle teknoparklardaki firma
sayis1 8 972 adet, istihdam edilen personel sayis1 93 173 adet, iizerinde ¢aligilan proje sayisi 14 129 adet, biten
proje sayis1 50 180 adet, ihracat 8,2 milyar ABD dolar1, bagvurusu yapilan patent sayist (devam eden) 3 293 ve
tasdik edilmis patent sayist 1 597 adettir. Teknoparklar dncelikle gelismis Asya iilkelerinde beyin gog¢iiniin
tersine ¢evrilmesinde ve yurtdigindaki iilke bilim insanlarindan yararlanmak icin de degerli bir olusum olarak
kullanilmaktadirlar. Teknoparklarin basari kriterleri, kuvvetli altyapilara ve kurumlarin varligina, iliski aglarina,
arastirma-teknoloji ve inovasyon eko-sisteminin saglanabilmesine baglidir. Bu saglanamazsa 6nemli bir gelisme

beklenmemelidir [56].

Bilim Teknoloji Yiiksek Kurulu 27 Aralik 2011 tarihli toplantisinda, iiniversitelerde yapilan bilimsel faaliyetlerin
ticarilesmesini saglamak icin Teknoloji Transfer Ofisleri’lerinin (TTO) kurulmasi kararmmi almistir. TUBITAK
1513 Programiyla TTO’larmm kurulmasini desteklemeye baglamigtir. Boylece TTO’lar (niversite ve sanayi
arasinda is birligi saglamak iizere egitim, tanittim hizmetleri, farkindalik, girisimciligi destekleme, fikri ve sanayi
haklarin yonetimi ve lisanslama gibi hizmetler vermektedir. Bu konuda aksakliklari ortadan kaldirmak ve
TTO’larin gorevlerini tam olarak yerine getirebilmelerini saglamak ig¢in, iiniversite ve sanayi tarafinda

islevlerinin anlasilmasi ve daha etkin bir sekilde kullanilmalar1 gerekmektedir.
2.10. Kiimelenme Kavrami ve Tiirkiye’de Bulunan Tekstil Kimeleri

Kiimelenme kavramini, ayni veya iligkili sektorlerde rekabet ederken ayni zamanda birbirini destekleyen
isletmeler yigin1 olarak tanimlayabiliriz. Kiimeleri olusturan kurumlar; egitim ve arastirma kurumlari
universiteler, isletmeler ve destek kurumlaridir (odalar, STK’lar vb.). Porter’m (1990) “Uluslarin Rekabet
Ustiinliigii” adl ¢alismasinda kiimelenmeyi “Elmas Modeli” altinda tanimlamistir. Bu ¢alismada Porter iilke ve

bolgelerin rekabet tistiinliiklerinin igletmeler ve kiimlerden meydana geldigini savunmaktadir.

Turkiye’deki tekstil ve hazir giyim (TH) kiimeleri Marmara bolgesinde yogun bir sekilde bulunmaktadir.
Marmara bolgesindeki TH kiimeleri; Istanbul ve Bursa bdlgesinde yogunlagsmustir. Bu kiimeler Bursa Ticaret ve
Sanayi Odas1 (BTSO) ve Istanbul Hazir Giyim ve Konfeksiyon Ihracat¢1 Birlikleri (IHKIB) biinyesinde faaliyet
gostermektedir. IHKIB biinyesindeki kiimeler; IHKIB Denim Konfeksiyon Ihracat¢ilar1 Kiimelenmesi, IHKIB
Corap Ureticileri Kiimelenmesi, IHKiB Orme Konfeksiyon Ihracatgilari Kiimelenmesi, IHKIB I¢ Giyim
Markalart Kiimelenmesi’dir. Bu kiimeler 2015-2016 yillarinda faaliyete ge¢mistir. BTSO biinyesinde, BOSB
Bursa Tekstil Kiimelenmesi 2012 yilinda, Siirdiiriilebilir Ev Tekstili Kiimesi 2017 yilinda faaliyete ge¢mistir.
Ayrica BTSO biinyesindeki Burtex Ev Tekstil Kiimesini, Juniokids Bebe ve Cocuk Hazir Giyim Kiimesi,
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BURTEX Giysilik Kumas Tekstil Kiimesini sayabiliriz. Denizli bolgesinde yer alan Denizli Ev Tekstil Kiimesini

kiimeleneme faaliyetlerine 6rnek verebiliriz.

2.11. Turk Tekstil Sektdriunin Mevcut Durumu

Turkiye’de sanayi ihracat birim fiyati ortalamasi uzun yillardir 2 dolar/kg’in altinda seyretmektedir. Tekstil ve
konfeksiyon sektdri ortalamasi ise yaklagik 8 dolar/kg’dir. Boylece tekstil sektoriiniin ortalama sanayi ihracat
degerinden 4,5 kat daha fazla katma deger olusturdugunu séyleyebiliriz. 2020 verileriyle Cin ve AB toplam
tekstil ihracatinda ilk iki sirada yer almaktadir. Ugiincii ve dérdiincii sirada Hindistan ve ABD gelirken, Tiirkiye
5. en biiyiik tekstil ihracatgis1 konumundadir. 2018 verileriyle Cin, AB ve Banglades toplam hazir giyim
ihracatinin %66’sinin gergeklestirmektedir. Dordiincii, besinci ve altinci {ilke sirasiyla Vietnam, Hindistan ve

Tiirkiye olmustur. Tiirkiye 2020 yilinda hazir giyimde doérdiincii siraya yiikselmistir [58].

Tablo 3’te 2005-2022 yillarinda Tiirkiye toplam ihracatinda tekstil sektoriiniin pay1 %9,6’dan %5’e, hazir giyim
ithracatinin pay1 ise %18,2’den %8,2’e diismiistiir. Diinya ihracat1 i¢indeki tekstil ihracatinin pay1 ise 2005-2020

tarih araliginda %3,2’den zaman zaman dalgalanmalar yasayarak %4,1’e ylikselmistir.

Tablo 3. Yillara gore tekstil ihracat1 diinya-Tiirkiye kargilagtirmasi (Milyar Dolar) [59, 60]

o o o Tiirkiye Tiir!(iye ihracati Turk Tekstili
Turkl)_/e Turklye_ Hazir Turkiye ihracats Ig:m_de_: Hazir Diinya Tekstil Diinya
vil .Tekstll Giyim TOplam iginde Tekstil Giyim ve ihracat: ihracat Pay1
Thracati Thracati Thracati Konfeksiyon
Pay1 (%) (%)
Pay1 (%)

2005 7.0 13.0 735 9.6 18.2 2154 3.2
2006 7.6 13.6 85.5 8.9 15.9 230.0 33
2007 9.0 15.6 107.3 8.4 145 249.6 3.6
2008 9.6 15.3 132.0 7.3 11.6 259.6 3.7
2009 7.6 12.8 102.1 74 125 219.2 35
2010 8.8 14.2 113.9 7.7 125 260.3 34
2011 10.6 15.6 134.9 7.9 116 302.9 35
2012 10.9 15.8 152.5 7.2 104 292.6 3.7
2013 12.0 17.2 151.8 7.9 11.3 315.8 38
2014 125 18.5 157.6 7.9 117 3234 39
2015 11.0 16.7 143.8 7.6 116 290.5 38
2016 10.9 16.7 1425 7.6 117 284.0 38
2017 10.1 16.8 157.0 6.4 10.7 246.0 41
2018 10.5 174 167.9 6.3 104 290.0 3.6
2019 10.3 18.1 180.8 5.7 10.0 280.0 3.7
2020 9.8 175 169.7 5.8 10.3 239.0 41
2022 12.9 21.0 254.0 5.0 8.2 - -

Tekstil sektorii ihracat degerlerinin GSYIH igindeki pay1 2005-2018 yillarinda incelendiginde 2005°de %1,4
olan pay 2010 yilinda %1,1’e diismiistiir. 2018 yilinda ise tekrar %1,4 degerine gelmis; seneler i¢inde fazla bir
degisim gostermemistir. Hazir giyim ihracati degerlerinin GSYIH igindeki payr 2005-2018 yillarinda
incelendiginde 2005°de %2,7 olan pay 2010 yilinda %1,8’e diigmiistiir. 2018 yilinda ise 2,3’e yiikselmistir. Tiim
mal ve hizmetler ihracatinn GSYIH icindeki yiizdesi 2005 yilinda %24,4 iken, 2018 yilina gelindiginde

%30,6’ya yiikselmistir. Tekstil 6zelinde baktigimizda uzun vadede oransal olarak bir azalma s6z konusudur.
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2.12. Tirk Tekstil Sektorii Hedefleri ve Ar-Ge Verileri

11. kalkinma planinda tekstil sektoriine yonelik genel hedefler; markalasma, organizator iilke roliiniin
gliclenmesi, tedarik zincirinin dijitallestirilmesi, teknik tekstil ihracatinin artirilmasi, endiistri 4.0 ve verimlik
artis1 ¢aligmalari, pazarlamada alaninda yurtdist perakendecili§in ve magazalagsmanin giiclendirilmesi, yiiksek
katma degerli {irtinlerin iiretimi seklinde 6zetlenebilir. Hazir giyim sektoriine yonelik olan 6 stratejik hamle; en
dijital tedarik zinciri, verimlilikte déncl Uretici, kiiresel ilk 100’de bes Tiirk markasi, katma degerli tirtinlerde
oncii, hizli moda tasarimi “Made fully in Turkey” markasi, diinyada perakende deger zincirindeki oyun alanimizi
genigletmek ana bagliklariyla anilmaktadir [61]. 2022 yilinda tiim sirketler bazinda Ar-Ge harcamasi 34 milyar
TL olurken, imalat sektériinde bu say1 20 milyar TL olmustur. Tekstil ve hazir giyim toplaminda ise 489 milyon
TL olmustur.

Turkiye’de Ar-Ge harcamasi 2010-2022 yillar1 arasinda tiim sirketler ve hazir giyimdeki sirketler bazinda
yaklasik 9 kat, imalat sektoriindeki sirketler bazinda 10 kat artarken bu oran, tekstil sektoriinde 7,6 kat olmustur.

Tekstil sektoriindeki artis hizi tiim sektorler artis hizinin altinda kalmistir.

Tablo 4’te verilen mali ve mali olmayan sirketler Ar-Ge harcamasina dagilimi 2018 yili 6zelinde Tablo 5’te
verilmistir. 2018 yilinda Tiirkiye’de mali ve mali olmayan sirketler toplamda 23,28 milyar TL Ar-Ge harcamasi
yapilmustir. Imalat sektorii 13,74 milyar TL ile bu degerin %59 una tekabiil etmektedir. Tekstil sektorii firmalar
259,4 milyon TL Ar-Ge harcamasi ile imalat sektorii igerisindeki yiizdesi %1,89 ve hazir giyimin imalat
sektktorii igindeki yilizdesi % 0,63 dir. Tekstil sektdrliiniin mali ve mali olmayan sirketler icin Ar-Ge

harcamasinin tiim sektorler igerisindeki ytizdesi %1,11, hazir giyim igin bu oran %0,37dir.

Tablo 4. Tekstil ve hazir giyim sektorleri mali ve mali olmayan sirketler Ar-Ge harcamasi [62]

Tekstil ve hazir giyim sektorleri mali ve mali olmayan sirketler Ar-Ge harcamas: (2010-2022) (milyon TL)

2022 2018 2016 2013 2010
NACE Kodu Tiim Sirketler 35.623 23.289 13.359 7.031 3.942
10-33 Imalat Sanayi 20.333 13.748 7.651 3.610 2.035
13 Tekstil imalat1 390 259 145 78 51
14 Hazir giyim imalati 99 86 33 17 11

2018’de Turkiye’de 50-63 fasila igin ihracat toplami, tiim iriinler ihracatinin %16,4’line karsilik gelirken, tiim

sirketler bazina Ar-Ge harcamalarinin %1,48’inin TH sektoriine ait olmas1 ¢ok diisiik bir orandir.

Tekstil sektorti mali ve mali olmayan sirketler arasinda Ar-Ge harcamalarinin dagilimina baktigimizda en fazla
harcama %57,2 ile personel harcamalar1 olmaktadir (imalat sektorii ortalamasi %40,3 tiir). Tekstil ve hazir giyim
sektorleri personel Ar-Ge harcamalar1 imalat sekt6rii ortalamasinin oldukga tizerindedir. Sonrasinda sirasiyla
(%34,7 ile) diger cari, (%6,7 ile) makine techizat, (%0,3 ile) bilgisayar yazilimlar1 ve (%0,1 ile) fikri miilkiyet
haklar1 izlemektedir. (Imalat sektorii bilgisayar yazilim harcamalar1 pay1: %1,1, imalat sektorii fikri miilkiyet
haklar1 pay1: 0,5°tir). Tekstil sektorii bilgisayar harcamalar ve fikri miilkiyet haklar1 harcamalari alaninda, imalat

sektorii ortalamasinin oldukga altinda kalmaktadir.
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Tablo 5. 2018 Sektorlere gore mali ve mali olmayan sirketler Ar-Ge harcamasi [62] (verilerine gore Tablo olusturulmustur).
Ekonomik faaliyet ve harcama grubuna gore mali ve mali olmayan sirketler Ar-Ge harcamasi, 2018 (1000 TL)

Ekonomik faaliyetlerin istatistiki Cari harcamalar Yatirinm harcamalari
simflamasi (NACE Rev.2)

Toplam Personel I,:\:(?hﬁlzr;i Sabit tesis yBall?lllslfl)l/::l mEII Il:ir;e t
Tum Sektorler 23.289.367  11.430.880 1.223.384 376.660 336.768 92.406
10-33 imalat 13.748.110 5546.574 846.581 262.655 152.647 62.347
13 Tekstil iiriinlerinin imalati 259.432 148.289 17.332 2.796 817 228
14 Giyim esyalariin imalati 86.284 45.630 5.962 1.709 233 2

Tablo 6°da tekstil sektorii Ar-Ge insan kaynagini egitim durumuna goére inceledigimizde, en yiiksek orani lisans
diizeyinde gormekteyiz (tekstil: %49, imalat sektorii ortalamast %353). Tekstil sektoriinde galisan doktorali Ar-
Ge personeli oran1 %1,6, imalat sektoriinde ise %2,1 civarindadir. Yiksek lisansli personel orani tekstilde %10
civarinda olurken, imalat sektdriinde bu oran %16 civarindadir. MYO ve lise kategorisinde oranlar imalat

sektorii genel ortalamasinin iizerinde seyretmektedir.

Tablo 6. Tekstil ve hazir giyim sektorii mali ve mali olmayan sirketler Ar-Ge insan kaynaginin sektor ve 6grenim durumuna gore dagilimi
(2018) [62]

2018 Sektor ve Ogrenim Durumuna Gore Ar-Ge insan Kaynag (Kisi sayis)

Toplam Doktora Yuksek Lisans Lisans
SAYI 118.867 3.687 18.978 72.659
Sektor Siniflamasi (NACE Rev.2)
TZE 104.376 3.194 16.747 64.213
. . SAYI 56.516 1.217 9.386 30.262
10-33 Imalat Imalat Sektorii
TZE 50.071 1.095 8.550 26.981
SAYI 2.561 42 261 1.279
13 Tekstil Sektoru
TZE 2131 34 219 1.051
y Hazir Giyim SAYI 940 11 39 527
Sektord TZE 827 11 38 483

Tablo 7°de Tirkiye’de tiim girketler bazinda TZE Ar-Ge insan kaynagi sayisi 2010-2018 yillarinda, 2,8 kati
artarken imalat sektérunde bu oran 2,6 kat, tekstil sektdriinde 2,9 kat, hazir giyimde ise 3,4 kat artmistir. TH

sektorlerinde ¢alisan TZE Ar-Ge insan kaynaginin tiim TZE Ar-Ge personeline oran1 %2,8’dir.

Tablo 7. Tekstil ve hazir giyim sektorleri mali ve mali olmayan sirketler Ar-Ge insan kaynag [62] (verilerine gore Tablo olusturulmustur).

Tekstil ve hazir giyim sektorleri mali ve mali olmayan sirketler Ar-Ge insan kaynag: (2010-2018)

Yil 2018 2017 2016 2015 2014 2013 2012 2011 2010 2018/2010

NACE | SAYIl 118.867 101.404 83.873 77.551 73.737 69.018 61.378 55.023 45.922 2.59
Toplam
Kodu TZE 104376 87.918 72579 66.667 61945 58391 52233 45408 37.522 2.78

SAYIl 56516  49.870 40.287 36.070 34.948 33425 31.334 28.781 24.588 2.30

10-33 imalat
TZE 50.071 43517 34918 29.802 28583  27.243 25.640 23.079 19.534 2.56
; SAYI 2.561 1.689 1137 1291 1.154 1.086 1.152 947 920 2.78

13 Tekstil
imalati TZE 2131 1.492 944 966 845 844 826 726 723 2.95
Hazir SAYI 940 592 349 282 256 311 349 316 270 3.48

14 giyim

imalati TZE 827 545 331 251 221 271 305 286 245 3.37
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2.13. Turk-Avrupa Ar-Ge Verileri ve Tekstil, Hazir Giyim Sektéorlerinin Thracat Verilerinin Karsilastirmast

AB tekstil sektoriinde istihdam edilen kisi sayis1 yaklasik Tiirk tekstil sektoriiniin 1,7 kati olarak
gozlemlenmesine ragmen, AB tekstil sektorii toplam ihracat degeri Tiirk tekstil sektdrii ihracat degerinin
yaklasik 8 kat1 olmaktadir. Boyle bir verimlilik ve katma degerin olugturulmasi icin AB’nin olusturdugu tekstil
stratejik yol haritasinin 6nemi biiyiiktiir. Tablo 8’de fasilalar bazinda 2010-2022 yillarinda AB-Tiirkiye bazi
tekstil ve hazir giyim ihracat degerleri karsilagtirilmig, boylece Tirkiye ve AB’nin tekstil ve hazir giyim

konusunda birbirlerine konumlar: gdsterilmistir.

Tablo 8. Tekstil ve hazir giyim sektorleri ihracatina gore Tiirkiye ve AB(28) karsilastirilmasi (milyar dolar) [63] (verilerine gore Tablo
olusturulmustur).

Fasilalara Gore Uriin Gruplar

60 57 52 50-60 61-63 50-63 Toplam

- Hali ve Tekstil .
W e S

kaplama Giyim

AB 4.4 55 7.7 62.7 105.8 168.5 5077.9
% TR 13 1.3 14 7.6 142 21.8 113.9
AB/TR 35 44 5.3 8.2 74 1.7 44.6
AB 4.6 54 7.5 64.4 115.7 180.1 5684.9
% TR 1.6 2.0 1.8 9.7 15.8 255 152.5
AB/TR 29 2.7 4.2 6.6 7.3 7.1 373
AB 5.0 5.8 7.2 69.4 135.4 204.8 6030.2
% TR 17 23 19 10.9 18.5 294 157.6
AB/TR 3.0 25 3.9 6.4 7.3 7.0 38.3
AB 4.3 5.3 5.6 58.9 1245 183.3 5220.9
% TR 15 19 17 9.5 16.7 26.2 1425
AB/TR 2.9 2.8 3.3 6.2 74 7.0 36.6
AB 4.6 5.8 5.8 65.1 149 2141 6282.8
% TR 15 2.3 1.8 10.5 174 27.9 167.9
AB/TR 3.0 2.6 3.2 6.2 8.6 7.7 374
AB 3.6 4.4 44 50.8 199.7 250.5 5303.8
% TR 15 2.6 14 9.8 175 27.3 169.6
AB/TR 24 17 3.0 5.17 11.4 9.1 312
AB 45 51 5.6 62.9 228.5 291.5 7137.4
g TR 20 2.8 2.2 13.0 222 35.2 254.1
A AB/TR 22 1.8 25 4.83 10.2 8.2 28.0

* Grafikte 2022 degeri AB(27) e gore alinmustir. Ingiltere verileri dahil edilmemistir.

2010-2022 yillarinda AB-Tiirkiye ihracat degerlerini karsilagtirdigimizda; tiim iriinler bazinda 2010 yilinda AB
Turkiye’den 44,6 kat daha fazla ihracat yapmustir. 2022 yilinda, AB Turkiye’den 28 kat daha fazla ihracat
yapmustir. Gegen zaman boyunca Tiirkiye ihracatini AB’den oransal olarak 6nemli dl¢iide artirmistir. 2010-2022
yillarinda AB Tiirkiye’nin tekstil ve hazir giyim ihracatinin yaklasik 7-8 katin1 gergeklestirmis, bu oran yillar
icinde yaklagik olarak sabit kalmis, son yillarda TH sektorlerinde AB ihracatinda oransal bir artig s6z konusudur.

Tekstil 6zelinde baktigimizda; 2010 yilinda 8,2 kat olan tekstil AB ihracat degeri 2022 yilinda Tiirkiye tekstil
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ihracat degerinin 4,8 kati bir deger almistir. Hazir giyimde ise 2010 yilinda Tiirkiye’nin 7,4 kati olan hazir giyim
ihracat degeri, 2022 yilina gelindiginde 10,2 kati olmustur. Gegtigimiz yillardaki Avrupa yatirim, istihdam ve
firma sayis1 degerlerini, hazir giyimde tekstilden ¢ok daha fazla diistiigii halde, ihracat miktar1 Tiirkiye’ye gore
oransal olarak artmigtir. Bu donem igerisinde AB’nin Tiirkiye’ye gore hazir giyim sektoriinlin yakaladigi katma
degerin, tekstil sektdriinde yakalayamadigini, Tiirkiye’nin tekstil ihracati konusunda daha yiiksek bir ivme
yakaladigimi1 gorebiliriz. Tlrkiye'nin AB(27)’e goére en fazla ihracat yaptigi ilk 4 fasila grubu; pamuk, hali ve
diger zemin kaplamalari, 6rme ve t1g isi kumasglardir.

Tablo 9°da 2000 yilinda AB’nin Ar-Ge harcamalarinin GSYIH’a oram Tiirkiye’nin 3,5 kat1 iken, 2021 yilinda bu
oran 1,6 kat olabilmistir. Bu siire icinde Tiirkiye’nin Ar-Ge harcamalarmin GSYIH orani yaklasik 3 katina
¢ikarken, AB %36 oraninda bir artis yakalayabilmistir. Buna gore yillar igerisinde Tiirkiye’nin Ar-Ge alaninda

istikrarl1 bir yilikselme kaydettigini sdyleyebiliriz.

Tablo 9. 2000-2021 yillari arasinda AB Tiirkiye arasinda Ar-Ge harcamalarinin karsilastirilmasi [62, 64]

2000 2003 2006 2009 2012 2015 2017 2021
Ar-Ge AB 1.67 1.69 1.68 1.83 1.91 1.96 1.97 2.27
Harc_amalarmm
GSYIH' ye TR 0.47 0.47 0.56 0.81 0.83 0.88 0.96 1.40
Oram

AB/TR 357 3.59 3.02 2.27 2.30 2.22 2.05 1.62

Tiirkiye tekstil ve hazir giyim sektorlerindeki isletmelerinin Ar-Ge harcamalar1 ve Ar-Ge personeli artis hizi
yaklagik olarak tiim sektorler ortalama artig hizin1 yakalamistir. Tiirkiye Ar-Ge harcamalari ve Ar-Ge personeli

artis hizinin AB ortalamasindan 6nemli bir sekilde fazla olmustur.

Tablo 10’da 2000-2017 tarihleri arasinda AB teknik tekstil iiretim miktarlar1 yaklagik olarak ayni kalmustir.
Tiirkiye ise kilo bazinda 2000-2017 déneminde 2,15 kat, 2010-2017 arasindaki déonemde ise 1,15 kat daha fazla

iretim yapmigtir.

Tablo 10. Turkiye-AB teknik tekstil iiretimi karsilastiriimasi (1.000 ton) (2000-2017) [65]

2000 2005 2006 2007 2008 2009 2010 2013 2017 2017/2000 2017/2010

Avrupa 1.244 1.312 1.302 1.324 1.242 1.047 1.182 1.190 1.185 0.95 1
Turkiye 101 145 149 164 153 148 188 207 217 2.15 115

2.14. Tiirkiye ve Almanya Tekstil ve Hazir Giyim Sektorii Inovasyon Sistemlerinin Karsilastirilmast

Diinya ¢apmda 90’11 yillarda tekstil {irlinlerinin asir1 iiretimi ve pazarin doygunluga ulasmasiyla Alman tekstil
sektdriinlin rekabetciliginde diisiis yasandi. 2000-2006 yillar1 arasinda Alman tekstil sektorii sarsintili bir donem
yasadi. Tekstil firma sayisi %43 oraninda azaldi. 2000-2006 yillar1 arasinda tekstil {reticilerinin sayisi
11.452°den 6.593’e istihdam sayisi ise 216.187’den 156.059’e digmiistiir. Ev tekstili ve giyim gibi geleneksel
tekstil tiretiminde daralma yasanirken, teknik tekstil alaninda ise gelismeler yasandi. Bu tarih aralifinda tekstil,
deri ve hazir giyim sektorlerinde inovasyon yogunlugu %1,1’den %3,1’e yukseldi. Ar-Ge harcamalarinin orani

%1,2°den %1,6’ya ulasti. Sadece tekstil sektorinde Ar-Ge yogunlugu %1,7’den %2’ye ulasarak sektor orta-

53



J. Innovative Eng. Nat. Sci., c. 4, s. 1, $5.38-58, 2024. Tirk tekstil sektori

diisiik teknolojili sektor kategorisine yiikselirken, hazir giyim sektoriinde bu deger %0,4’ten %0,8’¢ ulasarak

diisiik teknolojili sektor kategorisinde kalmistir [1].

Tiirk teknik tekstil sektorii firma icerisindeki bilgi kaynagi kullanim oranlar1 yaklasik % 10-20 band: arasinda
degismektedir. Bu haliyle veriler Almanya’da 2000 tarihli verilerine benzerlik gostermektedir. 2000 yilinda
Almanya’da firma igerisinde bilgi kaynagi kullanim oranlart %20 civarindayken, bu oran 2008’de %60’larin
tizerine ¢ikmustir. Ayni gekilde 2000°de miisterilerden bilgi kaynagi olarak kullanimi %20 civarinda iken 2008’
de bu deger %50’1lerde gézlemlenmistir. Diger kisimlarda bilgi kaynagi kullanimi yillara gére degisim orani daha

diisiiktiir ve % 20’lerin altinda seyretmektedir [1, 65].

Alman tekstil sektorii 2000-2006 verilerine gore Ar-Ge harcamalari orant yaklagik %2 iken hazir giyim sektorii
orani %0,5 ile %1 arasindadir. Tiirkiye’de 2018 yilinda tekstil sirketleri Ar-Ge harcamalar1 orant %1,1, hazir
giyim sektéri Ar-Ge harcamalart oran1 %0,4’tlr (STB onayli Ar-Ge merkezlerine ait orandir) [66]. Alman
tekstil sektoriinde inovatif firmalarin tiim firmalara oran1 1994 yilinda %35 olurken 2000 y1li sonras1 donemde
bu oran %50-65 seklinde degigmistir. 2000-2010 aras1 donemde proses inovasyonu yapan isletmelerin orani
%20-30 iken iiriin inovasyonu yapan isletmelerin oran1 %40-50 arasinda degismektedir. 1999 ve 2007 yillar
arasinda Alman tekstil sektorii Ar-Ge personelinin tiim istthdama orani belirgin bir artis gostermemis ve %1
araliginda kalmistir. Hazir giyim sektoriinde ise %0,5’ten %1°e gelmistir. Imalat sektoriiniin ortalama degeri ise

%~4 civarindadir.

2010 yilinda Tiirk tekstil sektorii TZE Ar-Ge insan kaynagmin tiim tekstil istihdami igerisindeki pay1 %0,2 iken
2018’te %0,5 olmustur. 2010 yilinda Tirk hazir giyim sektdrii TZE Ar-Ge insan kaynagi tiim hazir giyim
istthdami igerisindeki payr %0,06 olurken, 2018 yilinda bu oran %0,16 olmustur. 2018 yilinda tekstil ve hazir
giyim toplaminda TZE Ar-Ge personelinin tiim tekstil ve hazir giyim istihdamina orant %0,3’tlr. TUrk tekstil
sektorii 2018 yili Ar-Ge personeli oranin, Alman tekstil sektorii 2007 yili Ar-Ge personeli oraninin ancak
yarisina ulagabildigi goriilmektedir. Hazir giyimde ise Almanya’ya gore oldukga diisiik bir performans
sergiledigi goriilmektedir. Bu sonug, Turkiye’nin hazir giyim sektdriinde AB ihracatina gore ihracat oranimnin

diismesi sonucu ile de uyumludur.

Alman THD sektorleri 2003 yili istihdammin egitim diizeyine baktigimizda %21,7°si sektdr konusunda
egitimsiz, %66,7’si egitimli, %10,4’{ uzman ve sadece %1,1’i akademik g¢evredendir. Bu oranlar Avrupa
ortalamastyla kiyaslandiginda yiiksek bir diizeydedir. Yiiksek orandaki egitimli is giiciine oranla akademik
katilimin ¢ok diisiik bir oranda kalmas1 sektoriin diisiik teknoloji yapida kalmasina neden olmaktadir. 2018 yili
Tiirk tekstil sektoriinde bu oranlar; lisans %49, yiiksek lisans %10, akademik diizey (doktora) %1,6, civarindadir.

Kalan pay MYO, lise ve egitimsiz kategorilerinden olugmaktadir [66].

I11. SONUCLAR

Bu ¢alisgmada Tiirk Tekstil ve Hazir Giyim inovasyon sistemini tespit etmek amaciyla; sektoriin genel durumu ve
sektdre ait inovasyon ve Ar-Ge verileri, sistemi olusturan aktorler ve sistem i¢indeki konumlanmalari
incelenmistir. Turkiye Ar-Ge verilerine odaklandigimizda, TUrkiye nin 2023 hedeflerine ulagamamasina ragmen

Ar-Ge verileri artig oranlari itibariyle pek ¢ok iilkeyi, geride biraktigi gorilmektedir. Boylece tim sektdrler ve
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tekstil, hazir giyim sektorii igin Tiirkiye oldukea iyi bir trend yakalamistir. Bunun yaninda Tirkiye’nin Ar-Ge ve
inovasyon konusunda ulasmasi gereken onemli kilometre taslarinin mevcut oldugu ger¢egini aklimizdan

¢ikarmamamiz gerekir.

Tiirkiye tekstil ve hazir giyim ihracati, TUrkiye toplam ihracatindan %13°liik bir pay almaktadir. Son yillarda
sektoriin Tirkiye ihracatinda payi diigmiis olsa da sektdr Dlnya’daki ve Avrupa’daki, paymi korumaktadir.
Toplam Sanayi Teknoloji Bakanligi onayli Ar-Ge merkezleri icinde TH sektori Ar-Ge merkezleri %6,3’1uk bir
pay almaktadir. Buna ragmen TH sektorii isletmelerinin imalat sektorii icindeki Ar-Ge harcamalar1 pay1 %2,2
tiim iglemeler icindeki pay1 %1,48 olarak oldukca diisiik seyretmektedir. Ayni sekilde TH sektorii isletmelerinde
calisan TZE Ar-Ge personellerinin tim sektorler TZE Ar-Ge personellerine oran1 %2,8 olarak oldukea diisiik bir
oranda seyretmektedir. TH sektorlerinin Ar-Ge yogunlugunun artmasi i¢in bu oranlarin artmasi gerekmektedir.
Yaklasik %! olan Tiirkiye Teknik tekstil ihracat1 payr hem miktar olarak hem de katma deger olarak artirilmasi

da Ar-Ge harcamalar1 ve TZE Ar-Ge personeli sayilarinin artisi ile yakindan baglantilidir.

Klasik ekonomiden bilgi ekonomisine gecerken; iirettigimiz malin ne kadar bilgi igerdigi ve ne kadar katma
deger olusturdugu en 6nemli kalkinma gdstergelerinden biridir. Her paradigma degisikligine oldugu gibi, bu
kirmimda da dinamikleri iyi anlamak, kendi degerlerini kullanarak yeni is modelleri gelistirmek, sadece kaynak
ayirmak degil, kaynaklar1 dogru bir bigimde yapilandirmak; Tiirk tekstil sektorii igin 6nemli bir rekabet avantaji

olacaktir.

Tirk tekstil ve konfeksiyon sektdriinde yer alan isletmelerde inovasyon kavrami iiriin ve siire¢ inovasyonu
kavramlan ile Ozdeslestirmekte; diger inovasyon tiirlerinin farkindaligi ve uygulanmasi ise daha zayif
kalmaktadir [66]. Oregin bugiin artik etkisini yitirmekte olan “Fast Fashion” kavram bir 6rgiitsel inovasyon
tiiriidiir. Bu inovasyon tiirii ile ¢ok biiyiik katma degerler olusturulmustur. Bu inovasyona zit bir kavram olan ve
yeni yiikselise gecen tekstil iiriinlerinin geri doniigiimii ve tekrar tekrar kullanilmasi kavrami; orgiitsel inovasyon
icin ¢ok uygun bir konudur. Bu konuda 6nemli katma degerler olusturulabilecektir. Sektoér bu hedefleri ancak

Ar-Ge’ye dayali inovasyonu sistemli bir sekilde kullanarak ve zamanla uzmanlagarak yakalayabilecektir.

Ar-Ge’ye dayali inovasyonda en 6nemli faktdr insana yatirimdir. Yeterli sayida nitelikli bilim insani, miithendis
ve teknik eleman yetistiremeyen tilkelerin siirdiiriilebilir biiyiime ve kalkinma olugturabilmesi miimkiin degildir.
Bunun yaninda egitimin degisen teknoloji ve ihtiyaglar kapsaminda hem miifredat hem de uygulama metotlar1
acisindan revize edilmesi gerekmektedir. Bir diger sorun, Tiirkiye’de olusturulan farkli programlar ve kurumlar
arasinda uyum eksikligidir. Kurumlar, firmalar ve kisiler arasinda is birligi klltlrinin her diizeyde
benimsenmesi onemli bir kaldirag etkisi gosterecektir. Bilim ve teknoloji politikalarimizin en etkin sekilde
uygulanabilmesi icin, Universite sanayi is birligini kuvvetlendirmek ve diger kritik network faaliyetlerini
giiclendirmek {izere teknokentler ve teknoloji transfer ofisleri gibi arabirimlere 6nemli vazifeler diismektedir.
Ulkemizde bu kurumlar ivmeli bir sekilde deneyim kazanmakta ve kendi dinamiklerimizin gerektirdigi en uygun

inovasyon sistemlerinin yapilanmasinda katalizor olma misyonuna her giin biraz daha yaklagmaktadirlar.
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Oleik asit/nigasta/grafit temelli kompozit faz degistiren malzemelerin
hazirlanmasi ve 1s1l 6zelliklerinin incelenmesi
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MAKELE BILGIiSi OZET

Makale Gegmisi: Faz Degistiren Malzemeler (FDM’ler), faz degisimi esnasinda griillen donma ve erime siiregleri boyunca isil
Gelis 5 Mayis 2023 enerjinin gizli 1s1 formunda depolanmasina ve salinmasina izin veren akilli malzemelerdir. Bu ¢alismada, 1s1l
Diizeltme 14 Eylul 2023 enerji depolama uygulamalarinda kullanilmak iizere oleik asit/nisasta temelli kompozit faz degistiren
Kabul 21 Eylul 2023 malzemeler (OA/St) dondurarak kurutma teknigi ile iiretilmis ve karakterize edilmistir. Ek olarak, 1s1 transfer

hizint iyilestirmek amaciyla yiiksek 1s1l iletkenlige sahip genlestirilmis grafit varliginda benzer 6rnekler
(OA/St/%1GF) hazirlanmistir. Elde edilen kompozit FDM’lerin; Taramali Elektron Mikroskobu (SEM),
Fourier Doniisiimlii Kizilotesi (FT-IR) ve Diferansiyel Taramali Kalorimetre (DSC) ile gergeklestirilen

Cevrimici mevcut

morfolojik, kimyasal ve 1sil karakterizasyon teknikleriyle 6zellikleri incelenmistir. Elde edilen OA/St
kompozit FDM’nin 1s1l enerji depolama kapasitesi 18,23 kJ/kg, erime ve kristalizasyon pik sicakliklart

Anahtar Kelimeler: sirastyla, 5,83 °C ve -8,10 °C olarak bulunmustur. OA/St/%1GF Kompozit FDM’nin ise bu ozellikleri
Faz degistiren malzeme, sirastyla; 18,54 kJ/kg, 5,66 °C ve -8,15 °C olarak belirlenmistir. Buna ilaveten, elde edilen kompozitlerin 1sil
Mikrokapstilasyon, davramiglar1 Sicaklik-Kayit (T-Kayit) yontemiyle arastirilmig ve bir 1s1l 6zellikler analiz cihazi kullanilarak
Enerji depolama, 1s1l iletkenlikleri Olgiilmiistiir. Sonug olarak, elde edilen bulgular temelinde, hazirlanan kompozit FDM’lerin
Kompozit malzeme. basta tarimsal seralarda don olaylarinin 6nlenmesi, gida ve medikal soguk depolama uygulamalart gibi ¢ok

¢esitli pratik uygulama alanlarinda ortam sicaklik gereksinimlerinin kargilanmasinda uygun birer aday olarak
kullanilabilecegi degerlendirilmistir.

Preparation of oleic acid/starch/graphite based composite phase change materials and
investigation of their thermal properties

ARTICLE INFO ABSTRACT

Article history: Phase change materials (PCMs) are smart materials that allow thermal energy to be stored and released in the
Received 5 May 2023 form of latent heat during the freezing and melting processes seen during phase change. In this study, oleic
Received in revised form 14 Sep 2023 acid/starch based composite phase change materials (OA/St) were produced by freeze drying technique and
Accepted 21 Sep 2023 characterized with the aim of using in thermal energy storage applications. In addition, similar samples

(OA/St/1%GF) were prepared in the presence of expanded graphite with high thermal conductivity in order
to improve the heat transfer rate. The properties of obtained composite PCMs were investigated by
morphological, chemical, and thermal characterization techniques performed with Scanning Electron
Microscopy (SEM), Fourier Transform Infrared (FT-IR) and Differential Scanning Calorimetry (DSC). The
thermal energy storage capacity of the obtained OA/St composite PCM was found to be 18.23 kJ/kg and the
melting and crystallization peak temperatures were found to be 5.83 °C and -8.10 °C, respectively. These
thermal characteristics of OA/St/1GF composite PCM are respectively; It was determined as 18.54 kJ/kg, 5.66
°C and -8.15 °C. Additionally, the thermal behaviors of the obtained composites were investigated by the
Temperature-History (T-History) method and their thermal conductivities were measured by usinga thermal
properties analyzer. As a consequence, based on the findings obtained, it has been evaluated that the prepared
composite PCMs can be used as suitable candidates to meet the ambient temperature requirements in a wide
variety of practical application areas, such as preventing frost in agricultural greenhouses, food and medical
cold storage applications.

Available online

Keywords:

Phase change material,
Microencapsulation,
Energy storage,
Composite material

*Sorumlu yazar. Tel.: +90-226-815-5371; e-mail: msmert@yalova.edu.tr
59


https://orcid.org/0000-0002-8646-0133
https://orcid.org/0000-0003-0743-1981
https://orcid.org/0000-0002-6936-4705
https://orcid.org/0000-0002-3670-4355

J. Innovative Eng. Nat. Sci., c. 4, s. 1, $5.59-72, 2024. Kompozit Faz Degistiren Malzemeler

I. GIRiS

Enerji depolama, gelencksel ve yenilenebilir enerji sistemlerinin verimli bir sekilde kullanilmasinda son yillarda
onemli bir arag olarak gorilmektedir. Genis bir yelpazede farkli amaglara yonelik uygulama alanlarina sahip olan
enerji depolama teknolojileri, kaynaklarin daha etkin kullanilmasimi saglamakla birlikte, ¢esitli sistemler i¢in
enerjinin verimli kullanilmasinda da firsatlar sunar. Bu teknolojiler iginde yer alan 1s1l enerji depolama da son
yillarda arastirmacilarin oldukea ilgisini ¢ekmektedir. Ist enerjisi, termokimyasal, duyulur ve gizli 1s1 formlarinda
depo edilebilir ve depolanan enerji farkli bir zamanda kullanilabilir. Gizli 1s1 depolama, Faz Degistiren Malzemeler
(FDM’ler) olarak isimlendirilen yeni nesil enerji malzemeleri ile gerceklestirilmektedir. Bu tip depolamada,
kullanilan malzemenin faz degisimi sirasinda bir miktar 1s1 salinmakta veya absorbe edilmektedir. Ancak, bir
maddenin etkin bir gizli 1s1 depolama malzemesi olarak kullanilabilmesi i¢in nano-mikro veya makro 6lgekte
kapsullenmesi veyahut da baska tipteki bir malzemeyle kompozit bir yap: haline getirilerek kararli bir yapiya

kavusturulmas: gerekmektedir [1, 2].

FDM’ler organik, inorganik ve 6tektik olarak ti¢ grupta siniflandirilmaktadir [3, 4]. Bunlardan organik esash
FDM’ler, yiiksek kimyasal ve fiziksel kararliliklari, 1s1l dayanikliliklari, yiiksek erime gizli 1sisina sahip olmalari,
genis bir sicaklik aralifinda kullanilabilmeleri, ekonomik olmalari, korozif ve zehirleyici olmamalar1 gibi
avantajlartyla bircok 1s1l enerji depolama uygulamalarinda tercih edilmektedir [3]. Diger yandan 1sil
iletkenliklerinin diigiik olmasi ve kati-siv1 faz doniigiimii esnasinda goriilen sizdirma sorunu nedeniyle uygulamada
birtakim kisitlamalar goriilmektedir. Isil iletkenlik, 1s1 iletim hizinin bir gostergesidir. Isil iletkenligin diisiik
olmasi, 1s1 transfer hizinin azalmasina yol agarak, organik FDM’lerin sarj/desarj slirelerinin artmasina neden olur.
Diger yandan kati-siv1 faz gecisi esnasinda FDM’nin sinirlayici bir yapida korunmamasi nedeniyle uygulanan
alanda ya da cihazda problemler ortaya ¢ikmaktadir. Sekilce kararli kompozit FDM’lerin gelistirilmesiyle
sizdirmanin azaltilmasi ya da onlenmesi ve 1s1l iletkenligin arttirilmast miimkiin olmakta ve bu dezavantajlar
giderilmektedir. Gézenekli malzemeler, nanomalzemeler gibi ¢esitli destek malzemelerinin kullanilmasi veya
mikro/nanokapsiilasyon yoluyla sekilce kararlilik saglanabilmekte ve FDM’nin termo-fiziksel ozellikleri

iyilestirilebilmektedir [4].

Kapsiilasyon islemi, s6z konusu malzemenin bir kap iginde ya da kaplama icinde kapah tutulmasi prensibine
dayanmaktadir. FDM’lerin kapsiilasyonu ile yiizey alaninimn artirilmasinin yani sira, sivi fazda FDM kaybinin ve
cevre sartlarindan etkilenmesinin onlenmesi de miimkiin olmaktadir [5]. Ayrica, bu yontemle 1s1l iletkenligin
artirtlmasi ve faz gecisi nedeniyle yapidaki degisikligin 6nlenerek malzemenin formunun korunmasi miimkiindiir
[6]. FDM’lerin kapsilasyonu icin kabuk malzeme olarak gesitli organik polimerler [7-9], inorganik malzemeler
[10-12], metaller [13-15] ya da hibrit yapilar [16-18] kullanilabilmektedir.

Nisasta yiiksek bir oranda tiiketilen petrokimyasal kaynakli polimerlere kiyasla, diisik maliyeti, benzersiz
ozellikleri ve performansi nedeniyle ilgi ¢eken dogal polimerlerden biridir. Polisakkaritler grubuna dahil olan
nisasta biyopolimerlerin ve biyomakromolekiillerin énemli bir iiyesidir ve 6zellikle plastik endiistrisinde ¢evre
dostu ve diigiik maliyetli plastik malzemelerin, karigimlarin veya kompozitlerin iretiminde dolgu olarak
kullanilmaktadir [19]. Son yillarda, sentetik petrol bazli plastik filmlerin yaygin kullanildig1 sera ve tarimsal
uygulamalarda artan gevresel kaygilar nedeniyle, yenilenebilir kaynaklardan elde edilen, ¢evre dostu hammaddeler
alternatif olarak 6n plana ¢ikmaktadir. Bu noktada, nisasta, seliiloz, aljinat gibi dogal polimerler tarimsal

uygulamalarda gevre dostu ve siirdirilebilir kaynaklar olarak tercih edilmektedir [20].
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Yiiksek faz gecis sicakliklarina sahip enerji depolama malzemeleri pek ¢ok arastirmaci tarafindan genis gapta
calisilmakta iken, soguk depolama uygulamalarma yonelik faz degistiren malzemelerin segimindeki
sinirlamalardan 6tiiri bu alanda daha az galisilmaktadir. Soguk depolama uygulamalarma yonelik FDM’lerin
diistik faz degisim sicakliklarina (=5 °C civarinda) sahip olmasi gerekir. Ancak giivenlik, yakicilik, yanicilik ve
maliyet gibi unsurlar dikkate alindiginda bu sicaklik araliginda dogrudan ¢ok az malzeme segilebilir [21]. Organik
esaslit FDM’ler ya da bunlarin Stektik karigimlar: ile bu amaca yonelik FDM se¢imi yapilabilmesine ragmen,
gercek uygulamalarda bu malzemelerin nispeten diisiik olan termal iletkenliklerinin de 1s1 transferini arttirmaya
yonelik birtakim katkilarla iyilestirilmesi olduk¢a 6nemlidir. Oleik Asit (C1gH3402) organik FDM sinifindan ag¢ik
sar1 renkte, 5-7 °C civarinda erime noktasina sahip olan ve diigiik sicaklik soguk depolama uygulamalarinda
kullanilabilen bir yag asididir [22]. Oleik asit 18 karbon atomlu asil zincirinin merkezinde bir cis-¢ift baga sahiptir.
Asil zinciri bu gift bag ile iki par¢aya; yani ¢ift bag ile terminal metil grubu arasindaki zincir segmenti (®-zincir)
ve ¢ift bag ile karboksil grup arasindaki zincir segmenti (A-zincir) olmak tzere iki pargaya bolunir. Bu iki zincir
boliimiiniin farkli fiziksel 6zellikler sergilemesi beklenmektedir. Bundan baska oleik asitin polimorfik yapilart
olan y-formu ve o-formu, ®-zincirinin konformasyonel yapisinin farkindan ileri gelir [23, 24]. Hayvansal ve
bitkisel kaynaklarda dogal olarak bulunan oleik asitin, 1s1l enerji depolama karakteristiklerinde temin edilen
kaynaginin ve safliginin 6nemli bir etkisi olmakla birlikte, sahip oldugu y- ve a-formuna ait doniigiimlerden
kaynakli olarak faz gecis sicakligi ve entalpisi ile ilgili degerlerde literatiirde farkliliklar gézlenmektedir [25-27].
Cedefio ve ark. [28] yaptiklar1 bir ¢alismada oleik asitin erimeden dnce tersinir kati-kat1 faz gegisinin 225 K de (-
48,15 °C ve AH=3.6 J/g) gerceklestigini, erimenin ise 278 K (4,85 °C ve AH=75,5J/g) de goriildiigiinii rapor
etmislerdir. Diger yandan bu yag asidinin kristallenme siirecinde sivi-sivi faz doéniisiimiiniin 272 K de (-1,15 °C
ve AH= —10.5 J/g), sivi-kat1 faz doniisiimiiniin ise 260 K de (-13,15 °C ve AH= —61.0 J/g) oldugunu tespit

etmiglerdir.

Bu calismada, oleik asit/nisasta temelli kompozit faz degistiren malzemeler dondurarak kurutma teknigi ile
iretilmis ve karakterize edilmistir. Ek olarak, 1s1 transfer hizini iyilestirmek amaciyla yiiksek 1s1l iletkenlige sahip
genlestirilmis grafit varliginda benzer ornekler de hazirlanmistir. Elde edilen kompozit FDM’nin; Taramali
Elektron Mikroskobu (SEM), Fourier Doniistimli Kizildtesi (FT-IR) ve Diferansiyel Taramali Kalorimetre (DSC)

ile gergeklestirilen morfolojik, kimyasal ve 1s1l karakterizasyon teknikleriyle 6zellikleri incelenmistir.

Il. DENEYSEL YONTEM
2.1 Malzemeler

Oleik asit (OA, Carlo Erba Reagents, Fransa), gidai misir nisastas1 (St, perakende), genlestirilmis grafit (GF,
Nanografi, saflik >%96, Tirkiye), Span 80® (Aldrich Chemistry, Almanya) temin edildigi sekilde kullanilmgtir.
Ultra saf su ile deneyler gergeklestirilmistir. Sekil 1’de faz degistiren malzeme olarak segilen oleik asit, kabuk
malzeme olarak kullanilan nisasta ve 1s1l 6zellikleri gelistirmek i¢in kullanilan yiiksek 1s1l iletken 6zellikteki

genlestirilmis grafit goriilmektedir.
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Grafit Nisasta

Sekil 1. Kompozit FDM eldesinde kullanilan malzemelerin oda sicakligindaki dijital kamera goriintiileri

2.2 Oleik asit/nisasta/grafit esasli kompozit faz degistiren malzemelerin hazirlanmasi

Oleik asitin, genlestirilmis grafit dolgular1 varliginda nisasta ile mikrokapsiilasyonu, sulu ortamda karigtirma,
ultrasonikasyon ve liyofilizasyon islemlerinden olusan bir dizi prosediire gore gergeklestirilmistir (Sekil 2). Ultra
saf su, nisasta ve Span 80® 60 dakika boyunca mekaniksel olarak karigtirilmistir. Ayri1 bir yerde genlestirilmis
grafit (agirlikga %1), Span 80® iceren sulu ortamda dagitilmistir. Nisasta soliisyonu iizerine, grafit sollisyonu ve
oleik asit ilave edilerek bir slire daha mekaniksel karistirma siirdiiriilmiistiir. Karigim, buz banyosuna oturtularak
ultrasonik homojenizatdr (Bandelin SONOPULS HD 2200, 20 kHz) ile 20 dakika boyunca homojenize edilmistir.
Karigim polietilen tiiplere aktarilmis ve -37 °C de 48 saat siiresince dondurulmustur. Donmus Ornekler
liyofilizatorde -54 °C de, 0,024 mbar basingta 120 saat siireyle kurutulmustur. Ayni prosediir genlestirilmis grafit
dolgular1 olmadan tekrar edilmistir. Elde edilen oleik asit/nisasta ve oleik asit/nisasta /grafit temelli kompozit FDM
Ornekleri sirasiyla “OA/St” ve “OAJSt/%1GF” olarak isimlendirilmistir. Deneysel c¢alismada kullanilan

malzemelerin toplam miktarlar1 Tablo 1°de sunulmustur.

Jf » =
{ .
N /
7 Nisasta f .‘

NI

Ultra saf su

|

Oleik asit

s
Genlestirilmis Grafit

Karistirma Ultrasonikasyon Liyofilizasyon OA/St/%1GF kompozit FDM

Sekil 2. Oleik asit/nisasta/grafit esash kompozit faz degistiren malzemelerin hazirlanma agamalari

Tablo 1. Kompozit FDM’lerin hazirlanmasinda kullanilan malzemelerin miktarlari

: Oleik asit Nisasta Span 80® Grafit
Kompozit FDM Ultra saf su (mL
P (mb) © © © ©
OA/St 230 10 40 3,1 0
OA/St/%1GF 180 10 40 31 01
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2.3. Elde edilen malzemelerin karakterizasyonu

Elde edilen mikrokapsiillenmis kompozit FDM’lerin kimyasal, 1sil ve morfolojik karakterizasyonlari
gergeklestirilmistir. Oleik asit, nisasta ve iiretilen kompozit FDM’lerin kimyasal yapilari FT-IR spektrofotometresi
(Perkin Elmer, Spectrum 100) ile 4000-400 cm? dalga boyu arahiginda gergeklestirilen analizler ile
aydinlatilmigtir. Kompozit FDM’lerin morfolojik analizi SEM-Taramali Elektron Mikroskobu (FEI, Ouanta FEG
250 model, Thermo Scientific) ile gerceklestirilmistir. Malzemelerin gizli 1s1 depolama 6zellikleri azot atmosferi
altinda -30 ila 80 °C sicaklik araliginda 10 °C/dakika 1sitma hiziyla Diferansiyel Taramali Kalorimetre (Perkin-
Elmer DSC-6) ile belirlenmistir. Elde edilen kompozit FDM’lerin termal enerji depolama performanslar1 asagidaki
denklemlere gore katilma orani (R), katilma verimliligi (E) ve termal depolama kapasitesi (1) hesaplanarak

degerlendirilmistir [29].

AHp k. it FDM
R = —mKompozit FDM . 4 o, X
AHm,04
E = AHm,Kompozit FDM+AHC,KompozitFDMx 100% (2)
AHpmoa+AHc 04
E 0

Burada AHn ve AH. Uretilen kompozit FDM’ler ve oleik asit icin sirasiyla erime ve kristallenme entalpilerini
(kJ/kg) ifade etmektedir.

Elde edilen kompozit FDM’lerin sogutma islemi esnasindaki 1s1l davramiglar1 Sicaklik-Kayit (T-Kayit) yontemiyle
incelenmistir. Bu amagla, sirkiilatorlii su banyosu, K tipi 1s1l ¢iftler (termokupl) ve veri kayit cihazi kullanilarak
hazirlanan deneysel sistemde, kompozitlerin soguma davranislari ve 1s1 iletim 6zellikleri malzemelerin faz gegis
sicakliklari lizerindeki bir aralikta aragtirilmigtir. Gergeklestirilen testte, esdeger miktardaki rnekler deney tiipleri
icerisine konularak 1s1l giftler vasitasiyla anlik olarak sicakliklar1 6l¢iilmiis ve bu dl¢limler veri kayit cihazi ile
toplanarak bilgisayara kaydedilmistir. Buna ilaveten, 6rneklerin 1s1 iletim katsayilari (K) Tempos marka 1sil
Ozellikler analiz cihazi kullanilarak 6l¢iilmistiir. Bunun igin, sabit sicaklikli bir ortam hazirlanarak her bir numune

icin 5 kez 6lgim tekrar edilmis ve bdylece ortalama 1s1l iletkenlik 6l¢lim degerleri bulunmustur.

I1l. BULGULAR VE TARTISMA
3.1 Kimyasal Yapinin Incelenmesi

Oleik asit, nigasta ve iretilen kompozit FDM’lerin kimyasal yapilari FT-IR analiziyle belirlenmistir. Oleik asit
(OA), nisasta (St) ve kompozit FDMlere (OA/St ve OA/St/%1GF) ait FT-IR spektrumlar: karsilastirmali olarak
Sekil 3’de sunulmustur. Nisastaya ait spektrum incelendiginde, 1013 cm™ ve 929 cm de gorilen pikler C-O,
C-C ve C-OH gerilmelerine aitken, 831 cm™ civarinda yer alan pikler C-O-C simetrik gerilmeleri ve C-H
deformasyonundan ileri gelmektedir [30, 31]. Diger yandan OA’ya ait spektrum incelendiginde alifatik C-H

gruplarinin CHy ve terminal CHa'teki asimetrik ve simetrik gerilme titresimleri nedeniyle olan pikler sirasiyla 2919
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cm ve 2856 cm’de gorllmektedir [32]. 1711 cm™’de goézlemlenen keskin bant, asimetrik -C=0 gerilmesine
atfedilebilir [33]. 1453 cm™’de gdzlenen pik diizlem igi OH bandima karsilik gelirken ise, 1400 cm civarmdaki
kiigiik pik alifatik CH3 gruplarinin egilme titresimlerinden kaynaklanmaktadir. 1285 cm™*’de gorilen pik C-O
gerilmesine atfedilebilir [34]. 937 cm™’de goriilen pik diizlem dis1 O-H gerilmesine karsilik gelirken, 720 cm™ de
gorilen absorpsiyon piki CH, salinma titresimini gostermektedir [35]. OA/St ve OA/St/%1GF kompozit
FDM’lerin spektrumlarini inceledigimizde oleik asite ait karakteristik piklerin goriilmesi yapida OA varligini ve

kapstilasyonun basarisini dogrulamaktadir.

|331
1013 929 664

82 I
= 1463 |
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-
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1920
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Sekil 3. Oleik asit, nisasta ve kompozit FDM’lere ait FT-IR spektrumlari

3.2 Morfolojik Yapinin Incelenmesi

Elde edilen toz formundaki OA/St ve OA/St/%1GF Kompozit FDM’lerin oda sicakliginda ¢ekilmis dijital kamera
goriintiileri Sekil 4’de verilmis, bu malzemelerin morfolojik karakterizasyonu icin gerceklestirilen Taramali
Elektron Mikroskobu (SEM) goriintiileri ise Sekil 5 ve 6’da sunulmustur. Sekil 4’de yer aldig1 iizere kompozit
malzemeler oleik asitin erime sicakligi (erime pik sicakligt ~10 °C) {iizerinde oda sicakliginda sekilce

kararliliklarini korumuslar ve herhangi bir sizdirma davranisi géstermemiglerdir.
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Sekil 4. Kompozitlere ait dijital kamera goruntileri (a) OA/St Kompozit FDM (b) OA/St/%1GF Kompozit FDM

SEM goriintiilerinden goriildiigii tizere OA/St Kompozit FDM kiiresel yapida bir morfoloji sergilemistir (Sekil 5).
Diger yandan OA/St/%1GF kompozit FDM’ye ait SEM goriintiileri (Sekil 6) incelendiginde grafit katkisinin
morfolojide kismen degisime sebep oldugu ve heterojen yiizeyli kiiresel kapsiillerden olusan aglomere olmus bir

yapinin olustugu goriilmiistiir.

Sekil 6. OA/St/%1GF Kompozit FDM SEM gérintileri

3.3 Isil Ozelliklerin Incelenmesi

Is1l 6zelliklerin karakterizasyonu i¢in OA ve OA iceren kompozit FDM’lerin DSC analizleri gergeklestirilmistir.

Sekil 7 ve Sekil 8’de sunulan DSC grafiklerine gére 1smin absorlandigina ve salindigina isaret eden kati-sivi erime
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ve stvi-kat1 donma pikleri hem OA hem de kompozit FDM’lerin termogramlarinda yer almaktadir. Buna gore,
benzer piklerin varligi FDM ve kabuk malzeme arasinda herhangi bir kimyasal reaksiyon olmadigini ve kompozit

FDM’lerin gizli 1s1 depolamasi yaptigin1 gostermektedir [36].
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Sekil 7. Oleik asite ait DSC termogramlari

OA’nin DSC grafiginden elde edilen verileri incelendiginde, yag asidinin erime ve kristallenme pik sicakliklar
sirastyla 9,00 °C ve -9,12 °C; erime ve kristallenme entalpileri ise sirasiyla 54,49 kJ/kg ve -46,98 kJ/kg olarak
Olclilmiistiir. Diger yandan, nisasta ile kapsiillenmis kompozit FDM’lere ait DSC analizinden elde edilen 1s1l enerji
depolamaya ait 1s1l karakteristikler Tablo 2’de, gizli 1s1 depolama (LHS) verileri kullanilarak hesaplanan kompozit
FDM’lerin kapsiilasyon orani (R), kapsiilasyon verimliligi (E) ve termal depolama kapasitesi (1) sonuglar1 ise
Tablo 3’de verilmistir. Kompozit FDM’lerin 1sil karakteristiklerine gore (Tablo 2), 1s1 transfer hizinin
iyilestirilmesi amaciyla katkilanan genlestirilmis grafit dolgusu malzemelerin faz gecis sicakliklar1 ve gizli 1s1l
depolama kapasitelerinde belirgin bir degisime ya da diisiise neden olmamigtir. Ayrica, hazirlanan kompozit
FDM’ler oldukca yakin kapsiilasyon orani (%33,45 ve %34,02) ve verimliligine (%35,37 ve %35,03) sahiptir.
Elde edilen kompozit FDM’lerin %100 termal depolama kapasitesi gosterdikleri bulunmustur. Bu 6zellikleriyle,

iiretilen kompozit malzemeler 1s1l enerji depolama uygulamalarinda kullanim potansiyeline sahiptirler.
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Tablo 2. Elde edilen kompozit FDM’lerin termal 6zellikleri

Malzeme AT m(°C) PAH ,(kJ/Kg) °T¢(°C) 9AH, (kJ/Kg)
OAVSt 583 18,23 -8,10 -17,66
OA/St%1GF 5,66 18,54 -8,15 17,01

:pik erime sicakigi
®:erime entalpisi

C:pik kristallenme sicaklig
d:kristallenme entalpisi

Tablo 3. Elde edilen kompozit FDM’lerin kapstlasyon 6zellikleri

Malzeme R(%0) E (%) n (%)
OA/St 33,45 35,37 100
OA/St/%1GF 34,02 35,03 100
22.5
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Sekil 8. OA/St ve OA/St/%1GF Kompozit FDM’lere ait 1sitma ve sogutma esnasinda elde edilen DSC termogramlart
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FDM’lerin 1s1 depolama malzemesi olarak kullanilmasindaki karsilagilan problemlerden biri de agirt sogumadir
[37]. Bu davranis, sivi haldeki FDM nin sogutuldugunda donmanin genellikle erime noktasindan daha diigiik bir
sicaklikta meydana gelmesi olarak tanimlanabilir. Gizli 1s1 yalnizca asirt sogutulmus sicakligin altinda
salindigindan, gizli 1sinin tam olarak kullanilabilmesi icin sarj ve desarj arasinda biiyiik sicaklik farkina ihtiyag
vardir. Ancak bu durum enerji depolama uygulamalarinin enerji verimliligi agisindan istenmeyen bir durumdur
[38]. Uretilen kompozit malzemelerin nisasta ile saglanan yapica kararliliklari, FDM’lerin uygulama alaninda bir
dezavantaj olarak gorilen ve endotermik ve ekzotermik pikler arasindaki sicaklik farkina isaret eden agir1 soguma
davranisinda da degisime yol agmistir. Sekil 9°da sunulan asir1 soguma davranisi grafiklerinden ve sicaklik farklari
(AT) degerlerinden goriildiigii tizere oleik asitin bir kabuk ile sinirlandirilmast yani kapsullenmesi uygulama
acisindan bir avantaj olarak, saf FDM’ye gore kompozit malzemelerin agir1 soguma derecesinde diigiise neden

olmugtur [39].
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Sekil 9. Oleik asit ve kompozit FDM’lerin asir1 soguma davranigt

OA/St ve OA/St/%1GF kompozit FDM’lerin sogutma iglemi esnasinda T-kayit yontemiyle elde edilen 1sil
davraniglar1 Sekil 10’da gosterilmistir. Sogutma islemine gegmeden 6nce, deney tiipleri icerisine konulmus
numuneler 25 °C’ye ayarlanmig banyo i¢ine daldirilarak bu sicaklikta belirli bir siire 1s1l dengeye gelmesi i¢in
bekletilmigtir. Isil denge saglandiginda sogutma iglemi baglatilmis ve kompozit malzemelerin 1sil davranigi T-kayit
yontemiyle elde edilen veri temelinde grafik olarak ¢izilmistir. Sekil 10 incelendiginde, %1 GF katkili kompozitin
katkisiz kompozitten gorece yiiksek 1s1 iletim 6zelliginden dolay1 daha hizli bir sekilde hedef sicakliklara ulagtig
gozlemlenmistir. Elde edilen kompozit FDM’lerin duyulur 1s1 depolama hizlar1 T-kayit yontemiyle elde edilen
sicaklik 6l¢iim verisine bagli olarak hesaplanmis ve bulunan degerler Tablo 4’te verilmistir. Buna gore, elde edilen
grafige gore OA/St ve OA/St/%1GF kompozit FDM’lerinin sogutma islemi esnasindaki duyulur 1sil
depolama/salma hizlar1 sirastyla 0,0130 °C/s ve 0,0134 °C/s olarak hesaplanmistir. Buna ilaveten, hazirlanan
kompozit FDM’ler birbiri ile karsilastirildiginda, %1 GF katkili kompozitin katkisiz kompozit FDM’ye gore
%3,08 nispetinde daha hizli bir sekilde sogutma islemi sirasinda hedef sicakliga ulastig1 gortilmiustiir (Sekil 10).
Bununla birlikte, elde edilen kompozit FDM’lerin 1s1l iletkenlik katsayisi (k) 6l¢iimleri gergeklestirilmis ve alinan
Olgtimler Tablo 5’te sunulmustur. Tablo 5’e gore, %1 GF katkisinin elde edilen kompozitin 1s1l iletkenligini %6,74
oraninda iyilestirdigi sonucu bulunmustur. Sonug olarak, T-Kayit yontemi ile elde edilen bulgularin 1s1l iletkenlik

Ol¢iimleri ile uyumlu oldugu goriilmistiir.
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Sekil 10. OA/St ve OA/St/%1GF kompozit FDM’lerin sogutma islemi esnasinda T-kayit yontemiyle elde edilen 1s1l davranislari

Tablo 4. OA/St ve OA/St/%1GF kompozit FDM’lerin sogutma islemi sirasinda 1s1 depolama hizlari

islem Gozlem OA/st OA/St/%I1GF
Is1l Depolama/Salinim Hiz1 (°C/s) 0,0130 0,0134
Sogutma . .
Iyilestirme Orani (%) - %3,08

Tablo 5. OA/St ve OA/St/%1GF kompozit FDM’lerin dl¢ilen 1sil iletkenlikleri

Gozlem OA/St OA/St/%1GF
Isil fletkenlik (W/m K) 0,1009 0,1077
Iyilestirme Orani (%) - %6,74

IV. SONUCLAR

Bu ¢alismada, nisasta temelli kimyasal yapis1 ve uygun 1sil enerji depolama dzellikleri agisindan sera ve tarimsal
uygulamalarda kullanilabilme potansiyeli bulunan kompozit malzemeler mikrokapsiilasyon ydntemiyle
hazirlanmistir. Elde edilen kompozit FDM’lerin fiziksel, kimyasal, 1si1l, morfolojik ve yapisal &zellikleri;
Diferansiyel Taramali Kalorimetre (DSC), Taramali Elektron Mikroskobu (SEM) ve Fourier Doniistimlii
Kizilotesi (FT-IR) spektroskopisi analizleri ile arastirilmistir. Elde edilen OA/St Kompozit FDM’nin 1s1l enerji
depolama kapasitesi 18,23 kJ/kg, erime ve kristalizasyon pik sicakliklar1 sirasiyla, 5,83 °C ve -8,10 °C olarak
bulunmustur. OA/St/%1GF Kompozit FDM’nin ise bu 6zellikleri sirasiyla; 18,54 kJ/kg, 5,66 °C ve -8,15 °C olarak
bulunmustur. Ayrica, kompozitlerin 1s1l iletkenlik katsayilar1 6l¢iilmiis ve elde edilen sonuglara gore gorece az
miktarda (%1) genlestirilmis grafit ilave edilmesinin OA/St/%1GF malzemesinin 1s1l iletkenlik katsayisini %6,74

oraninda iyilestirdigi goriilmistiir. Bu sonuglar temelinde, hazirlanan kompozit malzemelerin seralarda meydana

69



J. Innovative Eng. Nat. Sci., c. 4, s. 1, $5.59-72, 2024. Kompozit Faz Degistiren Malzemeler

gelen don olaylarinin 6niine gecebilmesine yonelik uygun iklim kosullarinda gergeklestirilebilecek FDM
uygulamalarinda degerlendirilme potansiyeli oldugu diisiiniilmektedir. Bu sayede iklimlendirme yiikiinde
iyilestirme saglanarak enerji tasarrufu elde edilebilecegi ongoriilmektedir. Son olarak, faz degisim sicaklik
araliklar1 ve belirlenen diger 6zelliklerinden &tiirii, sentezlenen kompozit FDM’lerin medikal ve gida gibi alanlarin
soguk tagima-muhafaza gibi uygulamalarinda da kullanilabilecek potansiyele sahip uygun nitelikte malzemeler

oldugu degerlendirilmektedir.
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Bu deneysel ¢alisma kapsaminda geleneksel Portland ¢imentosu yerine petrol endistrisinde yan driin olarak
aciZa cikan kiikiirte, ingaat sektdriinde alternatif kullanim alani olugturmak i¢in beton olarak kullanilmasi
amaciyla yaygimlasan kiikiirt polimer betonlardan (KPB) iiretilen parke taslarmin yol kaplamasinda
kullanilabilirliginin arastirilmasi amaglanmustir. Bu ¢alismada; bitim ile modifiye edilen KPB kullanilarak
hazirlanan parke taslari tizerinde bohme aginma dayamimu, agirlik kaybi, basing ve yarmada ¢ekme dayanimi,
su emme orani ile gérinir porozite deneyleri yapilmistir. KPB parke taslarmin deneysel sonuglariin
karsilagtirmali olarak degerlendirilebilmesi i¢in ayni basing dayanimina sahip Portland ¢imento betonu (PCB)
numuneleri hazirlanmis ve Marmara bolgesinde bulunan 2 farkli firmadan fabrikada tretilmis olan ve
uygulamada kullanilan prizma parke (PP) ve kilitli parke (KP) numuneleri temin edilerek ayni deneyler bu
numuneler iizerinde de yapilmistir. Asinma deneyleri sonucunda PP ve KP numunelerinden elde edilen hacim
kayb1 degerinin KPB’lerde meydana gelen asinma miktarmin yaklasik olarak 7 kati oldugu ve kiikiirt
baglayicili beton kullanimi ile agmmanin %86 oraninda azaltilabilecegi goriilmistiir. PCB’lerin KPB’lere
oranla daha bosluklu oldugu ve bu nedenle KPB’lerin diger numunelere gore su emme oranlarinin daha diisiik
seviyede oldugu sonucuna varilmustir. KPB parke taslarin ilgili standartlarda verilen limit degerleri sagladig:
ve yol kaplamasi olarak kullanilabilecegi belirlenmistir.
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Within the scope of this experimental study, it is aimed to investigate the usability of paving stones produced
from sulfur polymer concrete (SPC), which has become widespread to use sulfur, which is released as a by-
product in the petroleum industry instead of traditional Portland cement, as concrete to create an alternative
usage area in the construction industry. In this study, Bohme abrasion rate, weight loss, compressive strength,
splitting tensile strength, water absorption rate, and apparent porosity tests were carried out on paving stones
prepared using SPC modified with bitumen. Portland cement concrete (PCC) samples with the same
compressive strength were prepared and locked parquet (LP) and prism parquet (PP) samples, which were
produced in the factory and used in the application, were obtained from 2 different companies in the Marmara
region and the same experiments were carried out also done on these samples to compare the experimental
results of SPC paving stones. As a result of the abrasion rate tests, it was seen that the volume loss value
obtained from the PP and KP samples is approximately 7 times the amount of wear in the KPBs, and the wear
can be reduced by 86% with the use of sulfur-based concrete. It was concluded that PCC has more voids than
SPC, and therefore, water absorption rates of SPC are lower than other samples. It was determined that SPC
paving stones meet the limit values given in the relevant standards and can be used as road pavement.
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I. GIRiS

Diinyada enerji tliketimi giin gectikge hizla artmakta ve bu enerji ihtiyacinin da 6nemli 6l¢tide petrol endustrisinden
karsilanmaktadir. Bunun sonucu olarak petrol endiistrisinden yan iiriin olarak agiga ¢ikan kiikiirt miktar
artmaktadir. Artan kiikiirt rezervleri, depolama alani sikintilar1 ile kiikiirt kullanimu i¢in alternatif yeni uygulama
alanlarmin bulunmasini zorunlu hale getirmistir. Son yillarda kikirt, 6zellikle insaat yapim teknolojileri iginde
bazi uygulamalarda iyi bir alternatif yap1 malzemesi olarak kabul edilmektedir [1-3].

Baglayicist kiikiirt olan betonlar geleneksel Portland ¢imento betonlarinda baglayict olarak kullanilan su ve
¢imento yerine kiikiirt kullanilarak hazirlanan yiiksek performansli termoplastik kompozit malzemelerdir.
Kiikiirtiin yap1 insaat sektoriinde yapi malzemesi olarak kullanilmasi hususunda ilk ¢alismalar saf kikirt
kullanilarak hazirlanan betonlar tizerinde gergeklestirilmistir [4]. 1920 ile 1960 yillar arasinda yapilan ¢alismalarin
hedefi kiikiirtiin geleneksel PCB’ye alternatif olarak insaat teknolojilerinde kullanilabileceginin gosterilmesiydi.
Saf kiikiirt kullanilarak hazirlanan kiikiirt betonlarda kiikiirtiin sogumasi ile igyapida gergeklesen faz doniistimii
nedeniyle kisa siirede par¢alanma ve gogmelerin meydana geldigi ve oldukga diisiik durabilite performansina sahip
olduklar1 belirlenmistir. Dayanim ve dayaniklilik kaybina yol agan bu faz doniistimiiniin engellenebilmesi i¢in
kimyasal veya fiziksel olarak kiikirt kristalizasyonun kontrol altina alinarak saf kiikiirt modifiye edilmistir [5, 6].
Kimyasal olarak kontrolde en yaygin olarak kullanilan kimyasallar disiklopentadien (DCPD) [7] ve DCPD,
siklopentadien ve dipenten kombinasyonlaridir [8]. Fiziksel kontrol ile kiikiirt modifikasyonununda ise saf kikdrt,
olefin hidrokarbon polimerleri ve ugucu kiil gibi fiziksel stabilizator ile birlestirilmektedir. Bu yontemde en yaygin
olarak kullanilan olefin hidrokarbon polimerleri RP220, RP020, Escopol ve bitiim [8] olarak 6zetlenebilmektedir.

Modifiye kiikiirt (MK) kullanilarak hazirlanan KPB'ler, bircok 6zel miihendislik uygulamasinda geleneksel
PCB’ye alternatif bir yapi malzemesi olarak kullanilmaktadir. Igeriginde su kullanilmamasi, baglayici olarak
kiikiirt kullanilmasi, sogutma ile katilasmasi ve kiikiirtiin ay yiizeyinde serbest bir element olarak bulunmasi
nedeniyle KPB'ler uzayda yapilacak insaat uygulamalarinda ¢ne ¢ikmaktadir [9]. Aymi zamanda KPB, hizli
kuruma siiresi ve mukavemet kazandirma 6zelligi dikkate alinarak 3D yazici teknolojilerinde de kullanim alani
bulmustur [10]. Ayrica literatiirde ugucu kiil ve geri doniistiiriilmiis agrega [7], elektrolitik manganez kalintis1 [11],
atik ilmenit camuru [12] gibi atik maddelerin degerlendirilmesine yonelik deneysel ¢alismalar da bulunmaktadir.
KPB'lerin aginmaya kars1 direnglerinin yiiksek oldugu bilinmektedir, bu nedenle yol kaplamasi ve beton kaplama
bloklar1 olarak kullanilabilirligi konusunda Al-Otaibi vd. tarafindan 2018 yilinda deneysel c¢alisma
gerceklestirilmistir [13].Yapmis olduklar1 bu deneysel caligmada farkli karigim oranlarina sahip KPB kullanilarak
hazirlanan beton yol kaplamasi numunelerinin basing, egilme dayanimi ve su emme oranlari belirlenmistir.
Yapilan deneysel ¢aligma sonucunda KPB kullanilarak hazirlanan beton yol kaplama bloklarmin kullaniminin
uygun oldugu belirlenmistir. Kiikiirtlin baglayici olarak kullanildig ilk insaat uygulamasi 1975 yilinda Sulfurcrete
Products sirketi tarafindan ger¢eklestirilmistir [14]. Korozif etki dayanikliligi géz oniinde bulundurularak kiikiirt
betonlar ile 1977 yilinda ¢elik yap1 kolon temeli, prefabrik asit tanki ve saha betonu uygulamalart yapilmigtir [15].
Tokyo’da bulunan Nippon Petrol Sirketi tarafindan 2008 yilinda prefabrik olarak kanalizasyon boru ve bacasi
imalat1 gerceklestirilmis ve ilk saha uygulamasi ayni yil iginde Al Ain, Birlesik Arap Emirlikleri’nde yapilmistir
[16]. Modifiye edilmis kiikiirt kullanilarak hazirlanmis olan asfalt betonuna ait ilk saha uygulamasi 2007 yilinda
Katar’da gerceklestirilmistir [17]. Prefabrik parke zemin kaplamasi kullanilarak Katar’da ilk saha uygulamasi
2008 yilinda bir oyun parki igerisinde 16 m?’lik alanda uygulanmistir [18]. Ayrica kiikiirt betonlarin geri
doniisiimiiniin geleneksel Portland ¢imento betonlarina oranla daha iyi oldugu ve siirdiiriilebilirlik olarak daha
biiyiik avantajlar sagladig: bilinmektedir [19].

Gunlimiizde birgok Ulkede yaygin olarak kullanilmakta olan parke taslari, iilkemizde de tercih edilen yer dogseme
ve kaplama malzemesidir. Prefabrik parke taglari; asfalt, beton ve diger kaplamalarin gerektigi her yerde kullanilan
ideal bir yol kaplamasi olarak kullanilmaktadir. Parke taglar1 6zel ekipman ve ara¢ gerektirmeden basit iscilik ile
uygulanabilir olmasi, bakim-onarim maliyetlerinin diisiik olmas1 ve kisa stirelerde uygulanabilir olmasi kendine
yaygin bir kullanim alan1 bulmustur [20]. Kilitli parkelerin prefabrik olarak tretim tesislerinde bloklar halinde
Uretilmesi, sicak dokiim olarak gerceklestirilen ve katilasma siireci ortam sicakligindan etkilenen kiikiirt baglayicili
betonlarin bu elemanlarin iiretiminde kullanilmasinda tercih edilmesinin 6nemli nedenlerinden biridir.
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Bu calismada, hem petrol endiistrisinden yan iirlin olarak agiga ¢ikan kiikiirte alternatif kullanim alam
olusturulmast hem de KPB’lerin iistiin mekanik 6zellikleri nedeniyle parke taglarmin kullanim Omiirlerinin
uzatilabilmesi amaciyla KPB kullanilarak hazirlanan parke taglarinin 6zelliklerinin incelenmesi amaglanmistir.
Bitiim ile modifiye edilen KPB kullanilarak hazirlanan parke taslari {izerinde yarmada ¢ekme dayanimi, basing
dayanimi, su emme orani ve goriiniir porozite deneyleri gergeklestirilmistir. Ayrica literatirde yer alan
calismalarda ozellikle trafige acik yollarin yiizeyinin asinmasi sonucu olusan cilalama sonucu fren mesafelerinin
olduk¢a uzadigi ve yol kaplamalarinda aginmanin oluk¢a dnemli bir parametre oldugu belirtilmistir [21]. Bu
nedenle KPB ile hazirlana parke taslar1 tizerinde bohme aginma dayanimi ve agirlik kaybi deneyleri de yapilmistir.
KPB parke taslarinin deneysel sonuglarinin karsilagtirmali olarak degerlendirilebilmesi igin ayni basing
dayanimina sahip Portland ¢imento betonu (PCB) numuneleri hazirlanmis ve Marmara bolgesinde bulunan 2 farkli
firmadan fabrikada {iretilmis olan ve uygulamada kullanilan PP ile KP numuneleri temin edilerek ayni deneyler
bu numuneler tizerinde de gergeklestirilmistir. KPB parke taslarindan elde edilen deneysel sonuclar PCB, PP ve
KP numuneleri ile karsilagtirmali olarak incelenmis ve parke taslari ile ilgili standartlar goz 6niinde bulundurularak
kullanilabilirliginin degerlendirilmesi amaglanmuistir.

II. DENEYSEL CALISMA

Bu calismada baglayicisi kiikiirt olan betonlar ile hazirlanan parke taslarinin 6zelliklerinin geleneksel Portland
¢imento betonlar1 ile hazirlanan parke taslari ile karsilagtirmali olarak incelenmesi amaglanmistir. Bu amacla
oncelikle KPB numuneleri hazirlanmis ve basing dayanimi degeri belirlenmistir. Dogru bir karsilagtirma
yapilabilmesi i¢in deneme yanilma dokiimleri ile ayn1 basing dayanimini veren PCB karigimi belirlenmis ve o
karigim oranlar1 kullanilarak PCB numuneleri hazirlanmigtir. Ayn1 zamanda Marmara b6lgesinde hizmet veren 2
fakli firmadan uygulamada kullanilan PP ile KP numuneleri temin edilerek bu numunelerin de ézellikleri deneysel
olarak incelenmis ve karsilagtirma imkani elde edilmistir. Deneysel ¢alismada her bir grup numune igin 15’er adet
olmak tizere toplam 60 adet numune kullanilmastir.

2.1 Kullanilan Malzemeler

Baglayicisi kiikiirt olan betonlarin hazirlanmasinda Claus prosesi sonucunda Tiipras-izmit rafinerisinde yan iiriin
olarak agiga ¢ikan pul seklinde saf kukirt kullanilmigtir. Kullanilan kiikiirtiin saflik oran1 %99,8’dir ve Sekil 1’de
gosterildigi gibi kiikiirt iri taneli olarak herhangi bir 6giitme islemine tabi tutulmadan dogrudan rafineriden temin
edilmistir. Kiikiirt modifikasyonunda da Tiipras-izmit rafinerisinden temin edilen yumusama noktas1 49°C, 6zgiil
agirhg 1,034 gr/em® ve 135°C viskozitesi 416 ¢St olan 50/70 penetrasyonlu bitiim kullamilmistir. Bitiimiin
kimyasal analizi sonucunda igeriginde %3,3 kukirt, %10 hidrojen, % 0,7 nitrojen ve % 79 karbon bulundugu
yapilan deneyler sonucunda belirlenmistir.

Sekil 1. Rafineriden temin edilen saf kukirt
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Caligmada PCB numuneleri hazirlanirken baglayici olarak kullanilan CEM | 42,5 Portland ¢imentosu ile KPB
hazirlanirken kullanilan ugucu kiile ait fiziksel ve kimyasal 6zellikler Tablo 1°de verilmistir. Kullanilan ugucu kiil
(F sinifi) Catalagzi Termik Santralinden temin edilmistir. iki farkli fabrikadan temin edilen KP ve PP numuneleri
kendi fabrikalarinda tiretilmistir ve bu numunelerin iiretilmesinde kullanilmis olan ¢imento 6zellikleri de Tablo
1°de verilmistir.

Tablo 1. Cimento ve ucucu kiliin fiziksel-kimyasal zellikleri

Kimyasal Ozellikler

incelenen Maddeler KPB . PCB KP PP
(Ugucu Kiil) (CEM 142,5) (CEM 142,5R) (CEM 11 B-M 32,5 R)
SiO, 57,32 22,10 22,90 31,37
Al,O3 25,21 4,37 5,57 8,07
Fe,03 6,86 3,30 3,51 3,49
CaO 1,47 65,63 63,11 47,31
MgO 1,86 1,20 2,38 1,58
SO; 0,47 2,62 1,82 2,36
Fiziksel Ozellikler
Priz Baslangici (h:min) - 2:59 3:02 2:63
Priz Sonu (h:min) - 3:20 3:37 4:15
Ozgiil Yiizey (cm?/ gr) 2765 3420 3100 4105
Ozgiil Agirlik (gricm®) 2,29 3,14 3,11 2,95
Mekanik Ozellikler
7 giinliik basing day. (MPa) - 47,5 44,7 28,5
28 giinliik basing day. (MPa) - 58,1 55,6 36,1

Laboratuvar ortaminda hazirlanan KPB ve PCB numunelerinde 6zellikleri TS EN 932-1 ve TS EN 933-1
standartlarina uygun olarak gergeklestirilmis ve Tablo 2’de verilmis olan aymi agregalar kullanilmistir [22, 23].
Kullanilan kirmatas ve kumun sirasiyla 6zgiil agirliklar: 2,68 ve 2,60 gr/cm®, maksimum dane ¢ap1 14,3 ve 3,7 mm
ve incelik modiilleri ise 4,88 ve 2,28 olarak bulunmustur. Iki farkli fabrikadan temin edilen KP ve PP
numunelerinde kullanilmis olan agregalarin 6zellikleri de Tablo 2’de listelenmistir.

Tablo 2. Agregalarin graniilometrik 6zellikleri

Elek Altina Gecen Malzeme (%)

KPB ve PCB KP PP
Elek (mm) K.tas K.tas K.tas K.tas
Kum NO.I Kum NO.I NO.II Kum NO.I
16 100 100 100 100 88 100 100
8 100 75 100 94 7 100 100
4 100 33 98 10 1 99 56
2 70 2 68 3 1 94 3
1 50 1 32 2 0 78 0
05 34 1 21 1 0 52 0
0,25 19 1 11 1 0 10 0
incelik Modilii 228 4,88 2,70 4,89 6,03 1,67 441

2.2. Numunelerin Hazirlanmasi

KPB numunelerinin hazirlanmasinda; baglayici olarak saf kiikiirt ve bitiim kullanilarak modifiye edilmis olan
modifiye kiikiirt (MK), ugucu kiil, ince agrega olarak kum ve iri agrega olarak kirmatas kullanilmistir. Calismada
kullanilan MK literatiirde agiklanmis olan yontemlere uygun olarak saf kiikiirte agirlikga %2,5 oraninda bitiim
ilave edilerek hazirlanmistir [2, 5, 8]. KPB dokiimleri Sekil 2°de gosterilen sicaklik kontrollii mekanik karistirici
kullanilarak gergeklestirilmistir.
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Sekil 2. Sicaklik kontrollii mekanik karigtirict

Kiikiirt baglayicili betonlarda sicakligin 6nemli bir faktor olmasindan dolay1 karisim siiresince sicaklik 135-140°C
arasinda sabit tutulmustur. Karisimlar hazirlanirken kullanilan agregalar, ucucu kiil, tiim karistirma ekipmanlari
ve kaliplar 135°C etiiv igerisinde 2 saat siire ile 0n isitmaya tabi tutulmustur. Sicaklik kontrollii mekanik
karistiriciya konularak sicaklik sabit 130-135°C arasinda tutulmus ve saf kiikiirt sivi faza getirilmistir. Saf kukirt
eritildikten sonra icerisine etlivde ayni sicaklik derecesinde 1sitilmig ugucu kiil ilave edilmis, 10’ar dakika diisiik
ve yiiksek hizda toplam 20 dakika karistirilmis ve karigimin homojen olmasi saglanmistir. Karigimin homojen hale
geldikten sonra karigima saf kiikiirtiin agrilik¢a %2,5’u kadar modifiye kiikiirt ilave edilmistir. MK, sicak karigim
ilave edilerek 10 dakika daha karigtirma islemi devam etmistir. Daha sonra mekanik karistiricidaki karigimin igine
etlivde 1sitilmis olan agregalar (kum ve kirmatas) ilave edilmis ve karisim homojen hale gelene kadar en az 20
dakika daha karistirma islemi gergeklestirilmistir. Beton karigimi 6n 1sitmaya tabi tutulan 71 mm + 1,5 mm’lik
metal kaliplar igerisine doldurulmustur. Kalip igindeki KPB karigimi, 1sitilmig demir gubuk ve plastik tokmak
kullanilarak kaliba yerlestirme islemi tamamlanmistir. Kaliplardaki tiim numuneler laboratuvar ortaminda oda
sicakliginda kendiliginden sogumaya birakilmistir. KPB’lere ait karigim oranlari Tablo 3’te verilmistir.

Tablo 3. KPB’lere ait karisim oranlari

Baglayic (Agr. %) Ucucu Kiil Agrega (Agr. %)
Saf Kikirt Modifiye Kikirt (Agr. %) Kum Kirmatas
KPB 33,95 1,05 35,00 15,00 15,00

Calismada ilk olarak KPB’lerin dokiimleri gerceklestirilmis, bu betonlarin 28 giinliik basing dayanim degerleri
belirlenmistir. PCB’lerin nihai basin dayanimi degeri KPB’lerden elde edilen 28 giinliik ortalama basing degeri
olarak hedeflenmistir. Burada ayn1 basing dayanimi degerindeki KPB ve PCB’lerin 6zelliklerinin karsilastiriimasi
amacglanmistir. PCB nihai basing dayanimi degerinin saglanmasi amactyla gerekli karisim oranlar1 birgok deneme
dokiimii gergeklestirilerek belirlenmistir. Hedef dayanim yakalanana kadar karisim oranlarinda diizenlemeler
gerceklestirilerek deneme dokiimleri yapilmistir. PCB dokiimlerinde de KPB’lerde kullanilmis olan ayni agregalar
kullanilmistir. Dokiimi yapilan numuneler, priz suresi olarak 24 saat kalip igerisinde bekletildikten sonra kaliptan
¢ikartilarak deneyin gergeklestirilecegi zamana kadar kiir havuzlarinda bekletilmistir.

Karsilagtirma amaciyla Marmara bolgesindeki 2 ayri firmadan uygulamaya hazir olarak alinmig olan PP ile KP
numuneleri igin de ayni deneyler tatbik edilmistir. Uygulamada kullanilan parke taglari ile karsilagtirma
yapilabilmesi i¢in KP ve PP numunelerinim tiretimi numunelerin alindig1 fabrikalarda gerceklestirilmistir. Standart
imalat proseduriinde kullanilan malzemeler ve karigim oranlar1 kullanilarak hazirlanan betonlar, fabrikalarin parke
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iiretim makinalar1 kullanilarak hazirlanmigtir. Numuneler deneylerin yapilacagi zamana kadar branda ile 6rtiilmiis
olarak fabrikalarin depolama alaninda kiirlenmistir. Burada fabrikalarin standart tiretim uygulamalarinda yaptiklari
kiirleme seklinin uygulanmasi amaglanmigtir. 28 giin sonunda fabrikada kiirleri tamamlanmis olan numuneler
iizerinde deneyler gergeklestirilmistir. Fabrikalarin {retim sirasinda kullandigi beton karisim oranlar
laboratuvarda hazirlanan PCB karisim oranlari ile Tablo 4’te verilmistir.

Tablo 4. 1m® PCB, KP ve PP teorik karisim miktarlari

Malzeme PCB KP PP
Su/Cimento orant 0,50 0,40 0,46
Cimento (kg) 400 230 238
Su (It) 200 92 109
Kum (kg) 673,7 656 906
Kirmatas NO I (kg) 1041,7 678 913
Kirmatag NO 1I (kg) - 904 -

KPB ve PCB numuneleri 71 mm’lik kiip kaliplar kullanilarak gergeklestirilmistir. Kilitli ve prizma parke (PP ve
KP) numunelerinin dokim ve kir iglemleri alindiklar1 fabrikada gergeklestirilmistir. KP ve PP parke numuneleri
28 gunliik kar sonunda 71 mm + 1,5 mm boyutunda olacak sekilde kesilerek deney numuneleri hazirlanmistir.
Tum numuneler Sekil 3’te gosterilmistir. Sekil 3(a)’da kilitli parke ve (b)’de kesilmis kiip numune durumu, (c)’de
prizma parke ve (d)’de kesilmis kilp numune durumu ile (e) KPB ve (f) PCB numuneleri gosterilmistir.

Sekil 3. KP (a-b), PP (c-d), KPB (e) ve PCB (f) deney numuneleri

I11. DENEY SONUCLARI VE DEGERLENDIRME

Baglayicisi kiikiirt olan betonlarin yol kaplamasi olarak kullanilabilirliginin arastirilmasi amactyla bu deneysel
caligmada dokiimleri gergeklestirilen KPB numuneleri béhme aginma dayanimi, agirlik kaybi, yarmada ¢ekme ve
basing dayanimi, su emme orani ile goriiniir porozite deneyleri yapilmistir. Karsilagtirma amaciyla ayn1 basing
dayanimina sahip PCB ve ayrica farkli firmalardan temin edilen PP ve KP numuneleri Uizerinde de ayni deneyler
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gerceklestirilmistir. Tiim numuneler 28 giinliik kiir siiresi sonrasi deneylere tabi tutulmustur. KPB’ler laboratuvar
ortaminda sogumaya birakilmis ve havada kiirlenmistir. PCB’ler laboratuvar ortaminda dokiimleri
geceklestirildikten sonra 24 saat kalip siiresi sonrasinda kiir siiresi boyunca kiir havuzunda bekletilmistir. KP ve
PP numunelerinin iretimleri fabrikada gerceklestirildiginden bu numunelerde fabrikanin uyguladig1 kiirleme
prosesi uygulanmistir. Bu numuneler kaliptan alindiktan sonra agik depolama alanlarinda naylon ile Ustleri
kapatilarak 28 giin siire ile kiir uygulanmistir.

Bohme asimnma kaybi deneyleri TS 2824 EN 1338 standardina uygun olarak gergeklestirilmistir [24]. Deneye
baslamadan 6nce deney numunesinin tim boyutlar1 kumpas yardimiyla kontrol edilmis ve hassas terazi ile
baslangi¢ agirligi belirlenmistir. 30 + 1 devir/min sabit hizda dénen déner diskin tstlindeki yuvaya yerlestirilen ve
Uzerinde standart ylUk bulunan numunede, deney izi {istine konulan agindirici tozdan dolayr asinma
gerceklestirilmistir. Numunenin tim yizeylerinde bu islem 22 devir ve 16 cevrim olarak toplamda 352 devir
yapilmig ve deney tamamlanmistir. Deneye baslamadan gerceklestirilen dlglimler 16 ¢evrim sonrasinda aginan
numuneler icin de tekrarlanmistir. Deney Oncesi agirlik dlgtimii ile 16 ¢evrim sonrasi agirlik l¢timii yapilarak
agirhik kaybi yiizdesi hesaplanmistir. Numunelerin hacmindeki azalma (AV) ise Denklem (1) kullanilarak
hesaplanmustir.

AV =22 @)

Burada Am kiitle kaybini (16 ¢evrim sonunda), pr numunenin yogunlugudur. Kiip numunelerinin yarmada ¢ekme
dayanimlar1 TS 2824 EN 1338 verilmis olan Denklem (2) ve (3) kullanilarak hesaplanmuistir.

_ 0,637*k* Py
== @)
A=1xt ?3)

Burada A yarmada durumunda kirilma alanini, 1 blogun kesit uzunlugunu (iistinden ve altindan yapilan iki
Olciimiin ortalamasi), t blogun kirilma diizlemindeki kalinlik (ortadan ve diger iki taraftan gerceklestirilen ii¢
Olciimiin ortalamasi) degeridir. Numunelerin basing dayanimi degerleri ASTM C-39 standardina uygun olarak
yapilmistir [25]. T, yarmada dayanimi ise go¢me yiki (P) ve kirilma alanina bagh olarak hesaplanmisgtir.
Formildeki k katsayisi parke tagmin kalmhiginin diizeltme degeridir ve bu deger TS 2824 EN 1338-Cizelge
F.1’den almmugtir. Kiip numuneler degismez kiitleye ulasincaya kadar su i¢inde bekletilmistir. Numuneler suda
bekletilirken aralarinda en az 15 mm ve tizerlerinde de en az 20 mm su tabakasi olmasina dikkat edilmis ve en az
3 gun su icinde bekletilmistir. Sudan ¢ikartilan numunenin tim ytizeylerinde bulunan fazla yuzey suyu nemli bir
havlu kullanilarak alinmis ve sonra tartilarak kiip numunelerin doygun agirliklar1 (Mg) belirlenmistir. Numunelerin
kuru agirliklarinin  belirlenmesinde, KPB’lerin termoplastik 6zelliginden dolayr bozunmalara sebebiyet
verebileceginden etiiv kullanilmamistir. Tim numuneler laboratuvar ortaminda sabit 30°C’deki kapali bir odada
bekletilerek art arda tartimlar ile degismez kiitleye gelinceye kadar beklenmistir. Numuneler degismez kiitleye
geldikleri belirlendiginde kuru agirliklart (M) belirlenmistir. Agirlik¢a su emme orani (S,) ve gorlinur porozite
(n) degerleri Denklem (4), (5) ve (6) kullanilarak belirlenmistir.

Sq = 9100 )
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Burada goriinen hacim V, bosluklarin hacmi Vy ve suyun 6zgiil agirligi pwile temsil edilmistir. TUm numunelerin
bohme aginma dayanimi, agirlik kaybi, basing ve yarma dayanimi, su emme orani ile gorinilr porozite
deneylerinden elde edilen sonuglari Tablo 5°te verilmistir. Basing ve yarmada dayanimi ile agirlikga su emme
orani degerleri 3’er adet, bohme aginma kaybi deney sonuglari 6’sar adet kiip numunenin deneylerinden elde edilen
verilerin ortalamasi alinarak elde edilmistir.

Tablo 5. Kiip numunelere ait deney sonuglart

Beton Basin¢ Dayamimi YarIr)n:;iaanEsrme Hacim Kaybi ?(g;;ll::( Agglr;]kr:;‘: Su Gorunur
L 3 A h
Turu (MPa) (MPa) (cm?®/50cm?) (%) (%) Porozite (%)
KPB 63,52 5,57 1,90 0,5 0,21 0,95
PCB 66,44 6,61 9,82 24 1,76 4,14
KP 45,44 4,89 13,16 3,0 2,08 4,77
PP 42,10 4,34 14,04 4,1 2,33 5,33

Tiim beton gruplarina ait basing ve yarmada ¢ekme dayanimi grafikleri karsilagtirmali olarak Sekil 4’te verilmistir.
PP ve KP’nin basing dayanimi degerleri sirasiyla 42,10 ve 45,44 MPa olarak bulunmugtur. KPB basing dayaninu
degeri sirastyla 63,52 MPa bulunurken hedef basing dayanimi KPB ile ayni olmasi istenen PCB basing dayanimi
ise 66,44 MPa olarak belirlenmistir. Beton gruplarina ait basing dayanimi degerleri incelendiginde KPB ortalama
basing dayanimi degerinin fabrikada imalari yapilan PP ve KP’lerin basing dayanimi degerlerinden yaklasik olarak
%40-50 oraninda daha yiiksek oldugu goriilmiistiir. Yarmada ¢ekme dayanimi degeri KPB, PCB, PP ve KP igin
sirastyla 5,17, 6,61, 4,34 ve 4,89 MPa olarak belirlenmistir. Beton parke taglarinin yarmada ¢ekme dayanimi
degerinin deneyi gergeklestirilen numunelerin grup ortalamasinin 3,6 MPa’mn altinda olmamast sinir sartt TS 2824
EN 1338 standardinda bulunmaktadir. Standartta verilen limit deger ve numunelerin ortalama yarmada ¢ekme
dayanimi degerleri géz oniinde alindiginda tum beton tirlerinin ilgili sartnamede belirtilmis olan limit degerin
altinda oldugu gorulmektedir. Grafikler incelendiginde KPB’lerin yarmada ¢ekme dayanimlarmin fabrikada

imalar1 yapilan PP ve KP’lerin yarmada ¢ekme dayanimlarindan yaklagik %6-19 oranlarinda daha blyiik oldugu
belirlenmistir.
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Agirlikga su emme orani deneylerinden elde edilmis olan sonuglar tiim beton numuneleri i¢in Sekil 5°te verilmistir.
PP ve KP numuneleri igin agirlikca su emme orani degeri sirasiyla %2,33 ve %2,08 olarak belirlenmistir.
PCB’lerin su emme orani %1,76 iken KPB i¢in bu deger %0,21 olarak bulunmustur. Dékiimleri laboratuvarda
yapilmis olan KPB ve PCB’lerin farkli firmalardan alinmis olan parke taslarina oranla daha bosluksuz oldugu ve
bundan dolay1 su emme oranlarinin daha diisiik seviyelerde kaldig1 goriilmiistiir. Parke taglarmin agilik¢a su emme
orant grup ortalamasimnin maksimum %6 olmasi gerekliligi TS 2824 EN 1338 standardinda belirtilmistir.
Belirtilmis olan iist siir degeri ve numunelere ait ortalama grup degerleri goz 6niine alindiginda tlim beton
tirlerinin smir degerin altinda kaldigi goriilmistiir. MK kullanilarak hazirlanmis olan KPB’lerde en diisiik su
emme orani degerine ulagilmistir. Literatiirde yapilmis olan deneysel ¢aligmalar incelendiginde KPB’lerin su
emme oranlarmin yaklasik olarak %0,28-0,88 araliginda degiskenlik gosterdigi goriilmiis ve bu ¢aligma soncunda
bulunan degerler ile literatiirde yapilmig olan ¢aligmalara ait sonuglarin paralellik gosterdigi belirlenmistir [13].
KPB’lerin geleneksel PCB’lere gore bir¢ok avantaji oldugu literatiirde yapilmis olan deneysel calismalar ile
gosterilmistir [8, 26]. Ozellikle kiikiirtiin hidrofob dzelligi nedeniyle KPB’lerin su gecirimliligin oldukea diisiik
oldugu ve bu durumun sonucu olarak ta yliksek durabilite 6zelligi gosterdikleri bilinmektedir [8, 27]. Bu deneysel
caligma kapsaminda KPB’lerin su emme oranlarinin geleneksel ¢imento kullanilarak hazirlanan diger beton
tirlerine gore beklendigi sekilde daha diigiik ¢ikmustir.
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Sekil 5. Numunelerin agirlik¢a su emme orani degerleri

Sekil 6’da tiim numunelere ait asinma deneylerinden elde edilmis olan hacim ve agirlik kayiplar1 verilmistir. PP
ve KP’nin hacim kayb1 degerleri sirasiyla 14,04 ve 13,16 cm3/50cm? olarak bulunmustur. KPB’lerin ve ayni
dayanmim degerindeki PCB’lerin asnmayla hacim kaybi1 degeri sirasiyla 1,90 ve 9,82 cm®50cm? olarak
belirlenmistir. PP ve KP numunelerinde elde edilen hacim kaybi degeri KPB kullanilmasiyla yaklasik %86
oraninda azalabilecegi belirlenmistir. Tlim beton gruplarina ait agirlik kaybr degeri KPB’lerde en diisiik olarak
bulunmus ve KP ve PP numunelerinde bu degerin en yiiksek sonuglar1 verdigi belirlenmistir.
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IV. SONUCLAR

Bu deneysel ¢alisma kapsaminda geleneksel Portland ¢imentosu yerine son yillarda kiikiirte alternatif kullanim
alani olusturmak icin betonda kullanilmas: amaciyla yayginlasan kiikiirt polimer betonlardan iiretilen parke
taglarinin yol kaplamasinda kullanilabilirliginin arastirilmasi amaglanmistir. Bu amagla KPB ve ayni basing
dayanmimina sahip PCB numuneleri ve 2 farkli firmadan uygulamada kullanilan kilitli parke (KP) ile prizma parke
(PP) hazirlanarak karsilastirmali olarak bohme asinma dayanmimi, agirlik kaybi, basing ve yarmada cekme
dayamimi, su emme orani ile goriiniir porozite deneyleri yapilmistir. Calismadan elde edilen sonuglar asagida
Ozetlenmistir.

1. KPB’nin geleneksel Portland ¢imentosu kullanilarak hazirlanan beton parke taslara nazaran daha az
bosluklu oldugu ve buna bagli olarak su emme oraninin daha diisiik seviyelerde kaldig1 goriilmiistiir. Yol
kaplamasi olarak kullanilan beton parke taglarinin 6nemli bir problemi olan durabiliteye baglh
bozunmalarin gegirimsiz KPB parke tas1 kullanimiyla azaltilabilecegi 6n goriilmektedir.

2. PP ve KP numunelerden elde edilen hacim kayb1 degerlerinin KPB kullanimu ile yaklasik %86 oraninda
azaltilabilecegi goriilmiistiir. Ozellikle yol kaplamalarinda kullanim yogunluguna bagh olarak asinma
direnci yiliksek parke tasi kullanimi ile yollarin servis dmiirlerinin uzatilabilecegi ve bakim-onarim
maliyetlerinin minimuma indirilebilecegi diigiiniilmektedir.

3. Bu calisma kapsaminda hazirlanmis olan KPB, PCB, PP ve KP numunelerinin ilgili standartca belirtilen
siir degerleri sagladigi belirlenmistir.

Kiikiirt polimer beton ile hazirlanan parke taslarinin ilgili standart sinir degerlerini sagladigi ve yol kaplamasi
olarak kullanilabilecegi belirlenmistir. Yeni bir kullanim alani olusturulmasi ile petrol endiistrisinden yan iiriin
olarak elde edilen kiikiirtiin yap1 malzemesi olarak degerlendirilmesi saglanabilir ve ¢gimento kullanim1 azaltilarak
karbondioksit salimm miktar1 da azaltilabilecektir. Ilerleyen ¢alismalarda kiikiirt polimer beton icinde farkl
oranlarda atik malzeme kullaniminin degerlendirilmesi ve parke tasi iiretiminde liretim maliyetlerinin azaltilmasini
hedefleyen c¢alismalarin gerceklestirilmesi KPB parke taslarinin yaygin kullanimina katki saglayacagi
diistintilmektedir.
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with a significant amount of animal waste production and, thus, biogas potential due to intensive livestock. In
this study, the animal waste potentials that can be produced from cattle, sheep, and poultry in Sirnak province
and their effects in terms of biogas equivalents and carbon emissions were analyzed. The results of the study
show that a total of 23.4] million m® year? of biogas can be produced from animal wastes in Sirnak province
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Anaerobic digestion from all districts, while total electricity production may be 44,238,955.45 kWh year?. As an environmental
Animal waste impact, it has been determined that total CO2 emissions can be 276,356,209.6 kg CO2 year?, on the other
Biogas production hand, a reduction in total CO> emissions up to 209,809,869.8 kg CO> year™ can be achieved.
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1. INTRODUCTION

Energy demand has been increasing rapidly in recent years due to the increase in the world population and rapidly
developing industrial production. A significant portion of this intensive energy demand is met by fossil resources,
which have limited reserves and create climate change problems by causing greenhouse gas emissions. As an
alternative to this situation, awareness of sustainable clean energy production and supply and environmental
pollution issues has increased. The trend towards renewable energy sources to meet energy demand has recently
gained momentum [1, 2]. Among these renewable energy sources, biomass has attracted more and more attention
in recent years in terms of energy efficiency and climate change with its energy potential [2, 3]. Biomass resources
can be used to meet different energy demands such as generating electricity, heating homes, fuelling vehicles, and
supplying process heat for industrial plants [4]. Biomass has a wide portfolio including a wide variety of organic
wastes such as animal manure, agricultural waste, municipal-industrial waste, and sewage sludge [4, 5]. Biomass
energy is utilized by direct combustion for heating and cooking, or by anaerobic digestion, pyrolysis, gasification,
etc. to produce heat, electricity, and liquid and gaseous fuels [6]. Accordingly, biogas/biomethane production from
organic wastes has been increasingly realized as a sustainable energy source in recent years [7]. Animal wastes,
which are one of the alternative sources for biogas production, are no longer considered an environmental problem
and are preferred an important alternative to meet energy needs [1, 7, 8].

The breakdown of organic matter (biomass) in a humid, oxygen-free environment with the help of the right
microorganisms leads to biogas formation, which is a microbiological process. Biogas can be produced naturally
[9, 10] or in facilities such as landfills, sewage treatment plants, or anaerobic digestion plants. The chemical
composition, energy content, or fuel equivalent of the biogas produced varies depending on the type of biomass
selected [11]. Along with the substrate, other factors also affect the biogas composition [12, 13]. Biogas mainly
contains 55-70% methane and 30-45% carbon dioxide, but also hydrogen sulfide (mostly 50-2000 mg/l), water
vapor (saturated), oxygen (less than 1% by volume), nitrogen (less than 2% by volume), and trace amounts of
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hydrogen, ammonia, carbon monoxide, oxygen, and various hydrocarbons (e.g., benzene up to 2.5 mg/m? or
toluene up to 11.8 mg/mq) [11, 14-16].

Anaerobic degradation of agricultural residues, animal wastes, energy crops, and biodegradable industrial by-
products is considered a technology that can reduce greenhouse gas (GHG) emissions and contribute to the
development of sustainable energy supply and has recently attracted much attention [17]. Anaerobic degradation
is defined as the breakdown of organic compounds into more basic products by producing biogas through
microorganisms in the absence of oxygen [18, 19]. The advantages of anaerobic digestion on various issues are
seen at local, national, and even global scales [11]. Biogas production by anaerobic digestion in bio-based energy
production is more advantageous than other methods and is also one of the most energy-efficient and
environmentally friendly technologies [13]. Animal waste, often used in anaerobic digestion, is one of the most
frequently used feedstocks for biogas production worldwide [16]. In recent years, a significant amount of animal
waste has been generated due to the large increase in the number of livestock. This situation offers a very large
biogas supply opportunity. In regions where livestock is intensively carried out, animal wastes become an
important problem, such as environmental pollution, when they are not disposed of properly, and at the same time,
their disposal also creates an economic burden [16, 20]. For these reasons, anaerobic digestion of animal manure
is mostly carried out both to obtain organic fertilizer and to convert the waste into basic molecules such as methane
and carbon dioxide by removing odor and microbial pathogens for energy production. [21-23].

Since animal wastes are at the forefront of biogas production for the reasons mentioned above, countries where
livestock are developing offer an important potential for biogas production. Thanks to the climate, ecological
characteristics, and topographical diversity, livestock is very developed in Turkey. Cattle, ovine, poultry,
beekeeping, sericulture, and sericulture are the main types of livestock [24]. Cattle breeding is in the form of
pasture and fattening and is carried out with modern methods. The number of large-scale facilities engaged in
cattle and sheep breeding has increased in recent years, especially in or close to large cities, which are more
intensive consumption centers. Sheep, hair goats, and mohair goats are raised within the scope of ovine hushandry
in Turkey [7, 25]. In Turkey, the number of registered cattle breeding enterprises is 1,164,673, while the number
of sheep and goat breeding enterprises is 385,125 [26]. Significant number of animals are raised and cared for in
these facilities or in rural areas [27]. Accordingly, the amount of animal waste is also quite high [28]. Animal
manure cannot be directly removed due to sanitation-based restrictions. A significant portion of animal manure is
stored near livestock facilities for fertilizer use [29, 30] or around houses or fields in rural areas. However, storage
of animal manure under inappropriate conditions not only creates odor and hygiene-based problems but also
generates significant greenhouse gas emissions [31-33]. This situation causes livestock farming to account for a
significant percentage of Turkey's greenhouse gas emissions. Therefore, it is aimed at develop innovative
approaches to reduce greenhouse gas emissions from fertilizers [28, 33]. Animal manure that is not stored under
the right conditions can mix with surface water or groundwater through leaks [25, 34]. For all these reasons,
sustainable manure management systems that reduce environmental impacts and allow for the storage, transport,
and efficient utilization of manure should be implemented on animal farms. As mentioned before, animal manure
is an important biomass source, and biogas can be produced [8, 32, 35, 36]. While the biogas produced is used as
an energy source, the remaining substrate or decomposition product waste can be used as fertilizer [37- 39].

When agricultural and animal wastes are utilized efficiently in Turkey, large-scale natural gas savings can be
achieved, and imports have been expected to be significantly reduced [7, 28, 40]. In order to utilize the full potential
of animal waste-based biomass in Turkey and to produce more biogas, biogas contents in various regions should
be calculated and planning should be made. However, from an energy source perspective, biogas production in
Turkey is not controlled enough to be properly utilized. At this stage, it is important to provide information about
local biogas resources, as stated in the literature [7, 28]. It is particularly important to study cities or regions where
livestock farming is intensive but the utilization of the available potential has not been calculated. This will
contribute to the provision of information and the development of biogas and energy supply plans and strategies.
In addition, as stated in Aksay and Tabak (2022) [33], it is very important to calculate the data on feedstock and
electricity production close to reality in terms of the installation and operation of such costly biogas plants. For
these reasons, this study analyzed the biogas production potential for Sirnak province, where livestock breeding is
intensively carried out and therefore has a significant waste potential. Several calculations on the biogas potential
of Sirnak province have been made in different studies [33, 41-44]. However, this study is a pioneer in terms of
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calculating the districts and animal wastes one by one and analyzing them together with their environmental
impacts more comprehensively than others. In addition, compared to previous studies, an increase in capacity in
terms of increased waste and thus biogas amount as a result of the support for livestock in recent years has been
identified. Within the scope of the study, biogas production potential and the amount of electricity that can be
generated from bovine, ovine, and poultry manure were calculated. In addition, CO2 emissions and how much
reduction in CO, emissions can be achieved were also determined. The calculation of possible CO; reduction also
reveals the greenhouse gas effect.

Il. THEORETICAL METHOD

In this study, the biogas production potential that can be produced from the wastes of existing ovine, bovine, and
poultry animals in Sirnak province in 2022 was determined. In addition, the amount of electricity that can be
obtained from this biogas, the determination of the amount of CO, emission, and the reduction in CO; emission
were also presented [45].

2.1 Determination of Biogas Potential and Electricity Generation Equivalent

In order to calculate the biogas production potential of Sirnak province from animal waste, it is necessary to know
the amount of organic material available. Therefore, the number of cattles, sheep, goats, egg-hens, turkeys, ducks,
and geese was investigated on the basis of districts. The animal number statistics for the year 2022 in the Turkey
Biomass Energy Potential Atlas (BEPA) were used (BEPA Statistics, 2022) [46]. BEPA statistics were preferred
because they also provide animal numbers on a district basis. While the districts within the borders of Sirnak
province are shown in Figure 1, animal number data are given in Figure 2 and Figure 3.
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Figure 1. Map of Sirnak province and its districts [47]
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Figure 2. Numbers of cattles, sheep, and goats in Sirnak districts [46]
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The most basic information required for the calculation of biogas production potential is the amount of waste per
animal [33, 41]. The assumptions taken into account to calculate the amount of waste per animal are shown in
Table 1. Animal waste amounts were calculated on the basis of districts by multiplying the number of animals by
the corresponding ratios. The waste amounts (M) found are not fully achievable or permissible to use. Therefore,
the total amount of waste (M) (kg/day) and the percentage of access to the amount of manure (AC) (availability
coefficient) were taken into account when calculating the total amount of biogas. The product of these two gives
the total amount of accessible waste in a day for each animal.

Table 1. Assumptions of animal wastes in Sirnak districts

Livestock Manure AC References
(kg/day) (%)

Cattle 29.00 50

Sheep 2.40 13

Goat 2.05 13 [48-50]

Egg-Hen 0.13 99

Duck and Goose 0.33 99

Turkey 0.38 99

The total solids (TS) of animal waste is another basic parameter for biogas production from animal waste. The
total solids ratio varies according to different factors such as the amount of nutrition, body weight, type of animal,
and waste availability [1]. The ratio of solids (TS) (%) and volatile solids (VTS) (%) in wet manure is the basic
structure of manure for biogas production and varies according to animal species. In addition, the estimated amount
of biogas produced per kg of total volatile solids (EB+s) (m®/kg VTS or I/kg VTS) was also used in the calculations.
However, the waste supply before biogas production may not always be in the desired amount, and the amount of
manure may vary. These values are different for each animal and the accepted sizes for each animal, are given in
Table 2.

Table 2. TS (%), VTS (%), and EB+s (I/kg VTS) values by livestock

Livestock TS VTS EB+s References
(%) (%) (I/kg VTS)
Cattle 14.00 83.33 330
Sheep 27.50 83.36 300
Goat 31.71 73.06 300 [6, 48, 49]
Egg-Hen 25.00 75.00 350
Duck and Goose 28.18 61.28 350
Turkey 25.53 75.83 350

According to these values, biogas production was calculated as shown in Eq. 1. For each animal, the amount of
biogas calculated varied due to variations in the number of animals, manure amount, and other parameters. The
theoretical potential of biogas produced (TPB) (m%/day) [51, 52]:

TPB = MxACxTSxVTSxEBys 1)

Biogas production can be achieved with high efficiency by adjusting the pH and temperature values of the process
to optimum conditions [53]. In biogas production, bovine manure is mostly used due to the high amount of manure
compared to other animals. The biogas yield produced by mixing sheep and goat manure with cattle manure is
slightly more efficient. Poultry manure can be preferred as an important biogas source due to its high
biodegradation rate [54]. In this study, no meat chicken was found for Sirnak province, and egg chicken was taken
into consideration for the assumptions and calculations made for chicken. On the other hand, animal manure that
can be used for biogas production was calculated by taking into account the duration of the animals' stay in the
shelter. It is assumed that 50% of cattle, 13% of ovine, and 99% of poultry produce an average of 29 kg, ovine
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2.40 kg, and poultry 0.13 kg of manure per day. The estimated amount of biogas produced per kg of volatile solids
in total wet manure was assumed to be in the range of 200-350 I/kg VTS in cattle, 100-310 I/kg VTS in ovine
animals, and 310-620 I/kg VTS in egg-hens [49]. The access rate to manure, the amount of manure production for
each animal, the dry matter and volatile dry matter ratios of manure, and the methane production rate of manure
were calculated by considering different studies in the calculation of biogas production potential.

The methane content in the biogas formed as a result of the anaerobic digestion of animal manure is important in
terms of the electricity potential that can be generated from biogas. The percentage of methane in biogas varies
according to the source of the manure. It has been determined that 50-70% of the biogas formed as a result of
anaerobic digestion from cattle manure consists of methane [16, 22, 23, 55]. On the other hand, the methane content
of biogas produced from sheep manure is between 40% and 50% [16], while biogas production using chicken
manure contains methane in the range of 50%-70% [55, 56]. In this study, the amount of methane content for
cattle, sheep, and poultry was accepted as 60%, 45%, and 60%, respectively.

Considering the calorific value of methane is 36 MJ/m?3, it is accepted that 85% of the produced methane can be
converted into heat in the boiler in terms of heat and power efficiency (85% heating conversion efficiency) while
electricity efficiency is between 35-40% [21]. Energy content of methane unit and cogeneration electricity
efficiency are taken as 10 kWh/m? and is 40%, respectively [52]. The electricity generation potential from biogas
is shown in Eq. 2.

Biogas plant capacity (kWh/year) = Biogas production amount (m3/
hour) x Methane rate (%) x Methane unit energy content (kWh/
m3) x Cogeneration electricity ef ficiency (%) 2

2.2 Determination of CO, Emission and CO, Emission Reduction

There are three separate parts in the calculation of CO; emission [33, 48].

Part 1: CO;emission to the environment when animal manure is not treated, i.e. anaerobic digestion is not applied;

BCOZ =TBBP x aCOZ (3)

is calculated by using the Eq. 3. Where TBBP is the total amount of biogas produced (m®/year); aco; is the CO;
emission equivalent (kg CO2/m?) which is equal to the emission of 1 m? of biogas to the atmosphere (9.19 value
is accepted in this study).

Part 2: When electricity is produced from biogas, the CO, equivalent value (CHP) that will be released to the
atmosphere as a result of the combustion of biomethane is ;

CHP¢o, = TBMP x bey, x EI )

is determined from the equation. TBMP is the total amount of methane produced per year (m®/year); bcy, is the

CO; equivalent of the gases emitted to the atmosphere (kg CO./kWh) if methane gas is used to generate 1 kWh of
electrical energy (0.8 value is taken in this study); El is the energy content of biogas (kWh/m3).

Part 3: The amount of CO; to be emitted if the amount of electricity produced from biogas is produced using coal;
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Coalcp, = TBBP x EI x n X Ceoqy 5)

is calculated by using the equation. Where TBBP is the total amount of biogas produced per year (m3/year); El is
the energy content of biogas (kWh/year); n is the conversion efficiency to electricity (%); Ceoa is the amount of
CO; emitted by the coal used to produce 1 kWh of energy (kg CO»/ kWh) (1 kg CO; per kWh is accepted for the
coals in Turkey) [17].

Total CO, emission and reduction in Total CO, emission are expressed by the following equations:

Total CO, Emission : TE¢p, = Coalco, + Beo, (6)

Reduction in Total CO, Emission = RTE¢o, = Coalco, + Bco,~CHP¢o, @)

111. RESULTS AND DISCUSSIONS

According to 2022 BEPA data, there are 59,347 cattle, 1,138,629 ovine (sheep and goats), and 135,332 poultry,
totaling 1,333,308 animals in Sirnak province. The relevant equations in the theoretical calculation section were
used for the biogas potential that can be produced from collectible animal wastes. The possible biogas potentials
in all districts, including the central district, are given in Figures 4 and 5 for each animal waste. If the wastes in
the region are used for biogas production, it has been determined that a total of 64,234.218 m3/day of biogas can
be produced from animal wastes per day. Of this value, 39,516.1 m®/day is from cattle, 21,863.801 m®/day from
ovine, and 1,754.314 m3/day from poultry. In another study conducted six years ago by Lile (2017), it was
calculated that 5,479.452 m3/day and 273.972 m3/day of biogas could be produced from cattle and poultry wastes,
respectively, while in our study, it was determined that these values increased in this time interval. Compared to
the same study, the amount of biogas that can be produced from ovine wastes is 82,191.78082 m?/day, while in
our study it was 23,301.67529 m3/day. These results are in line with the increase in the number of cattle in the
region in recent years and the government's desire to encourage small cattle breeding in Sirnak. Additionally, in
the study of Aksay and Tabak (2022) [33], the amount of biogas obtained from animal waste was calculated as
55,890.410 million m®/year for Sirnak. When it is considered that their data belongs to the year before 2022 and
compared with the results in the present study, it is seen that an increase of 8,343.808 million m3/day has been
achieved in about two years. This increase shows that the biogas potential in Sirnak is sustainable and can be
further increased by increasing livestock production and other incentives. Using 2021 data, Aydin and Uren (2022)
[43] calculated the total amount of biogas produced based on animal waste for Sirnak as 108,472.251 m3/day. The
reason for calculating higher compared to the previous study and ours, which were conducted in the same periods,
may be that all wastes were included in the calculation considering that all of them were accessible and all of them
were used.

Although Artun et al. (2017) [41] stated that no suitable biogas energy production area could be identified in
Sirnak, investments in the field of livestock have accelerated with government support since their study. This has
increased the number of animals and, therefore, the amount of waste. The results of our current study indicate that
there is a significant potential for sustainable biogas production in Sirnak province. Sirnak is a city with a higher
cattle content, the highest rate of biogas production from cattle is due to the higher amount of waste and methane
content, as mentioned before. Abdeshahian et al. (2016) also found that more biogas will be obtained from cattle
wastes in support of this situation [1]. On the other hand, although this value is the highest for poultry in terms of
waste accessibility, the amount of biogas produced is the lowest. This is due to the difference in the volatile dry
matter content and methane percentage per waste and the fact that the amount of waste is less in volume compared
to cattle and sheep. The amount of biogas production varies from animal to animal according to the changes in the
waste and its properties, as well as the amount of biogas that can be produced between the districts for the same
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animal due to the different animal data in the seven districts of Sirnak province. When Figure 4 is examined, idil
district ranks first in sheep and cattle waste-based biogas production, while it ranks second after the central district
in the production of goat waste. This situation is due to the high number of animals, as stated by Bulut et al. (2017)
in their study. Artun et al. (2017) [41] also stated that Idil district has approximately 2/3 of the total number of
animals in the province with 59.83%. Beytiissebap district was found to have the lowest value in biogas production
based on cattle and goat waste, while Uludere district was calculated to have the lowest potential in sheep waste
production. On the other hand, when the biogas production data based on egg-hen, duck, goose, and turkey wastes
is analyzed according to Figure 5, it is determined that the lowest amount belongs to Guglilkonak district except
for turkey waste-based biogas production. In turkey waste-based biogas production, the lowest value was
calculated in Beytiissebap district. In general, the lower biogas potential in Beytiissebap district is due to the fact
that animal waste is not high compared to other districts due to the decrease in population in recent years and the
decrease in livestock activities. Similarly, the low number of animals in Giiglikonak district caused the amount of
biogas produced to be less than the other districts.
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Figure 4. Amounts of Biogas Produced from cattles, sheep and goats in Sirnak districts

Approximately 55-70% of the biogas potential produced consists of methane. In this study, 60% is accepted for
cattle and poultry and 45% for ovine animals. Using the equation given for electricity generation in the theoretical
method section, according to the 2022 data for Sirnak province, the amount of electricity that can be produced
when methane gas is burned in a CHP engine with an average electricity efficiency of 40% is predicted at
4,423,895,555.45 kWh (44.238 GWh/year). On the other hand, Ertop et al. (2022) [44] determined the amount of
electricity that can be obtained from biogas produced from cattle wastes as 2,833,010 kWh/year using Sirnak 2020
animal data. In our study, electricity production from cattle waste increased in three years and was calculated at
34,616,103.6 kWh/year. This can be considered a result of the increase in state support for livestock in the region
in recent years. Data on the amount of electricity that can be obtained by using biogas that can be produced from
waste according to each animal species on the basis of districts is given in Table 3.
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Table 3. Amounts of Electricity Produced (kWh/year) from biogas in Sirnak districts

Districts Cattle Sheep Goat Egg-Hen Duck and Turkey
Goose

Beytiigsebap 466,344.73 462,899.20 295,653.28 15,536.73 3,823.74 16,720.21
Cizre 7,403,351.06 1,895,125.69 799,344.96 141,461.73 4,702.36 13,822.40
Idil 15,748,191.89 3,020,311.78 1,348,460.96 274,837.11 333,680.66 301,545.48
Silopi 5,605,429.39 988,203.55 480,900.34 38,561.52 9,008.78 15,115.38
Merkez 3,254,638.71 1,564,982.54 1,866,398.37 147,972.16 21,532.08 111,472.75
Uludere 1,135,555.29 356,682.67 547,499.12 47,351.30 5,681.73 13,376.52
Gliclikonak 1,002,592.51 804,368.38 656,386.36 11,097.16 1,119.52 8,359.66
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Figure 5. Amounts of Biogas Produced from egg-hens, goose, ducks and turkeys in Sirnak districts

It has been determined that the highest electricity production can be provided from cattle manure [48]. Since cattle
produce more manure compared to other animals in terms of the daily manure amount [54], this increases biogas
production and thus electricity production. Compared to other districts, cattle breeding, which is intensively active
in Idil and Cizre districts compared to other districts, may contribute to the higher amount of biogas and electricity
production compared to other districts. Another reason for the high total amount of biogas production and
electricity generation in Idil district is the high amount of poultry. Poultry are the most suitable animals for the
biological transformation process because of the manure they produce daily. Poultry manure is considered the
most suitable and efficient raw material for biogas production. This manure can be easily processed and converted
into biogas in biogas plants [54]. This increases biogas production and, thus, electricity production in Idil district.
The density of poultry ensures that the amount of manure is high and allows for more biogas production in biogas
plants. For these reasons, both the presence of cattle, sheep, and goats and the density of poultry in the dil district
contribute to the higher amount of biogas and electricity production compared to other districts. It has been
determined that the amount of electricity generated is the lowest in Beytiissebap and Uludere districts. The main
reason for this is that the number of animals is generally lower than in other districts, as mentioned when analyzing
biogas production data.
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In our country, most of the electricity generation is provided by fossil resources. However, this situation causes an
increase in CO2 emissions [21]. As in this study, the environmental impact of utilizing biogas in electricity
generation as an alternative was also calculated. The total CO, emission and the possible reduction in CO; emission
were calculated using the equations given for them in the theoretical methodology section and given together in
Table 4.

Table 4. Amounts of CO, Emissions (kg CO./year) and Reduction of CO, Emissions (kg CO,/year) thanks to biogas potential in Sirnak districts
Districts /CO,

Emissions (kg Cattle Sheep Goat Egg-Hen Dtgk and Turkey
00se

COzlyear)

Beytiigsebap 2,290,918.49 3,031,989.79 1,936,529.01 76,324.21 18,784.12 82,138.04

Cizre 36,368,962.11 12,413,072.32 5,235,322.20 694,930.77 23,100.38 67,902.55

Idil 77,362,992.65 19,783,042.17 8,832,419.31 1,350,137.33 1,639,206.26 1,481,342.17

Silopi 27,536,671.89 6,472,733.28 3,149,897.27 189,433.46 44,255.65 74,254.30

Merkez 15,988,412.69 10,250,635.64 12,224,909.34 726,913.27 105,776.34 547,609.89

Uludere 5,578,415.35 2,336,271.51 3,586,119.26 232,613.28 27,911.52 65,712.15

Giliclikonak 4,925,235.71 5,268,612.92 4,299,330.67 54,514.83 5,499.68 41,066.86

Districts

/(':?(gguétrlnoir;sior?: Cattle Sheep Goat Egg-Hen DL(I;CI)(o?:d Turkey

(kg COolyear)

Beytiigsebap 1,684,671.29 2,430,220.82 1,552,179.74 56,126.45 13,813.26 60,401.76

Cizre 26,744,605.72 9,949,409.91 4,196,250.62 511,030.52 16,987.30 49,933.43

Idil 56,890,343.20 15,856,636.86 7,079,420.06 992,849.08 1,205,421.39 1,089,333.04

Silopi 20,249,613.68 5,188,068.66 2,524,726.82 139,303.49 32,544.23 54,604.31

Merkez 11,757,382.36 8,216,158.34 9,798,591.45 534,549.45 77,784.63 402,695.31

Uludere 4,102,193.46 1,872,584.04 2,874,370.40 171,056.58 20,525.27 48,322.67

Guclikonak 3,621,865.44 4,222,934.02 3,446,028.40 40,088.51 4,044.29 30,199.30

The results show that CO; emissions are high in Idil and Cizre districts, and this may be due to the fact that animal
wastes are not sufficiently utilized for biogas production. Because livestock breeding activities are quite common
in these districts, there are more cattle and ovine animals. The manure produced by cattle on a daily basis
constitutes a potential source for biogas production [54]. However, there may be cases where animal wastes are
not collected and processed sufficiently for biogas production. This may cause animal waste to be released directly
into the environment and increase CO; emissions. Total biogas production, total electricity production, total CO,
emission, and reduction in total CO, emission corresponding to the total number of animals in each district are
given in Table 5.

Table 5. Total Energy Potential and Environmental Effects in Sirnak districts

Districts Total Number of Total Biogas Total Electricity Total CO, Total CO,
Animals Potential Production Emission Emission
(Quantity) (m/year) (kWh/year) (kg COz2lyear) (kg COz2lyear)
Beytiigsebap 61,209 630,761.97 1,260,977.91 7,436,683.68 5,797,413.35
Cizre 235,449 4,648,317.70 10,257,808.23 54,803,291.36 41,468,217.52
Idil 427,87 9,368,035.61 21,027,027.90 110,449,139.9 83,114,003.65
Silopi 127,590 3,177,883.45 7,137,218.97 37,467,245.88 28,188,861.20
Merkez 297,543 3,379,495.94 6,966,996.63 39,844,257.18 30,787,161.57
Uludere 80,018 1,003,141.91 2,106,146.65 11,827,043.09 9,089,052.44
Guclikonak 115,091 1,237,850.78 2,483,923.62 14,594,260.70 11,365,159.99

As shown in Table 5, the highest number of animals is found in Idil district. The higher the number of animals,
the higher the amount of biogas produced and the higher the electricity capacity. If animal manure is not handled
properly, Idil is the district where the most carbon emissions will occur. The district with the lowest number of
animals is Beytiissebap. Therefore, the amount of biogas and electricity produced is lower than in other districts.

In terms of reducing CO; emissions, different sustainable sources such as hydroelectricity and solar energy are
used in Sirnak. However, one of the most important production areas that stands out for Sirnak is livestock, and
the fact that the waste obtained from this is an important energy input makes biogas more advantageous than other
available alternatives. Furthermore, when all social, technical, geographical, and economic factors of Sirnak are
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taken into account, it could be faster than others to utilize this existing potential in Sirnak for energy production
and CO; emission reduction. In addition, with the expected increase in support for livestock in recent years, more
and more animal waste will be generated and it is important to convert it into biogas in order to reduce its
environmental damage and turn it into useful products.

Livestock breeding investments will come to the forefront in Sirnak with the livestock breeding model that will
reduce environmental impacts with biogas production. The conversion of animal wastes into organic fertilizer will
not only provide environmental gain but also add value to the national economy. These gains will contribute not
only to livestock and energy but also to sustainable agriculture with the use of organic fertilizers, thus preventing
agricultural emissions and damage to the soil. It will be possible to realize environmentally friendly, modern, and
efficient livestock, agriculture, and energy activities in line with the concept of a "sustainable economy" in the
region. This will pave the way for economic development that is ecologically, has a high profit margin, and is
culturally compatible with the region. This will pave the way for the activities of a large group of individuals or
businesses in agriculture and livestock in Sirnak and its districts. On the other hand, this could be an encouraging
example for the implementation of rural livestock, agriculture, environment, and energy development goals at the
national level.

IV. CONCLUSIONS

As a result of agricultural policies and targets, together with the suitability of geographical conditions, there is a
significant livestock potential in Sirnak, which leads to significant amount of organic waste production. The results
of the study indicate that the conversion of animal wastes with biogas technology in the selected city can be an
important sustainable energy production potential for this developing region. It is also seen that with this realized
transformation, it is also possible to provide an advantage in terms of CO, emissions, and a reduction can be
achieved. With this study, it is given that the total animal waste produced from animals in Sirnak for 2022 is
approximately 24.28 Mt. The total biogas potential produced from these animal wastes is 23.445 million m? year
! and the heating value and electricity generation potential equivalents are 550,969,004.9 MJ year! and
44,238,955.45 kWh year?, respectively. On the other hand, the determination that a reduction in total CO;
emissions by 209,809,870 kg CO, year? can be achieved indicates a significant environmental gain. This study
proves that animal wastes are an economic, clean, and promising energy raw material that can be sustainably
utilized for biogas production and electricity generation in Sirnak. The results of this study can be used as a
reference for identifying alternative project locations urgently, as it is predicted that waste will increase with
increasing livestock support. It will be possible to contribute to emission reduction and energy supply by using the
waste that may increase as a sustainable energy input without causing more CO, emissions. This study also
coincides with the objectives of utilizing animal wastes for sustainable energy production in the development goals
of agriculture and livestock in Turkey.
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ARTICLE INFO ABSTRACT

Article history: In this study, different core structures are produced with polylactic acid (PLA) and carbon fiber reinforced
Received 5 September 2023 PLA (CFR-PLA) filaments using a 3D printer with fused deposition modeling (FDM) technique. An
Received in revised form 19 October 2023 alternative new core structure is proposed to the honeycomb and square core structures commonly used in the
Accepted 18 November 2023 literature. Then, sandwich composites are produced by bonding carbon fiber-epoxy plates to the lower and

upper surfaces of these core structures. The effect of carbon fiber reinforcement and core types on the
mechanical properties of sandwich composites was investigated. The core structures produced with carbon
fiber-reinforced PLA showed lower compressive strength but higher compressive modulus than those
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Keywords: produced with pure PLA. Among the core structures, the designed structure showed the highest compressive
3D-Printed core strength with a value of 9.867 MPa, which is 32.18% and 54.36% higher than the honeycomb and square
Fused deposition modeling (FDM) structure. While the flexural strength and flexural stiffness of the sandwich composites increased with carbon
Sandwich composite fiber reinforcement, the designed sandwich composite showed approximately 1.40 and 3.15 times the flexural
Carbon fiber-reinforced polylactic acid strength of the honeycomb and square sandwich composites, respectively.

Compressive properties
Flexural properties

I. INTRODUCTION

Unmanned aerial vehicles (UAVSs) are aircraft that fly autonomously with an autopilot without human assistance
[1]. UAVs have significant advantages such as minimal operating cost, reduced human error, and the ability to
operate under hazardous conditions [2]. UAVs were first introduced during the Second World War and have
progressed significantly over time [3]. In recent years, research and development studies of UAVs have attracted
great attention not only for the military but also for civilian applications [4]. UAVs are preferred in many
applications such as meteorological data collection, disaster monitoring, search and rescue activities,
telecommunications, mapping, surveillance, payload deliveries (disposable load), reconnaissance, and attack [5—
10].

The primary feature desired from materials used in the aerospace industry is that they have low-weight and high
strength. This is expressed by the term specific strength and is defined as the strength of the unit weight of the
material. UAV components with high specific strength provide solutions to many situations such as longer flight
distances, reducing emissions, and responding to safety requirements [11]. Successful development of UAVs
depends on the production of low-cost and high-resilience platforms. Reducing the structural weight is one of the
effective factors to improve the performance of UAVs and increase their disposable load (payload) capacity [10].
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For this purpose, aviation designers aim to reduce the weight of the UAV. This encourages the researchers to

develop stronger materials and better structural designs.

Composite materials are formed as a result of combining two or more materials to obtain materials having new
(desired) properties. These materials have many advantages such as high strength, low weight, high corrosion and
chemical resistance, and high fatigue strength [12]. Therefore, composite materials have gradually replaced metals
in the aerospace and UAV industries and are already frequently used [13, 14]. Using only strong materials is not
sufficient to reduce the weight of the UAV. In this case, it is necessary to offer design improvements. Lattice
structures are a good alternative to increase the specific strength of UAV components. Lattice structures are often
geometrically complex and difficult to manufacture using traditional manufacturing techniques such as molding
or milling [15]. Since lightweight structures with complex geometries are difficult and costly to produce using

traditional fabrication methods, lattice structures can be directly printed by Additive Manufacturing (AM).

AM helps to improve the aerodynamic and structural efficiency of UAVs with the design freedom feature it offers
to users [3, 10]. AM is an innovative manufacturing technique where the final product is produced layer by layer
using the CAD file directly [16, 17]. AM has many application areas such as aerospace, automotive, biomedical
so on [18, 19]. Metals, polymers, ceramics, and composites are preferred as materials in Additive Manufacturing
(AM) in aerospace applications [20-23]. Additive manufacturing methods such as Fused Deposition Modeling
(FDM), Selective Laser Sintering (SLS), Stereolithography (SLA), Selective Laser Melting (SLM), and Electron
Beam Melting (EBM) are used to produce UAV components [3]. FDM is the most widely used additive
manufacturing method with some advantages [10, 24, 25]. FDM is based on the principle of melting a
thermoplastic polymer filament in a printhead and extruding the molten material on a print bed. Many studies have
been conducted in which critical parts of UAVs are manufactured using the FDM method. For example, Stratasys
and Aurora Flight Sciences have produced the largest and fastest AM drone (UAV) using FDM [26]. Paskalya et
al. have printed UAV wings from acrylonitrile-butadiene-styrene (ABS) material with FDM [27]. In another study,
an optimized UAV landing gear was designed and manufactured using the FDM method [2]. There are many
studies that use the FDM method to print UAV parts [3, 10, 28-30].

The most widely used thermoplastic filaments to manufacture UAV components with FDM are Acrylonitrile
Butadiene Styrene (ABS), Polylactic Acid (PLA), Polyetherimide (ULTEM), Polyphenylene Sulfide (PPS),
Polycarbonate (PC), Polyamide (Nylon), Polyethylene Terephthalate Glycol (PETG), etc. [31, 32]. These
thermoplastic materials have relatively low strength and are often used in applications where strength is not very
necessary. However, thermoplastic filaments are not suitable for applications where high stresses occur, such as
landing gear. To increase the strength of the parts to be used in aerospace applications, it is necessary to strengthen
the thermoplastic filaments with reinforcements [33]. FDM is one of the AM methods by which reinforced
thermoplastics can be printed [34]. Thermoplastics used in FDM are reinforced with materials such as metal,
graphene and carbon to increase the strength [29, 35, 36]. The most commonly used reinforcement is Carbon Fiber

(CF), and Thermoplastic/CF filaments are often preferred in aviation and UAV applications [37-41].

Adding carbon fibers to thermoplastic filaments is generally made in two different ways as discontinuous (short)
and continuous fiber. Research has generally focused on discontinuous fiber-reinforced composites because
additive manufacturing of continuous fiber-reinforced composites involves some difficulties and is costly [42-44].

Short fiber-reinforced (discontinuous) FDM composites are formed by blending the thermoplastic polymer with
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milled or chopped fibers. Then, the blending is extruded to form filaments, which are the raw materials of the
FDM method. Fibers are typically shorter than the nozzle diameter to avoid clogging [45, 46]. The majority of
fibers used in AM composites are milled fibers and have a fiber length of fewer than 150 um [47].

While short fiber-reinforced polymer composites produced by AM offer significant performance improvements
compared to pure polymers (PLA, ABS, PETG), the maximum mechanical properties achieved with short fiber-
reinforced composites are severely limited compared to continuous fiber polymer composites [30]. There are
several reasons why the mechanical properties obtained by additive manufacturing of short fiber reinforced
filaments are unsatisfactory. The first reason is that milled fibers are not effective enough to increase strength, as
the fiber length of milled fibers is well below the value that provides optimum mechanical properties. In addition,
it is known that the addition of fiber fillers will change the polymer rheology and therefore increase the void
fraction in composites produced by AM [46]. Finally, mechanical properties are negatively affected when the
interfacial bonds between the fiber and the thermoplastic matrix are not strong enough. As a result, the strength of
3D printed specimens is adversely affected due to defects such as high void content, poor interlayer bonding, and
inhomogeneous fiber distribution [48-52]. For all these reasons, it has been observed that the specimens produced
with CF-reinforced filament generally do not marginally increase the strength of those produced with pure

polymer, and in some cases reduce it [47, 51, 53].

Sandwich materials, which are among the most valuable structural engineering materials of the composite material
industry, are frequently used in aerospace and other industry fields for the advantages they offer such as low
weight, high strength, and low production costs [54]. Typically sandwich structures consist of high-strength face
sheets on the outer surfaces and the core with low weight in the middle. The core is mostly subjected to shear
stresses while the face sheets on the surface are subjected to tensile and compression stresses [55]. The use of
lightweight sandwich structures in UAVs provides better acceleration and lower fuel consumption by reducing the
structural weight [56]. The most common traditional materials used in the core of lightweight sandwich structures
are foam and balsa [57, 58]. Recently, researchers prefer functionally adjustable lattice structures as core materials
in sandwich composites instead of traditional core materials after the recent developments in AM [59]. The desired
functional properties in sandwich structures can be adjusted by changing the design or material of the cell structure.
The studies show that various cellular structures such as honeycomb, gyroid, truss, diamond, kagome, octet, and
hybrid are used as cores in sandwich composites [53, 60-64]. Therefore, the flexural and compressive properties
of sandwich composites with different 3D-printed core structures developed for unmanned aerial vehicles were
investigated in this study. Three different lattice structures were used as the core of the sandwich composite to
achieve this goal: honeycomb, square, and original design. Sandwich composite specimens were created by
affixing CF face sheets to a lattice-structured core made of PLA and CFR-PLA materials. The mechanical

properties of sandwich structures were investigated in terms of cell topology and reinforced filaments.

1. EXPERIMENTAL METHOD / TEORETICAL METHOD
2.1 Materials

In this study, two different filaments, polylactic acid (PLA) and 15% carbon fiber reinforced- PLA (CFR-PLA),

were used. PLA filaments were purchased from Filament Diinyasi (Turkey) and Sunlu brand CFR-PLA filament
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was used. The diameter of the filaments is 1.75 mm. For each test, it was produced with both PLA and CFR-PLA
in three designs. In the production of sandwich composites, plain woven carbon fabric with a density of 245 gr/m?
was used as a reinforcement element on the lower and upper surfaces of the core structures. These carbon fabrics
were provided by BAYKAR Technology (Turkey). EPORES 11564 epoxy and EPOHARD 13486 hardener were

purchased from Omnis Kompozit (Turkey).

2.2 Design of core structures

In this study, 3 different core structures were produced by the FDM method using Creality Ender 3 Pro printer. In
addition to the honeycomb and square structure used in the literature [9, 64, 65], a new design has been developed.
The designed core structure has unit cells consist of 2 types of quadrilateral shapes which includes an inner
rhombus supporting an outer rectangle (Figure 1). The short side, long side, and wall thicknesses of a unit of the
core structure were preferred as 10 mm, 20 mm, and 0.5 mm, respectively. The height of the cell was chosen as
15 mm. Honeycomb and square structures were drawn in the same dimensions by using SolidWorks so that the
designed core structure could be compared with traditional honeycomb and square structures. The length of one
unit honeycomb cell in the honeycomb structure and the edge length of one unit cell of the square structure are 10

mm.
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Figure 1. Image of the designed core structure

2.3 The manufacturing process of core structures

Honeycomb, square, and designed core structures were fabricated using a 3D printer (Creality Ender 3 Pro). These
structures were produced with both PLA and CFR-PLA filaments. Processing parameters are given in Table 1. To
begin, the geometry of the specimens was drawn in SolidWorks and exported as an STL file. The transferred
geometry was opened in the Cura software and the appropriate parameters were entered and the specimens were
printed on a 3D printer. Figure 2 shows the images of the core structures printed. The honeycomb, square, and
newly designed core structure are denoted by the letters H, S, and D, respectively. In addition, the word CFR was
added to these core structures produced with PLA filaments containing carbon fiber. For example, the abbreviation
S-CFR-PLA refers to the square core structure produced with carbon fiber reinforced PLA filament, and H-PLA

shows the honeycomb core structure produced with neat-PLA filament.
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Table 1. The 3D printing process parameters

Printing Parameters PLA CFR-PLA
Extruder temperature (°C) 225 220
Bed temperature (°C) 80 80
Layer thickness (mm) 0.2 0.2
Infill density (%) 100 100
Flow rate (%) 105 95
Printing speed(mm/s) 50 50
Filament diameter (mm) 1.75 1.75

Figure 2. Images of (a) H-PLA, (b) H-CFR-PLA, (c) S-PLA, (d) S-CFR-PLA, (e) D-PLA, and (f) D-CFR-PLA specimens

2.4 Manufacturing of sandwich composites

The sandwich composite specimens produced consist of three components: core structure, face sheets, and
adhesive. For the production of the lower and upper face sheet layers, woven carbon fabric was used as a
reinforcement, and epoxy resin was used as a matrix material. The production steps of sandwich composite
specimens are shown in Figure 3. For the specimens to be easily separated from the surface, vacuum nylon was
laid on the floor and 4 layers of carbon fiber were placed on top of each other (Figure 3a). On each layer, carbon
fiber was wetted with an epoxy-hardener mixture (100:34 by weight) with the help of a brush. Then, a core
structure was placed on top of the carbon fiber and 4 layers of carbon fiber were laid on top of this core structure
(Figure 3b). Afterward, the specimens were covered with vacuum nylon and a heavy plate was placed on top and
left to cure for 2 days. Figure 3c shows the side view of the sandwich composite specimens obtained at the end of

the production stages.
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Figure 3. Production steps of sandwich composite specimens: (a) placement of carbon fabrics in the lower part of the core structure, (b)

placement of carbon fabrics in the upper part of the core structure, and (c) sandwich composites produced.

2.5 Test Procedure
2.5.1 Compression test

A compression test was applied to each core structure specimen consisting of two different filament materials
(PLA and CRF-PLA) and three different designs (honeycomb, square, and design). The tests were performed with
Shimadzu brand AG-X-plus model mechanical device having a load capacity of 250 kN according to ASTM
C365-03 standard [66]. Dimensions of compression test specimens are 77x77x15 mm (length, width, and height).
All tests were performed at a crosshead speed of 1 mm/min. During the test, the compressive load was increased
until the maximum load that the specimens could carry, then decreased, and a visible deformation was obtained
on the specimen along the height where the cell walls were compressed, and the results were recorded. The
compressive strength (o.) and compressive modulus (E,) values of the core structures were calculated with the

following equations using the load and deflection data obtained from the test:

.=PIA @
APt
EC_ Ah*A (2)

where P, A, AP, Ah, and t show compressive load (N), cross-sectional area (mm?), the is the load increment in the
elastic part of the compressive curve (N), the deflection increment corresponding to AP (mm), and core thickness

(mm), respectively. At least 5 compressive test specimens were tested for each set and average values were used.

2.5.2 Flexural test

Three-point bending tests were carried out on the sandwich composites formed by adding a face sheet layer made
of carbon fiber and epoxy to the lower and upper sides of the core structures. Tests were performed on sandwich
composites with SHIMADZU - AGS-X (250kN) device according to ASTM C 393-00. Specimen dimensions
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were 120x60x15 mm (length, width and height). The test speed and span length, which is the length between the

two end supports, were 0.75 mm/min and 80 mm, respectively.

The flexural strength (of) values of the sandwich specimens were calculated with the following equations according
to ASTM C 393-00:

or=PL/2t(d + )b 3)

where P, L, t, d, ¢, and b indicate flexural load (N), span length (mm), facing thickness (mm), sandwich thickness
(mm), core thickness (mm), and sandwich width (mm), respectively. Also, the bending stiffness values of

specimens were calculated by dividing the maximum bending force by the bending deflection at that load.

I11. RESULTS AND DISCUSSIONS

Firstly, compression tests of 3 different core structures produced using PLA and CFR-PLA filaments were carried
out. Then, bending tests of sandwich composites produced using these core structures were performed. The

acquired results are presented and assessed in the following subsections.

3.1 Compressive test results

The compression properties of core structures are affected by various factors such as filament type, shape, and
dimensions of the unit cell, and FDM process parameters [67—69]. The compressive properties of specimens with
different filaments (PLA and CFR-PLA) and core structures (honeycomb, square, and design) are obtained from
compression tests and the specimens properties are compared to each other. During the test, the specimens were
compressed by applying force, as can be seen in Figure 4a. Also, Figures 4b and 4c show images of the specimens

after testing.

Figure 4. Image of a specimen in the compressive test (a), images of (b) S-PLA and (c) S-CFR-PLA specimens after the compressive test
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Compressive test results of 3D printed specimens are summarized in Table 2. For each specimen set (H-PLA, H-
CFR-PLA, S-PLA, S-CFR-PLA, D-PLA, D-CFR-PLA) at least five tests were conducted, the results were
averaged, and the ultimate compressive strength, compressive strain at peak load, compressive modulus are listed.
Compressive-strain curves of the three types of specimens are illustrated in Figure 5. When the stress-strain curves
of the specimens are examined, it is seen that three different regions occur under compression loading. In the first
region, a linear curve was observed until the maximum stress value was reached with the applied compressive
force. The strain in this region is elastic. In other words, when the applied force is removed, the core structure
returns to its original shape. The second region includes plastic yielding and ends by plateau stress. In this region,
the stress value remains approximately constant for a long time, while the strain continues to increase. The constant
stress value in this region is called plateau stress. The strain in the second region is plastic. If the structures continue
to be compressed, the cell walls will be crushed and come into contact with each other, leading to a rapid increase
in stress. This region is referred to as the densification region [70-73]. The core structures containing carbon fiber
reinforced-PLA filament showed lower compressive strength than those containing pure PLA filament (Figures
6a and 6b). D-PLA showed the highest compressive strength value of 9.867 MPa. Compared to H-PLA and S-
PLA, D- PLA compressive strength is approximately 32.18% and 54.36% higher, respectively. Saleh and his team
printed diamond, gyroid, and primitive cell structures using both PLA and CF-reinforced PLA through the FDM
method, investigating the impact of CF reinforcement on the mechanical properties of different core structure. The
specimens produced with CF-PLA exhibited lower compressive strength compared to those produced with PLA.
Among structures printed with both PLA and CF-PLA, the highest compressive strength was observed in
specimens with a diamond cell structure, followed by Gyroid and Primitive cell structures. It was noted that Gyroid
and Primitive cell structures deformed uniformly, allowing for consistent load-bearing. Additionally, it was
mentioned that deformation became more uniform with an increase in relative density and a decrease in cell size
[73] .This was attributed to the high surface area and improved material distribution, which enhanced the contact

between walls and minimized the empty spaces between them.

Table 2. Compressive test results of core structures

Specimens Ultimate compressive strength Compressive strain at peak load Compressive modulus
(MPa) (e) (MPa)
H-PLA 7.465+0.13 0.0581 + 0.0058 167.088 + 6.03
H-CFR-PLA 5.688 £ 0.26 0.0436 + 0.0041 173.605 + 5.30
S-PLA 6.392 +£0.24 0.0429 £ 0.0052 164.803 £ 2.05
S-CFR-PLA 5.093 £0.17 0.0411 £ 0.0024 168.613 + 4.58
D-PLA 9.867 £0.28 0.0611 + 0.0066 169.728 + 1.26
D-CFR-PLA 6.050 £ 0.13 0.0568 + 0.0023 180.127 £4.51

However, core structures produced with CFR-PLA filament showed higher compressive modulus than those
produced with pure PLA. The high elastic modulus of carbon fiber has increased the elastic modulus of core
structures [72, 74]. In the study conducted by Mei et al., specimens printed with carbon fiber reinforced PLA
showed higher compression modulus but lower compression strength than those printed with pure PLA. The
following are the explanations given for the decrease in compressive strength of the specimens: Low compressive

strength of the carbon fiber, agglomeration of the carbon fiber, and faults that may occur during the 3D printing
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process [72]. In addition, buckling and layer separation may occur with the application of compressive force to the

specimens produced by the FDM method, and this causes a decrease in the compressive strength [13, 75].
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3.2 Flexural test results

Bending tests of sandwich composites, which were formed by bonding carbon fabric with epoxy to the lower and
upper surfaces of different core structures produced by the FDM method, were carried out. Figure 7a shows a
sandwich composite specimen subjected to bending force using a mechanical tester. After the bending test, cracks

were observed in the core layer of all specimens in general (Figure 7b). These cracks occurred close to where the
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bending force was applied (near the middle of the specimen). The bending test results of sandwich composites are
summarized in Table 3. At least 5 tests were performed for each composite set (H-PLA, H-CFR-PLA, S-PLA, S-
CFR-PLA, D-PLA, D-CFR-PLA) and the results were averaged. The force-deflection data of the composites were

recorded during the test and facing bending stress and flexural stiffness values were calculated using these data.

Figure 7. Image of a sandwich specimen; (a) in the flexural test, (b) after the flexural test

Table 3. Flexural test results of sandwich composites

Specimens Maximum load Flexural strength Flexural stiffness
(N) (MPa) (N/mm)

H-PLA 1242.081 £ 27.92 44.233+0.99 638.516 +51.88

H-CFR-PLA 1627.286 + 147.36 57.951 +5.25 1120.400 * 111.44
S-PLA 2171.066 + 192.29 77.317 £6.85 1419.400 £ 92.93
S-CFR-PLA 2372.672 +136.37 80.926 + 4.86 1506.336 * 101.95
D-PLA 4177.550 + 250.67 144618 + 6.96 2472.244 +109.16
D-CFR-PLA 4846.821 + 165.07 183.137 +3.84 3261.775 +94.39

Flexural load-deflection curves of sandwich composite specimens are given in Figure 8. Typically, the sandwich
specimens exhibited a linear elastic region until they reached the point of maximum force. In all three core
structures, composites containing carbon fiber-reinforced PLA filament showed higher flexural strength and
flexural stiffness than those produced with pure PLA filament (Figures 9a and 9b). Among the composite
specimens, H-PLA showed the lowest flexural strength and stiffness with values of 44.232 MPa and 638.516
N/mm, respectively. In the case of H-CFR-PLA, the flexural strength and flexural stiffness are 57.951 MPa and
1120.4 N/mm, respectively. S-CFR-PLA showed approximately 4.47% and 6.12% greater values of flexural
strength and stiffness than S-PLA. D-CFR-PLA showed the highest flexural strength and stiffness with values of
183.137 MPa and 3261.775 N/mm, respectively. In a study by Liao et al., composite specimens were produced
with PA12 filaments containing carbon fiber in different additive ratios (0, 2, 4, 6, 8, and 10%) by the FDM method

and their mechanical properties were investigated. They stated that the flexural strength increased as the amount
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of carbon fiber increased, and the composite containing 10% by weight carbon fiber-PA12 showed 251.1% higher

flexural strength than the composite produced with pure PA12 filament [76]. Similar results were observed in

articles [67, 77, 78].
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IV. CONCLUSIONS

Stronger and lighter three-dimensional parts are produced by depositing the materials layer by layer using the

additive manufacturing (AM) method. Among the AM methods, the most widely used one is the fused deposition

modeling (FDM) method. In this study, it is aimed to produce different core structures that can be used in

unmanned aerial vehicles (UAVS) by using the FDM method. For this purpose, a new structure was developed as

an alternative to the honeycomb and square structures frequently encountered in the literature. Firstly, honeycomb,
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square and designed structures were 3D printed with both PLA and carbon fiber-reinforced PLA filaments and
then, sandwich composites were produced by adding carbon fiber fabric-epoxy to the lower and upper surfaces of
these core structures. Experimental studies were carried out to investigate the effects of carbon fiber addition to
PLA filaments on the mechanical properties of different lattice structures. The lattice structures containing carbon
fiber reinforced-PLA filament showed lower compressive strength than those without reinforcement and the
highest compressive strength was seen in the designed structure with a value of 9.867 MPa. D-PLA exhibited
32.18% and 54.36% higher tensile strength than H-PLA and S-PLA, respectively. In the flexural test results, it
was observed that the flexural strength and stiffness values of the sandwich composites increased with the addition
of 15 wt% carbon fiber reinforcement in the PLA filament. With the carbon fiber reinforcement, the flexural
strengths of the sandwich composites containing honeycomb, square and designed lattice structures increased by
approximately 31.01%, 4.67%, and 26.63%, respectively. In the subsequent studies, the aim is to produce various
core structures using filled-filaments and investigate their mechanical properties. It will be recommended to use

sandwich composites produced from these core structures in UAVS.
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Eniyi kaynak tahsisi

Gunumizde siber saldirilarin ve potansiyel zararlarmin hizla artmasiyla birlikte, sirketler ve kurumlar i¢in
siber giivenligin saglanmasi hayati bir 6neme sahip hale gelmistir. Bu galismada, siber risklerin nicel bir
analizi igin saldir-savunma agaglari tabanh bir yaklasim gelistirilmistir. Onerilen yaklagim, siber tehditleri
temsil eden digiimlerin risk seviyelerini dlgerek toplam riski hesaplamak igin saldiri-savunma agacini
kullanmaktadir. Ayrica, belirlenen savunma 6nlemlerinin alinmasi durumunda giincellenmis risk degerini
sistematik bir sekilde hesaplamaktadir. Gelistirilen siber risk analizi yaklagimi, oltalama saldirilarina yonelik
yaygin bir senaryoya uygulanmis ve gesitli savunma stratejileri altinda siber risk degerleri hesaplanmustir.
Ornegin, savunma onlemleri alinmadigi durumda siber risk degeri 0,28392 olarak hesaplanirken, teknik
savunma Onlemlerinin (antiviriis, IDS, erisim denetimi, web igerik sinirlandirma ve spam kontrolii) alinmasi
durumunda risk degeri yaklasik %97,5 azalarak 0,00721 seviyesine diismektedir. Teknik savunma
onlemlerine ek olarak kullanici egitimi de verildiginde risk degerindeki azalma %98'e ulagmaktadir. Sadece
bireysel kullanicilara yonelik temel savunma onlemlerinin (antiviriis ve spam kontrolii) alinmasi durumunda
risk degerindeki azalma ise %90 civarinda kalmaktadir. Ornek calisma iizerinden elde edilen bu sonuglar,
Onerilen yaklasimmn dogrulugunu ve Onemini kanitlamaktadir. Gelistirilen yaklasimin siber giivenlik
stratejilerinin belirlenmesi yolunda katkilar tartigma boliimiinde detaylandirilmustir.
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ABSTRACT

With the rapid increase in cyber-attacks and potential damage in today's world, ensuring cybersecurity has
become of paramount importance for companies and organizations. In this study, an approach based on attack-
defense trees has been developed for the quantitative analysis of cyber risks. The proposed methodology utilizes
attack-defense trees to measure the risk levels of nodes representing cyber threats and systematically calculate
the total risk when specific defense measures are implemented. The developed cyber risk analysis approach has
been applied to a common scenario involving phishing attacks, and cyber risk values have been calculated under
various defense strategies. For instance, when no defense measures are taken, the cyber risk value is calculated
as 0.28392. However, when technical defense measures such as antivirus software, intrusion detection systems
(IDS), access control, web content filtering, and spam control are implemented, the risk value significantly
decreases by approximately 97.5% to 0.00721. Furthermore, incorporating user training results in a 98%
reduction in risk value. Implementing basic defense measures targeting individual users, such as antivirus and
spam control, leads to a reduction of around 90% in the risk value. The accuracy and significance of the
proposed approach are demonstrated through the results obtained from this sample study. The contributions of
the developed approach to determining cybersecurity strategies are detailed in the discussion section.
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I. GIRiS

Verilerin siirekli olarak dijital aglar boyunca akis halinde oldugu baglantili bir diinyada siber glivenlik her gegen
giin ¢ok daha 6nemli hale gelmektedir. Siber tehditler, kotii niyetli kisilerce (hacker) kurumlarin ve kuruluslarin
zayif noktalarini kullanarak savunmalarini agma ¢abalari i¢in giderek daha sofistike taktiklerin uygulandigi bir
hale evrilmektedir. Kuruluslar, dijital varliklarin1 ve hassas bilgilerini koruma konusundaki ¢abalarini artirirken,
saglam ve veri odakli siber risk degerlendirme metotlarina olan ihtiyag kritik hale gelmistir. Siber risk konusunda
kabul gormiis tanim ve terimlerin heniiz olusmamasi sebebiyle siber riski tanimlama [1], etkileyen faktorleri
belirleme [2] ve sektorel etkilerini inceleme [3] iizerine ¢alismalar yapilmaya baslanmstir. Ote yandan siber risk
alaninda yeterli veri setinin bulunmamasinin etkileri ve bu konudaki ¢6zim onerileri Cremer vd. [4] tarafindan
2022 yilinda yaymlanmistir. Ayrica Eling vd. [5] siber riski kurumsal risk yonetim sureclerine dahil etmenin

onemli ve disiplinler arasi ¢aligma gerektiren zor bir problem oldugunu vurgulamistir.

Son yillarda popiilerlik kazanan bu metodolojilerden biri de saldirt agaglarini nicel siber risk degerlendirmesi igin
kullanmaktir. Saldir1 agaclari, siber giivenlik profesyonellerinin kullandig1 giiglii bir ara¢ olup potansiyel siber
tehditleri modelleme ve analiz etmek i¢in yapilandirilmis ve sistematik bir yaklasim sunar. Bu grafiksel temsilciler,
kuruluslarin karmagik saldir1 senaryolarmi yonetilebilir bilesenlere bélmelerine yardimei olarak, kotii niyetli
aktorlerin kullanabilecegi karmagik zayif noktalarin ve saldiri yollariin i¢ i¢e ge¢mis agina 11k tutar. Saldirt
agaclar1 uzun siiredir nitel tehdit analizi igin kullanilmis olsa da nicel risk analizine uygulanmasi daha yeni bir alan

olup buyuk potansiyele sahiptir.

Bu makale, saldiri-savunma agaglarini kullanan bir nicel siber risk analizi yaklasimi gelistirerek kuruluglarin risk
durumlarmi1 daha derinlemesine anlamak igin bu metodolojiyi nasil kullanabileceklerini agiklamaktadir.
Gelistirilen model, saldiri-savunma agaci 6gelerine ¢esitli olasiliklar ve sonuglar atayarak siber tehditlerin
olasiligim ve etkisini hesaplama yoluyla bilingli karar verme, kaynak tahsis etme ve risk azaltma stratejilerinin
gelistirilmesinde kuruluglara yol gostermeyi hedeflemektedir. Ayrica, saldiri-savunma agaglarint nicel bir
gergeveye entegre etmek, kuruluslarin giivenlik dnlemlerini etkili bir sekilde onceliklendirmelerine ve siber

giivenlik yatirimlarini optimize etmelerine olanak tanir.

Bilgisayar aglarinin giivenligi i¢in bir¢ok ¢6ziim yaklasimi gelistirilmistir. Bununla birlikte, ¢ogu geleneksel ag
giivenligi ¢oziimii, nicel bir karar verme siirecinden yoksundur. Ideal olarak, bdyle bir gerceve saldirganin
davranislarint dikkate almalidir. Bu dogrultuda gelistirilen saldir1 agaclar1 literatiirde gegen en yaygin siber
giivenlik analizi araglarindan biridir. Bir saldir1 agaci esasen “bir bilgisayar agina saldirmak i¢in olasi tiim
senaryolarin 6zlii ve eksiksiz bir temsilidir” [6]. Baska bir deyisle, kaynak diigiimden (bilgisayar sistemine ilk giris
noktasi) u¢ diigiime (sistemin basarili bir sekilde ele gegirilmesi) bir yol iizerindeki her ark, saldirgan tarafindan
gerceklestirilebilecek bir eylemi temsil eder (6rnegin, parola kirma, belirli bir sunucuya yonetici erisimi, istenen
veri tabanina basarili erisim vb.). Saldirt agaglarini kullanarak, optimal veya optimale yakin savunma stratejileri

belirlemek mimkindur.

Sekil 1°de bir kurumda gergeklesebilecek veri mahremiyeti ihlali saldirilarini gosteren basitlestirilmis bir saldiri
agact sunulmustur. Saldir1 agacinda diigiimler bir saldir1 senaryosunu olusturan birim saldirilari ve kenarlar
saldirilar arasindaki iligkiyi gosterir [7]. Agacin en istiindeki diigiim, saldirinin hedefini temsil eden kok
digimdir. Kok digiimden baglayip takip eden tiim diigiimler kendisini olusturan alt birim saldirilar1 temsil eden

cocuk digiimler ile gosterilir. Eger bir diiglimiin ¢ocuk diigiimii yok ise ilgili diigiim dahil oldugu yol tizerindeki
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saldiriy1 gergeklestirmek igin gerekli gozlenebilen en temel saldirt birimini temsil eder. Bir saldir1 senaryosunda,
alt birim saldirilar bir yay ile birlestirilmisse, hedef saldirmin gergeklesmesi i¢in bagli tiim saldirilarin
gerceklesmesi gerekir. Sistemi kok diigiimde belirtilen saldiriya karsi koruyan savunmact, bu saldirt agacini

kullanarak saldir1 yiizeyini belirleyip biitcesine bagli olarak en uygun savunma ydntemini segebilir.
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Sekil 1. Saldir1 agaci drnegi

Saldir1 agaglar saldirganin hedefe ulagabilmesi igin kullanabilecegi farkli yollar1 gdsteren ve sistem giivenligini
olas1 saldirilarin bir fonksiyonu olarak tanimlayan formal bir yontemdir [7]. Ancak, saldir1 agaglar bir saldiriya
kars1 gerceklestirilmis savunma yaklasimlarinin etkisini ve saldirgan veya savunmacinin sisteme miidahaleleri

sonras1 sistem giivenlik evrimini géstermez [8].

Saldir1 Savunma Agaclari, saldir1 agaglariin bu eksikligini tamamlayarak saldirgan ve savunmacinin hamlelerini
temsil edebilmek i¢in 2 tiir (saldir1 ve savunma) diigiim kullanimimi miimkiin kilar. Bu sayede saldirganin ve
savunmacinin hamlelerinin etkinligi analiz edilebilir [8]. Saldir1 Savunma Agaglarinda birbirine karsi ¢aligan iki
digim tiirii oldugu i¢in diiglimler arasi iligkiler diizeltme ve onlem gecisleri ile temsil edilir. Kok diigiimiinde
saldir1 ile baglayan bir agagta diizeltmeler ilgili diiglimii alt birim saldir1 diigiimlerine baglarken, énlem gegisleri

ilgili diglime kars1 gergeklestirilen diigiimler ile baglantiy1 saglar.
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Basit bir Saldir1 Savunma Agaci drnegi Sekil 2°de verilmistir. Sekil 1°de verilen veri mahremiyet saldir1 agacina
savunmacinin hamleleri eklenerek saldirt savunma agaci olusturulmustur. Agacta ayni tiirden eylemler
(diizeltmeler) diiz, birbirine kars1 eylemler (6nlem) kesikli ¢izgi ile gosterilmistir. Yukarida verilen agag eksiksiz

bir agag olmayip, olasi diger saldir1 ve savunma vektorleri eklenerek kolaylikla giincellenebilir.

Saldir1 Savunma Agaclarinda senaryolar diiglimlerdeki dnlem ve diizeltme eylem ciftleri olarak tanimlanir. Bir
senaryonun gerceklesmesi icin ilgili diizeltmeler gerceklestirilirken dnlemlerin gerceklesmemesi gerekir [9]. Sekil
2"deki agacta sayisal yetkisiz erigimin saglanmasi i¢in savunmaci giiglii sifre politikast uygulamazken, saldirganin
basarili bir sifre tahmin etme saldiris1 gerceklestirmesi gerekir. Saldir1 Savunma Agaclar1 gerekli matematiksel
denklemler tanimlanip farkli amaglar igin (saldirinin en az maliyeti, uygulanan savunmanin etkisi vb.) senaryolar
yardimu ile analiz edilebilir [9]. Saldir1 savunma agaglarinin gercek hayat uygulamasi ve bu agaclar1 kullanarak
RFID-tabanl iiriin yonetimi sistemlerine gergeklestirilebilecek hizmet engelleme saldirilarina karsi zafiyet
senaryolarinin nitel analizi Bagnato vd. [10] tarafindan yapilmistir. Saldir1 ve savunma agaglarini kullanarak siber

giivenlik analizi ve risk degerlendirme ¢aligmalar1 son yillarda tekrar hiz kazanmaya baslamistir.
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Sekil 2. Saldirt savunma agaci 6rmegi
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He vd. [11] endiistriyel kontrol sistemleri giivenlik degerlendirmesi i¢in saldir1 savunma agaglarimi kullanmustir.
Bu calismada yazarlar havaalani yakit tedarik sistemi otomasyonunun risk degerlendirmesini Fuzzy Analitik
Hiyerarsik Siire¢ ve saldiri- savunma agaci kullanilarak gergeklestirmistir. Rios vd. [12] saldiri- savunma
agaclarini kullanarak akill sebekelerde kullanilabilecek bir risk degerlendirme metodolojisi dnermistir. Onerilen
yontem akilli saldirgan ve akilli savunmaci hamlelerini goz oniinde bulunduran ve olasi hamlelerin giincellenmesi
sonrast risk degerini giincelleyen bir yapida tasarlanmigtir. Guo vd. [13] bir alfa ayrigsma 6l¢iisii gelistirip bu 6l¢iliyii
degisken agirlik tabanli siber risk degerlendirme yontemi gelistirmek i¢in kullanmistir. Yazarlar ayrigsma Sl¢iitiinii
saldiri- savunma agacindaki farkli saldirt yollarinin risk agirliklandirmasinda kullanmistir. Hyder vd [14] CySec
Game isminde Siber Fiziksel Sistemler ve Kritik Altyapilar icin siber risk degerlendirmesinde kullanilabilecek bir
cerceve sistem ve yazilim 6nermistir. Sistem tasariminda saldir1 agaglari, saldiri- savunma agaglart ve oyun teorisi
kullanilmis ve sistemin siber risk degerlendirme amacli kullaniminin yani sira riski incelenen sistemde yiiksek

riskli hedeflerin belirlenmesi ve savunma harcamasi optimizasyonu amagl kullanilabilecegi belirtilmistir.

Mondal vd. [15] E-devlet portallarinin gereksinimlerini inceleyip giivenlik parametrelerini 6l¢mek i¢in yontem
onermistir. Calismalarinda yazarlar saldir1 basar1 olasiligini risk matrisi ve normal dagilim kullanarak olasiliksal
olarak tamimlamigtir. Bryans vd [16] saldiri-savunma agaglari kullanarak siber fiziksel sistemlerde (SFS)
gerceklestirilen saldirilar ve savunma yontemlerinin etkilesimini incelemistir. Yazarlar SFS modeli, saldir1 ve
savunma sistemlerinin tanimlandig1 sablonlar kullanarak bu agaglarin otomatik olarak ¢izilmesini saglayan bir

yontem Onermis ve ¢izimlerin dogrulamasini yapmaistir.

Saldirt savunma agaglarinin analizinde kullanilmasi gereken 6nemli parametrelerden birisi saldirt basari
olasiligidir. Siber saldirilarin basar1 olasiliginin hesaplanmasinda yaygin zafiyet puanlama sistemi (CVSS)
degerlerinin kullanilmasi kabul edilmis bir yaklagimdir [17, 18]. Bu ¢aligmada, saldir1 basari oranlarinin

hesaplanmasinda CVSS degerleri kullanilacaktir.

Biligim sistemlerinin risk analizini tamimlarken “Risk = Tehdit x Zafiyet x Sonuclar” temel yaklagimi
kullanilacaktir. Burada “Tehdit” saldirganin sisteme yapacagi saldirinin bagari olasiligini temsil ederken “Zafiyet”
ise sistemin dig tehditlere karst ne denli kirilgan oldugunun bir 6l¢iitiidiir. “Sonuglar” ise basarilt bir saldirinin

sistemde ortaya ¢ikaracag: her tiirlii zararin ekonomik maliyetini temsil etmektedir.

Gelecek boliimlerde, saldiri-savunma agaglarinin temellerini ve siber risk analizindeki rolii incelenerek gergekei
hayat 6rnegine uygulanmistir. Ayrica, saldiri-savunma agaglarint kullanarak yapilan nicel siber risk analizinin
karsilastigt zorluklar1 ve dikkate alinmasi gerekenler tartisilarak bu yaklasimin g¢agdas siber giivenlik

paradigmalari ile nasil uyumlu oldugu incelenmistir.

II. TEORIK METOT

Bu arastirma, siber risk analizini ilgili parametreler ve saldir1 agacinin yapisi dikkate alinarak hesaplama amacini
tagimaktadir. Ayrica, siber riskin en aza indirilmesi i¢in gerekli savunma stratejilerinin ilgili saldiri-savunma agaci
tzerinden belirlenmesi hedeflenmistir. Genel risk taniminda temel bilesenler olarak tehdit, zafiyet ve olasi sonuglar
yer alir ki bu Es. 1 ile gosterilmistir. Benzer sekilde, siber glivenlik alaninda da risk tanimlamasi yapilabilir. Ancak,
dogru bir risk hesaplamasi i¢in ilgili bilesenlerin siber giivenlik alanina ve dinamiklerine uygun sekilde

tanimlanmasi gerekmektedir. Aksi halde hesaplanan risk ve ilgili risk azaltma dnlemleri gercek¢i olmayacaktir.
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Bu caligmada, siber riskin hesaplanabilmesi igin saldiri-savunma agaci kullanilmakta ve bu agag {izerinden tiim
risk bilesenleri tanimlanarak matematiksel modele ecklenmektedir, bu da calismamizin 6zgiin yoniinii

olusturmaktadir.

Risk = Tehditler x Zaaflar x Sonuclar (D)

Tablo 1’de mevcut bir siber ag i¢in saldiri-savunma agaci kullanilarak riskin hesaplanabilmesi igin gerekli indisler,

parametreler ve karar degiskenleri verilmis ve devaminda risk denklemleri olusturularak agiklanmigtir.

Tablo 1. indisler, Parametreler ve Karar Degiskenleri

indis Parametreler ve Karar Degiskenleri

Saldiri/saldiri-savunma agaci lizerindeki her bir tehdit diigiimii, (i € I). Agag iizerinde daire seklinde

I diigtimler ile gosterilmistir.

L i diigiimiiniin ¢ocuk diigiimleri kiimesi
q Saldiri-savunma agaci lizerinde savunmaci tarafindan alinabilecek her bir savunma 6nlemi, (d € D).
Agag iizerinde dikdortgen seklinde diigiimler ile gosterilmistir.

T i diiglimii izerinde suistimal edilebilir tehdit olma durumu (i diigiimii tehditlere agiksa 1, degilse 0
! degerini alir).

7. i digimi ile iliskilendirilebilen zafiyet olma durumu (i digiimii herhangi bir zafiyetle
! iliskilendirilmisse 1, degilse 0 degerini alir).

F; Saldirganin i diigiimiine saldirma olasilig

P; i diigiimii kullanilarak saldirilmasi durumdaki basari olasiligi

CVSS. i digiimiini suistimal etmede kullanilabilecek zafiyetlerin normalize edilmis CVSS degerlerinin en
14

biiyiigii (i digiimi herhangi bir zafiyete sahip degilse 0 degerini alir).
S Yapilan saldirinin basarili olmasi durumunda savunucuya verecegi zararin sayisal degeri
Savunmacinin d 6nlemini almasi1 durumunda i diigiimii iizerinde saldirgani caydirabilme (deterrence)
orani. (i diigiimii iizerinde alinamayacak onlemler igin 0 degerini alir).
Savunmacinin d 6nlemini almasi durumunda i diigiimiiniin siber saldirilar karsisinda zafiyet skorunu
azaltma (mitigation) seviyesi (i digiimi iizerinde alinamayacak onlemler igin 0 degerini alir).
K;y  Tehdit diigimii (i) savunma yontemi (d) iliski matrisi
M;y  Savunmacinin i diigiimii tizerinde d 6nlemini almasinin maliyeti

B Toplam savunma biitcesi

Riy i bir yaprak diigiim ise siber risk seviyesi
R¢ i diiglimii tizerinde 6nlem(ler) alinmasi durumunda risk seviyesi
RPR® i bir yaprak diigiim degil ise ve OR (veya) iliskili ¢ocuk diigiimlere sahip ise siber risk seviyesi
RANP i bir yaprak diigiim degil ise ve AND (ve) iliskili ¢ocuk diigiimlere sahip ise siber risk seviyesi
Xiq Savunmaci i diigiimii {izerinde d 6nlemini alirsa 1, aksi takdirde 0 olan ikili karar degiskeni
Risk Fonksiyonlari
Ry = (T; * Fy * P) * (Z; * CVSS;) )
RE = {Ti * Fi » (1 = enb(Kig Qia%ia)) * Pi} * {Z; * (CVSS; = enb(KiaLuaxia))} ®3)
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RP® =1—-Tle;(1-R) 4)
RfY? = enk(R;) ®)
YiXaMiaxia < B (6)

Burada Es. 2 mevcut sistemin risk seviyesini 6lgmektedir. Risk bilesenlerinden ilki olan tehdit ti¢ parametre
degerinin carpimiyla elde edilir. Buna gore saldir1 agaci tizerindeki herhangi bir i yaprak diigiimii tehditlere yapist
geregi aciksa (T; = 1) saldirganin bu diigiim iizerinden sisteme saldirma olasili§i ge¢mis veriler iizerinden
hesaplanir ve eger bir saldirt gerceklesirse bu saldirinin bagarili olma olasilifi ile ¢arpilarak ilgili diigiim tizerindeki
tehdit seviyesi 0l¢iilmiis olur. Risk dl¢timiiniin diger bir bileseni olan zafiyet ise ilgili diigiimiin zafiyeti varsa (Z; =

1) bunun ilgili CVSS skoru ile g¢arpilmasi ile dlgiiliir.

Gerekli savunma 6nlemleri Es. 6’da verilen biitge kisitina gére alinmasi durumunda risk seviyesi Es. 3 kullanilarak
hesaplanabilir. Burada Es. 2’ye benzer sekilde her bir yaprak diigiim i¢in tehdit ve zafiyet seviyeleri ¢arpilarak
risk Ol¢iiliir. Ancak, savunmaci tarafindan i yaprak diigiimii iizerinde uygulanan onlem sayesinde saldirgani

caydirma seviyesi saldir1 olasiligini azaltacag i¢in denkleme F; * (1 — ?12[‘?(Kiindxid)) seklinde eklenmistir.

Benzer sekilde, savunmacinin alacagi dnlemler ilgili diigiimdeki zafiyet seviyesini diigiirecegi i¢in bu durum CVSS

skorunun azalmasi seklinde CVSS; — gnE(KidLidxid)) denkleme yansitilmigtir. Burada, ayni diigiim iizerinde
€

birden fazla 6nlem alindiginda bunlarin caydiricilik ve zafiyeti azaltma konusunda etkisi genellikle en etkili olanla
Olgiildiigi varsayillmistir. Sonug olarak, kisith biitge altinda riski en kiigiikleyecek savunma stratejileri Es. 3 ve 6

kullanilarak hesaplanir.

Yaprak diigimlerin risk seviyeleri olgiildiikten sonra ara diigiimlerin ve nihayet kok diigiimiin risk seviyesini
6lgebilmek i¢in saldir1 agacinda yapraklardan diigiimlere dogru risk degerleri Es. 4 ve 5 kullanilarak aktarilir. Eger,
ebeveyn diigiimiin ¢ocuk diigiimleri “OR” (veya) kombinasyonuna sahipse Es. 4, “AND” (ve) kombinasyonuna
sahipse de Es. 5 kullanilarak risk degerlemesi yapilir. Bu iteratif yaklasim kok diigimiin risk seviyesi
hesaplanincaya kadar siirdiiriiliir. Son olarak, hesaplana kok diigiim risk seviyesi saldirinin potansiyel maliyet

degeri ile carpilarak (S) ilgili sistemin siber riski hesaplanmis olur.

III. BULGULAR VE TARTISMA

Bu calismada onerilen risk hesaplama ve analiz yaklasimi oltalama saldirilarinin olusturdugu riski hesaplayacak
bir 6rnek uygulama ile bu bdliimde sunulacaktir. Oltalama saldirilart internet kullanicilarinin hassas bilgilerini
kisilerin glivendigi sahis veya kurum kimliklerini kullanarak yasal olmayan yollar ile elde etmeyi hedefleyen
sosyal miihendislik saldirilaridir [19]. Proofpoint’in yayinladigi rapora gore 2019 yilinda isletmelerin %901

oltalama saldirilarna maruz kalmistir [20]. Bu saldirilarin igletmeler {izerinde olusturdugu risk ihmal
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edilemeyecek kadar biiyiiktiir. Bu drnek olay incelemesinde saldiri- savunma agaci kullanarak oltalama saldirisinin

sebep oldugu riski hesaplanacak ve analiz edilecektir.

MITRE ATT&CK [21] tarafindan yayinlanan isletmeler igin taktikler ve teknikler tablosunda oltalama saldirilart
ilk erigim taktikleri altinda bir teknik olarak listelenmistir. Bu ¢alismada kullanilan saldiri- savunma agaci da

MITRE ATT&CK siniflandirmasi temel alinarak olusturulmustur.

Sekil 3'te MITRE ATT&CK tarafindan tanimlanmis oltalama saldirilar1 siniflandirmasi ve bu saldirilara karsi
kullanilan savunma yaklasimlar1 gosterilmistir. Sekil 3’teki smiflandirma ve iligkilerden faydalanilarak cizilen
oltalama saldirisina ait saldiri-savunma agaci Sekil 4’te gosterilmektedir. Bu érnek ¢alismada sistem erigimi
tehdidine karsi oltalama saldirilarinin olusturdugu risk hesaplanacaktir. Bu sebeple g¢izilen saldiri-savunma
agacmin kok digiimi olarak oltalama saldirisinin hedefi olan sistem erisimi yazilmistir. Agacin takip eden
seviyesine saldir1 hedefine ulagabilmek i¢in birlikte olmasi gereken zararli yazilimm dagitimi ve bu yazilimin
calistirllmasini temsil eden ¢ocuk diigiimler eklenmistir. Zararli yazilimin elektronik posta tizerinden dagitimi
yapilabilecegini gosteren diigiim dagitim kok diigiimi altina eklenmistir. Ayrica elektronik posta ile dagitim

esnasinda kullanilabilecek dosya eklentisi veya baglanti adresi de birer ¢ocuk diigiim olarak agaca eklenmistir.

( ilk Erigim )
( Olatalama Saldinsi )

* L4 +
(Dosya Eki Yardimayla Gltalam) ( Baglant: Yardimiyla Oltalama ) ( Olatalama Servisi )

Sinirlama

Antiviriis ‘ IDS Web Igerik Erigim Denetimi | | Hesap Yonetimi Spam Kontrolii | | Kullanici Egitimi

Sekil 3. MITRE ATT&CK oltalama saldirisi siniflandirmasi ve savunma yontemleri

Oltalama saldirisinin bagarili olarak gerceklesmesi igin dagitim isleminin tamamlanmasi sonrasi zararli yazilimin
calistirilmas: gerekmektedir. Agacta calistirma diigiimiiniin altina islemin kullanici tarafindan manuel olarak

yapilabilecegini gosteren ¢ocuk diigiim de eklenmistir.

Olusturulan saldir1 agacina ilgili tehditlere kars1 kullanilabilecek savunma mekanizmalar1 uygun seviyelerde
eklenerek saldiri- savunma agact olusturulmustur. Agacin ¢izimi sonrasi analiz ve hesaplama siirecinde ihtiyag
duyulacak saldirt ve savunma basart olasiliklart tanimlanmigtir. Risk hesaplamasinda kullanilacak tehdit
bilesenlerinden tehdit vektori gizilen saldiri- savunma agacinda suistimal edilebilir tehditler belirlenerek, ilgili
tehditlere kars1 saldir1 olasiliklart hedef kurumun bilgi islem istatistiklerinden ve saldir1 basari olasiliklart donemlik
siber giivenlik raporlar1 incelenerek ¢ikarilabilir. Riskin zafiyet bilesenlerinden zafiyet vektorii ilgili tehdidi aktif

kilan giivenlik a¢181 olarak tanimlanip biligim sistemi zafiyet taramasi sonucu bulunabilir ve etkisi CVSS degerleri
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kullanilarak hesaplanabilir. Riskin sonug¢ bileseni ise saldirinin basarili olmasi halinde hedef kuruma maliyeti

olarak tanimlanip, kurum &zelinde kullanici tarafindan girilebilir.

Saldir1 agaglar1 ile risk hesaplamasi siirecinde tehditlere, zafiyetlere ve sonuglara odaklanilip savunma
mekanizmalarmin etkisi genellikle siirece direkt dahil edilmemektedir. Bu ¢aligmada kullanilan saldiri- savunma
agact yardimi ile savunma mekanizmalar1 agaca eklenebilmis ve risk hesaplamasi siirecine savunma bilesenleri
hesaba katilmistir. Bu bilesenlerden savunma vektorii tehditlere karsi kullanilabilecek savunma mekanizmalarini,
savunucu basarisizlik orani kullanilan savunma yaklasiminin ilgili tehdide kars: sistemi koruyamama olasiligini
ve savunucu karar vektorii kurumun olasi savunma yontemlerinden hangilerini kullanildigini belirtir. Hesaplama
stiirecinde ihtiya¢ duyulacak savunma vektorii MITRE ATT&CK veri tabanindan, savunucu basarisizlik orant
kullanilan savunma firiinlerinin teknik dokiimantasyonu veya yayinlanan performans gostergelerinden ve

savunucu karar vektorii kurum bilgi islem biriminden temin edilebilir.

Sekil 4’te goriilen saldiri-savunma agacinda tehdit ve savunma diigimleri i ve d olarak isaretlenmis ve
numaralandirilmistir. Suistimal edilebilir tehditler agacin yapraklarinda gosterilmis olup bu yapraklarin ata
digimleri saldirmin aga¢ lizerindeki mantiksal rotasin1 gostermekte olup risk hesaplamasinda etkisi yoktur.
Verizon tarafindan yapilan bir analize gdre basarili olarak gerceklesen saldirilarin %90°1 oltalama saldirisi
icermektedir [22]. Proofpint’in 2019 da yaymladig1 rapora gore oltalama saldirilarinin %10’u e-posta eki ile
gerceklesirken %90’ 1nda zararli baglantilar kullanilmaktadir. Bu bilgiler 1s18inda Is ve lg diigiimleri {izerinden
saldir1 olasiliklari i¢in sirastyla Fs = 0.1 ve Fs = 0.9 degerleri kullanilmistir. Graphus tarafindan yayinlanan rapora
gore gerceklestirilen oltalama saldirilarinin %651 basarili olmaktadir [23]. Bu ¢alismada oltalama saldirisina katki
saglayan tehdit digiimleri kullanilarak suistimal gerceklestirme (exploit) olasilift P; degerleri 0.65 kabul
edilmistir. Almanya Friedrich-Alexander Universitesinde yapilan bir calismaya gore risklerden haberdar
olmalarina ragmen kullanicilarin %56’sinin oltalama saldirist dosyalarmi galistirdigt veya baglantilar1 actigi

gozlemlenmistir [23]. Bagli olarak 14 diigiimii i¢in F4 degeri 0,56 olarak kullanilmustir.

Zafiyet taramasi sonucu elde edilecek zafiyetler ile iliskilendirilebilecek tehdit diigiimleri zafiyet vektorii Z’de 1
olarak isaretlenmistir. Her bir tehdit diigiimii ile iligkili zafiyetlerden etkisi en yiiksek olan CVSS degeri CVSS
vektoriine yazilmistir. Bu ¢alismada oltalama saldirilarinda siklikla suistimal edilen CVE-2017-11882 uzaktan kod
calistirma ve CVE-2023-35120 siteler arasi ¢agri sahteciligi (cross-site request forgery) zafiyetlerinin var oldugu

varsayllmistir. Bu zafiyetlerin iligkili oldugu tehdit diigiimleri Tablo 2’de gosterilmistir.

Tablo 2. Zafiyet tehdit diigiim iligkisi matrisi ve zafiyetlerin CVSS skorlari

Zafiyet Iy I5 lg CVSS Skoru
CVE-2017-11882 1 1 0 7.8
CVE-2023-35120 0 0 1 8.8

Agag ilizerinde farkl tehditlere karsi kullanilabilecek farkli savunma yontemleri bir biitiin olarak sunulmustur.
Savunmaci bu savunma yontemlerinden biit¢esine bagl olarak uygun olanlar1 sistemine ekleyecektir. Tablo 3°te
agacta bulunan tehditler ve bu tehditlere karsi kullanilabilecek savunma yontemlerinin iliskilendirilmesi
yapilmistir. Tablo 3’te bir ile gosterilen hiicreler bir savunma yonteminin ilgili tehdide kars1 kullanilabilecegini

ifade ederken, 0 ile savunma yonteminin ilgili tehdide kars1 bir etki saglamadig1 gosterilmistir.
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Tablo 3. Tehdit-savunma yontemi iligki matrisi (Kig) ve Qig degerleri

Savunma Yoéntemi Iy Is lg Qid
Antivirlis (Do) 1 1 1 0,90
IDS (D4) 1 1 1 0,97
Erigim Denetimi (D,) 1 0 0 0,97
Web icerik Smirlama(D3) 0 1 1 0,98
Spam Kontroll (Da) 0 1 1 0,872
Kullanict Egitimi (Ds) 1 0 1 0,79
lo
* ~ -
- ’ U - ~ -~
* - -
- ’ - -~
- -
- ~ -
————— _‘_‘— Y —_— —.. - e e e
r Do D1_l r Do Dz Dl_]
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1
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_____ _, e — —_— — —
r Ds D, | '
| Web igerigi | - o
| Sinirlandirma Spam Kentrolii | Kullanici Egitimi
b — — — — ——— — — — J
1]

la

Baglant

Sekil 4: Oltalama saldiris1 saldiri-savunma agaci

Savunma amagl kullanilan yéntemlerin basarisi tehdit ve zafiyet seviyelerini etkileyecektir. Bu ¢alismada
kullanilan savunma yontemlerinin basar1 seviyeleri, glivenlik raporlari, ¢evrimigi iirtin performans siralamalar1 ve
akademik calisma sonuglarina gore secilmistir. AntivirusGuide web sitesinde yayinlanan antiviriis yazilimlarma
oltalama saldirilarina karsi verilen basar1 degerlendirmesi [24] referans alinarak Do degeri %90 kabul edilmistir.
Shah ve Issac’n [25] gergeklestirdigi IDS performans kiyaslamasi ¢aligmasinda IDS basarist %97 olarak 6l¢iilmiis
olup D1 savunma diigiim basarist 0,97 kabul edilmistir. Qiang vd. [26] sistem kontrol akiglarini takip ederek %97
basarimla zararli yazilimlar tespit etmistir ve D3 degeri buna bagl olarak 0,97 kabul edilmistir. Microsoft

Aragtirma grubu tarafindan zararli web baglant1 tespit ¢aligmasinda Choi vd. [27] %98 basari elde etmistir ve baglt
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olarak Ds degeri 0,98 secilmistir. Kaspersky Arastirma grubundan Tushkanov’un raporuna [28] gbre ChatGPT
gibi biiyiik dil modelleri kullanarak yapilan spam engelleme caligmalarinda %87,2 basar1 elde edilmis olup Ds
degeri 0,872 secilmistir. Verizon tarafindan 2016 yilinda yapilan ¢aligma sonuglarina gére [23] oltalama saldirt

basarisi farkindalik egitimi sonrast %79 azalmistir. Bu bilgi 1s181inda da D7 degeri 0,79 secilmistir.

Yapilan 6rnek olay ¢alismasinda savunma yaklagimlarinin risk tizerindeki etkisini gostermek i¢in dnce savunmasiz
sistem riski (So) hesaplanmistir. Takip eden senaryolarda farkli savunma karar vektorleri (Xig) kullanilarak risk
degerleri hesaplanmugtir. Bu senaryolar sirasiyla tiim teknik imkanlar1 kullanarak savunma S;, teknik savunmaya
ilave kullanici egitimi S, ve bireysel kullanici i¢in temel risk senaryosu Ss listelenmis ve Tablo 4’te gosterilmistir.
Bu senaryolarda kullanilan savunma yontemlerine bagli CVSS degisimleri Tablo 5’te gdsterilmistir. Bu degerler
ilgili zafiyetin CVSS hesap makinesinde baz degerlendirme metriklerinden etki metrikleri degistirilerek elde

edilmistir. Elde edilen bu sonuglar tartigma bdliimiinde detayli olarak degerlendirilmistir.

Tablo 4. Cesitli savunma senaryolari igin hesaplanan siber risk seviyeleri (So: Savunmasiz durum, S;: Yalniz teknik savunma durumu, Sy:
Kullanici egitimi ile desteklenmis teknik savunma durumu, Ss: Bireysel kullanicilar igin temel savunma durumu)

Savunma D, D, D3 Dy Ds De Risk

Senaryosu Seviyesi
So - - - - - - 0,28392
S 4 4 4 4 4 - 0,00721
S, 4 4 4 v v v 0,00579
S3 4 - - v - 0,02657

Tablo 5. Farkli savunma senaryolarina bagli CVSS deger degisim tablosu

Savunma Senaryosu CVSS, CVSSs CVSSg

So 7.8 7.8 8.8

Sa 6.6 6.6 7.6

S, 53 53 6.3

Ss 7.3 7.3 8.3
IV. SONUCLAR

Bu caligma kapsaminda saldiri-savunma agaci kullanilarak siber risk hesaplamasinda kullanilabilecek gergekgi bir
model sunulmustur. Sunulan modele ait tiim parametrelerin hangi kaynaklardan temin edilebilecegi belirtilmis ve

onerilen bu yontem oltalama saldirilarina kars1 risk hesaplamasi 6rnek olay incelemesinde kullanilmisgtir.

Calisma kapsaminda yapilan 6rnek olay incelemesinde kullanilan saldiri-savunma agact MITRE ATT&CK
referans alinarak olusturulmustur. Bu ¢alismada gercekei sonuglar elde edebilmek icin hesaplamalarda kullanilan

parametre degerleri siber giivenlik raporlari, iirtin degerlendirme ¢aligmalar1 ve akademik yayinlardan alinmigtir.

Gelistirilen risk modeli kullanilarak 6nce oltalama saldirilarina karsi savunmasiz bir sistem risk degeri (0,28392)
hesaplanmigtir. Daha sonra sirasiyla bu saldirilara kars: kullanilabilecek yontemleri kullanan teknik savunma
senaryosu ve ilave olarak kullanici farkindalik egitiminin etkisini gdsteren senaryolarda risk hesaplamasi
yapilmistir. Son olarak bir ev kullanicisinin sahip oldugu temel savunma bilesenlerine bagli risk hesaplamasi
yapilmustir. Elde edilen risk degerlerinin sistem girdileri ile tutarli oldugu gozlemlenmistir. Literatiir ve internette
yaptigimiz aramalar, siber risk hesaplamasinda standart bir yontemin olmadigini gdstermistir. Onerdigimiz risk

hesaplama modelinin alanda 6ncii olacagini dngérmekteyiz.
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Ek olarak gelistirdigimiz bu model bilisim sistemlerin bilesenlerinin sistemin basarili bir sekilde ¢aligmasi i¢in
onemleri veya bir saldiriya karsi savunmasizlik diizeyleri agisindan ve tehditlerin olusturdugu tehlike ve
olasiliklar1 agisindan 6nceliklendirilmesine yardimct olacaktir. Ayrica, bilisim sistemlerinin yoneticilerine ve
miihendislerine, yeterli giivenlik politikalarinin gelistirilmesinde, giivenli sistemlerin tasariminda ve genellikle kit
kaynaklarin rasyonel dagiliminda yardimeci olacaktir. Ayrica giivenlik, is ve bilisim uzmanlar1 arasindaki iletisimi
de kolaylastiracaktir ve sigorta sirketleri tarafindan siber risk sigorta primlerinin hesaplanmasinda

kullanilabilecektir.
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Article history: Electromagnetic interference (EMI) is electromagnetic wave pollution emitted from natural or artificial
Received 11 Oct 2023 sources, causing damage to users, the mother device, and the surrounding electronic instruments. EMI
Received in revised form 14 Dec 2023 shielding materials of electrically conductive and flexible thermoplastic nanocomposites are increasingly
Accepted 24 Dec 2023 popular due to their low cost and recyclability. An ingenious material solution is two-phased nanocomposites

with distinctive structural and electrical characteristics. This work proposes a binary thermoplastic blend
nanocomposite system with better EMI shielding than comparable systems. The thermoplastic blend consists
of styrene-acrylonitrile (SAN) and a low-density polyethylene (LDPE) masterbatch compatible with multi-
walled carbon nanotubes. The injection molding method was used in the production of nanocomposites.
Thermo-dynamic and electromagnetic shielding properties of the nanocomposites were investigated. As the
LDPE/MWCNT ratio added to pure SAN increased, the storage modulus decreased as expected, and the
storage modulus for the MB50 sample was determined as 1.24 GPa with a 50% decrease. The percolation
threshold for the two-phase thermoplastic composite was obtained for the MB50 sample containing 10 wt.%
carbon nanotubes. In addition, the MB75 sample containing 15 wt.% carbon nanotubes reached an EMSE
value of 37 dB. The outcomes have the potential to be applied to produced materials as structural plate
elements or shielding casings in commercial applications.
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I. INTRODUCTION

The use of electronic devices with advancing technology, developments in the defense industry, and
communication technologies have increased the need for electromagnetic shielding. Electromagnetic interference
(EMI) is electromagnetic wave pollution emitted from natural or artificial sources, causing damage to living
organisms' health in wide frequency ranges, reducing the operating performance of electronic devices adjacent to
the electromagnetic wave source, or destroying stored electronic information. For example, people exposed to
electromagnetic radiation for an extended period may suffer from several health problems, such as fatigue, memory
loss, acceleration, or slowing of the heartbeat [1, 2]. Protection from electromagnetic waves is becoming more
critical due to their adverse effects, and the studies on developing protective materials are increasing [3]. Electrical
conductivity is necessary for the material to shield against electromagnetic radiation [4]. Therefore, due to their
conductivity properties, metals are widely used to protect against electromagnetic waves. However, metals are
heavy, have low environmental stability, tend to corrosion, need to be more convenient in the production phase
regarding applicability and processability, and bring essential problems such as sustainability [5]. Researchers are

studying next-generation materials for the increasing protection requirements, which can replace traditionally used
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metals due to their limitations. Therefore, the focus is on low-density, light, robust, chemically resistive, and easily

processable materials such as polymers or polymer matrix composites as alternative shielding material [6, 7].

Dielectric ceramics, magnetic oxides/ferrites, semiconductors, metal particles/foams, conductive polymers,
conductive carbon black/fibers/nanotubes, and other carbon derivatives like graphene, have all been the subject of
extensive research during the last decade [4, 8-10]. However, adding nanoparticles at the high rates required to
satisfy the prerequisites for an effective magnetic shield often leads to high costs and poor mechanical properties
[11]. On the other hand, the main challenge with low loading of conductive fillers is how to form highly effective
conductivity pathways [8, 11]. In recent years, the focus has been on developing nanocomposites at low filler
content by controlling the phase morphology and microstructure of the two-phase polymer matrix [8, 12]. The
phenomenon of double percolation threshold provides advantages over single-phase polymer composites since it
is possible to achieve conductivity improvements in electrical conductivity at low concentrations through selective

localization of conductive particles in one of the phases or at the interface [8, 9, 11].

Liebscher et al. studied the dispersion of two types of graphite nanoplates, namely graphene nanoplates (GnPs)
and expanded graphite (EG), in polycarbonate (PC)/SAN = 60/40 wt.% polymer blends. The blends were prepared
with a two-stage melt-mixing approach, and the melt's rheological and electrical properties were investigated. They
reported that, in contrast to expectations, the electrical conductivity values were low for both new mixes when
better dispersion was achieved. On the other hand, a better dispersion increased the reinforcing effect, according
to the melt rheological studies [13]. In the studies that carbon nanotube (CNT) used as conductive filler, Bizhani
et al. prepared the PC/SAN binary blends (60/40) included with multi-walled carbon nanotubes (MWCNTS) using
a melt-compounding process [11]. They revealed that the maximum DC electrical conductivity was 0.0834 S/cm,
and the maximum shielding efficiency was 25-29 dB at X-band (8.2-12.4 GHz frequencies) for the 1 wt.%
MWCNTSs reinforcement ratios. In another study, Liebscher et al. studied the electrical and melt rheological
properties of MWCNTS reinforced PC and co-continuous PC/SAN blends [14]. They used the melt-mixing process
for mixing the polymers and obtained an increase in electrical resistivity near the percolation threshold of PC-
CNT composites and (PC + CNT)/SAN blends at increasing CNT dispersion, proving that higher mixing energies
required for better dispersion also result in a more severe reduction of the CNT aspect ratio. Darshan et al. studied
the immiscible PBS/HDPE polymers by adding CNT as a nanofiller mixed by a melt-mixing process [15]. The
rheological tests suggest that the size of dispersed high-density polyethylene (HDPE) droplets decreased by using
malleated PE as a compatibilizer, leading to a double-percolated structure. At the same time, CNTs were
preferentially distributed in the HDPE phase. Praveen et al. investigated the compositional parameters CoFe;O4
and MWCNT/Graphene nanoplatelets reinforced low-density polyethylene (LDPE) polymer given EMI shielding
[10]. They declared that 50:5:40:5 ratios were optimal for achieving efficient dielectric, ohmic, and magnetic losses
in the X-band for DPE:MWCNT:GNP:CoFe,O4 composites. Also, they obtained 49 dB as the maximum total
shielding effectiveness at 10.3 GHz.

As mentioned in the literature, developing polymer composites with electrical conductivity is possible by applying
conductive nanofillers to two-phase blends [10, 14-16]. However, obtaining stable and homogeneous continuous
structures is challenging [6]. Additionally, fillers, such as CNTs, are difficult to disperse in the polymer matrix
and are potentially harmful and toxic when used in powder form [16, 17]. To minimize the dispersion and toxicity

problems in industrial applications, reactive polymer components known as masterbatches containing high
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concentrations of fillers have been developed instead of powder reinforcement materials [17]. This method is
called the melt dilution technique. At the same time, masterbatches facilitate nanofiller dispersion and increase
homogeneity in a matrix, decreasing health risks due to dust and providing easy shipping and manufacturing
processes on injection and extrusion machines [16, 17]. Perie et al. manufactured fine and better homogeneity
polymer nanocomposite by mixing masterbatches of low molecular-weight amino-terminated polyamide-6 (PA6)
containing ~10-17 wt.% of MWCNT with maleic anhydride functionalized PE at temperatures above melting of
PAG6 [17]. They also declared the resistivity of the nanocomposites effectively decreases by adding higher ratios
of masterbatches. Clemente et al. studied the conductivity, rheology, and morphology properties of
MWCNT/PA66/PA6 nanocomposites produced by the melt dilution technique [16]. According to their results, the
nanocomposites processed from the PA6 masterbatch give higher stiffness values. The nanocomposites with 50/50
PAG66/PAG ratios provide the highest electrical conductivity results compared to the other ratios. They stated that
this result was due to the nanotubes forming well-dispersed large agglomerates in a continuous mixture
morphology, and it is emphasized that the lower viscosity of nanocomposites produced from PA6 masterbatch is

another essential factor.

Considering the need for innovative and multi-purpose materials, using conductive nanoparticle-reinforced
masterbatches can be an efficient and easy production strategy for obtaining electrically conductive polymers that
offer a wide range of usage potential, such as EMI shielding. LDPE is a well-known engineering plastic due to its
simple, cheap, abundant synthesis process and excellent environmental stability [10]. However, while it is widely
used in many areas, using LDPE at conductivity-required applications such as EMI shielding is impossible because
it is electrically insulated. Fortunately, as mentioned, conductive particle reinforcement, such as MWCNT, offers
a solution to this issue. SAN has higher elastic modules, perfect tensile, rigidity, hardness properties, satisfactory
thermal shock, and chemical resistance than LDPE [18]. SAN/LDPE/MWCNT blends have recently been the topic
of inquiry, although various recent investigations have demonstrated that subjected the properties of two-phase
nanocomposites. In addition, no study has been reported using melt-mixing and melt-dilution manufacturing
methodology on SAN and LDPE polymers. This study aims to design, develop, and produce nanocomposites with
a thermoplastic matrix with sensible EMI shielding properties by scalable engineering production methods. For
this purpose, dual-phase nanocomposites were fabricated using MWCNT-reinforced low-density polyethylene
(LDPE) and styrene acrylonitrile (SAN) with melt-mixing and melt-dilution techniques. A hierarchical and
compositional parameters nanocomposite structure was produced to gain electromagnetic shielding
capability.

I1. EXPERIMENTAL METHOD
2.1 Materials

In this study, acrylonitrile SAN 300 (Kumho, South Korea) and LDPE (Plasticyl LPDE2001, Nanocyl, Belgium)
masterbatch containing 20wt% multiwalled carbon nanotubes were used as the thermoplastic polymer matrix. The
carbon nanotubes that reinforce the LPDE matrix have >90% purity, approximately 9.5 nm inner diameter and 1.5

um length, and 250-300 m?/g surface area (Nanocyl NC7000, Belgium).
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2.2 Production of LDPE/MWCNT/SAN Nanocomposites

LDPE/MWCNT/SAN nanocomposites were obtained by mixing different ratios of LDPE/MWCNT masterbatch
into the SAN matrix (Table 1). The MWCNTS ratio in the two-phase thermoplastic matrix was a maximum of 20
wt% and a minimum of 0 wt% by the plastic injection method. Engel Spex Victory 80 injection molding machine
with 25 ¢cm long co-directional twin screw and 800 kN injection molding force was used for plastic injection. In
the production of the samples, a temperature profile of 200 °C was uniformly followed in all heating zones. The

specimens were injected into stainless steel molds.

Table 1. Compositions and sample codes of the prepared composite samples

Sample LDPE SAN MWCNT
*0) *0) (%)
MBO 0 100 0
MB25 20 75 5
MB50 40 50 10
MB75 60 25 15
MB100 80 0 20

2.3 Characterization

Viscoelastic properties of nanocomposites were evaluated using dynamic mechanical analysis (DMA) under
dynamic fatigue loading at varying frequencies and temperatures. DMA in three-point bending mode was
performed on rectangular specimens (80x13x3 + 0.3 mmd) using a Mettler Toledo DMA/SDTA861e analyzer
according to ASTM D7028-07. The DMA analyses were performed in temperature scan mode ranging from 30 to
130 °C at a constant oscillation frequency of 1.0 Hz with a heating rate of 5.0 °C/min and three repetitions for each

specimen.

Using a Perkin-Elmer 8000 TGA instrument, thermogravimetric analysis (TGA) was used to examine the thermal

degradation behavior of the nanocomposites with a heating rate of 10 °C/min in a nitrogen environment.

The two-probe method was utilized to measure the electrical conductivity using an OGSM 830B model multimeter
according to ASTM D4496-13. Resistance, resistivity, and conductivity values were calculated using Eqg. (1), Eq.
(2), and Eq. (3), respectively [5].

R=1 (1)
_ ) 2)
o= % ©)
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Here, p is resistivity, R is resistance (ohms), V is electric potential difference (voltage), A is cross-sectional area

(cm?), I is contact length (cm), and & is electrical conductivity (S/cm) [5].

A vector network analyzer (ANRITSU VNA MS2028C) and two WR-90 waveguides were used for EMSE
measurement at X-band (8.2-12.4 GHz) (Figure 1). Using a sample holder, samples of 10x19x3 mm? prepared
according to IEEE declaration and ASTM-D 4935 were centralized between the waveguides. Scattering
parameters, reflection coefficient (S11), and transmission coefficient (S21) were measured [5, 6, 19]. The total
EMSE (SETotal) can be found from the sum of SER (SE reflectance), SEA (SE absorbance), and SEM (SE
multiple internal reflections) following Eq. (4) [19, 20]:

SErotar (dB) = SEg + SE4 + SEy = 10log() (4)
EEEE
L |7l | |AEEE
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~J EEEN
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PR Network
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Figure 1. Electromagnetic Shielding (EMSE) Measurement Setup

Here, Pj is the power of the incident, and P is the power of the transmitted EM waves. When SErota is greater than
+10 dB, SEwm can be neglected. In terms of S parameters, the SEa (dB), SEt (dB), and SEg (dB) parameters can be
obtained using the following equations Eq. (5), (6), and (7) [20]:

SE,(dB) = 101og(1 S —) = 1010g( Sz ) = 1010g(—) ®)
L ©)
SER(dB) =10 log( z) =10 log (1 S, 2) = 1010g (ﬁ) @
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Here, A is absorbance, T is transmittance, and R is reflectance. The sum of reflectance (R), transmittance (T), and

absorbance (A) is always equal to 1 [ 21, 22].

111. RESULTS AND DISCUSSIONS

3.1 DMA Analysis

DMA analyses were performed to investigate the viscoelastic behavior of MWCNTSs-reinforced SAN/LDPE
nanocomposites. The maximum energy stored in a material for one oscillation cycle is the storage modulus (E’).
It also provides information about the stiffness-temperature relationship and the load-bearing capacity of the
material. The storage modulus—temperature curve of SAN/LDPE/MWCNT composites at different frequency
levels is presented in Figure 2. As the temperature rises, the modulus values drop. The reduction in E' is associated
with softening of the thermoplastic matrix at higher temperatures [19]. Pure SAN (MBO0) polymer exhibited the
highest storage modulus at room temperature with 2.54 GPa. The storage modulus of the MB25 nanocomposite
exhibited a 22.4% decrease compared to the pure SAN sample and was determined to be 1.97 GPa. The storage
modulus decreased as the LDPE/MWCNT ratio added to the pure SAN increased. The storage modulus of the
MB50 sample was measured as 1.24 GPa with a 50% decrease, and the storage modulus of the MB75 sample was
measured as 0.67 GPa with a 73.6% decrease. The storage modulus of the MB100 sample is 0.43 GPa. According

to the mixing rule, the storage modulus values obtained coincide with the theoretical calculations.

| — - MBO MB25 - --MB50 —-MB75 —MB100

3.00 +
i Al @ ,,
2.00 +
150 +

1.00 =
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I

130 150
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Figure 2. Storage modulus obtained from DMA analysis

DMA analysis results are given comparatively in Table 2. When the glass transition temperatures are compared,
the glass transition temperature of the pure SAN sample was determined to be 107 °C. As the amount of
LDPE/MWCNT nanocomposite added to the MBO sample increased, the glass transition temperature increased
and reached 130 °C for the MB50 sample. The interaction between the polymer chains and the MWCNTSs

reinforcements restricted the polymer chains' mobility, which was the main reason for this phenomenon [3].
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Interestingly, the glass transition temperatures of the MB75 and MB100 samples were similar to those of the MB50
sample, and it was determined that increasing the ratio of MWCNTSs above 10 wt% did not increase the thermal

stability.

Table 1. Comparison of storage modulus and glass transition temperature values obtained from DMA analysis

Sample Tg Difference S. Modulus Difference (%)
49 (%) (GPa)
MBO 107 - 2.54 -
MB25 111 3.73 197 22.44
MB50 130 17.11 124 37.05
MB75 130 0 0.67 45.96
MB100 130 0 0.43 35.82
3.2 TGA Analysis

Figure 3 shows the results of the TGA analysis of MB0 and MB100 samples. The degradation of LDPE in sample
MB100 started at 450 °C and ended at 530 °C. The mass remaining after thermal degradation in the MB100 sample,

which contains 20% MWCNTS, proves the presence of carbon nanotubes (Figure 3a).
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Figure 1. TGA analysis results (a) MB100, (b) MBO
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The TGA curve of the MBO (pure SAN) sample is shown in Figure 3b. Degradation started at 370 °C and ended
at 530 °C. The conversion of aromatics starts at 370 °C and continues until monomeric acrylonitrile starts to appear
at 405 °C. The C-H vibrations of aromatic species are much stronger than the nitrile vibration. Both aliphatic and
aromatic -H vibrations are accompanied by weak nitrile absorption. This continues until the degradation is

complete [23].

3.3 Electrical Conductivity and EMSE

Electrical conductivity and resistivity test results are given in Figure 5. The produced materials present various
conductivity (and conversely resistivity) values according to the doping ratios and mixing parameters. As expected,
the MBO sample shows completely insulating properties with infinitely large resistivity and zero conductivity
values. On the other hand, SAN/LDPE/MWCNT nanocomposites show a balanced property with varying amounts
of carbon nanotubes. Accordingly, the resistance values of MB25, MB50, MB75, and MB100 samples are
3.48x105, 858, 134, and 67 Qcm, respectively. In addition, the conductivity values of MB25, MB50, MB75 and
MB100 samples are 0.3x106, 0.11x10°3, 0.74x10 and 0.15x102 S/cm, respectively. The graphs show that
increasing the MB ratio decreases resistivity and, conversely, increases conductivity due to the growing conductive
particle chain [11, 19, 24].

‘ B Resistivity -s-Conductivity

400000 -

348600 . 0.0180

0.015015

350000 - /*/ -
N L 0.0140 —
£ 2500 A g
= - 0.0120 ~.
= v
= | - 0.0100 =
= ' ]
= >
S 0.007440 =
.E 1500 - - 0.0080 S
R =
@ - 0.0060 O
2 7 =
e 1000 858 S
- 0.0040 O

= 0.001166 L 0.0020

134
0.0000 0.000003 - 67
. = — 0.0000
MBO MB25 MB50 MB75 MB100

Samples

Figure 4. Electrical conductivity and resistivity results

As the MB content increases from 25 to 100 wt.%, the CNT content rises, and the SAN content decreases compared
to the total sample percentage. Thus, the trend of reducing resistivity (increasing conductivity) is accelerated.
Conductivity increases slightly between 0% and 50% ratio levels, while a significant increase occurs between
MB50 and MB100 samples. Therefore, 50% ratio levels can be referred to as the percolation threshold level to

change the conductivity characteristic of the composites [5, 25]. The rate of increase in conductivity was calculated
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as 1000 times from MB25 to MB50 and 10 times from MB50 to MB100. Increasing the amount of CNT per unit
volume promotes the improvement of electron charge transport in the material [19, 25, 26]. The obtained gain
proves that electron charge transport occurs through the composite's extensive conductive network formed by

CNTs. Thus, the required minimum conductivity level, a prerequisite for electromagnetic shielding, is achieved.

EMSE results as a function of frequency are presented in Figure 5. Sample MBO, i.e., pure SAN, gives an EMSE
value of -6.08 dB. This value is normal as the material is intrinsically insulating, and the measurement detected no
conductivity. The other samples show similar EMSE characteristics; all samples except sample MB25 reach the
commercially required -30 dB EMSE values [19, 27, 28]. The calculated EMSE values of samples MB25, MB50,
MB75, and MB100 are -26.44, -35.52, -37.17, and -36.99 dB, respectively. EMSE values increased with the
addition of MB due to increased electrical conductivity. The improvement rates for MB25, MB50, MB75 and
MB100 were 334%, 484%, 581% and 506% respectively compared to MBO0. The material's electrical conductivity

is crucial for attenuating EM radiation [19, 29].

Increasing the MB ratio promotes the formation of electrically conductive chains, and high conductivity improves
the impedance mismatch between the material surface and air [3, 5, 29]. As mentioned in the conductivity results
section, the electrical conductivity increases and the EMSE increases when the MB ratio approaches the threshold
level of 50%. As stated in the literature, an electrical conductivity level of about 0.01 S/cm is sufficient as a
potential application for EMI shielding [19]. This is supported by the fact that MB50, MB75, and MB100 samples

exceed the commercially required EMI shielding level.
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Figure 5. EMSE Results of SAN/LDPE/MWCNT nanocomposites

Figure 6 represents the obtained SEA and SER values of the samples, revealing the primary mechanism of the EM
shielding of the produced material. The SEA curves show a similar trend with the obtained EMSE responses.
While absorbance curves are clustered around -35 dB, reflectance curves are on the zero line. The SEA and SER
curves of the MBO sample were positioned around zero since the total EMSE value was calculated very low. The
SEA and SER values of the MBO sample were calculated as 0.19 and -6.28 dB, respectively. It is thought that the

shiny outer surface of the material causes the reflection.
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Figure 6.a) SEA, b) SER results of the samples

The SEA values were calculated as -24.48, -34.11, -36.75, and -36.23 dB for samples MB25, MB50, MB75, and
MB100 respectively. According to the findings, the percentage of the SEA values compared to the total EMSE
was calculated as 92.4, 95.9, 98.8, and 97.9% for samples MB25, MB50, MB75, and MB100, respectively. The
SER values were found as -1.96, -1.41, -0.41, and -0.75 dB for samples MB25, MB50, MB75, and MB100,
respectively. The calculated values reveal that more than 95% of the shielding performance is due to the absorption
mechanism. While the electromagnetic waves are absorbed, they follow the conductive networks inside the
material, disappearing into low-value heat [19, 20, 24]. The structure's conductive network size directly affects the
absorption capacity. Findings show the manufactured composite can be an excellent alternative to absorbance-

dominated EMI materials, primarily required in some sectors such as aviation, defense, etc.

The study aims to add an EMI shielding ability to a permeable structural thermoplastic polymer without
complicating its production process. The mixing of MWCNT/LDPE masterbatch with SAN leads to obtaining a
structural thermoplastic blend with an excellent EMI shielding performance without drastic changes in its

processability, according to the DMA analysis [11, 17, 19].
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IV. CONCLUSION

In this study, carbon nanotube-reinforced composites containing two different thermoplastic matrix phases (SAN
and LDPE) were fabricated using product engineering processes. The thermo-mechanical and electromagnetic
shielding properties of the nanocomposites were investigated. As the LDPE/MWCNT ratio added to pure SAN
increased, the storage modulus decreased as expected, and the storage modulus for the MB50 sample was
determined as 1.24 GPa with a 50% decrease. The percolation threshold for the two-phase thermoplastic composite
was obtained for the MB50 sample containing 10 wt.% carbon nanotubes. In addition, the MB75 sample reaches
an EMSE value of 37 dB, offering the potential to be used in commercial applications as shielding cases or
structural plate elements. Finally, the primary strategy of the study, combining dilution and mixing production
methods, was successfully implemented according to the findings. MWCNT added to LDPE in large amounts
could be dispersed in the SAN phase, enabling the material to gain electromagnetic shielding ability, primarily by

increasing electrical conductivity.
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ARTICLE INFO ABSTRACT

Article history: Path planning aims to enable autonomous robots to navigate safely and efficiently from a starting point to a
Received 23 Sep 2023 target point in challenging and dynamic environments. Path planning in robotics is highly significant and still
Received in revised form 17 Nov 2023 an ongoing subject of research. The increasing use of robots in various applications such as industrial
Accepted 22 Dec 2023 automation, service robotics, and autonomous vehicles has brought forth the need for reliable and efficient

path planning algorithms. The inherent capability of Voronoi diagrams to partition space based on proximity
makes them an effective framework for research in path planning. Ant colony optimization, a bio-inspired
optimization technique, is based on the foraging behavior of ants and is commonly employed to address the
traveling salesman problem and various other combinatorial optimization problems. A hybrid method was
adopted in this study by combining a VVoronoi diagram and an ant colony algorithm. To create paths for the
robot where it can stay as far away from obstacles as possible, a VVoronoi diagram was utilized. Additionally,

Auvailable online

Keywords: to find the shortest path from the starting point to the destination among these paths, ant colony optimization
Path Planning was employed. The main contribution of the study lies in the combination of the Voronoi diagram for obstacle
Voronoi diagram avoidance and ant colony optimization for finding the optimal path. The combination of these techniques
Ant colony optimization makes an effective contribution to robotic path planning by focusing on ensuring safety by avoiding obstacles
Autonomous mobile robot while optimizing the shortest path. Experimental studies show that the hybrid method produces successful

results for the desired purpose.

I. INTRODUCTION

An important component of autonomous navigation for mobile robots is the planning of a safe and convenient path
from a starting point to a target point avoiding obstacles. For path planning, algorithms need to be designed to find
the path from the current location of the robots to the destination point they want to go to. While designing the
algorithms, information such as sensor data that enables the robot to receive information from the outside world
and a map of the environment in which the robot is located are used. Path planning is usually analyzed in two main
categories: global path planning and local path planning. Global path planning usually involves the creation of a
map and aims to determine the general route from the robot's current location to the target. Local path planning,
on the other hand, has the function of correcting and optimizing this global route using instantaneous
environmental information. Since mobile robots play important roles in many areas ranging from defense to
logistics, health to agriculture, studies on the development of autonomous path planning capabilities are still
ongoing. In this context, the development of autonomous path planning systems aims to increase the capacity of
mobile robots to adapt to the various challenges and variables they face. Advances in sensor technologies enable
mobile robots to perceive their environment more precisely, allowing path planning algorithms to be more effective

in complex environments.
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In the literature, there are a number of developed algorithms for path planning of mobile robots. Traditional
algorithms such as Dijkstra [1], A* [2] and Probabilistic Road Maps (PRM) [3] are the most fundamental
algorithms used in path planning and are still used in certain studies. Additionally, algorithms such as Rapidly-
Exploring Random Trees (RRT) [4] and its variants have enabled successful outcomes in path planning for high-
dimensional and continuous state spaces. These algorithms excel in environments where information about the
surroundings is available and computational cost is not a significant constraint. However, in large-scale or real-
time scenarios, these algorithms can become computationally expensive. Heuristic algorithms, which are used as
an alternative to traditional algorithms, can obtain effective results in a shorter time in larger and more complex

search areas, usually by using heuristic information and working with population-based methods.

Heuristic algorithms also, such as Genetic Algorithms [5], Ant Colony Optimization (ACO) [6], Particle Swarm
Optimization (PSO) [7], and Artificial Bee Colony (ABC) [8] have shown promising results in path planning,
enhancing navigation performance. GA models the process of natural selection, ACO is inspired by the foraging
behaviour of ants, PSO effectively explores search spaces by modelling the social behaviour of particles, and ABC
simulates the foraging behaviour of honeybees. These heuristic approaches provide robust and adaptable solutions
for challenging path planning problems across many domains. Despite advances in path planning for mobile robots,
several challenges remain. Among these challenges, uncertainty and collision avoidance in dynamic environments
remains an active area of research. The development of efficient and safe path planning algorithms plays an
important role in unlocking the full potential of autonomous mobile robots in different applications and
contributing to safer interactions between robots and their environments. Path planning has a bright future as
robotics technology advances, including cutting-edge techniques like swarm intelligence and heuristic algorithms,
and has a lot of potential to provide safe and effective navigation in challenging real-world situations. Besides,
various strategies to mitigate these challenges, such as hybrid methods combining multiple algorithms, are also

discussed in the literature.

One fundamental concept in path planning for mobile robots is the representation of the environment. Various
techniques, such as occupancy grids, potential fields, and Voronoi diagrams, are employed to model the
surroundings and create a digital map. These representations serve as the foundation for generating feasible paths
while considering obstacles, restricted areas, and mission objectives. The choice of representation heavily
influences the efficiency and accuracy of the path planning process. In this study, a hybrid approach was aimed by
combining a Voronoi diagram and an ACO. Unlike grid-based mapping, the robot's continuous environment path
planning was performed. Using the VVoronoi diagram, paths that the robot can traverse were generated at a distance
from obstacles whenever possible, thus minimizing the robot's contact with obstacles and ensuring a safe path
planning. Although paths passing through adjacent obstacles were automatically generated by Voronoi, they were
ignored and not used in the path planning. Then, the shortest path among all the paths obtained through Voronoi

was determined using ACO.
The main contributions of the study are as follows:

e By using VVoronoi diagrams, safe paths away from obstacles are created for robots. Thus, the risk of hitting

obstacles during the movement of the robot is minimized.
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e Thanks to the paths created with VVoronoi, the need to control all cells in a cell-based environment is
eliminated. Thus, the possible paths for the ant colony optimization are reduced and the computational

cost is reduced.

The rest of the paper is organized as follows: the related studies, including both Voronoi diagrams and ACO were
given in section 2. Section 3 presents material and methods. Experimental studies were presented in Section 4, and

the Conclusions were presented in section 5.

Il. RELATED STUDIES

Using Voronoi diagrams for path planning is a topic of interest in the field of robotics. There are many studies in
the literature that utilize VVoronoi diagrams to generate optimal or near-optimal paths for mobile robots. Candeloro
et al. [9] introduced a rapid and dynamic path-planning system for 3-DOF marine surface vessels, particularly in
shared environments with other marine vehicles. The method employs VVoronoi diagrams to generate initial paths
that consider clearance constraints, including land and shallow waters. Wei et al. [10] proposed a novel path
planning algorithm based on Centroidal Voronoi Tessellation (CVT) for self-assembly of swarm robots. The
algorithm enables swarm robots to autonomously move from initial virtual regions to target virtual regions using
a collaborative scheduling approach. Combining Voronoi diagrams with the A* algorithm for path planning has
also been presented in the literature [11, 12]. In addition to the A* algorithm, there is also a study in which safe
path planning is achieved by combining the VVoronoi diagram with the D* algorithm [13]. In another study [14]
using Voronoi diagram and RRT as a hybrid, to improve RRT motion planning effectiveness, presented a heuristic
path planning approach based on the Generalized Voronoi Diagram (GVD). These studies demonstrate the
versatility of Voronoi-based path planning algorithms for autonomous navigation. Researchers are continually
looking into and developing new techniques and advancements to increase the efficacy and applicability of

Voronoi-based path planning to actual situations.

There are also path planning studies that employ ACO [6, 15]. In both of these studies, a grid-based approach was
utilized. However, in this particular case, the algorithm considers all grids when planning the path. There are also
studies in which improvements have been made in the ACO to achieve better performance in path planning. Some
studies propose to overcome the shortcomings of traditional ACO for solving path planning problems. Liu et al.
[16] proposed firstly an adaptive pheromone concentration setting to improve guidance and prevent excessive
deviation in the early stages. Secondly, they proposed a novel heuristic mechanism with directional judgment to
enhance search efficiency and the smoothness of the planned path. Wu et al. [17] proposed firstly, it incorporates
a new heuristic mechanism with orientation information to guide the algorithm more effectively, improving
convergence speed. Secondly, an enhanced heuristic function is introduced to optimize path planning. Lastly, a
method for unevenly distributing initial pheromone concentration is proposed to prevent blind searching. Miao et
al. [6] introduces an improved adaptive ant colony algorithm (IAACO) to address the limitations of the traditional
ACO in indoor mobile robot path planning. In another study proposed by Zong et al. [18], the traditional ACO

was combined with GA and thus it was stated that the developed algorithm converged faster.

In this study, the computation cost has been reduced by performing path planning solely through the paths

identified by the VVoronoi diagram, without the need to examine all grids in the workspace. In addition, safe path
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planning is aimed at ensuring that the paths on which the robot will move are as far away from obstacles as possible,
thanks to the VVoronoi diagram. This approach provides a safer path by reducing the potential risks around the
robot. Furthermore, it is known that heuristic approaches used in path planning can generate solutions more quickly
compared to traditional methods and have lower computational costs. Due to these characteristics, the utilization
of ant colony optimization, one of the heuristic approaches, in path planning along with VVoronoi diagrams has

played a significant role not only in finding the most suitable path but also in further reducing computation costs.

11l. MATERIALS AND METHODS
3.1 Voronoi Diagrams

The Voronoi diagram is a powerful geometric tool that partitions the geometric space in a manner that ensures the
boundaries of the regions are as far away as possible from all obstacles in the crowded environment [19]. Voronoi
diagrams, with their inherent capability to partition space based on proximity, offer a robust framework for path
planning studies [9]. Voronoi diagrams excel in path planning by virtue of their boundary characteristics. They are
a geometric concept that is mathematically easy to calculate and implement. Therefore, it can be preferred in
robotic applications that require fast calculations in real-time systems. The Voronoi cell boundaries constitute
optimal routes for path planning purposes. These boundaries serve as navigational paths that maximize distances
from obstacles, making them ideal for route optimization and collision avoidance. The VVoronoi diagram consists

of lines equidistant from points. An example VVoronoi diagram for 8 points is shown in Figure 1.

Given a set of points P = {P1, P2, -*-, Pn}, on the plane R?, the Voronoi region of the point P; is the set of points,

which is given in Eq. 1.

V,={PeR?d(P,P) <d(P,P)Vj#i} 1)

where, d denotes the Euclidean distance.

Figure 1. Voronoi diagram example for 8 points
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3.2 Ant Colony Optimization

ACO is a bio-inspired meta-heuristic optimization algorithm based on the foraging behavior of ants [20]. Its
inspiration from the collective intelligence behavior of real ants renders it an effective approach for a wide range
of optimization problems. ACO is commonly utilized to solve combinatorial optimization problems, such as the
traveling salesman problem (TSP) or the vehicle routing problem (VRP), as well as for path planning. The
algorithm mimics the way real ants search for the shortest path between their nest and a food source,
communicating by leaving pheromone trails on the routes they traverse. The strength of the pheromone trail is
directly proportional to the path's quality; in other words, the shorter the path, the stronger the pheromone trail. As
more ants follow the same path, the pheromone trail becomes more concentrated, making it increasingly likely for

other ants to favor it.

In the ACO algorithm for path planning, a colony of artificial ants is generated to study different paths. Each ant
builds a solution by probabilistically choosing the next step based on a combination of pheromone information
and heuristic information, which represents the desirability of the next step. Heuristic knowledge is often derived
from problem-specific information in the TSP, such as the distance between cities. As the ants complete their
rounds, their pheromone trails are updated according to the quality of the solutions found. Better solutions
contribute more to the pheromone trails and poorer solutions are lost due to evaporation. This process of
pheromone updating, and evaporation allows to effectively guide the search process towards better solutions. ACO
works iteratively and after several iterations, it is expected to converge towards an optimal or near-optimal
solution. The key advantage of ACO is its ability to handle complex, large-scale problems, as well as its robustness
to changes in problem instances. It is a powerful algorithm for path planning, especially for optimization problems
where finding the optimal solution through exhaustive search is computationally infeasible. However, ACO may

require fine-tuning of parameters and can be computationally intensive for large problem sizes.

The process steps of the ACO are briefly as follows: an artificial ant population is initialized to represent potential
paths from a start to a target location. Pheromone values are initially assigned equally to all possible paths. The
algorithm operates through iterations until a termination condition is met (e.g., a fixed number of iterations or a
convergence criterion). During each iteration, ants explore the space guided by both the amount of pheromone and
a heuristic function, which provides problem-specific knowledge. Eq. 2 [20] represents the probability of ant k

moving from point i to point j.

. [Tii]a[nii]ﬁ if j € N
Pl'rj = Z‘mEN{‘[Tim]a[nim]B ' ' (2)
0 ) otherwise

where zjj is the amount of pheromone between i and j, #ij is 1/d;;, where dj is the distance between i and j. N
corresponds the neighborhood of ant k in node i. a and /5 are parameters that control the relative relevance of two
factors when an ant chooses which path to follow while looking for a solution. a represents how important a
pheromone trail is to an ant's decision-making process. When the « value is higher, ants are more likely to focus

on using the information in the pheromone trail when making decisions. g denotes the importance of heuristic
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information in an ant's decision-making process. A higher g value gives the heuristic information more weight,

encouraging ants to explore potential paths based on the problem's structure.

After ants complete their tours, pheromone levels on paths are updated, favoring better paths. All the paths
traversed have a certain amount of pheromone added to them. However, just like in the real world where the
pheromones released by ants evaporate over time, the algorithm gradually evaporates the amount of pheromone

as well. Pheromone updating is given in Eq. 3 and 4.

= 3)
Tt +1) = (1— p)ry () + Z AT (t + 1)
k=1

1 . . (4)
Arf‘j(t +1) ={Fc 1)’ if k ant used path ij

0 , otherwise

where, p € [0,1] is the evaporation coefficient, Az is the pheromone update amount, m is the number of ants, and

L is the path distance between i and j.

Finally, the best path among the solutions found by the ants is selected when the algorithm terminates, typically
representing the shortest or optimal solution. Ants are known for their collective intelligence and ability to find
the most effective solution through their interactions, using a natural optimization process as they explore the path
around their environment. In this way, the behavior of ants has inspired effective algorithms that can be used in

various problem domains.

IV. EXPERIMENTAL STUDIES

The proposed hybrid approach by combining the VVoronoi diagram and ACO was tested in a workspace with 32
obstacles. Figure 2a depicts the workspace, while Figure 2b illustrates the Voronoi diagram applied to the same
workspace. All codes of the proposed hybrid approach are written in Python programming language. The

parameters of ACO used in the experimental studies are given in Table 1.

Table 1. The parameters of ant colony optimization

Parameter Value
Number of ants 20
Number of iterations 50
Evaporation coefficient (p) 0.3
Initial Pheromone (z) 0.5
Alpha (a) 0.5
Beta () 05
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Figure 2. (a) Environment with starting point, target point and obstacles (b) VVoronoi diagram of the environment

A safe and shortest path, avoiding obstacles as much as possible found by ACO is shown in Figure 3. The mobile

robot moves from the nearest vertex to the starting point to the closest vertex to the target. Voronoi lines passing

between adjacent obstacles were ignored during path planning since there was no distance for the mobile robot to

traverse. These lines are represented by dashed lines in the figure.

Figure 3. The shortest path using VVoronoi diagram and ant colony optimization

The convergence graph of the ant colony optimization is given in Figure 4. As can be seen from the figure, it is

understood that the algorithm converges quickly and is effective in solving the problem.
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Figure 4. The convergence ant colony optimization

V. CONCLUSIONS

For mobile robots to navigate safely and effectively in a variety of contexts, path planning is a crucial component
of autonomous navigation. Effective path planning algorithms are needed to ensure task completion and improve
their trajectories. Numerous algorithms are discussed in the literature to address these challenges. Despite
improvements, path planning for mobile robots still faces issues, including collision avoidance and handling
uncertainty in dynamic situations, which remain active research areas. While these advances are promising, more
study has to be done to improve the design of the algorithms in this area, especially with regard to their fast
computation speed and robustness in real-world circumstances. As a result, path planning for mobile robots is the
cornerstone of autonomous navigation, and therefore path planning for mobile robots continues to be studied to

improve the safety and effectiveness of autonomous systems operating in the future.

In this study, a hybrid approach was pursued by combining a Voronoi diagram and an ant colony algorithm. The
robot's continuous environment path planning was carried out, as opposed to grid-based mapping. The robot's
interaction with obstacles was minimized, and a safe path was planned by using the VVoronoi diagram to generate
paths that keep the robot as far away from obstacles as possible. Although the VVoronoi diagram automatically
generated paths that crossed nearby obstacles, these paths were disregarded and not used in the path design. ACO
was then employed to find the shortest path among all the paths generated using the VVoronoi diagram. According
to an experimental study, ACO can be utilized to find the shortest path among the paths generated by the VVoronoi

diagram that are sufficiently far from obstacles.
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30MnBS5 ¢eligi tarimsal mekanizasyon endistrisinde sertlik, mukavemet, darbe ve asinma direnci istenen
uygulamalarda kullanilabilen bir gelik tiiriidiir. Giiniimiiz endiistrisinde ekonomik faktorlerin giderek 6nem
kazanmasi tarimsal mekanizasyonda daha uzun émiirlii tarim makinelerinin dretilmesini gerektirmektedir. Bu
nedenle tarimsal mekanizasyonda kullanilan s6z konusu geligin kullanimi ve kaynakli birlestirilmesi 6nem
arz etmektedir. Bu ¢aliymada, 30MnBS5 ¢elikleri MAG kaynak yontemiyle birlestirilmis ve {i¢ farkli (havada,
suda ve yagda) sogutma rejiminde sogutulmustur. Sogutma rejimine bagli olarak kaynakli 30MnB5 ¢eliginin
mekanik ve makro/mikroyap: ozelliklerindeki degisimi tespit etmek i¢in tahribatsiz (gorsel muayene, sivi
penetrant testi), tahribatl (darbe, egme, sertlik testleri) ve metalografik testler yapilmistir. Gérsel muayene ve
s1vi penetrant testi sonucunda kaynak dikislerinde herhangi bir makro ve mikro hataya rastlanmamuistir.
Kaynakli numunelerde sogutma rejimine bagli olarak mekanik ve mikroyap: 6zelliklerindeki degisimler

gozlemlenmistir.
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30MnBS5 steel is a type of steel that can be used in the agricultural mechanization industry, where hardness,
strength, impact resistance, and wear resistance are required. The increasing importance of economic factors
in today's industry requires the production of longer-lasting agricultural machines for agricultural
mechanization. For this reason, it is important to use the steel in question in agricultural mechanization and to
combine it with welding. In this study, 30MnB5 steels were combined with the MAG welding method and
cooled in three different (air, water, and oil) cooling regimes. Non-destructive (visual inspection, liquid
penetrant test), destructive (impact, bending, and hardness tests), and metallographic tests were performed to
determine the change in the mechanical and macro/microstructure properties of the welded 30MnB5 steel
depending on the cooling regime. As a result of the visual inspection and liquid penetrant test, no macro or
micro defects were found in the weld seams. Changes in mechanical and microstructural properties were
observed in welded samples depending on the cooling regime.

. GIRIS

Malzeme bilimindeki hizli gelismeler, tarimsal mekanizasyonda kullanilan malzemelerin ¢esitlenmesine yol

agmistir. Bu durum da, tarimsal mekanizasyonda ¢ok farkli tiir malzemelerin birbiri ile uyumlu bir sekilde

*Sorumlu yazar. Tel.: +90-380-451-2294; e-mail: bekircevik@duzce.edu.tr

147


https://orcid.org/0000-0002-1209-5364

J. Innovative Eng. Nat. Sci., c. 4, s. 1, 55.147-161, 2024. Tarimsal mekanizasyonda kullanilan 30MnB35

montajlanmasini gerektirmektedir. Tarimsal mekanizasyonda uygun teknik 6zelliklere sahip malzemelerin se¢imi
ve bu malzemelerin uygun montaj yontemleri ile birlestirilmesi tarim makinelerinin daha uzun dmiirlii olmasina
neden olmaktadir [1, 2]. Ancak, farkl 6zelliklerde metal malzemeler kullanilarak imal edilen ve tarimsal tiretimde
onemli rol oynayan makine sistemlerinde veya bu sistemleri olusturan makine elemanlarinda, iyi bir tasarim
planlamas1 yapilmasi ve en ideal zelliklere sahip malzemeler se¢ilmesine ragmen, makinenin kullanim siirecinde
Onceden dngorulemeyen hasarlar ortaya ¢ikabilmektedir [3, 4]. Ciinkii ilerleme hizi, toprak cinsi, yiikleme durumu
gibi faktorler nedeniyle toprak isleme alet ve makineleri toprakta ¢aligma sirasinda farkli gerilmelere (¢cekme,
basma, egme, darbe v.s) maruz kalmaktadir. Ozellikle calisma sirasinda toprak isleyici pargalarin maruz kaldig

ani darbeler tarim makinesinde kullanilan malzemelerin hasara ugramasina neden olabilmektedir [2, 5].

30MnBS5 celigi tarimsal mekanizasyon endiistrisinde yaygin kullanilan popiiler bor alasimli bir gelik tiirtidiir [6].
Bor alasgimli gelikler, ¢elige bor elementinin katilmasi ile elde edilen Usttin 6zellikli celiklerdir. Bor elementi
celiklerin sertlesebilirligine etki etmektedir. Bu nedenle s6z konusu ¢elikler yiiksek sertlik ve yiiksek aginma
dayanimina sahiptir [7, 8]. Bu tip celiklerin en temel Ozellikleri kolay islenebilirlik ile beraber uygulanan 1sil
islemler sonrasinda yiilksek mekanik ézellikler sergilemeleridir. Ostenit tane sinirlarindaki bor kalintilar1 nedeniyle
tane sinirlarinda azalan ara yizey enerjisi ¢eliklerde sertlesebilirligi arttirmakta, ferrit ve perlitin ¢ekirdeklenmesini
geciktirmektedir. Bu durum da, bor alagimli ¢eliklerde hizli soguma sonucunda martenzit yapi olugsmasina imkan
saglamaktadir [9, 10]. Bor hizli sogutuldugunda ve tane icinde ¢okelti olarak tutuldugu zaman sertlesebilirlik
tizerine en biiyiik etkiyi saglamig olur [3, 11]. Sergiledikleri @istiin 6zellikler nedeniyle 30MnBS5 ¢eligi, pulluk u¢
demiri, tirmik diskleri, ¢izel bigagi, kiiltivator bigagi, yem karma makinesi bigagi, silaj bigagi, rotovator bigagi,
tamburlu cayir bigme makinesi bigag1 gibi tarim makinelerinde ve toprak isleme alet ve makinelerinde zorlu
kosullar altinda calisan yapisal pargalarin iiretimi i¢in yaygin olarak kullanilmaktadir. Ayrica, madencilik
endistrisindeki aginmaya dayanikl kapak plakalari, bigaklar, tirtil raylari, astar ve elek plakalari, kirma tiniteleri,
cesitli tekerlekli ve tirtil tekerlekli araglarinin imalatinda genis bir kullanim alanina sahiptir [1, 6, 12]. Bunlara ek
olarak, otomotiv iireticileri daha hafif ara¢ yapmak ve darbelere maruz kalabilecek kisimlarda siiriicii ve yolcu

giivenligini arttirmak i¢in kullandiklari yapisal pargalarda bor geliklerini tercih etmektedirler [9, 13].

Tarimsal mekanizasyon uygulamalarinda kullanilan yapisal pargalar ve makine elemanlari farkli iiretim yontemleri
ile tretildikten sonra farkl sokiilebilir (c1vata, pim v.s.) ve sdkiilemeyen montaj yontemleri (kaynak, lehim, pergin
v.s.) kullanilarak bir araya getirilmektedir [3]. Tarim makineleri, kullanimlar1 sirasinda birgok farkli yiikleme ve
zorlanma kuvvetlerine maruz kalmaktadir. Bu kuvvetler altinda ¢alisan tarim makinesinin yapisal biitiinliiglini
korumas1 ve kendisinden beklenen islevi yerine getirebilmesi i¢in montaj isleminin iyi bir sekilde planlanarak
yapilmasi 6nem arz etmektedir [1, 4, 5]. Daha yiiksek ceki kuvvetleri ile ¢aligma imkanlarinin artmasi ve ekonomik
faktorlerin giderek onem kazanmasi tarimsal mekanizasyonda da daha uzun 6miirlii tarim makinelerin tiretilmesini
gerekli kilmaktadir. Yiiksek mukavemetli malzemelerin tarimsal mekanizasyonda kullaniminin artmasi ile montaj
yontemleri konusundaki ¢alismalarda 6nemini siirdiirmektedir [2, 5]. Tarimsal mekanizasyon firetiminde en
yaygin kullanilan montaj yontemlerinden birisi de kaynakli birlestirmedir. Tarimsal mekanizasyon
uygulamalarinda farkli kaynak yontemleri bir arada kullanilabilmektedir [3, 14, 15]. EndUstride paslanmaz ¢elikler
ve yapi celiklerin birlestirme islemlerinde en fazla kullanilanlarin basinda gaz metal ark kaynagi (GMAK) olarak
adlandirilan metal inert gaz (MIG) ve metal aktif gaz (MAG) ile gaz tungsten ark (GTAK) diye de adlandirilan
tungsten inert gaz (TIG) yontemleri gelmektedir [16-23]. Bu yontemler makine donanimi bakimindan ayni

olmasana karsin kullanilan koruyucu gaz tiiriine gore farkli isimlerle tanimlanmaktadir. MIG kaynak yonteminde
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argon (Ar), helyum (He) gazlari ve farkli oranlarda karigim gazlar (Ar-He, Ar-CO2-O,, Ar-O; Vv.S)
kullanilabilmektedir. MAG kaynaginda ise aktif bir gaz olan CO2 gazi kullamilmaktadir [24-31].

Tarimsal mekanizasyon endiistrisinde kullanilan malzeme gesitlerinin artmasi ve 6zellikle guinimiizde ekonomik
faktorlerin giderek 6onem kazanmasi nedeniyle kaynakli birlestirmede malzeme dzelliklerinin maksimum 6lgiide
korunarak ve ekstra bir islem (1sil islem v.s.) uygulamadan {iretim yapilmasi 6nem arz etmektedir [18-20].
Dolayisiyla kaynakli birlestirmelerde ilk aranan 6zellik birlestirmenin dayaniminin ana metal ile ayn1 veya ona
yakin olmasidir [3, 15, 24-27]. Ancak kaynak islemi sadece kaynak dikisinin kimyasal bilesimini degistirmekle
kalmaz, ayn1 zamanda termal dongiiye maruz kalan 1sidan etkileyen bolgede baz1 metaliirjik degisiklikler meydana
getirir [28-32]. Bu nedenle kaynak iglemi sonrasi kaynak bolgesinin soguma hizi baglantilarin mekanik ve
metalurjik ozelliklerini etkileyebilmektedir [26, 27, 33, 34]. Kaynakli birlestirmelerden olusan tarimsal makine
sistemlerinde dinamik ve statik yilik etkileri mekanik ve metalurjik 6zellikleri etkilenen kaynakli baglanti
bolgelerinde kalict i¢ gerilmelerle beraber bazi zorlamalar meydana getirebilmektedir [1-3]. Farkli gerilmelerin
etkisindeki kaynakli bolgelerde ¢alisma esnasinda gatlamalar, deformasyonlar hatta hasarlar meydana
gelebilmektedir. Kaynakli birlestirme bolgesinde bu sebeplerden dolay1r meydana gelebilecek sorunlari telafi
edebilecek mekanik ozelliklerin arastirilarak ana metal ve kaynakli bolgelerinin yiik altindaki davraniglarinin
incelenmesi 6nem arz etmektedir. 30MnBS5 ¢eliginin 1s1l islem, aginma 6zellikleri ve darbe dayanimi iizerine birgok
aragtirma yapilmistir. Yazici vd. [6], yaptigt bir calismada, 30MnBS5 celigini karbonitrasyon islemi sonrasi farkl
asitik ortamda korozyon direncini aragtirmiglardir. Karbonitriirleme isleminin 30MnBS5 ¢eliginin farkli asitik
ortamda korozyon hizini etkiledigini ifade etmislerdir. Giiler vd. [7], yaptiklar1 bir ¢aligmada 1s1l iglemin 30MnB5
bor ¢eliginin mikroyapist ve mekanik davranisi izerindeki etkisini aragtirmislardir. Bazi 1s1l islem parametrelerinin
30MnBS5 c¢eliginin mekanik 6zelliklerini 6nemli dlglide gelistirebilecegini ifade etmislerdir. Queirds vd. [8],
yaptiklar1 bir calismada 30MnB5 celigine uygulanan subkritik tavlama ve su verme igleminin aginma 6zelliklerine
etkisini aragtirmiglardir. Subkritik tavlama ve su verme isleminin 30MnB5 c¢eliginin aginma O6zelliklerini
arttirdigini belirtmislerdir. Yazici [10], yaptig1 bir ¢alismada, gaz karbonitriirleme islemlerinin 30MnBS5 c¢eliginin
aginma karakteristiklerine etkilerini arastirmistir. Karbonitrasyon iglemi uygulanan 30MnB5 ¢eligi numunelerin
toplam asinma agirligi kaybinin ve toplam asinma boyutu kaybinin geleneksel 1s1l isleme kiyasla azaldigini rapor
etmistir. Yaakob vd. [35], yaptiklar1 bir ¢aligmada gaz metal ark kaynagi ile birlestirilen bor ¢eliginin mikroyap1
ve mekanik O6zelliklerine 1sil islemin etkisini aragtirmiglardir. Isil islem gérmiis numunenin mikroyapisinin
tamamen martenzite doniistiiglinii ve tane sinirlarinda mikro bosluklar nedeniyle 1sidan etkilenen boélgede taneler

arasi kirilmalar oldugunu rapor etmislerdir.

Yapilan literatiir taramasinda 30MnBS5 c¢eligi ile ilgili caligmalarin genellikle 1s1l isleme bagli olarak aginma ve
mekanik 6zellikleri konusunda oldugu goriilmiistiir. Bu celigin kaynak islemi sonrasi sogutma rejimine bagh
kaynak bolgesinin mekanik ve metaliirjik 6zellikleri konusunda arastirmalarin yetersiz oldugu degerlendirilmistir
[1,3,7,9, 10, 36-39]. Bu amagla 6zellikle tarimsal mekanizasyon endiistrisinde sik¢a kullanilan 30MnB3 ¢eligi
malzemeler MAG kaynak yontemi ile birlestirilmis ve kaynak islemi sonrasi farkli sogutma rejimleri ile
sogutulmustur. Farkli sogutma rejimlerinin kaynakli baglantilara etkisini belirlemek amaciyla egme, darbe ve
sertlik testleri uygulanmistir. Ayrica, farkli sogutma rejimlerine baglh olarak kaynak metali ile 1sidan etkilenen

bolgede (IEB) meydana gelen mikroyapilar1 ve tane morfolojisi degerlendirilmistir.
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Il. DENEYSEL METOT

Bu ¢alismada, 30MnBS5 ¢eligi (EN 10083-3:2006) malzemeler 200x50x5 mm ebatlarinda hazirlanmigtir. 30MnB5
celiginin optik mikroskop ile ¢ekilmis mikroyapist ferrit + perlit olup, optik mikroskop fotografi Sekil 1°de
verilmistir. A¢ik renkli mikro tanelerin ferrit, koyu renkli mikro tanelerin ise perlit oldugu goériilmektedir. Mikro

tanelerin haddeleme dogrultusu yoniinde uzamis olduklar1 gériilmektedir.

.

Sekil 1. 30MnBS5 ¢eligi mikroyapisi

Kaynak islemi icin kullanilacak olan kaynak teli ¢ap1 ve ark boyu géz dniinde bulundurularak her bir ¢elik levhaya
25° ve birlestirilecek levhalar yan yana konuldugunda 50° olacak sekilde V kaynak agzi agilmistir. Birlestirilecek
levhalar ug¢ noktalarindan puntalanmistir. Sekil 2’de 30MnB5 ¢eligi levhalarin hazirlanig 6lgiileri (sematik) ve
punta ile sabitlenmis durumlar1 verilmistir. Kaynaga hazir hale getirilen levhalar MAG kaynak ydntemi ile
birlestirilmigtir. 30MnB35 ¢eligi ve kaynak telinin kimyasal bilesimleri ve mekanik Ozellikleri Tablo 1’de

verilmistir.

Sekil 2. Kaynak agz1 makro goriintiisii

Kaynak iglemlerinde, su sogutmali gazalti kaynak makinesi (GKM 420-2W) kullanilmigtir. Kaynakli birlestirmeler
% 100 CO, koruyucu gaz atmosferinde 1.2 mm capinda SG2 kaynak teli (EN ISO 14341-A) kullanilarak
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yapilmistir. Tablo 2’teki kaynak parametreleri kullanilarak kaynak islemleri yatay pozisyonda yapilmistir. Kaynak
parametre degerleri yapilan 6n caligmalar sonucu belirlenmistir. Kaynak islemi biten numunelere havada (HS),
suda (SS) ve endiistriyel yag (EYS) su verme islemi uygulanmistir. Kaynak sonrasi kaynakli numunelerinin makro
gorintiileri Sekil 3’de verilmistir. Kaynak iglemleri biten numuneler, yiizey kusurlarmin belirlenmesi igin
oncelikle TS EN ISO 17637 standardina gore gézle muayene ve TS EN ISO 23277 standardina gore s1vi penetrant
testi yapilmustir.

Tablo 1. Ana malzeme ve kaynak telinin kimyasal bilesimi ve mekanik 6zellikleri (wt. %)
30MnBS ¢eligi

C Mn Si P S Cr Ti B
0.27-0.33 01.15-1.45 0.4 0.025 0.035 0.05-0.3 0.015-0.06 0.0008-0.005

SG2 kaynak teli

C Mn Si
0.08 15 0.85
Ana malzeme ve kaynak telinin mekanik ozellikleri
Akma Dayanimi Cekme Dayanimi % Uzama
(MPa) (MPa)
30MnBS5 celigi 360 560 24
SG2 kaynak teli 440 540 30
Tablo 2. Kaynak parametreleri
Kaynak akimi 165 A
Kaynak voltaji 25V
Tel hiz1 5 m/dk
Kaynak hizi 5 mm/s
Gaz debisi 12 I/dk
Kaynak teli kalinlig1 1.2mm
Havada Sogutma (HS) (20£2 °C)
Soguma rejimi Suda Sogutma (SS) (20£2 °C)
Endiistriyel Yagda Sogutma (EYS) (202 °C)

Kaynakli numunelere metalografik testlerin yani sira, egme, darbe ve sertlik testi gibi mekanik testler yapilmistir.
Uretilen kaynakli levhalardan 3'er adet egme, 3'er adet darbe, I’er adet mikroyap: ve sertlik numunesi
hazirlanmigtir. Egme test numuneleri ise TS 282 (EN 910) standardina gore liretilmistir. Darbe test numuneleri TS
EN ISO 9016 standardina gore hazirlanmis ve 2 mm derinliginde U ¢entik acilmistir. Centik yap1 ¢ap1 1 mm’dir.
Egme testlerinde Instron 3369 model egme test cihazi kullanilmigtir. Egme testleri 60 mm destek agikliginda ve 5
mm/dk test hizinda yapilmistir. Darbe testleri i¢in Time ticari markali JB-W300 serisi test makinesi kullanilmustir.
Mikroyap1 ve sertlik numunelerine zimparalama ve parlatma iglemleri uygulanmistir. Hazirlanan numuneler %
2’lik nital ¢ozeltisi ile daglanmigtir. Metalografik incelemeler Metkon Inverted Tip metal mikroskobu kullanilarak
yapimistir. Kaynakli numunelerin kaynak dikis merkezi ve gegis bdlgeleri mikroyapisal olarak incelenmistir.
Sertlik testleri kaynak yoniine dik kesitten alinan numuneler iizerinde (yatay dogrultuda) Time TH 300 marka
sertlik test cihazi ile 1/16” ¢elik bilye ile 100 kgf yiik 10 s siire ile uygulanarak yapilmistir. Sertlik 6lciimleri
kaynak merkezinden baglamak iizere malzeme kesit kalinliginin merkezi boyunca her iki tarafa 2 mm araliklarla

toplam 15 noktadan alinmustir.
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I1l. BULGULAR VE TARTISMA
3.1 Gozle Muayene

Uretilen kaynakli numunelerde kaynak fazlaligi, yanma olugu, distorsiyon ve makro ¢atlak v.s olup olmadig1 TS
EN ISO 17637 standardina (g0zle muayene) gore incelenmistir. Sekil 3’te gbzle muayenesi yapilan 30MnBS5 ¢eligi
kaynaklt numunelerin kaynak ytizeylerinin goriintiileri ve niifuziyetleri verilmistir. CO2 gaz1 ile yapilan kaynak
islemlerinde bir miktar sigrantilarin oldugu gdzlenmis olmasma ragmen tim kaynak dikisleri diizgiin bir
gorinimde olugmugstur. Gazalti kaynak islemlerinde koruyucu gazin cinsi kaynak dikisinin mekanik ve metallrjik
Ozellikleri Gzerine etki eden en dnemli faktdrlerden birisidir. Ancak, koruyucu gazlar kaynak islemi sirasinda
sigramalar nedeniyle meydana gelen kayiplar Uzerinde de etkilidir [1, 28, 30, 31]. Sigramalar nedeniyle kaynak
bolgesi mekanik yontemlerle temizlemesi gerektiginden zaman, enerji ve maddi kayiplara neden olmaktadir [38].
Kaynakl dikis ylizeylerine yapilan gdzle muayene iglemi sonucunda makro enine ve boyuna gatlak, yanma olugu,
g6zenek, krater ¢atlagi v.b makro kaynak hatasi goriilmemistir. Kaynakli parcalarda enine veya boyuna dogrultuda
acisal distorsiyon olugsmamistir. Gorsel muayene sonucunda kaynak islemleri sonrasinda uygulanan sogutma
rejimlerinin 30MnB35 ¢eligi malzemelerin kaynak dikislerinde herhangi bir makro hataya neden olmadigi

belirlenmistir.

Sekil 3. Kaynakl dikislerinin makro gortintleri, a) HS b) SS, ¢) EYS

3.2 Swi Penetrant Testi

S1vi penetrant testi ile kaynak dikislerinde gérsel muayene tespit edilemeyen yilizeye agik mikro gatlak, mikro
gozenek v.s. gibi kaynak hatalarin olup olmadigi TS EN ISO 23277 standardina gore incelenmistir. Sekil 4’te sivi
penetrant testi yapilan 30MnBS5 ¢eligi kaynakli numunelerin kaynak ylizeylerinin goriintiileri verilmistir. Sivi
penetrant testi uygulanan kaynakli numunelerin detayli incelenmesi sonucunda yiizeye agik kilcal ¢atlak, makro

ve mikro gozenek gibi kaynak hatalarina rastlanmamustir.

Endiistriyel uygulamalarda kaynak dikislerinin kalite kontroli en Onemli asamalardan birisidir. Tarim
makinelerinin kullanimlar: sirasinda 6zellikle montaj bolgeleri (kaynak, civata v.s.) birgok farkli yiikleme ve
zorlanma kuvvetlerine maruz kalmaktadir [1, 2]. Bu kuvvetler altinda c¢alisan tarim makinelerinin kaynakl
birlestirmeleri makine sisteminin yapisal biitiinliigiinii korumasi ve kendisinden beklenen islevi sorunsuz bir

sekilde yerine getirebilmesi i¢in kaynak dikislerinin kalite kontrol siireclerinden gegmesi nem arz etmektedir [1,
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4, 5]. Bu nedenle tarim makinelerinde kullanilan c¢eliklerin ark kaynak islemlerinde ilk aranan sart kaynak
dikiglerinde mekanik bir zorlanma karsisinda hasara neden olabilecek kaynak hatalarmin olmamasidir [3, 38].
Yapilan sivi penetrant testi sonucunda kaynak islemleri sonrasinda uygulanan sogutma rejimlerinin 30MnBS5 ¢eligi
malzemelerin kaynak dikislerinde herhangi bir mikro ¢atlak, mikro gézenek veya baska bir mikro hataya sebep

olmadig1 belirlenmistir.

ey

Sekil 4. Siv1 penetrant testi uygulanmis kaynakli numuneler, a) HS, b) SS, ¢) EYS

3.3 Mikroyapi

Calismada kullanilan 30MnB35 ¢eliginin mikroyapisi ferrit ve perlit fazlarindan olusturmaktadir. Ayni kaynak
parametreleri kullanilarak yapilan kaynak islemleri sonrasinda sogutma rejimine bagl olusan 1sidan etkilenen
bdlge (IEB) ve kaynak metaline ait mikroyapilar Sekil 5’te goriilmektedir. Her {i¢ sogutma rejiminde de IEB ve
kaynak ergime sinirina bitisik bolgelerde birbirlerinden farkli goriintiiler olusmustur. Oncelikle kaynak islemi
sirasinda ortaya ¢ikan ark sicakligi esas metalin ferrit + perlitten olusan yapisini kismi olarak ergiterek kaynak teli
ile birlikte kaynak metalini olusturmustur. Kaynak islemi sirasinda ergimeyen ancak yiiksek sicakliga maruz kalan
kaynak metaline komsu bolgede (IEB) esas metalin ferrit + perlitten olusan yapist yiiksek 1s1 girdisi nedeniyle
cOziinmiistiir. Ancak farkli soguma rejimleri uygulanarak soguma hizina bagl olarak kaynak bolgesindeki bu
¢coziinme ve doniistimler sinirlandirilmistir. Is1 girdisinin etkisiyle birlikte karbonun difiizyonu ve soguma
farkliliklar1 birbirine gore farklilik iceren mikroyap: degisimlerine neden olmaktadir [39-41]. Sogutma rejimine
bagli olarak havada sogutulan kaynakli numunenin IEB tane boyutu soguma hizinin etkisiyle suda ve endiistriyel
yagda sogutulan numunelere nazaran daha kaba ve kolonsal tanelerden olusmustur. Suda sogutulan kaynakli
numunenin IEB tane boyutu soguma hizi daha fazla olmasi nedeniyle diger sogutma rejimlerine nazaran daha ince
olustugu belirlenmistir. TEB’lerdeki mikro taneler incelendiginde soguma hizina baglh olarak yogun olarak
poligonal ferrit, levhali ferrit, tane sinir1 ferriti, Widmanstatten ferrit, az miktarda ise asikuler ferrit, beynit ve perlit
gibi farkli yapilarmn olustugu gézlemlenmistir. Suda sogutulan kaynakli numunenin IEB tanelerinde igne seklinde
martanzite benzer yapilarinda olustugu goézlemlenmistir (Sekil 5 c). IEB’lerde bolgesel olarak farkli yapilarin

olugmast 1s1 girdisine ve soguma hizina baglidir. Literatiirde [1, 3, 25-28, 38-43], ¢eliklerin kaynak metalinde ve
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IEB’de soguma hizina bagli olarak olusan yapilar, tane sinir1 ferriti, Widmanstatten ferrit, asikiler ferrit, beynit ve
perlit olabilecegi ifade edilmektedir.

Her ii¢ sogutma rejiminde olusan kaynak metali mikroyapilari incelendiginde agirlikli olarak tane sinir1 ferriti,
Widmanstatten ferrit ve asikiiler ferrit ve beynit yapilarinin olustugu gézlemlenmistir (Sekil 5 b, d ve f). Ancak
sogutma rejimine bagl olarak kaynak metalinde olusan bu yapilarin miktart ve boyutlari belirgin bir sekilde
farklilik gostermistir. Havada sogutulan kaynakli numunenin kaynak metalinde yavas soguma hizi nedeniyle tane
smuri ferriti, Widmanstatten ferrit ve asikiiler ferrit ve beynit taneleri daha kaba boyutta olusmustur. Endiistriyel
yagda sogutma da ise soguma hizi havada sogutmaya gore artigindan dolay1 kaynak metalinde olusan bu yapilarin
boyutlar1 biraz daha kiictilmiistiir. Suda sogutmada ise en yliksek soguma hizi nedeniyle kaynak metalinde olusan
bu yapilar daha da ince boyutlarda olusmustur. Dolayisiyla da suda sogutma kaynakli numunenin soguma hizini

arttirmis ve mikro tanelerin kabalagsmasina firsat vermemistir.
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3.4 Sertlik Sonuc¢lar

Sekil 6’da 30MnBS5 ¢elik levhalarin MAG kaynak yontemi ile birlestirilmesi sonrasi farkli sogutma rejimlerinde
sogutulan kaynakli numunelerinin kaynak bdlgesi (ana metal, IEB, kaynak metali) sertlik dagilim1 verilmistir. Her
ic sogutma rejimi ile sogutulan kaynakli birlestirmelerde kaynak bolgesi sertlik dagilimi M seklinde olmustur.
30MnBS ¢eliginin sertlik ortalamasi ~80 HRg olarak tespit edilmistir. Kaynakli birlestirmelerde en yuksek sertlik
degerleri IEB’lerde 6l¢iilmiis ve onu sirastyla kaynak metalleri ve esas metaller takip etmistir. Suda sogutulan
kaynakli numunenin kaynak merkezi sertlik degerlerinin havada ve yagda sogutulan numunelere nazaran daha
yuksek oldugu belirlenmistir. Havada sogutulan numunenin kaynak metali merkezinin sertlik degerleri 92.4 HRGg,
suda sogutulan ve endiistriyel yagda sogutulan numunelerin ise sirastyla 97.3 HRg ve 94.3 HRg olarak dl¢iilmiistiir.
Kaynakli numunelerin IEB’lerinde sertlik degerleri kiyaslandiginda, havada sogutulan kaynakli numunede
ortalama 109.9 HRg, suda sogutulan kaynakli numunede 115.6 HRg, endiistriyel yagda sogutulan kaynakli numune
de ise 112.9 HRg sertlik degeri belirlenmistir. Bor, karbiir yapict etkisinden dolay1 kaynak bdlgesinde yiiksek
sicakliga maruz kalan IEB’lerin tane siirlarinda soguma hizina bagh olarak ¢ok ince tane sinir1 bor karbiirleri
(Fe23(B,C)s) olusturabilmektedir [2, 6, 10, 33, 44]. 30MnB5 celiklerin bunyesinde bulunan bor elementi, ¢ok
kuvvetli karbiir yapici olmasi nedeniyle bu ¢eliklerin sertligini arttirici etkisi bulunmaktadir [3, 37, 44, 45]. Borlu
celiklerin igyapisindaki doniigiime etki eden diger bir faktor, bu celiklerin biinyesinde bulunan ¢dziinebilir ve
bilesik olusturmamis bor miktaridir [6, 11, 35]. Borlu geliklerin igerigindeki ¢oziinebilir bor miktar1 kaynak
bolgesinin sogumasi sirasinda Ostenitin ferrtite doniisiimiinii geciktirici etki yapmaktadir [1, 35]. Bu durumda da
kaynak bolgesinin sogumasi sirasindaki doniisiimler daha diisiik sicakliklarda gergeklesmektedir. Doniisiimiin
daha diisiik sicakliklarda gergeklesmesi yapida biiyiik oranda martenzit ve beynitten olusan bir yapi ortaya
cikartmaktadir [33, 40, 44, 46]. Sogutma rejimine bagl olarak soguma hizindaki artig kaynak bdlgesinde martenzit
ve ¢ok ince tane sinirt bor karbiirlerin olusmasina neden oldugu ve bu durumda 30MnBS5 ¢eligin IEB’lerindeki
yiiksek sertlik degerlerine etki ettigi ve arttirdig1 diigiiniilmektedir. Yaakob vd. [35], gaz metal ark kaynak ydntemi
ile birlestirdikleri 22MnB5 borlu ¢eligin kaynak bdlgesinde IEB’lerin sertliginin kaynak metallerinin sertliginden
daha yiiksek oldugunu ve bu duruma da kaynak iglemi sirasinda olusan 1s1 girdisinin mikroyap1 doniigiimiine neden
oldugunu ifade etmiglerdir. Celiklerin kaynaginda IEB’de ¢atlamaya karsi tedbir olarak kaynak bdélgesinin
sertliginin 350 HV’yi (~109 HRg) gegmemesi tavsiye edilmektedir [3, 24-28]. Tarim makineleri kullanimi
sirasindaki ilerleme hizi, toprak cinsi, yiikleme durumu gibi faktorler nedeniyle 6zellikle montaj bolgeleri aym
anda cok farkli gerilmelere maruz kalmaktadir. Uygun mekanik ozelliklere sahip montaj bolgeleri tarim
makinelerinin yapisal biitiinligiinii koruyarak daha uzun émiirlii olmasina neden olmaktadir. Aksi takdirde, tarim
makinelerinin kullanim siirecinde 6nceden 6ngdriilemeyen hasarlar ortaya ¢ikmaktadir [1, 4, 5]. Bu durum da
hammadde zaman, is giicii ve ekonomik kayiplara neden olmaktadir. Sogutma rejimine bagli olarak kaynakli
numunelerin IEB’lerinin sertligi kritik sertlik degerini astigindan dolay1 gatlama hassasiyetine dikkat etmek

gerekir.
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Sekil 6. Kaynakli numunelerin sertlik dagilimi

3.5 Egme Test Sonuclari

Sekil 7°de 30MnBS5 ¢elik levhalarin MAG kaynak yontemi ile birlestirilmesi sonrasi farkli sogutma rejimlerinde
sogutulan kaynakli numunelerinin egme test sonuglari verilmistir. Yapilan egme testi sonucunda 30MnB5
celiginin maksimum egme dayanimi 994.7 MPa olarak belirlenmistir. Egme testi sonucunda ana metallerin
ylizeylerinde deformasyonun sebep oldugu herhangi bir ¢atlama, kirilma v.s gibi problemlere rastlanmamaistir.
MAG yontemi ile birlestirilmesi sonrasi farkli sogutma rejimlerinde sogutulan kaynakli numunelerin egme
dayanimlar1 ana metalden daha yiiksek ¢ikmistir. Kaynak sonrasi havada sogutulan kaynakli numunenin egme
dayanimi 1349.3 MPa olarak belirlenmistir. Bu numunenin egme dayaniminda ana metale gore % 35.6 oraninda
bir artis meydana gelmistir. Kaynak sonrasi suda sogutulan kaynakli numunenin egme dayanimi 1417.5 MPa
olarak belirlenmis ve ana metal ile kiyaslandiginda egme dayaniminda % 42.5 oraninda artig oldugu tespit
edilmistir. Ayrica, kaynak sonrasi endiistriyel yagda sogutulan kaynakli numunenin egme dayanimi ise 1364.3
MPa olarak belirlenmistir. Bu numunenin egme dayanimi ana metal ile kryaslandiginda % 37.1 oraninda bir artis

meydana gelmistir.

Kaynak dikislerinin egme dayanimina kaynak agiz konfigiirasyonu, koruyucu gaz tiirii, elektrot ortii tipi, kaynak
teli tiird, 1s1 girdisi, birlestirilen malzemenin metaliirjik 6zellikleri ve kimyasal kompozisyonu gibi birgok faktor
etki etmektedir [1, 25, 26, 28]. MAG kaynak yontemi ile birlestirilen 30MnB5 ¢eligin kaynak bolgesinin sogumast
sirasindaki doniisiimler sonucu olusan yapilarinin (martenzit, beynit v.s) varligi ve IEB’lerin sertliginin kaynak
metallerinin sertliginden daha yiiksek olmasi farkli sogutma rejimlerinde sogutulan kaynakli numunelerin egme
dayanimi artirmistir. Egme testi uygulanan kaynakli numunelerin ytlizeylerinde eksik metal y1g1lmasi, yanma olugu
kusuru, gézenek, makro ve mikro catlak v.b kaynak kusurlari ile kaynak dikislerinde yetersiz niifuziyet gibi kaynak
kusurlarinin olmamasi, egme testi sirasinda kaynakli numunelerin basarili bir sekilde deforme edilmesine neden
olmustur (Sekil 8). Egme dayanimim arttirict bir diger etkende kaynak kepi nedeniyle kaynak dikisinin kesit
kalinliginin ana metalden daha yiiksek olmasidir [25, 26, 30]. Ciinkii kesit kalinliginin fazla olmasi birim alana
etkiyen kuvvete etki etmistir. Bu durumda kaynak dikislerinin egme dayaniminin ana metalden daha yiiksek

olmasina neden olmustur. Ark kaynaklarinda ilk aranan 6zelligin birlestirmenin mekanik 6zelliklerinin ana metal
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ile ayn1 veya ona yakin olmasidir [3, 24, 28]. Egme testlerinde elde edilen sonuglara gore kaynakli numunelerin
bu sart1 yerine getirdigi ve kaynakli numunelerde deformasyon nedeniyle herhangi hasarin (egilme catlagi v.s)

olugsmadig: belirlenmistir.

Endiistriyel
vagda sogutma

800 1000 1200 1400 1600
Egme Davantm (MPa)

Suda sogutma

Havada so@utma

30MuBS5 celigi

Sekil 7. Egme test sonuglar1

Sekil 8. Egme test numuneleri, a) 30MnBS5 ¢eligi, b) HS, ¢) SS, d) EYS

3.6 Darbe Test Sonucglar

Sekil 9°da 30MnBS ¢elik levhalarin MAG kaynak yontemi ile birlestirilmesi sonrasi farkli sogutma rejimlerinde
sogutulan kaynakli numunelerinin darbe test sonuglar1 verilmistir. Darbe test sonuclar1 incelendiginde 30MnB5
celiginin darbe dayanimi 67.2 J/cm?, absorbe ettigi enerji ise 53.7 J olarak belirlenmistir. Kaynakli numunelerde
en yiiksek darbe dayanimi endiistriyel yagda sogutulan kaynakli numunelerde elde edilmistir. Endiistriyel yagda

2

sogutulan kaynakli numunelerin ortalama darbe dayanimi 64 J/cm? absorbe ettigi enerji ise 51.1 J olarak

Ol¢iilmiistiir. Endiistriyel yagda sogutulan kaynakli numunelerin darbe dayanimi ve absorbe ettigi enerji ana metal
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ile kiyaslandiginda yaklasik % 4.8 oraninda azalmistir. Suda sogutulan kaynakli numunelerde darbe dayanimi 51
Jlcm?, absorbe ettigi enerji ise 40.8 T olarak belirlenmistir. Suda sogutulan kaynakli numunelerin darbe dayanimi
ve absorbe ettigi enerji ana metal ile kiyaslandiginda yaklasik %24 oraninda azalmistir. Havada sogutulan kaynakli
numunelerde darbe dayanimi 57.9 J/cm?, absorbe ettigi enerji ise 46.3 J olarak belirlenmistir. Havada sogutulan
kaynaklt numunelerin darbe dayanimi ve absorbe ettigi enerji ana metal ile kiyaslandiginda sirasiyla yaklasik

%13.7 oraninda azalmistir.

Ark kaynaklar ile birlestirilen ¢eliklerin darbe dayanimlarina kaynak dikisi i¢erisinde bulunan mikro hatalar, tane
boyutu, 1s1 girdisi, soguma hizi, elektrot tiirii gibi birgok faktor etki etmektedir [1, 3, 27, 38]. Elde edilen sonuglar
degerlendirildiginde sogutma rejiminin kaynakli birlestirmelerin darbe dayanimina etki ettigi goriilmektedir. Daha
hizl1 sogutma rejimi olan suda sogutmada kaynakli numunelerin IEB tanelerinde igne seklinde martanzite benzer
yapilarin olusmasi bu numunelerin sertliginde artisa ve buna baglh olarak da darbe dayaniminda diisiise neden
olmustur. Darbe test sonuglar1 géz 6niine alindiginda endiistriyel yagda sogutma yapilan kaynakli numunelerden
ana metala en yakin darbe dayanimi elde edilmistir. Sekil 10°da darbe test numunelerinin kirik yiizey goriintiileri
verilmistir. 30MnB5 ¢eliginin kirik yiizeyleri incelendiginde siinek karakterli bir kiritlma formunun olustugu
goriilmektedir. Kaynakli numunelerin kirik yiizeyleri incelendiginde ise gevrek karakterli kirilma formu

olusmustur. Bu duruma kaynak dikis bolgelerinde meydana gelen sertlik artisinin neden oldugu sdylenebilir.

B Absorbe Edilen Enerji (T) B Darbe Dayanmmi (J/'em?)

Endiistrivel yagda [

sogutma W//////////////%

Suda sogutma

0 30 60 90

Havada sogutma

30MnBS celigi

Sekil 9. Darbe testi sonuglari
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Sekil 10. Darbe test numuneleri kirik yiizey goriintiileri, a) 30MnBS ¢eligi, b) HS, ¢) SS, d) EYS

IV. SONUCLAR

Tarimsal mekanizasyonda yaygin kullanilan 30MnBS ¢eligi levhalar MAG kaynak yontemi ile birlestirme sonrasi
farkli sogutma rejimlerinde sogutulmus ve kaynakli baglantilarin mikroyapi ve mekanik 6zellikleri incelenerek

elde edilen sonuglar asagida sunulmustur;

1. 30MnBS celigi levhalar MAG kaynak yontemi ile uygun kaynak parametreleri kullanilarak basari bir
sekilde birlestirilebilir.

2. Yapilan gozle muayene ve sivi penetrant testleri sonucunda farkli sogutma rejimi uygulanan kaynakl

numunelerde kaynak yiizey hatalarinin olusmadig: belirlenmistir.

3. Kaynak metali ve IEB’lerde tane sinir1 ferriti, Widmanstatten ferrit ve asikiler ferrit, beynit ve martenzit

gibi farkli yapilar olusmustur.

4. Farkli sogutma rejimleri uygulanan tim birlestirmelerde kaynak bolgesi sertlik dagilimi M seklinde
olmustur. Kaynakl: birlestirmelerde en yiiksek sertlik degerleri IEB’lerde oldugu goriilmiis, onu sirasiyla

kaynak merkezi ve ana metal takip etmistir.

5. Egme testi sonucunda uygulanan tiim sogutma rejimlerinde kaynakli birlestirmelerin egme dayanimi esas
metalden yiiksek ¢ikmistir. En yiiksek egme dayanimi suda sogutma uygulanan kaynakli numunede elde

edilmistir.

6. Centik darbe test sonuglarina gore farkli sogutma rejimi uygulanan kaynakli numunelerde en yiiksek
darbe dayanimi endiistriyel yagda sogutulan kaynakli birlestirmede, en diisiik darbe dayanimi ise suda
sogutma islemi uygulanan kaynakli numunede elde edilmistir. Yapilan ¢alisma sonucunda, 30MnB5
celiklerine kaynak sonrasi endustriyel yagda sogutma islemi uygulamanin ozellikle darbe dayanimi

aranilan yerlerde uygulanabilecegi onerilmektedir.
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ARTICLE INFO ABSTRACT

Article history: In this study, we have achieved the successful fabrication of polyvinylidene fluoride (PVDF) and
Received 9 Oct 2023 thermoplastic polyurethane (TPU) nanofiber samples. The key element of our investigation revolved around
Received in revised form 7 Dec 2023 the manipulation of solvent systems, specifically by varying the dimethyl formamide (DMF) to acetone ratio.
Accepted 25 Dec 2023 Our primary objective was to explore the intricate interplay between the chosen solvent system and the

resultant fiber morphology. To accomplish this, we employed a multifaceted approach, which encompassed
the utilization of scanning electron microscopy (SEM) to provide a comprehensive visual representation of
the nanofiber structures and dimensional measurements to quantify their physical attributes. Furthermore,
fourier-transform infrared (FT-IR) spectroscopy was employed to delve into the molecular-level alterations
induced by the solvent systems on the macromolecular morphology of the polymer nanofibers. This systematic
examination not only contributes to a deeper understanding of the nanofiber fabrication process but also holds
significant potential for various applications in the realm of materials science and nanotechnology.
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1. INTRODUCTION

Polymer nanofibers stand out as a prominent category of polymeric nanomaterials, primarily due to their inherent
advantages, notably simplicity and cost-effectiveness. These materials, characterized by their straightforward
production processes and economical nature, also exhibit exceptional characteristics attributed to their nano-scale
web-like structure, encompassing attributes such as a high surface area, porosity, and low density [1, 2]. These
inherent features render nanofibers as highly viable candidates for a diverse range of research endeavors.
Furthermore, polymeric nanofibers lend themselves to functionalization through appropriate physical and/or
chemical techniques, allowing for the customization of their properties to meet specific requirements [3-5].
Researchers have harnessed these attributes in various domains, with prevalent applications encompassing gas and
liquid phase filtration [6-8], drug-delivery systems [9-11], tissue engineering [12, 13], sensors [14-16], and

energy-related applications (e.g., nanogenerators, capacitors) [17, 18].

While a wide array of fabrication methods is employed for nanofiber production, including techniques such as
centrifugal spinning, melt blowing, phase separation, template synthesis, and self-assembly, electrospinning reigns
as the most prevalent approach [19]. Electrospinning can be fundamentally described as the process through which
a polymer, in either a molten or solution state, moves from a feeding nozzle to a collector substrate under the
influence of an electrical field. The application of a specific voltage magnitude (typically up to 100 kV) between
the nozzle and the collector generates the requisite electrical field [20]. In essence, the polymer is propelled from

the nozzle to the collector by electrostatic forces. Initially, the fluidic polymer forms a conical droplet. In the
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subsequent step, this conical droplet transforms into an elongated and thin jet [21]. Beyond the foundational
electrospinning process, adjustments to the fabrication setup can be made to manipulate the resulting fiber
morphology. These modifications can involve alterations to the geometry of various components, such as the
nozzle or collector, as well as the introduction of additional physical forces, such as magnetic fields or gas pressure
[22]. Furthermore, fine-tuning fabrication parameters, which represents a simpler approach than modifying the

device itself, can also be considered as a means to achieve nanofibers with the desired morphology.

The electrospinning process involves several key parameters that play pivotal roles in obtaining nanofibers with
the desired morphology. These critical factors include spinning distance, applied voltage, solution parameters
(comprising viscosity, concentration, polymer molecular weight, and conductivity), feeding rate, and the solvent
system [23]. Spinning distance assumes importance for two primary reasons. Firstly, it directly determines the
magnitude of the electrical field, as it represents the applied voltage per unit distance. In other words, increasing
the spinning distance reduces the electrical field magnitude, which in turn influences the formation of the polymer
jet. Secondly, the spinning distance influences the vaporization of the solvent, a crucial step in solidifying the
polymer into a fibrous geometry. Increasing the spinning distance allows for more extended solvent vaporization
time as the polymer jet traverses the gap between the two electrodes [24]. Applied voltage, being directly linked
to the magnitude of electrical field, represents another key parameter. The applied voltage profoundly impacts the
magnitude of the electrical field, thereby affecting the formation of the polymer jet [23]. Solution parameters,
including viscosity, concentration, and polymer molecular weight, are interconnected factors. Concentration and
molecular weight significantly affect solution viscosity, with higher polymer concentrations or larger
macromolecules resulting in elevated solution viscosity [23, 25]. Excessively high or low solution viscosities are
undesirable, as very low viscosity can lead to bead formation in the nanofibrous structure, while highly viscous
solutions tend to produce thicker fibers during electrospinning [21]. Solution conductivity is another property
which alters the resulting nanofiber morphology. Increased electrical conductivity in a polymer solution amplifies
charge transfer, making the effect of the electrical field force more pronounced during fiber formation [26]. As
another key parameter, feeding an excessive amount of polymer solution, implying a higher load of solvent and
polymer onto the collector, can lead to an increase in nanofiber diameter or, in extreme cases, hinder fiber

formation due to inadequate solvent vaporization [27].

The solvent system, which is defined as a single solvent or mixture of different solvents, in the solution holds
substantial significance for nanofiber production. Indeed, the solvent system employed in the electrospinning
process exerts a comprehensive influence on all the solution properties previously discussed. Typically, polymer
solutions in electrospinning are formulated using at least two solvents, with one of them being highly volatile to
help in the rapid solidification of the polymer jet. On the other hand, the solubility of polymers can vary from one
solvent to another, which in turn alters the viscosity of the polymer solution. Different solvents may have varying
degrees of affinity for a particular polymer, resulting in differences in solubility and ultimately affecting the
solution's viscosity. Moreover, the electrical conductivity of the polymer solution can be modulated by the
selection of different solvent systems. This variability in electrical conductivity is an important parameter in the
electrospinning process, as it directly influences the response of the solution to the applied electrical field. The
judicious selection of solvents is, therefore, a fundamental aspect of optimizing the electrospinning process for

specific applications [28-30].
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Dimethylformamide (DMF), dimethylsulfoxide (DMSQO), dimethylacetamide (DMAc), and N-methyl-2-
pyrrolidone (NMP) are petroleum-derived, polar, and low-volatile solvents. These solvents exhibit high dissolving
power owing to their polarity, making them effective for dissolving most traditional synthetic polymers, including
polyvinylidene fluoride (PVDF), polyacrylonitrile (PAN), thermoplastic polyurethane (TPU), acrylonitrile-
butadiene-styrene (ABS), polystyrene (PS), among others [31-35]. As discussed in the preceding paragraph, the
electrospinning process employing a solvent mixture is a well-established method for producing high-quality
nanofibers. In this context, this group of solvents serves as a common low-volatile component in electrospinning
processes. Notably, they are frequently identified as primary solvents for synthetic polymers in the literature.
Essentially, the low-volatile constituents of solvent systems possess the capability to fully dissolve polymers.
Conversely, a group of high-volatile solvents, such as tetrahydrofuran (THF), acetone, methyl-ethyl ketone
(MEK), and dichloromethane (DCM), are commonly used as volatile components in electrospinning solutions
[36-41]. Within this classification of high-volatile and low-volatile solvents, the DMF-acetone mixture stands out
as one of the most commonly employed solvent systems for the fabrication of TPU and PVDF nanofibers. This

preference is attributed to its low cost and excellent solvability properties [42—47].

In a study focused on solvent system optimization [32], the influence of the DMF/acetone ratio on nanofiber
morphology was investigated. The findings indicate that an increasing acetone ratio leads to lower viscosity, a
factor primarily contributing to bead formation. While this may be considered a defect, the rapid solidification of
polymer jets during the electrospinning process at a high acetone ratio enhances the B-crystalline phase fraction.
A similar work [48], employed a formic acid/chloroform mixture to explore its impact on the morphology of
nanofibrous mats. Due to the low molecular weight of the polymer (26 kDa), electrospun nanofibers could not
achieve a polymer concentration below 30% by weight in pure chloroform. The addition of the low-volatile
component (formic acid) into the solvent system facilitated the production of nanofibers at concentrations below
30% polymer, with an observed trend of thinner fibers as the formic acid amount increased. Notably, a study in
2007 by Tang et al. [49], revealed a relationship between fiber thickness and solidification time. The study
elucidated that polymer jets are stretched between the tip and collector until they lose their solvent completely
during electrospinning. The presence of a high-volatile solvent reduces the solidification time, preventing further
thinning of the jets through stretching. Conversely, an increased ratio of low-volatile solvent results in fused fibers
due to prolonged evaporation time on the collector surface [50]. In summary, during the solution optimization
phase, achieving a balance between high-volatile and low-volatile solvents is crucial for each polymer, even for

different grades of a specific polymer.

PVDF and TPU are commonly paired polymers in advanced materials research due to their complementary
characteristics. For instance, PVDF is a ferroelectric material in its beta crystalline phase but possesses limited
mechanical properties, such as low elongation at the breaking point. In contrast, TPU exhibits unique elastomeric
properties attributed to the presence of hard and soft segments in its molecular backbone. Therefore, the
hybridization of PVDF and TPU polymers through various methods, such as blending [51-54] or hybrid
electrospinning [55,56], presents a viable solution to address the mechanical limitations associated with PVDF. In
this regard, the concept of nanofibrous mats based on PVDF and TPU has gained popularity. Hybridizing these
two polymers in solution form can be achieved through the blending of TPU and PVDF solutions or by employing
a simultaneous electrospinning process where TPU and PVDF polymers. Consequently, solvent system

optimization of these PVDF and TPU polymers for electrospinning process plays a critical role to achieve the
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desired material properties in hybridized nanofibrous mats. In this work, effect of the solvent system on nanofiber
morphology have been investigated in detail. Specifically, the effect of the mixture ratio of acetone and
dimethylformamide (DMF) mixture based solvent system, which serves as a mutual solvent for both PVDF and

TPU, has been demonstrated.

Il. EXPERIMENTAL METHOD

The polymers and solvents used in this study were procured as follows: TPU (130 kDa, Ravathane®, Ravago,
Turkey), PVDF (350 kDa, Alfa Aesar, Germany), DMF (Merck, Saudi Arabia), and acetone (Sigma-Aldrich). The
electrospinning process was carried out separately for TPU and PVDF solutions, with the following parameters:
an applied voltage of 26 kV, a spinning distance of 175 mm, a solution feeding rate of 1 mL/h, and a solution
concentration of 10.0% by weight. To demonstrate the influence of the solvent system on the electrospinning
process, the DMF:Acetone ratio was varied. Specifically, solvent systems with different compositions were
prepared, containing 35.0%, 37.5%, 40.0%, 42.5%, 45.0%, and 50.0% by weight of DMF, as outlined in Table 1.

Table 1. Solvent system description of PVDF and TPU nanofiber samples

Polymer DMF Acetone Sample
% (by weight) % (by weight) Name
PVDF 35.0 65.0 P1
PVDF 375 62.5 P2
PVDF 40.0 60.0 P3
PVDF 425 57.5 P4
PVDF 45.0 55.0 P5
PVDF 50.0 50.0 P6
TPU 35.0 65.0 T1
TPU 375 62.5 T2
TPU 40.0 60.0 T3
TPU 425 57.5 T4
TPU 45.0 55.0 T5
TPU 50.0 50.0 T6

Nanofibrous mats were imaged by scanning electron microscopy (SEM, Carl Zeiss Gemini 300) and both
nanofiber diameters and number of formed beads were measured by IMAGEJ software. Fourier-Transform
Infrared Spectroscopy (FT-IR) measurements were performed to show the change in macromolecular

conformation of nanofibers by varying solvent systems.

111. RESULTS AND DISCUSSIONS
3.1. SEM Results

Scanning Electron Microscopy (SEM) was employed to analyze TPU and PVDF nanofibers, focusing on the
quantification of bead occurrences within the nanofibrous mats and the diameters of the nanofibers. The summary
of these results is presented in Figure 1. Figures 1a depicts the mean diameters of samples T1-T6 and P1-P6. It is
evident that TPU nanofibers, under constant electrospinning parameters and solvent systems, exhibited notably
thinner characteristics compared to PVDF nanofibers. Furthermore, the error bars displayed a higher degree of
diameter uniformity in TPU nanofibers, as they remained confined within a narrower range. Additionally, both

mean diameter and error bars exhibited a decreasing trend as the DMF (Dimethylformamide) concentration in the
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Figure 1. SEM study summarization of TPU and PVDF nanofibers; a) nanofiber diameter measurements of T1-T6 and P1-P6samples, b) bead
numbers results of T1-T6 and P1-P6 samples, c) bead area percentage of T1-T6 and P1-P6 samples, and d) average bead area results of T1-T6

and P1-P6 samples

solvent system increased, up to T5. Examining Figure 1b, it becomes apparent that the diameter sizes and standard
deviation ranges of PVDF nanofibers remained independent of the solvent system. On the other hand, bead
formation emerged as another critical parameter for assessing the quality of nanofiber mats. Figures 1b presents
the quantified number of beads in TPU and PVDF nanofibrous mats. Notably, while the number of bead formation
in PVDF based nanofiber samples ranged from 2 to 34, this range expanded to 46 to 89 for TPU nanofibrous mats.
This significant difference in bead formation can be directly attributed to the polymer's molecular weight and the
formation of polymer atoms. Furthermore, it was observed that an increased DMF ratio led to a substantial
enhancement in bead formation, a consequence of its direct influence on both viscosity and solvent volatility.

Moreover, an inversely proportional relationship between fiber diameter and bead formation was particularly
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notable in T5, T6, P3, and P6 samples. These four samples exhibited the highest bead counts, along with thinner
diameters compared to other samples within their respective polymer groups. Conversely, P2 sample in Figure 1b

appeared to be the least uniform, as it displayed only seven beads, as per SEM images.

The bead area ratio in the samples was determined to demonstrate the bead formation characteristics of TPU and
PVDF polymers (Figure 1c). Total bead area in SEM images was measured using IMAGEJ software. Analysis of
bead ratios in nanofibrous samples revealed that beads occupied an area ranging from 16% to 21% along TPU
nanofibrous samples. In contrast, the area covered by formed beads in PVDF samples ranged from 2% to 10%.
Moreover, consistent with the observation that the fiber diameter of PVDF nanofibers was bigger than that of TPU
nanofibers, the average area of beads was significantly higher in PVDF samples compared to TPU samples.
Besides that, average area of single beads ranged from 5 p2 to 30 p2 for PVDF mats, whereas it was between 0.14
p2 and 0.24 p2 for TPU samples. In summary, although TPU beads were smaller than PVDF beads, the presence
of bead formation defects was a more pronounced issue for TPU nanofibrous mats due to a higher number of
beads. Additionally, both molecular weight effect and increased DMF ratio effect on bead formation as mentioned
in relevant literature [32,48] clearly seen as the result of SEM image based measurements. Similarly, reduction on

fiber diameter by increasing low-volatile solvent ratio is a phenomena that matching the relevant literature [48,49].

Figure 2 and Figure 3 depict SEM images and the fiber diameter distribution graphs of TPU and PVDF-based
nanofibers, respectively. The SEM images revealed that an increase in DMF concentration within the system
resulted in the formation of a structure comprising half film and half fiber on the collector, impeding solvent
vaporization. According to this theory, due to insufficient solvent loss during the jet's trajectory towards the
collector, a buildup of the polymer solution layer occurred on the collector. Consequently, the jets reaching the
collector lost their cylindrical shape, resulting in the formation of a filmic bottom side and fibrous top side structure

(Figure 3f). This failed structure can also be seen as the “fused fiber problem” in the literature [50].
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3.2. FT-IR Studies

The electrospinning process serves not only as a method for the production of nanomaterials, offering advantages
of innovation, simplicity, and cost-effectiveness, but it also exerts a direct influence on macromolecular
morphology, including crystallinity and crystalline phases [55,57-59]. Figure 4 presents the FT-IR results of TPU-
based nanofibers. Characteristic vibrational peaks associated with TPU polymer were observed at 1219 cm™ (C-
N stretching), 1130-1190 cm™* (C-O-C stretching), 1527 cm* (N-H bending), 1595 cm (C=C aromatic vibration),
and 1705 cm™ (C=0 stretching), in accordance with previous literature [60-62]. Interestingly, our findings indicate
that neither the electrospinning process nor the solvent system induced significant changes in the chain morphology

of TPU, a result consistent with the findings of Li's study [60].

In contrast, extensive results have been observed on the macromolecular conformation of PVDF polymer. The
influence of the electrical field on PVDF chains is a well-documented phenomenon. For example, the spontaneous
formation of the B-crystalline phase of PVDF during the electrospinning process enables the fabrication of
electroactive nanofibrous mats. This phenomenon accounts for the prevalence of PVDF nanofiber-based

piezoelectric nanogenerators [18,55]. Characteristic peaks associated with the a-crystalline phase of PVDF were
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observed at 612 cm™, 762 cm, 796 cm™?, 974 cmt, 1148 cm™?, and 1382 cm™ (Figure 5a). Relationship between
the solvent system and a-crystalline phase formation were demonstrated by zooming in on these points in Figure
5b-f. The peak intensities at these points decreased due to the electrospinning process, as the B-crystalline phase
peaks increased. On the other hand, However, the intensity of the a-crystalline phase peak increased with an
elevated DMF ratio in the solvent system. Similarly, the peaks associated with the formation of the B-crystalline
phase (840 cm™ and 1272 cm™ [63,64]) during the electrospinning process at lower DMF ratios exhibited a
decrease in peak intensity with increasing DMF ratio (Figure 5g-h). In other words, reducing the volatility of the
solvent system results in the predominance of the a-crystalline phase in the nanofiber samples, in agreement with

existing literature [65].
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Figure 4. FT-IR spectra of TPU samples
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crystalline phase; g) and h) Zoomed-in spectra highlighting points related to the B-crystalline phase

IV. CONCLUSIONS

Our findings reveal a direct correlation between the solvent system and fiber diameter for TPU, whereby an

increased DMF ratio resulted in thinner nanofibers. Intriguingly, an increase in DMF content also led to increased
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bead formation in the nanofibrous mats. In contrast, the diameter values of PVDF nanofibers, which were thicker
than those of TPU nanofibers, showed no significant dependence on the solvent system. Similar to TPU nanofibers,
the elevation of DMF ratio resulted in increased bead formation. Furthermore, this increase in DMF ratio led to
reduced solvent volatility, resulting in a half-filmic, half-fibrous structure observed in T5, T6, P5, and P6 samples.
FT-IR analysis revealed that while the solvent system had no discernible influence on the macromolecular
conformation of TPU polymer during the electrospinning process, it played a pivotal role in inducing crystalline
phase transitions in PVDF polymer. This study provides valuable insights into the intricate interplay between
solvent systems and the resulting morphological and structural characteristics of nanofibers, enhancing our

understanding of the electrospinning process and its applications.
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Bu ¢aligmada, son yillarda kullanim alanlar1 ve 6nemi giderek artan eklemeli imalat tekniklerinden tel ark
cklemeli imalat yontemi (TAEI) kullanilmistir. Calismada diisiik alasimli gelik olan SG2 gazalti kaynak teliyle
silindir seklinde parga iiretimi yapilmistir. Caliymanin amaci standart olarak temin edilemeyen silindirik
parganin istenilen dlgiilerde TAEI yontemiyle iiretilmesidir. Uretim islemlerinde MIG-MAG kaynak yontemi
kullanilmistir. Uretilen pargadan alinan numunelere mekanik ve metaliirjik testler uygulanmistir. Mekanik
ozellikleri belirlemede ¢ekme ve sertlik testleri, metaliirjik ozellikleri belirlemede ise makro/mikro yapt
¢alismalar1 yapilmistir. Cekme testi 3 farkli numune grubuna (direk alindigi haliyle, sadece frezelenmis
numune, frezelenmig+standart gekme numunesi) uygulanmistir. Cekme testinde numune tiiriine gore degisen
sonuglar elde edilmistir. Numunelerin mikroyapilarinda agirlikli  olarak poligonal ferrit yapist
gozlemlenmistir. Uretilen numuneden &lgiilen ortalama sertlik degerinin yaklasik 166 HV oldugu
belirlenmistir.

Investigation of the mechanical properties of cylindrical part produced by wire arc additive
manufacturing method using SG2 low alloy filler metal
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In this study, wire arc additive manufacturing method (WAAM), which is one of the additive manufacturing
techniques whose usage areas and importance have increased in recent years, was used. In the study, low alloy
steel SG2 arc welding wire was produced in the form of a cylindrical part and in layers. The aim of this study
is to produce the cylindrical part that cannot be supplied as a standard in the desired size by WAAM method.
For this purpose, MIG-MAG welding was used in the study. Mechanical and metallurgical tests were applied
to the samples taken from the produced part. Tensile and hardness tests were used to determine the mechanical
properties, and macro/microstructure studies were performed to determine the metallurgical properties.
Tensile test was applied to 3 different sample groups (as taken directly, milled sample only, milled + standard
tensile sample). In the tensile test, results varying depending on the sample type were obtained. Polygonal
ferrite was observed predominantly in the microstructures of the samples. It was observed that the average
hardness value measured from the manufactured sample was approximately 166 HV.
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I. GIRiS

Uc boyutlu baski ve hizli iiretim olarak da bilinen Eklemeli imalat (EI), katman iizerine katman seklinde
malzemelerin iiretimini ele alan bir tekniktir [1]. EI metal malzemelerin iiretiminde, imalat yontemleri arasinda
onemli bir konumdadir ve teknoloji ile beraber siirekli gelisen ve popiiler hale gelen bir iiretim yontemidir. Bu
teknolojinin en temel prensibi bilgisayar destekli tasarim ile olusturulan kati modelin bir plaka iizerinde {ist {iste
eklenerek katmanlar halinde iiretilmesidir [2]. El; geleneksel iiretim yéntemlerinden biri olan talas kaldirmanin
aksine iiretiminin yapilacagi parcanin katman iizeri katman seklinde ve iiretimi zor olan karmasik geometrili
parcalarin iiretilmesini saglar [3]. Son yillarda arastirmacilar tel ark eklemeli imalat (TAEI) yontemi iizerinde
¢esitli kaynak yontemleri ile farkli malzemeler kullanarak g¢aligmalar yapmakta ve gelistirmektedirler. Kaynak
islemi esasina dayanan bu yontemle farkli kaynak gesitleri ile {iretim yapilabilmekte, malzeme birikimi diger
yontemlerden fazla oldugu igin biiyiik boyutlu metal pargalarin iiretimi yapilabilmektedir [4]. TAEI yénteminde
birgok kaynak yontemi (MIG-MAG, TIG, plazma, lazer, elektron 1gin) kullanilmaktadir. Bu ¢alisma kapsaminda
TAEI alaninda en ¢ok kullanilan MIG-MAG kaynagi tercih edilmistir. MIG-MAG kaynak ydnteminde kaynagi
baslatmak i¢in gereken 1s1, ergiyen ve siirekli beslenen tel elektrot ile birlestirilecek parga arasinda olugan ark ve
elektrottan gegen kaynak akimimin direnci ile olusan 1sidan iretilir. Kaynak teli otomatik olarak ark bolgesine
gonderilir, ergiyerek kaynak metalini olusturur. Kaynak esnasinda kaynak bolgesi koruyucu bir gaz ile

korunmaktadir [5].

Yapilan literatiir arastirmalarinda MIG-MAG kaynak yontemi kullanilarak ¢ok sayida demir ve demirdisi
malzemeden olusan duvar tipi parcalar iiretilmistir [6-15]. Huang ve arkadaslar1 [6] derleme makalelerinde EI
yonteminde karsilasilan zorluklari, malzeme se¢imini, isleme yontemini, katmanlarin kalitesini iyilestirme
calismalar1 ve mikroyapr ¢aligmalarmi, Turgut ve arkadaslar1 [7] SG2 diisiik alasimli gelik malzemeyi TAEI
yontemi ile tretirken katmanlar arasi bekleme siiresinin malzemenin mekanik 6zelliklerine ve mikroyapisina
etkilerini arastirmiglardir. Reisgen ve arkadaslari [8] eklemeli imalat yontemi ile SG2 gazalt1 kaynak teli kullanarak
soguma hizi ve sogutma ortamlart {izerinde arastirma yapip su ve basingli hava ile sogutma yaparak soguma sonucu
numunelerin termal etkilerini, mikroyapilarimi ve sertlik degerlerini incelemislerdir. Holscher ve arkadaslari [9]
EN I1SO 14341-A gazalti kaynak teli kullanarak elektrot ve parga arasindaki ark boyu mesafesini arastirmislardir.
Tasdemir ve Nohut [10] derleme makalelerinde EI yénteminin gemi insa endiistrisinde kullanimimi arastirmus,
gemi sektoriinde oldukca yogun olarak kullanilan karmasik yapili ve biiyiik parcalarin (yay, diimen, pervane)
dokiim yéntemi ve TAEI yéntemi ile iiretimini karsilastirmislardir. Prado ve arkadaslar1 [11] SG2 gazalti kaynak
teli kullanarak karmasik sekilli pargalarin TAEI yontemi ile daha diisiik 1s1 girdisi ile daha diisiik maliyet ve daha
yiiksek hizda tiretimini aragtirmiglardir. Sydow ve arkadaglari [12] SG3 gazalti kaynak teli kullanarak {irettigi
parcanin yeniden kristallesme durumunu, mikrosertlik degerlerini ve mikroyapilarini incelemislerdir. Dirisu ve
arkadaglart [13] diisiik alasimli ¢elik malzeme kullanarak duvar bigiminde pargalar iiretmis, lirettikleri pargalarin
kirilma direncini aragtirmis, mekanik testler ve mikroyapi c¢aligmalari uygulamiglardir. Li ve arkadaslar1 [14]
derleme makalelerinde TAEI yontemiyle iiretilen duvar tipi ¢aligmalar1 analiz etmislerdir. Jahns ve arkadaslar:
[15] diisiik alasimli celik malzeme kullanarak ve TAEI ile iirettikleri diiz duvar bigimindeki par¢anin insaat

sektoriinde kullanilabilirligini arastirmislar ve numunelere mekanik testler uygulamislardir.

TAEI yénteminde MIG-MAG kaynak teknigi kullanilarak silindirik malzeme fiiretilebilirligi konusunda bazi
¢aligmalar bulunmaktadir [16-19]. Rodrigues ve arkadaglari [16] ER110S-G diisiik alagimli gazalti kaynak teli
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kullanarak TAEI yéntemi ile iirettikleri pargaya iiretim sirasinda SiC eklemisler, mekanik ozelliklerini ve
mikroyapilarini aragtirmiglardir. Nagasai ve arkadaslari [17] diisiik alasimli ¢elik gazalti kaynak teli ile iirettikleri
silindir parganin mekanik ve mikroyapt Ozelliklerini, mikrosertlik 6zelliklerini incelemis ve ¢ekme testleri
yapmiglardir. Yildiz ve arkadaslari [18] SG2 gazalti kaynak teli kullanarak yaptiklar ¢alismada tel besleme hizi
ve ilerleme hiz1 gibi parametrelerin parcaya olan etkilerini aragtirmiglar ve tirettikleri parcalar1 mekanik testler ve
mikroyap1 incelemeleri uygulamislardir. He ve arkadaslar1 [19] TAEI yontemiyle EH700-1 malzeme kullanarak
hem silindirik ¢evresel hem de silindirik eksenel besleme seklinde iiretim yapmislar ve iiretilen parcalarmn

mikroyapi 6zelliklerini ve ayni bilesige sahip dokiim pargaya gore farkliliklarini aragtirmislardir.

Verilen bilgiler dogrultusunda gériildiigii gibi TAEI yoéntemiyle silindirik parga iiretimi iizerine c¢aligmalar
mevcuttur. Bu ¢alismanin benzerlerinden farkli yonii tiretimin farkli sekilde gerceklesmesi ve iiretilen parcaya 3
farkli bigimde (direkt alindig1 haliyle, sadece yiizey islemine tutularak ve hem yiizey islemine tutularak hem de
standart ¢ekme numunesi haline getirilmesiyle) ¢ekme testi uygulanmasidir. Bir bagka ifade ile iiretimi
gerceklestirilen numuneler; direkt alindig1 haliyle, sadece frezelenmis ve frezelenmis+standart gekme numunesi
haline getirilmistir. Béylelikle TAEI yéntemi ile iiretilen numunelerin yiizey islemlerine tabi tutularak veya
tutulmadan servis sartlarinda kullanimlarinin mekanik 6zelliklere etkisi belirlenmistir. Calismalar sonucunda ti¢
farkli degiskenin kullanimindan elde edilen verilerin benzerlik ve farkliliklari neden-sonug iligkisi ile
degerlendirilmistir. Ayrica tretilen numunelere sertlik testleri ile mikroyap1 ¢alismalar1 yapilarak iiretimlerin

mekanik 6zellikler ile iliskileri aragtirilmigtir.

Il. DENEYSEL METOT

Gazalt1 kaynak yontemi kullamlarak TAEI yontemiyle silindirik parga iiretiminin amaglandig1 bu ¢alismada MIG-
MAG kaynak islemlerinde en ¢ok tercih edilen SG2 gazalti kaynak teli kullanilmistir. Kullanilan ilave telin (SG2)

mekanik dzellikleri (akma, cekme ve centik darbe dayanimi) ve kimyasal bilesimi Tablo 1’de verilmistir.

Tablo 1. Calismalarda kullanilan ilave metalin kimyasal bilesimi ve mekanik 6zellikleri

Kimyasal bilesimi

3 Kaynak Metali Mekanik Ozellikleri
(Agwrlik¢a %)

Akma dayanim Cekme Dayanim Uzama
(N/mm?) (N/mm?) (%)

0.07 145 090 Kalan 460 560 27

C Mn Si Fe

TAEI yontemi ile silindirik parca iiretim islemleri igin ¢ok sayida 6n ¢alisma yapilmis ve nihai {iretim parametresi
Tablo 2’de verilmistir. Sekil 1’°de {iretimin yapildig1 makinenin resmi ve kaynak islemi esnasinda katmanlarin

olusturuldugu goriintiiler verilmistir.

Tablo 2. TAEI islem parametreleri

Kaynak Akim Volt  Telilerleme mzi  Torg ilerleme Hizi  Tel Capt K Gaz debisi
) v) (m/dk) (m/dk) (mm) oruyueu gaz (1/dk)
105-120 20-22 3 2 12 %86 Ar, %12 CO2, %2 02 16
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Sekil 1. TAEI islemlerinin gergeklestirildigi makine ve {iretim asamalarindan bazi goriintiler

Belirlenen parametreler dahilinde {iretim islemine baglanarak Sekil 1°de gosterildigi gibi katmanlar olusturmustur.
Katmanlar olusturulur iken her bir katman tamamlandiginda tiretim otomatik olarak durdurulmus ve kaynak dikis

sicakligiin (katmanlar arasi sicaklik) 80-90 °C’ye sogumasi saglanacak sekilde beklenilmistir.

Uretim tamamlandiktan sonra ayni yontem ve parametreler kullanilarak ayni pargadan bir adet daha iiretilmis ve
oksit tabakalari tel firga ile temizlenmistir. Pargalarin birine Sekil 2°de goriildiigii gibi i¢ ve dis tornalama
yapilirken, digerinden kesme makinesiyle 10 mm genisliginde 10 adet parca alinarak, mekanik testler igin

numuneler hazirlanmastir.

Sekil 2. Uretimi gergeklestirilen parcalar (a) Uretildigi haliyle, (b) Dis yiizeyin tornalanmast ve (c, d ve e) Tornalanmis numuneler
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Test numuneleri Sekil 3’te de goriildiigii gibi bir kismi pasolu halde kalirken (alindig1 haliyle), diger kismi deney
numunesi ¢ikarilabilmesi i¢in 6n ve arka kisimlarinda yer alan genis bolgeler frezeleme islemine (sadece
frezelenmis) tabi tutulmustur. Frezelenmis numunelerin bir kismi CNC freze ile g¢ekme numunesi

(frezeleme+standart cekme numunesi) haline getirilmistir.

(b) (c)

Sekil 3. Uretimi gerceklestirilen parcalar (a) Uretildigi haliyle, (b) Dis yiizeyin tornalanmasi ve (c, d ve ) Tornalanmis numuneler

Sekil 3’te verilen 3 grup numuneye ¢ekme testi yapilmis ve sonuglar kendi aralarinda kiyaslanmistir. Cekme
testleri oda sicakliginda ve 2 mm/dk ¢ekme hizinda yapilmistir. Sekil 4’te ¢ekme test cihazi ile ¢cekme testi

esnasindan (alindig1 hali ile test yapilan numune) bir goriintii paylasilmistir.

Sekil 4. Cekme testi (a) Cekme cihazi ve (b) Test islemi esnast

Mikroyap1 ve sertlik numunesi direkt olarak iretilen silindirik parga boyunca kesilerek alinmig, metalografik

islemler i¢in 3D yazict ile kalip olusturulmus ve bakalit i¢ine alinarak Sekil 5°te goriildiigii gibi numune

sabitlenmistir.
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Sekil 5. Bakalit i¢ine alinan mikroyap: numunesi

Mikroyap1 incelemeleri i¢in kullanilan numuneler zimparalama, parlatma ve daglama iglemlerine tabi tutulmustur.
Numuneler sirastyla 80, 180, 240, 400, 600, 800, 1000, 1200 sulu kum zimparalara kagitlartyla zimparalanmistir.
Daha sonra parlatma islemi igin parlatma kegesi ile sirasiyla 6 p ve 1 p boyutunda elmas pastalar kullanilarak
parlatilmistir. Hazirlanan numune %2 nital ¢ozeltisiyle 10 sn boyunca daglama islemine tabi tutulmus ve optik
mikroskopla (Nikon Epiphot 200) mikroyapilar1 incelenmistir. Sertlik 6lgtimleri tabandan baglayarak 100 um
araliklar ile 10 adet, devaminda 4 mm araliklar ile 28 adet ve {ist kisimda ise yine 100 um araliklar ile 10 adet
olmak tizere toplamda 48 dlciim yapilmistir. Mikro sertlik 6l¢iimleri Shimadzu marka Vickers sertlik 6l¢iim

cihazinda, 500 g yiik altinda ve 10 sn. bekleme siiresinde gerceklestirilmistir.

III. BULGULAR VE TARTISMA
3.1 Gozle Muayene

Uretim esnasinda yapilan gozlemlerde TAEI yontemiyle iiretilen par¢anin baslama ve bitis yerlerinde kismi dikis
bozulmalarinin (baslangigta yiiksek, bitiste ise diisiik) oldugu ancak bir sonraki pasonun bu bozukluklar: giderdigi
goriilmiistiir. Ayrica iiretilen par¢ada TAEI ile iiretimde sik karsilasilan par¢a duvarindan sarkma, ark sapmasi ve
merkezden kaciklik hatalarinin olusmadig tespit edilmistir. Tiim bunlarin yaninda Sekil 2 a’da goriildiigii gibi her
bir pasonun yaklasik ayni ylikseklige sahip olmasi, pasolar arasinda ani girinti ve ¢ikintilarin olusmamasi
biriktirme iglemlerinin gayet basarili oldugu sonucunu gostermistir. Ayrica iiretimi gerceklestirilen numunelerin
i¢ ve dis yiizeylerinin iglenerek son seklinin verildigi ¢alismalar sonucunda iiretilen numunelerde herhangi bir

kaynak kusurunun (bosluk, gézenek, makro ¢atlak vb.) bulunmadigi belirlenmistir (Sekil 2 c-e).

3.2. Cekme Testi

TAEI yéntemi ile iiretilen silindirik parcanin statik yiik altindaki davramslarinin belirlenmesi i¢in numunelere
cekme testi yapilmistir. Yapilan testler Sekil 6’da goriildiigii gibi direkt iiretildigi haliyle olan kaynak pasolu
numunelere, Sekil 7’de sadece ylizeyleri frezelenmis numunelere ve Sekil 8’de goriilen yiizeyleri
frezelenmis+standart gekme numunelerine olmak {izere 3 farkli grup halinde yapilmis ve cekme grafikleri Sekil 6,

Sekil 7 ve Sekil 8’de verilmistir.

Sekil 6’da gosterildigi gibi ¢ekme testleri sonucunda kaynak pasolu numuneler (alindig1 haliyle) ¢ekme testi
sonunda ortalama 22.21 kN yiik etlisi altinda ortalama 10.36 mm uzama gostermislerdir. Sekil 7’de gosterildigi
gibi cekme testleri sonucunda sadece frezelenmis numunelerin dayanimlari ortalama 485.77 N/mm?, uzamalar ise
%24.47 olarak ol¢lilmiistiir. Son olarak Sekil 8’de gosterildigi gibi frezeleme+standart ¢gekme numunelerine

yapilan gekme testi sonucunda ortalama gekme dayanimi ortalamalar1 495.96 N/mm?, uzamalar1 ise %24.52 olarak
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ol¢tilmistiir. Bilindigi gibi gekme testi esnasinda test cihazina gekme testi yapilan numunenin genisligi ile kalinlig1
girilerek test sonucunda birim alana diisen yiik N/mm? cinsinden bulunmaktadir. Yapilan ¢alismada elde edilen ii¢
farkli ylizey 6zellikleri benzer olmadigindan iiretimden alindigi hali ile gekme testi yapilan numunelerde bu gekme
test makinasina malzeme boyutlarini girmek miimkiin olmamistir. Ciinkii tiretimden ¢ikan numunede geniglik sabit
olmasma karsin (9 mm) standart bir kalinlik yoktur. Burada her bir pasonun ortasi en yiiksek 6l¢iiye sahipken
(ortalama 7,4 mm) pasolar aras1 gegis Olgiisli ise en diisiik 6l¢iiye (ortalama 6,1 mm) sahiptir. Ayrica bu tiir
Uretimlerde her bir paso olgiistiniin farkli oldugu diisiiniildiigiinde standart bir boyut girmek ¢ok zordur. Bu
numune i¢in alinan en kiigiik dlgiimler dogrultusunda ¢cekme dayanimi ortalama 22.21x1000/6.1x9=404.6 N/mm?

hesaplanmuistir. Bu iiretimdeki uzamanin da ortalama %10.36 oldugu belirlenmistir.

N2 N3

Yik | Uzama
(kN) (%)
N1 23.66 B8.81
N2 20.86 7.49
N3 | 22.11 | 14.78
Ort. | 22.21 | 10.36
| | | | | |

0 5 10 15 20 25 30 35 40 45 50(P
Uzama (%)

Sekil 6. Alindig: haliyle kaynak pasolu numunelerin (a) Gekme grafikleri, (b-d) Test sonras1 makro resimleri

@) 500

- L N1 N2 N3

E

£ 480

g —

— 360

E Cekme Muk. | Uzama

a 240 L (Nmm? (%

> N1 485.46 2484

] N2 | 48829 23.03

3 120 N3 483.57 24 65

= Oon. 485,77 24.47

g | | | [ [

3 0 20 40 60 80 100 120 140 160
Uzama (%)

Sekil 7. Frezelenmis numunelerin (a) Cekme grafikleri ve (b) Test sonrasi makro resimleri
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Sekil 8. Frezelenmis+standart cekme numunelerin (a) Gekme grafikleri ve (b) Test sonrasi makro resimleri

Diger iki isleme yontemi ile iiretilmis (sadece frezelenmis ve frezelenmis+standart ¢ekme numunesi)
numunelerden elde edilen ¢gekme mukavemetleri ile % uzamalarin birbirlerine ¢ok yakin oldugu ve bu da
numunelerde gentik etkisi yapacak herhangi bir dizensizligin olmadigi sonucunu ¢ikarmaktadir. Ham hali ile
¢ekme testi yapilan numunede ise liretimin en dar bdlgesi ¢ekme testi esnasinda deformasyona ugramakta
dolayisiyla % uzama degerleri islenmis numunelere gore ciddi kayiplar verirken, gekme dayanimlar1 % uzamalara
gore daha yakin sonuglar sergilemektedir. Ham hali ile yapilan ¢ekme testinden elde edilen sonuglart diger
ikisinden ay1ran bir diger farkin da yapilan 3 adet ¢gekme testinden elde edilen sonuglarin birbirlerine uzakligidir.
Bir baska ifade ile ham hali ile yapilan ¢ekme testlerinde mukavemet degerlerinde %15’e yakin bir kayip
goriiliirken, diger iki numune tiiriinde bu deger %]1’in bile altinda kalmaktadir. Benzer sekilde uzamalara
bakildiginda ham hali ile yapilan testte %100’e yakin bir kayip 6lgiiliirken diger iki numune tiiriinde bu deger

%1’1n altinda kalmaktadir.

TAEI yontemiyle iiretilen numunelerin kopma morfolojileri incelendiginde ham hali ile yapilan testlerdeki N1 ve
N2 kodlu numunelerde (Sekil 6b) ani ¢entik etkisinden dolay: dik bir kirilma bigimi ve biiziilme gézlenmez iken
N3 kodlu numunede yaklasik 45°°lik bir egik kirilma yiizeyi ve belirgin bir biiziilme (Sekil 6b,d) goriilmektedir.
Ayrica N3 kodlu numunede (Sekil 6¢) cekme testi esnasinda numunenin deformasyona maruz kalan bdlgesindeki
pasolar arasinda belirgin catlaklarin olustugu goriilmektedir. Cekme test numunesinde olusan bu ¢ok sayidaki
catlagm iretimlerin tekrarlanabilirliklerinin yiiksek oldugunun bir gostergesi olarak degerlendirilebilir. Aksi
durumda pasolardan herhangi birisinde hata olmasi durumunda bu ¢oklu ¢atlak olusumu yerine sadece ¢entik etkisi

yapacak olan kisimdan ¢atlak baslayip catlak olusturabilecegi ve bu kisimdan kopabilecegi diigiiniilmektedir.

TAEI yéntemi ile iiretilen numunelerin kopma yiizeyleri gézle muayene edildiginde tiim numunelerin siinek
kopma gergeklestikleri belirlenmistir. Uretimlerde kullanilan SG2 kaynak telinin mekanik ozelliklerine
bakildiginda uzama miktar1 minimum %22 olarak verilmistir. Alindig1 hali ile yapilan testler disinda iiretilen
numunelerin % uzama ortalamalar1 yaklasik olarak sadece frezelenmis numunelerde %24.4, frezelenmis+cekme
numunelerinde ise %24.5 olarak dl¢iilmiistiir. Bu iki numuneden elde edilen degerlerin orijinal tel dayanimindan
yiiksek ¢ikmasinin sebebi iiretim esnasindan pasolarin siirekli olarak 1sil isleme maruz kalmasi dolayisiyla 1s1l
islem gormesinden kaynaklandig1 disiiniilmektedir. Dagyikan ve arkadaglar1 [20] SG2 gazalti kaynak teli
kullanarak TAEI yontemi ile iirettikleri duvar seklindeki par¢adan numune alarak ¢ekme testine tabi tutmuslar,

¢ekme dayanimini ortalama 504+=4 N/mm? ve uzama miktarmi ortalama %27.6+0.7 olarak bulmuslardir. Shukla

182



Tel ark eklemeli imalat J. Innovative Eng. Nat. Sci., c. 4, s. 1, s5.175-187, 2024.

ve arkadaslar1 [21] SG2 tel ile iirettikleri parganin gekme testi sonuglarinda cekme dayanimini 482 N/mm?, uzama
miktarint %24.5 olarak bulmuslardir. Literatiirde bulunan bu degerler ¢aligmada bulunan frezeleme+ standart
numune degerleriyle kiyaslandiginda (dayanim: 495.96 N/mm?, uzama: %24.52) birbirine yakin degerler elde
edildigi gorilmistir. Bunun sebebinin kullanilan telin ve kullanilan kaynak ydnteminin benzer olmasindan
kaynaklandigi sOylenebilir. Bu tiir iretimlerde benzer yontem ve ilave tel kullanilarak farkli sonuglar da elde
edilebilir. Bu farkliligin iiretimin yapildig:1 ortamdan kaynaklanabilecegi gibi pasolar arasi gegis sicakligi ve

kaynak esnasindaki farkli 1s1 girdilerinden etkilenebilecegi bir gergektir.

SG2 telin kimyasal bilesimi piyasadan temin edilebilen St37 malzemesine oldukga benzerdir. St37 malzemesinin
dayanimi, kalmlign 3 mm-100 mm arasinda de@isen malzemeler igin 340-470 N/mm? araliginda oldugu
belirtilmistir [22]. Uretilen SG2 malzemeli yapinin frezelenmis+standart numunesinde 495.96 N/mm? dayanima
sahip oldugu goz oniine alindiginda iiretilen yapida St37 malzemesinin belirtilen referans degerinden daha yiiksek

dayanim elde edildigi soylenebilir.

3.3. Mikroyap: Calismalar:

Numunenin mikroyap1 ¢aligmalar1 i¢in insa yoOniine gore alt, orta ve list kisimlarindan mikroyap1 6rnekleri
almmustir. Mikroyap1 degerlendirmeleri Sekil 5°te gosterilen bolgelere gore yapilmistir. Numunenin alt, orta ve

iist kismindan farkli biiyiitmelerde alinan mikroyapi goriintiileri Sekil 9, Sekil 10 ve Sekil 11°de verilmistir.

TAEI yontemi ile iiretilmis numuneden elde edilen mikroyap1 goriintiilerinde tane sinirlarinda kiigiik perlit
bolgelerinin oldugu tipik bir ferritik yap1 goriilmektedir. Sekil 9 ve Sekil 10 incelendiginde yapilarin agirlikli
olarak poligonal ferritik oldugu bunlarin aksine Sekil 11’in ise daha ¢ok Widmanstatten ferritik yapida oldugu
goriilmektedir. SG2 telinden iiretilen yapida tekrarli katmanlarin yeniden kristallesmesinden dolay1 yapida tane
sinir1 ferrit bulunabilmektedir [20]. Tane sinir1 ferritin ¢atlagin kolay ilerlemesine etkisi bulunmaktadir [13].
Burada ilk iki goriintiiniin iiretimin alt ve orta kismina ait oldugu diisiiniildiigiinde bir sonraki pasonun ve daha
sonraki pasolarin sicakligimin etkisi ile tek pasolu kaynak islemlerinde elde edilen asikiiler ve Widmanstatten
ferritik yapilarini 1s1 etkisi ile poligonal morfolojiye doniistiirdiigii belirlenmistir. Bilindigi gibi 1s1l islem
stireglerinde malzemeler farkli sicakliklarda farkli tane morfolojilerine sahip olmaktadirlar. Ayrica ¢ok pasolu
kaynak ve biriktirme islemlerinde her bir pasonun maruz kaldigi ismnin homojen olmayisi mikroyapilarda
farklilagmaya neden olmaktadir. Hatta bu 1s1 girdisinin farkli olmasi1 ayni katman igerisinde tane biiytikliigiinii bile
etkilemektedir. Bir bagka ifade ile bir katmanin yiiksek sicakliga maruz kalan bolgesinde tane irilesmesi meydana
gelirken daha diisiik sicaklik bolgesinde ince taneli es eksenel ve poligonal yapilar olugsabilmektedir. Bu nedenle
TAEI yontemi ile iiretilen malzemelere homojen olmayan bir 1s1 dagilimi nedeniyle homojen bir mikroyapinmn

olmasi beklenmemelidir.

Mikroyap1 sonuglar1 genel olarak (alt, orta ve tist) degerlendirildiginde bazi bolgelerde tane irilesmesi gozlendigi
biriktirme igleminde st iiste uygulanan pasolarda ya da ¢ok pasolu kaynak uygulamalarinda her bir pasonun
onceki paso tizerinde 1s1l islem yaptig1 dolayisiyla da biriktirme islemi sirasinda homojen olmayan 1s1 dagilimi
sebebiyle farkli mikroyapisal doniisiimler olustugu tespit edilmistir. Literatiir arastirmalarina bakildiginda
calismalar agirlikli olarak diiz duvar bigiminde olup benzer sonuglarin elde edildigi goriilmiistiir. Ayan [23] TAEI

yontemiyle ve SG2 gazalti kaynak teli ile yaptiklari ¢alismanin mikroyapisinda agirlikli olarak poligonal ferrit
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fazina rastlamislardir. Benzer sekilde Dagyikan ve arkadaslar1 [20], ve Ayan ve Kahraman [24] da TAEI yontemi
ile tirettikleri numunelerde benzer sonuglarin yaninda ilk iiretilen alt katmanlarin orta ve iist kisimlara gore daha
fazla sicaklik gevrimlerine maruz kaldig1 bu nedenle TAEI yéntemi ile iiretilen malzemelerde homojen bir
mikroyapinin olmadigini belirtmislerdir. Fang ve arkadaslari [25] diisiik alasimli ¢elik malzeme kullanarak diiz
duvar bi¢iminde iiretim yapmislar ve numunelerin mekanik o&zellikleri ile mikroyapilarini incelemislerdir.
Caligmalar1 sonucunda alt, orta ve iist kisimlarda farkli mikroyapilara rastlamislar ve bunun sebebinin artan 1s1

girdisi ile mikroyapinin degistigi olarak agiklamislardir.

Sekil 11. Ust kisim mikroyapi goriintiileri
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3.4. Mikrosertlik Calismalar

TAEI yéntemi ile iiretilen numune kesitinden kaynak insa yoniine dogru kesit boyunca dlgiimler alinmis ve

sonuglar grafik olarak Sekil 12°de verilmistir.

Sekil 12°de verilen sertlik grafigi incelendiginde grafigin ii¢ belirgin bdlgeden olustugu goriilmektedir. Bu bolgeler
altlik malzemenin iiretim iglemlerine dahil oldugu alt kisim, pasolar arasi sicakligin sabit oldugu ve ayni 1sil
islemlere (temperleme) maruz kalan ve olduk¢a genis bir alan1 kapsayan orta kisim ve son olarak tizerine baska
bir pasonun uygulanmadig1 dolayisiyla 1sil isleme maruz kalmayan son pasodur. Burada baslangic kisimdaki
yiiksek sertligin sebebi genellikle altlik malzemeden {iretim katmanlarina dahil olan altlik malzemedeki alagim
elementlerinin yiiksekligi ve ayrica ilk pasoda oda sicakliginda olan altlik malzemenin kaynak soguma hizini
yikselterek sertligi arttirmasidir. Benzer sekilde son pasoda sertligin orta kisimlara gore bir miktar yiiksek
olmasinin sebebi ise bu pasonun temperleme 1s1l iglemine maruz kalmamasi olarak gosterilebilir. Bir bagka ifade
ile son paso oda sicakligmma normal atmosferik sartlarda sogumakta dolayisiyla bir sonraki paso bu pasoya
temperleme 1s1l islemi yapamayacagindan bu paso daha sert olabilmektedir. Bu iki kisimdaki sertlik bdlgelerinin
yiikseklik farki mikroyapilarinin farklarindan kaynaklanmaktadir. Orta bolgede ise az bir fark olmakla birlikte
sertligin kirilmalar gostererek degistigi sabit ve genis bir alan mevcuttur. TAEI islemi ile iiretilen
konstriiksiyonlarda genellikle ilk ve son pasolar tiraglanarak kullanildiklarindan orta bolgedeki sertligin birbirine
yakin olmast homojenlik a¢isindan 6nemlidir. Ancak orta bolgedeki herhangi bir pasonun bir miktar1 bir sonraki
paso tarafindan yeniden ergitilip katilagirken bu ergimis katilasmig bolgeye bitisik olan kisim sadece 1s1 tesiri altina
maruz kalmaktadir. Bir bagka ifade ile orta kisimdaki her bir pasoda hem ergiyip katilasmis ve sonrasinda
temperlenmig bir boliim hem de bir ITAB mevcuttur. Dolayistyla sertlikte meydana gelen bu kirinimlarmn baslica
sebebi lgiimiin yapildig1 bdlgenin mikroyapisidir. Uretilen numunenin orta bolgesinden elde edilen ortalama
sertlik degeri 166 HV olarak hesaplanmistir. Benzer caligmalara bakildiginda SG2 tel kullanarak bir duvar tipi
parga iiretilen ¢aligmada ortalama sertligin 165 HV oldugu hesaplanmistir [24]. Rafieazad ve arkadaglar1 [26] da
diisiik alasimli celik ile ortalama 160 + 7 HV degerini, Waqas ve arkadaslar1 [27], TAEI yontemi ile iirettikleri ve
SG2 gazalti kaynak teli kullandiklar1 ¢alismalarinda benzer sekilde sertlik degerini ortalama 170 HV olarak
hesaplamiglardir. Ayan ve Kahraman [24] SG2 ilave tel kullanarak ¢ok pasolu bir duvar tipi parga liretmisler ve
mikroyap1 ¢alismalar1 sonucunda TAEI islemi sirasinda iiretilen katmanlarin, iist katmanm erimesi nedeniyle
stirekli olarak 1stya maruz kaldiginit bu nedenle ilk olusturulan katmanlarin sicaklik gradyanlari orta ve iist
bolgelere gore daha yiiksek oldugunu belirtmislerdir. Ayrica ergiyik havuzunun disindaki 1sidan etkilenen
boélgenin altindaki alanlarin stirekli 1s1l gevrimlere maruz kaldigini bu nedenle iiretilen pargalarin bolgesel olarak

farkli mikro yapilar icermesinin kaginilmaz oldugunu vurgulamislardir.

Sertlik (HVos)
=
8

50

0 20 40 60 80 100 120
Taban-Ug¢ Mesafesi (mm)
Sekil 12. Sertlik grafigi

185



J. Innovative Eng. Nat. Sci., c. 4, s. 1, 5.175-187, 2024. Tel ark eklemeli imalat

IV. SONUCLAR

Bu ¢alisma TAEI yontemi kullamilarak piyasada hali hazirda standart boyutlarda iiretimi olmayan istenilen
boyutlarda silindirik parga tiretimi yapabilmek amaci dogrultusunda gergeklestirilmistir. Caligmalar neticesinde

elde edilen genel sonuglar asagida siralanmistir.

e TAEI yontemiyle iiretilen silindirik pargalarin gozle yapilan muayenelerinde bu tiir iiretimlerde siklikla
meydana gelen hatalara (eksenel sapma, dikis sarkmasi, yetersiz niifuziyet vb.) rastlanmamaistir. Diizgiin bir

dikis formu ve dikis kalitesi ile diizenli katmanli yapilar elde edilmistir.

® (Cekme testlerinde en yiiksek ¢ekme dayanimlari sadece frezelenmis ve frezelenmist standart cekme
numunesi haline getirilmis numunelerden elde edilmistir. Alindigt hali ile yapilan ¢ekme testlerinden ise
yaklasik SG2 telin katalog verisindeki dayanima gore %82 verim elde edilmistir. Cekme testinden elde edilen
% uzama degerlerinde ise uzama miktari islenmis numunelere gore yaklasik %42 azalmistir. Sonug olarak
yiizeyi islenmemis numunede % uzama miktarinin ¢gekme mukavemetine gore daha fazla etkilendigi tespit

edilmistir.

®  Yapilan mikroyapi ¢alismalarinda alt ve orta bolgelerde yogun olarak poligonal ferrit fazi goriiliirken iist
kisimlarda daha ¢ok Widmanstatten ve asikiiler ferrit fazna rastlanilmistir. Ayrica iiretimlerin farkl
bolgelerinin farkli sicaklik ¢evrimlerine maruz kaldig1 bu nedenle TAEI yontemi ile iiretilen malzemelerde

homojen bir mikroyapinin olugmadig1 belirlenmistir.

e Insa yoniinde kesit boyunca sertlik degerleri 6l¢iilmiis ve iiretimin ii¢ bolgeden olustugu goriilmiistiir. Genel
olarak en genis bolge olan orta bolgeden birbirine yakin degerler dlgiiliirken, ¢ok dar bir alana sahip alt ve

iist bolgelerden daha yiiksek sertlik degerleri 6l¢iilmiistiir.

®  Calisma sonucunda TAE] yéntemi ile piyasada hali hazirda seri iiretimi olmayan, standart élgiilerin disinda,
istenilen ¢ap ve et kalinliginda istege 6zel silindirik malzemeler ile makine pargalarinin iretilebilecegi

gorilmiistiir.
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I. INTRODUCTION

Electrospinning technology has significant advantages in the preparation of nanofiber materials. Nanofibers have
many effects such as small size, surface and interface, quantum size, and quantum tunneling effects. It has very
desirable features. As is well known, electrospinning products are obtained as non-woven mats. Researchers have
focused on methods to produce oriented nanofiber bundles and threads [1, 2]. Oriented nanofiber bundles and
nanofiber thread have significant value in many application areas, including filters [3-7], sensors [8-10],
biomedical materials [11-13], tissue engineering scaffolds [14-17], drug delivery [14, 18-21], and wound
dressings [22-26], nanogenerators [8, 27-36]. Issues such as the simplicity of the mechanism to be used, the ability
to easily change the process parameters, and the wide choice of polymers to be used have made this method a

common practice today and enable multiaxial electrospinning [8, 37-39].

PVDF/TPU core-shell nanofiber electrospun piezoelectric mats have garnered significant attention in the field of
flexible and wearable electronics due to their exceptional piezoelectric properties and mechanical flexibility.
Polyvinylidene fluoride (PVDF) and thermoplastic polyurethane (TPU) are combined to form a unique core-shell
structure, where the PVDF core provides excellent piezoelectric response, while the TPU shell enhances the
mechanical robustness and flexibility of the nanofiber mat. The piezoelectric effect allows these mats to generate
electrical charges in response to mechanical stress. It enables them to convert mechanical energy into electrical

signals, making them ideal for diverse applications, such as energy harvesting from body movements and
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biomechanical sensing. The core-shell structure ensures efficient charge separation and transfer, leading to
enhanced piezoelectric performance and stability. These nanofiber mats hold great promise for the development
of next-generation flexible electronics, wearable sensors, and smart textiles [40]. Given the fact that most
piezoelectric systems operate between microwatts and milliwatts, the most common application of piezoelectric
energy conversion is to provide energy for low-power electronics, including integrated electronics, implantable

biomedical devices, wireless sensor nodes, and portable electronics [41-44].

Due to its polar crystalline structure, PVDF can produce potential with motions, making it suitable for piezoelectric
and sensor applications. TPU can potentially enhance mechanical properties in the case of a mixture of other
polymers [45-48]. PVDF/TPU fibrous materials from solution mixture were studied for various applications such
as triboelectric, energy harvesting [49, 50] and sensor applications [51, 52] piezoelectric [45, 47, 53, 54]
nanogenerator [55] for lithium-ion batteries [56-59] oil-water separation [60]. The core-shell structure of

PVDF:TPU nanofibrous as tactile sensors was studied by Zhou et al. [61] due to elasticity and piezoelectric effects.

In this study, core-shell nanofiber production by electrospinning from TPU (core)/PVDF (shell) with different
thicknesses of the shell structure is proposed to use the advantage of the elasticity of TPU while piezoelectric
behavior of PVDF has the possibility to generate electricity from mechanical movements. The proposed core-shell
structure enables more interaction between PVDF nanofibers while the TPU contributes to the mechanical strength
and elasticity and recovers during the piezoelectric stimuli. The resulting nanofiber mats were characterized in
terms of piezoelectric performance and compared with each other. SEM analyses were carried out for further

characterization.

Il. EXPERIMENTAL METHOD
2.1 Materials and Preparation Techniques

Poly (vinylidene fluoride) (PVDF) (Kynar 761, from Huaian Ruanke Trade Co. Ltd.), thermoplastic polyurethane
(TPU) (from Ravathane 130 A70), dimethyl formamide (DMF, Tekkim Kimya), and acetone (from Sigma-

Aldrich) were purchased to prepare a polymer solution for nanofiber production.

The appropriate amount of polymers was dissolved in DMF:acetone (1:1) at room temperature to obtain a 15%
polymer solution for electrospinning. Polymer solutions were left to stir overnight in an ambient atmosphere with
a magnetic stirrer for a homogenous solution. The electrospinning process was carried out by dosing the polymer
through a syringe by means of a micropump, nanofibers were spun from bottom to top on a grounded rotating
collector (at 250 rpm) with a diameter of 10 cm and a width of 15 cm. For the core-shell nanofiber production, a
coaxial nozzle was used. As depicted in Figure 1, the shell polymer (PVDF) from the outer side and the core

polymer (TPU) were fed from the inner side. A high voltage of 16 kV was applied to the metal coaxial nozzle.

Three different feed ratios of the polymer solutions were carried out: (PVDF:TPU) 1:1, 2:1, 3:1. While TPU
solution was fed at 2 ml/hour for all the situations, PVDF solution was fed at 2, 4, 6 ml/hour for 1:1, 2:1, 3:1,

respectively.

A total polymer solution of 20g (approximately 3g polymer) was used for each process. Approximately 30

cm*10cm nanofiber mat was produced. The areal densities of the mats are calculated approximately as 0,17 g/cm?.
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Nanofiber mats were cut into 5cm*5cm pieces, and both sides of the nanofiber mats were silver coated by
magnetron sputtering, and the aluminum tape was stuck to each side as an electrode. Contacts were taken by a
cable soldered on copper tape stuck to aluminum tape.
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Figure 1. The depiction of core-shell nanofiber production, PENG device [10] produced thereof, and piezoelectric
characterization set-up.

2.2 Characterization of materials

FTIR analyses of PVDF, TPU, and the three ratios of PVDF:TPU nanofibers are carried out. The core-shell
structure was characterized using a scanning transmission electron microscope (STEM, Tescan MAIA3 XMU). A
transmission electron microscope grid was placed on the collector during the electrospinning and a very thin
nanofiber layer was collected on the grid prior to testing. Piezoelectric tests were carried out by a compression test
device designed by Bedeloglu et al. that continuously applied 35 Pa pressure according to ANSYS simulation
calculations [49, 62] and the electrical data was saved by an oscilloscope (GW-Instek 1102B) connected to the
piezoelectric devices. A photograph of the characterization set-up is shown in Figure 2. Eight samples from each

group were characterized, and the mean data was presented.

Figure 2. The photograph of piezoelectric characterization set-up.
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I1l. RESULTS AND DISCUSSIONS
3.1 FTIR Analysis

Figure 3 shows the infrared spectrum of electrospun PVDF, TPU, and three PVDF/TPU nanofiber ratios. For TPU,
the peak at 1704 cm™ corresponds to the stretching vibration of C=0. 1108 cm™ is attributed to C-O-C in the
flexible chain in TPU. For PVDF nanofibers, 1400 cm™ corresponds to C-F vibration. The peaks at 878 cm™ and
840 cm™ are related to the B phase in PVDF and the peak at 763 cm™ is attributed to the bending vibration of the
a phase [52, 63]. For the core-shell structures, characteristic peaks for both PVDF and TPU are shown evidencing

the successful production of PVDF/TPU core-shell nanofibers.
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Figure 3. FTIR spectra of electrospun PVDF, TPU and TPU/PVDF nanofibers.

3.2 SEM Images

Scanning Transmission Electron Microscopy (S-TEM) images taken on copper grid by means of Scanning
Electron Microscopy of single nanofibers produced by electrospinning are presented in Figure 4. STEM images
were taken at 50 kX magnification with 30 kV voltage. The core-shell structure is clearly seen in the STEM images.
Core (TPU) nanofiber diameter was 265 nm at 1:1 ratio, however increased by the increasing ratio. The rising ratio
of PVDF drastically increased shell (PVDF) nanofibers. This can be explained as the applied voltage was constant.
Since the applied voltage value remained the same with the increase in the polymer solution fed, the polymer

solution was exposed to less electric field.
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Figure 4. STEM image of the core-shell nanofibers.

3.3 Piezoelectric Characterization

The mean current values were 28.84, 25.76, 28.28 pA; the mean voltage values were 1.43, 1.66, 2.10 V; the mean
power values were 20.09, 21.84, 31.31 uW; and power density values were 118.17, 128.47, 184.17 uW/cm? for
the PVDF:TPU ratios 1:1, 2:1, 3:1, respectively.as given in Table 1.

As seen from the graphs presented in Figure 3, increasing the PVDF to TPU ratio improved the voltage and power
outputs however current values were the highest at 1:1 and lowest at 2:1. The voltage increased 50% from 1:1 to
3:1 ratio, thus the power value increased with a similar trend. The 3:1 ratio maximized voltage and power outputs,

however, the current value was not the maximum at this rate.

Table 1. Piezoelectric values of the produced nanogenerators

. Current Voltage Total Power Power density
Core-shell ratio
(HA) M) (LW) (uWiem?)
1:3 28.84 1.43 20.09 118.17
2:1 25.76 1.66 21.84 128.47
31 28.28 2.10 31.31 184.17
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Figure 5. Current, Voltage, Power and Power density graphs of the core-shell nanofiber pieozoelectric devices.

IV. CONCLUSIONS

This study investigated the effect of the changing core-shell nanofiber structure from PVDF as shell and TPU as
core and the impact of the changing core-to-shell ratio on the piezoelectric performance. This exciting approach
was enabled by the feeding ratio of the different polymers during the electrospinning process. Regarding
piezoelectric performances, core-shell nanofiber diameters and the three types of PVDF:TPU (1:1, 2:1 and 3:1)
ratios were compared to each other regarding piezoelectric performances. The highest voltage, power and power
density values were gathered from the maximum PVDF to TPU ratio at 3:1 by the rise of 50% from the 1:1 ratio.
It can be understood from this study that TPU nanofibers have a significant change in the piezoelectric performance
of the nanogenerators produced. By the addition of nano-additives [10, 62, 64], the nanogenerator energy
harvesting efficiency can be improved for further studies. The proposed core-shell structure approach may enable

to provide power for the portable microelectronic devices with flexibility and lightweight property.
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1. INTRODUCTION

Since the invention of steel, hollow section members have been widely used as structural components in numerous
application fields including construction and aviation due to their special features [1, 2]. The hollow sections are
generally recognized for their good mechanical performance against different types of loadings such as
compression, torsion, and bending in all directions [3]. Nevertheless, one of the main drawbacks of hollow sections
is their higher production costs compared to other sections [3]. Thus, the ubiquity of hollow sections in many
industrial application fields as well as their higher manufacturing costs make their optimal design more important
for the reduction of material cost. In a robust optimal design, significant design aspects, including strength and

material type, need to be taken into consideration in a balanced way [3-7].

As with other types of hollow sections, the optimal cross-section dimensions of rectangular hollow sections (RHSs)
subjected to any type of load can be determined based on either adequate-strength [8-12] or adequate-stiffness
[10, 13, 14]. In those two approaches, a design objective is to achieve minimum weight by determining the optimal
cross-section dimensions of RHSs that satisfy strength requirements since a type of material from which a structure
is manufactured, as well as its associated mechanical properties are known prior to the design. In other words, the
objective function which gives the optimal cross-section dimensions and therefore minimum mass is defined in

both approaches based on the satisfaction of strength requirements. Different from them, an optimal design can

*Corresponding Author: Tel: +90-544-463-4075, e-mail: m.akif.dundar@yobu.edu.tr
198


https://orcid.org/00000-0002-3063-8414
https://orcid.org/0000-0001-5463-6774

Oblique bending J. Innovative Eng. Nat. Sci. vol. 4, no.1, pp. 198-219, 2024.

occasionally be required to be conducted for some specific cases where a made of material of the structure is not
known before the optimal design [3, 15]. The common approach to specify the optimal dimensions of RHSs in
these cases is first to minimize the maximum effective stress on the cross-section induced by applied loads, and
then to select one of the most suitable materials offering higher strength than the minimized maximum effective
stress. This signifies that a cost-effective design can be accomplished based on the selection of suitable materials

for the production of RHSs members.

Despite high material costs brought by the wide use of the RHS members in the industry, an insignificant number
of rigorous research has been devoted to specifying their optimal cross-section dimensions for the loading
configuration of oblique bending to reduce their material costs [15-18]. Comparatively speaking, analytical studies
which determine the optimal cross-section dimensions of RHSs for oblique bending are relatively immature
compared to other loading configurations like axial compression and pure bending [17-22]. In order to fill this
noticed deficiency in literature, this analytical study has been dedicated to the identification of the optimal cross-

section dimensions of RHS members subjected to oblique bending.

Analytical expressions derived for the determination of the optimal cross-section dimensions of RHSs have been
presented clearly and made available to practical engineering for use in actual designs. The consideration of the
reported analytical expressions for the optimal design allows the cost-effective use of materials. The analytical
expressions have been derived based on the idea of minimizing the maximum effective stress on the cross-section
of RHSs induced by oblique bending. Since it has been assumed that the RHSs taken into consideration for the
optimal design are manufactured by hollowing out the rectangular solid sections at different cross-sectional area
extraction ratios, the minimization of the maximum effective stress on the cross-section has been achieved by
varying the wall thicknesses of the RHSs, taking into account that the reduction ratio of the cross-sectional area
remains constant. In order to give a deeper insight into the understanding of a complicated analytical procedure
developed for the optimal design of RHSs, it has been applied to two different optimization problems and thus the

optimal dimensions of the RHSs have been determined quantitatively.

In the first optimization problem addressed, the optimal design has been achieved based on the assumption that
the material of the RHS member and its associated properties required for strength analysis are given before the
design. In this case, the limit values of the angles where the oblique bending load can be applied have been first

determined, and then the optimal cross-sectional dimensions have been specified accordingly.

In the second optimization problem considered, the optimal design has been performed for a given constant oblique
bending angle. In this case, the optimal cross-sectional dimensions leading to the minimization of the induced
maximum effective stress have been first computed with respect to the given bending angle, and then one of the
most suitable materials offering higher strength than the found minimum value of the maximum effective stress

has been selected.

1. DESCRIPTION OF THE OPTIMAL DESIGN PROBLEM AND THEORETICAL APPROACH

Aiming to determine the optimal cross-section dimensions of RHS members subjected to oblique bending by
means of the analytical procedure that has been developed based on the aspect of the minimization of the maximum

effective stress, the optimization problem of RHSs addressed in the context of this study is as described in Fig.1.
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As seen in Fig.1, the RHSs have been assumed to be attained by hollowing out the rectangular solid section with

the cross-section dimensions of B x H at different cross-section area extraction ratios.

M e

o
I
W

Figure 1. The optimization problem of the RHSs addressed for oblique bending

The analytical procedure has been formulated in terms of the cross-section parameters depicted in Fig.1; however,
as can be understood from Fig.1, the height (H) and the width (B), of the RHS are constant and therefore not the
variable design parameters. Thus, the present model consists in specifying the optimum values of the variable
design parameters such as a thickness of the web (&) and a thickness of the flange (t), as well as assessing the

effect of the oblique bending moment (M) angle (8) on those two cross-section design variables.

In order to derive the analytical expressions, one of the most important conditions defined is that a reduction ratio
in the cross-sectional area of the RHSs remains constant while varying the cross-section parameters of t and § in
an attempt to find their optimal values which minimize the maximum effective stress taking place on the cross-

section as a result of the applied oblique bending.

The analytical approach is started with a definition of the reduction ratio for the cross-section area of the
rectangular solid section, as follows:

DA Ay ) @)
2 = A = c (constan

where A and A, represent the cross-section areas of the rectangular solid section and the rectangular hollow section,
respectively. Note that the defined parameter of ¢ characterizes the reduction in the cross-section area of the
rectangular solid section after hollowing it out and this parameter is given before the optimal design in order to

facilitate the derivation of the analytical expressions.

The associated cross-section areas above can readily be defined in terms of the cross-section parameters, as given

below.
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A=BH 2

Ao = BH — (B — 28)(H — 2¢t) 3)

As illustrated in Fig.1, B and H herein are the width and height of both the rectangular solid and hollow sections,
respectively. Additionally, t and & denote the thickness of the flange and web segments of the RHS as seen in
Fig.1.

As mentioned previously, the analytical procedure has been intended to be established based on the target of
minimizing the maximum effective stress on the cross-section of the RHS caused by the applied oblique bending
moment in order to specify the optimal values of the cross-section parameters of t and § for a given desired values
of c. In response to this, the objective function has been described as given below. The analytical expressions
required to determine the optimal values of the cross-section design variables can be derived by finding the
extremums of the defined function in Eq.4.

M, M,, Mcosff Msinf i
Omax = tymax + ?Zmax = w, + M/y — min (4)

Herein, g,,4, is the maximum effective stress resulting from the applied oblique bending moment (M). M,, is the
z-axis component of the applied bending moment (M) axis and defined as M, = Mcosf. In the same manner, M,,
denotes the y-axis component of the bending moment (M) and is described as M,, = Msinf. Note that § is the
oblique bending moment angle shown in Fig.1 Additionally, I, and I, are the moments of inertia about z and y
axes, respectively. Furthermore, W, and W, are the section modulus of the RHS about the z and y axes,

respectively. W, and W, have been derived and written as given below.

1, BH? 26 2t\3
= =—1-(1-=)(1-= 5
V2= T ( B)( H)] ®)
I HB? 2t 26\°
Yy
e N[ e
"y Zmax 6 H B ()

The cross-section area of the RHS(4,) has been reformulated in terms of the section modulus, as written below.
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Ay =BH {1 - [(1 - %) (1 — %)}1/4} (7)

Taking into account Eq.7, the expression given in Eq.1 has been rearranged as given below.

A—-A, 6w, 6w,,
A =(1_BH2)( _HBZ)_C4=O ®

After the subtle mathematical extractions and arrangements, the optimization problem has been brought to the
determination of the optimum section modulus of the RHS with regard to the z and y axes, which meets the
objective function requirement documented in Eq.4 as well as the additional design requirement described in Eq.8.

Thus, the following Lagrangian objective function has been written with the help of Eq.4 and Eq.8.

_ (Mcosp = Msinp 6WZ)( 6Wy) 4 _
CD—{ W, + W, +A[(1 BH? 1 B2 c] - min 9

where A is the unknown Lagrange multiplier [23—25].In order to find the minimums of the function given in Eq.9,

the following constraints have been defined.

P 0P 0P

aMG:O.M:O.ﬁ:O (10)

The above expressions have been represented by the set of equations given below.

(00 Mcosﬁ_{_l[( 6 )( 6wy)]_0
ow, w2 BH? HB2)|

< 0d  Msinf +/1[< 6 )(1 6wz>] _0 1
ow,  wi HB? BH?)| (1)
faLey 6w, 6w,

J—— — —_ —ct =
o1 (1 BHZ)(l HBZ) =0

By solving the set of equations above together, the analytical expressions that give the optimum moment

resistances of the RHS (W, , W) have been derived as written below.

202



Oblique bending J. Innovative Eng. Nat. Sci. vol. 4, no.1, pp. 198-219, 2024.

L (-chEH? "

* " 6(B + c?/BHtanp) 12
_ A\R2y2

(1—=c*)B*H (13)

" " 6(H + c* JBH cot B)

The analytical expressions to determine the variable cross-section parameters of & and t which satisfy the optimum
moment resistances of W, and W, have been finally obtained as written below after solving Eq.5 and Eq.12

together as well as solving Eq.6 and Eq.13 simultaneously.

H s| (BH? — 6w,)3
t= E - 5 > (14)
BHS(HB? — 6wy)
B s| (HB? —6w,)3
s§==[1- ( y) (15)
2 HB5(BH? — 6w,)

For a given design problem example (M = 25 kN.m, H = 200 mm, B= 100 mm and ¢ = 0.8), the effects of the
oblique bending angle () on the important parameters of ¢, § and a,,,, have been assessed accounting for Eq.4
and Eqgs.(12-15) in order to give a closer look at the proposed procedure. The calculated results are tabulated in
Table.1.

Table 1. The effects of the various oblique bending moment angles on the parameters of ¢,6 and g,,,4,

B, Degree w,, mm? w,, mm3 t, mm 4, mm O maxy MPa
0 393600 0 28.45 -5.90 63.50
10 285205 94719 15.43 2.70 132.20
20 254585 112449 12.10 4.49 168.30
30 233213 123340 9.85 5.63 194.20
40 215189 131724 8.00 6.52 211.00

45.75 205318 136037 7.00 7.00 216.60
50 197981 139126 6.26 7.33 218.80
53.50 191796 141655 5.64 7.61 219.40
60 179630 146444 4.44 8.14 217.40
70 157425 154593 2.28 9.10 206.30
80 124737 165374 -0.80 10.32 183.70
90 0 196800 -11.80 14.22 127.00
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As clearly seen in Fig.2, the web thickness of the RHS (&) becomes equal to the flange thickness of the RHS (t)
at a unique oblique bending moment angle designated S,. As can be deduced from Fig.2, if the angle of the oblique
bending moment with the vertical of the plane (8) on which the moment, M, is applied is less than S,, the flange
thickness is larger than the web thickness (¢t > §). If the opposite is the case (8 > f,), the flange thickness is less
than the web thickness (t < §).

30
—t=1(p)
25 _
& = f(B)
20
E 15
E
“w
< 10
c
o
= i | i
5 : : i
0 — | 1 |
0/ 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75%90
-5

B (Degree)

Figure 2. The effect of oblique bending moment angle on t and &, (t = f(B) and § = f(B)).

At this specific angle where the web thickness is identical to the flange thickness, the relevant segment thicknesses
of the RHS, designated t, and &,, corresponding to this unique angle can be obtained using the following derived

expression.

to = 8, =%[(H+B) —J(H+B)2—4HB(1—0)| (16)

The analytical expression giving the specific bending moment angle of 5, which defines the wall thicknesses of

the RHS has been derived by accounting for the equality of Eq.14 to Eq.15, as given below.

fo = tan™!

Ly 1=ty 17
c4H/B< _1—ck2> ()

where K is the notation and described as follows:
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1| B H H
k=51-5|1- (1+§) —4(1-0)% (18)

Taking into account Eq.12 and Eq.13, as well as accounting for Eq.14 and Eq.15, the objective function given in

Eq.4 has been redefined for its extremum, as written below.

6M
Omax = W(H sinB + B cos  + ¢%\/2HB sin 23) (19)

For the given design problem (M =25 kNm, H = 200 mm, B = 100 mm, ¢ = 0.8), the unknown parameters have
been calculated to be t, = §, = 7.0 mm, 8, = 45.750 and ,,,,,,= 216.6 MPa. Note that these quantitatively obtained

results with the exception of o,,,, actually confirm the previously reported outcomes in Fig.2.

In the light of all the information presented above, the optimum design steps are summarized for the convenience

of the designers, as follows;

In the first step, the optimum values of the design variables, t and §, are extracted from Eq.14 and Eq.15,

respectively.
In the second step, the extremum value of maximum effective stress, o,,4,, IS determined by using Eq.19.

In the third step, a cost-effective material selection for the production of the RHS is carried out based on the design

requirement of ,, /S > 0y

Herein, o, represents the yield strength of the selected material and S is regarded as the factor of safety. The
material qualities of the selected materials need to satisfy the defined strength requirement of g,,/S > 0, for

robust design.

As seen in Table 1, increasing the oblique bending moment angle, 8, from 0°to 50° leads to an improvement in the
extremum value of the maximum normal stress. On the contrary, altering the angle of g from 500 to 900 results in
a decrease in the extremum value of the maximum normal stress. This actually signifies that there is a transition
point where the maximum normal stress goes from increasing to decreasing. The oblique bending moment angle
designated g, corresponding to this transition point can be determined by means of the derived formula given

below. Note that the following expression has been attained by taking into account Eq.19.

do. 2HB
e =0 = Hcosfy — Bsinpy + c?cos 2y |— =0 (20)
aB 8= sin 23
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For the addressed design problem, the transition point angle, B, has been found to be 53.5°, in addition, the
corresponding maximum stress, a,,,, , has been computed to be 219.4 MPa. Based on this finding, it has been
concluded that it is recommended to avoid not only the angle of B, but also its immediate vicinity to impose the
oblique bending moment on the RHS unless there are no additional requirements specified (technological,
structural, etc.). This suggestion is made based on the finding that the highest normal stress takes place on the RHS
at B,. Thus, a high-strength material selection is required for the production of the RHS, which cannot be

considered the right choice from an economic point of view.

Table 2 shows the optimum quantitative results of the cross-section design variables computed for different cross-

sectional area extraction ratios of ¢ by using the expressions given in Eq.12-Eq.15 and Eq.19.

Table 2. The computed cross-section design variables for different values of ¢

Cross-sectional Optimum cross-section parameters Maximum normal stress
area extraction 3 3
. w,, mm w,, mm t,mm &8, mm Omax: MPa
ratio, ¢ z y max

M= 25.10°N.mm, B =30° H =200 mm, B =100 mm

0.40 554299 282706 35.10 19.19 83.28
0.50 492653 253519 27.75 15.40 93.25
0.60 418408 217325 21.22 11.92 109.26
0.70 331862 173970 15.30 8.68 137.10
0.80 233213 123340 9.85 5.63 194.18
0.90 122576 65363 4.77 2.74 367.87

In contrast to the previously addressed design problem, if a production material of the RHS and therefore its
associated mechanical properties are known prior to optimal design, the cross-section variables of 6 and t are
defined after determining the limit values of the angle, B, to which the oblique bending moment, M, is applied. In
this case, the determination of the limits of the bending moment angle, 8, can be achieved by using the following
expression, which has been obtained by redefining the objective function given in Eq.4 for the relation of 6,4, =

%

S

o 6M Oy

O'maxZ%ﬁm(HSinﬁ+BCOSﬁ+C2\/2HBSin2ﬁ)= ? (21)

To give a deeper understanding of what the extremums of the objective function, reported for the different values
of ¢ in Table 2, signify, the objective function (Eq.4) has been first rewritten as a function of t and § , and then
the graphical representation of the related extremums has been attained by using the newly defined functions given

below.
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6M cos f8 6M sin B(1 — 2t/H)?
Omax(t) = 2 2 2 2 3 (22)
BH?[1—c(1—-2t/H)?] HB?[(1 —2t/H)? — c3]
6M sin 8 6M cosB (1 —26/B)?
Umax(6) = 2 2 2 2 3 (23)
HB?[1—c(1—-28/B)?] BH?[(1—-26/B)? — 3]
Additionally, the expression defining the parameter of § in terms of t has been obtained as given below.
5(t) =2 (1 : ) 24
=7 1—2t/H (24)

In essence, graphical representations which provide a profound summary of the associated data tabulated in Table
2 have been obtained by accounting for Eq.22, Eq.23 and Eq.24 and presented for some of the various values of c

in Fig.3.

250

200

omax (Mpa)

100

50

0 10 20 30 40 50 60 70 0 50 100 150 200 250
t (mm) O max (Mpa)

Figure 3. Graphs of § = f(t), Opmax = f(t) and g, = f(6) attained for some of the different values of c
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I11. OPTIMUM DESIGN EXAMPLES WITH THE DEVELOPED ANALYTICAL PROCEDURE

This section presents the detailed solutions of the two distinct optimal design problems which shed light on the
developed procedure for a better understating of its application steps. The first problem addressed is the design
problem in which the production material of the RHS is obvious and the yield strength of this material is known
before the optimal design. Opposite to the first problem, the second problem handled is the case where a lack of

information on the manufacturing material of the RHS exists but the oblique bending moment angle is given.

The RHS taken into consideration in both optimal design problems has been assumed to be attained by hollowing
out the rectangular solid section with a dimension of 200x100 mm (h X b = 200100 mm) at the cross-section
extraction ratio of 0.8 (c=0.8). Additionally, the RHS has been presumed to be subjected to the oblique bending
moment of 25 kN.m (M=25 kN.m).

An application of the derived analytical expressions to the first addressed optimal design problem of finding the

optimal dimensions of the RHSs is as follows:

In this case, allowable stress that can be taken in the RHS has been given as 162 MPa (g, /S = 162 MPa) prior to
the optimal design. Additionally, the RHS taken into consideration for the optimum design is assumed to be
produced from Grade-250 medium-strength steel that is widely utilized as load-carrying components in structural
applications. The elastic and plastic material properties of Grade-250 steel are found in the literature as; mean

elastic modulus E = 209 GPa, Poisson's ratio v = 0.3, and mean yield strength a,;.;4 = 290 MPa [26, 27].

Since the oblique bending moment angle (8) is not known, the calculations begin with the determination of the
limit values that the oblique bending moment angle (8) can take. This has been achieved by substituting the
applied moment of 25 kN.m and allowable stress of 162 MPa into Eq.20, as a result of this, the limit values of g
have been found to be 18" and 86°. The variation of the maximum normal stress (o,,,4,) With the oblique bending
moment angle (B) is graphically presented in Fig.4. The limit values for the oblique bending moment angle can
also be readily extracted from Fig.4. The presented results in Fig.4 are actually a graphical representation of the

results obtained by using Eq.17.

Of these two limit values, only the angle of 18" has been taken into account and accordingly, the section

modulus(w,, Wy) and cross-section design variables (t, §) have been computed as follows:

(1-c*HB?H? (1-0.8%)1002 - 2007 s
w, = = = 259644 mm
6(B + c2/BHtanf) 6(100 + 0.82V100 - 200" tan 18°)
1—c*)B?H? 1-0.8%)100%- 2002
( ) ( ) = 109704 mm?

"y 6(H + c2,/BH cot ) - 6(200 + 0.82v/100 - 200 cot 18°)
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_H| o[ BHZ—6w)® | 200 s| (1002007 6-259644)° o
=2 BHS(HB? — 6w,)| 2 100 - 2005(200 - 100% — 6 - 109704) | ~~°* ™M
B| s (HB2—6w,)3 | 100| s/  (200-1002 — 6-109704)3
§=—[1- = |1-— = 4.21 mm
2 HBS(BH? — 6w,)| 2 200 - 1005(100 - 2002 — 6 - 259644)

Maximum normal stress taken place in the RHS has been found to be 162 MPa, as given below.

M cos M sin 25-10%-cos18° = 25-10°-sin 18° o
Omax = '8+ ﬂ: =162 MPa=-=2
W, wy, 259644 109704 S
250
/' "\
200 // \\
/ 0,/S =162 MPa \
= /
a 150 /I
2 /
3 /
£
o
100

50

0 10 20 30 40 50 60 70 80 90
B (Degree)

Figure 4. The variation of maximum normal stress with oblique bending moment angle of 8

Note that the identical result for maximum normal stress above can also be obtained by using Eq.19 that has been
previously derived to identify the extremums of maximum normal stress. By using Eq.19, maximum normal stress

has been calculated as given below.

_ 6M . 2\/7. _ 625-10° .
Omax = T onzge (Hsinp + B cosf + c?,/2HB sin2p) = (105920071007 (200

sin 18° + 100 - cos 18° + 0.8%,/2 - 200 - 100 - sin(2 - 18°)) = 162 MPa.
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The second optimal design problem dealt with is the case in which the oblique bending moment angle is constant

and equal to 8 = 30°. Thus, the following calculations are associated with the solution of the referred problem.

First, the optimum section modulus of the RHS about z and y axes have been determined for 8 = 30° by using

Eq.12 and Eq.13, respectively, as follows:

(1—-c*)B2H? (1-0.84)1002%-2002

Z ™ ¢(B+c2/BHtanf)  6(100+0.82v100-200 tan300) _ 233213 mm
—r\Rp2y2 _ 4 2. 2
W. = (1-c™)B“H (1-0.8%)100%-200 — 193340 2

Y 6(H+c2,/BHcotp) - 6(200+0.82v100-200 -cot 30°)

Second, the optimum design variables of t and § have been specified by means of Eq.14 and Eq.15, respectively,

as given below.

H 8| (BH?%-6w,)3 200 8 100:2002—-6-233213)3

t=2fp o B oW 2001y ®]_( Y__|=985mm
2 BHS5(HB%—6wy) 2 100-2005(200-1002—6-123340)
B 8| (HB2%2-6w,)3 100 8 200-100%2-6-123340)3

s=B|q_8[ HBZzowy)® | 1000, 8l ( "__|=563mm
2 HBS5(BHZ—-6wy) 2 200-1005(100-2002—6-233213)

Third, in order to make sure of the section modulus-related calculations above, the determined optimum values of

W, and wy, have been verified using both Eq.5 and Eq.6 which have been previously derived for the determination

of the section modulus of the RHS, as given below.

_BH[ (1 25)(1 2t)3 _ 100-2007[, (1 2-5.63)(1 2-9.85)3 33930 mm®
Ve = B H) |~ 6 100 200 ) |~ m

_HB*[ (1 Zt)(l 25)3 _ 200-1007[, (1 2-9.85)(1 2-5.63)3 123341
Wy = H B)|™ 6 200 100 /) |~ mn

Finally, the maximum normal stress occurring in the cross-section of the RHS has been found as follows:

210



Oblique bending J. Innovative Eng. Nat. Sci. vol. 4, no.1, pp. 198-219, 2024.

__ Mcosp | Msinf _ 25-10%-cos30° | 25-10°-sin30°
Omax =~ + w, 233230 123341
z y

=194.17 MPa

The maximum normal stress has been further calculated by using Eqg.19 to validate the above result, as given

below.

6:25-10°

_ &M . 2 . _ ]
Omax = {onynzpe (HsinB + B cos § + c2,/2HB sin 23) (1205920071007 (200

sin30° + 100 - cos 30° + 0.8%,/2 - 200 - 100 - sin(2 - 30°) ) = 194.18 MPa.

Based on the determined maximum normal stress of 194.18 MPa, a designer is suggested to select one of the most

suitable materials with a higher yield strength than 194.18 MPa for a robust and cost-effective design.

As a summary of this section, two distinct optimal design problems have been solved by applying the derived
analytical expressions to the problems step by step. The analytical expressions, which have been derived and well-
documented for use in the optimal design of the RHSs subjected to oblique bending, can be easily used by any

designer who encounters similar design cases in industrial applications.

IV. FINITE ELEMENT MODELING

Aiming to validate the obtained analytical results, finite element analyses have been implemented on the RHS
subjected to oblique bending using the finite element code of Abaqus. The grid geometries of the RHSs have been
meshed using the incompatible mode eight-node brick elements, designated C3D8I [28]. Using this element type
in such numerical implementations in which linear elements are subject to bending is highly recommended for
high accuracy [28]. Particularly, the C3D8I element removes shear locking as well as significantly reducing
volumetric locking [28]. The geometric nonlinearity option in Abaqus has been activated during the numerical
analyses because of the nonlinear geometry of the RHSs. The finite element model of the RHS under oblique
bending including the imposed boundary conditions and bending moments is depicted in Fig.5. The elastic and
plastic mechanical properties of the RHS material given below [26, 27] have been successfully introduced to the

finite element model to predict the deformation behavior of the RHS subject to the oblique bending moment.

E=209000 MPa, v =0.3, and y;e1q = 290 MPa.

The boundary conditions and bending moments have been applied to the reference points defined at the geometric
center of both ends, as shown in Fig.5. These imposed boundary conditions and loads have been transferred from
the reference points to the RHS via the defined kinematic couplings [4, 29]. After studying a mesh convergence,

an average number of elements of 55680 corresponding to a number of nodes of 70795 have been decided to use
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in the numerical implementations. The result of the mesh convergence study obtained for the RHS with equal wall
thicknesses (8=t=7 mm) subject to the oblique bending moment applied at § = 45.75" is illustrated in Fig. 9. As
comprehended from the results presented in Fig.9, the numerical results start to converge when the finite element
model comprises 52800 elements with an average size of 2.23. Therefore, this mesh convergence study has given

a concrete idea of whether the solution converged or not [30, 31].

The numerical analyses have been first performed to verify the analytical results reported in Section 3. After the
validation of the results given in Section 3, the finite element analysis has also been carried out to validate the
analytical results for some of the oblique bending moment angles documented in Table 1, in order to be completely

sure that the analytical results are validated.

Uy=0, Uy=0
U:=0, R=0

Kinematic Couplings

Kinematic Couplings

Figure 5. The finite element model of the RHS under oblique bending

V. RESULTS AND VALIDATION

The numerically obtained effective stress contour of the RHS subjected to an oblique bending moment at the angle
of 18 is depicted in Fig. 6. Previously, the maximum effective stress for this case has been analytically found to
be 162 MPa. As can be seen in Fig.6, the maximum effective stress extracted from the numerical analysis has also
been found to be 162 MPa, implying that the analytical results are in an identical agreement with the numerical

prediction.
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Figure 6. Maximum effective stress contour of the RHS under oblique bending (t = 12.64 mm,§ = 4.21 mm, and = 18°), (a) Cross-
sectional view, (b) Isometric view

Previously, the ranges of angles to which the oblique bending moment of M is allowed to be applied have been
determined to be (0° — 18%) and (86" - 90°), as depicted in Fig.4. Nevertheless, the ranges of angles of (0°-3°) and
(78" - 907) are not the viable ranges to which the oblique bending moment can be applied since the flange thickness
takes a negative value in the range of (0" — 3°) as well as the web thickness in the range of (78" - 90°). Therefore,

the oblique bending simulation has been performed for the angle of 18°. As seen in Fig.4, the RHS subjected to
oblique bending in the interval of 18" < 8 < 86" does not meet the defined strength requirement of % =162 MPa

since maximum bending stresses occurring in the RHS are higher than the allowable stress of 162 MPa in this

interval.

Fig.7 shows the effective stress contour of the RHS imposed to an oblique bending moment at the angle of 30°.
The maximum effective stress has been predicted to be 194.4 MPa, as seen in Fig.7. For this optimal design
problem, the maximum effective stress has been calculated to be 194.17 MPa using the derived expressions earlier.
Thus, a very insignificant error ratio of 0.14% has been found between the numerical predictions and analytical

calculations.

By means of the above simulations, the analytical solutions of the optimum design problems documented under
Section 3 have been verified. Additional simulations have been performed to predict the oblique bending response
of the RHS for some of the different angles given in Table 1, in order to make sure of the verification of the

developed analytical procedure.

As can be seen in Fig.7 and Fig.8, the maximum effective stress takes place in the upper left and lower right corners
of the RHS. The stress distribution in the RHS resulting from the oblique bending moment has been determined
by several researchers [32—34]. It has been seen that the stress distribution in the RHS (Fig.7, and Fig. 8) extracted

from the numerical analyses is in good agreement with the results reported by those studies [32-34].
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Figure 7. Maximum effective stress contour of the RHS under oblique bending (t=9.85 mm,5=5.63 mm, and B=30°), (a) Cross-sectional view,
(b) Isometric view

The effective stress contours of the RHS subjected to oblique bending at various moment angles ranging from 10°
to 70° are illustrated in Fig.8. In terms of the maximum effective stress, the numerically predicted results are

favorably compared to the analytical results as shown in Fig.10.

As deduced from both Fig.2 and Fig.8, increasing the oblique bending moment angle (8) leads to a decrease in
the flange thickness of RHS (t) but an increase in the web thickness of RHS (&). This can be mainly due to the

following reasons.

According to the angle of the applied moment, the graphics presented in Fig.2 can be divided into four distinct
regions including 0° < B < 3%, 3° < B <45.75, 45.75° < <78 and 78" < B < 90".

In the region where the angle ranges from 0° to 3°, the optimum cross-section parameter of 3 takes negative values

signifying that this angle range is not feasible to apply the oblique bending moment.

In the angle range from 3° to 45.75", the optimum flange thickness of the RHS is always larger than the optimum
web thickness(t > §). This is because, since M, >My in this range, the optimum resistance required for major and
minor axis bending is mostly met by the flange segments [35]. In addition, it should be noted that the flange and
web thicknesses are equal to 20 mm and 0 mm, respectively when g = 3°. This actually implies that the RHS
consists of only the flange segments at this angle 5 = 3. In this case, the optimum resistance required for major
and minor axis bending is completely compensated by the flange segments since the moment of M, is much larger
than the moment of My (M, »> M,)) [32, 36, 37].

Furthermore, the flange thickness becomes equal to the web thickness (6§ = t = 7 ) when the 8 reaches its value
0f45.75" (M, = M,,). This suggests that the deformation mechanism of the RHS under oblique bending is equally
controlled by both segments [32, 36, 37]
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Figure 8. Effective stress contours of the RHS under oblique bending with different moment angles
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In the angle range from 45.75° to 78°, the RHS is under M, -dominated bending which results in a higher thickness

in the web than the flange. In other words, the flange thickness is always less than the web thickness in this region.

The web segments play a primary role in providing the optimum resistance to major and minor axis bending.

In the region where the angle ranges from 78’ to 90°, the flange takes negative thickness values as illustrated in
Fig.2, which indicates that applying the oblique bending moment in this angle range is not practicable for optimum
design. Besides this, the flange and web thickness at § = 78" are equal to 0 and 10 mm, respectively(t = 0 and
& = 10mm). At this angle of 78°, the flange segments of the RHS begin to vanish, pointing out that the RHS
comprises only the web segments. In essence, the deformation mechanism of the RHS is totally controlled by the
web segments when M,, > M, [32, 36, 37]

Mesh Convergence
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Figure 9. The result of the mesh convergence study obtained for the RHS with equal wall thicknesses (§ = t = 7 mm) subject to the oblique
bending moment applied at 8 = 45.75°

The result of the mesh convergence study obtained for the RHS with an identical wall segment thickness ( § =
t = 7 mm) subjected to the oblique bending moment imposed at 8 = 45.75 is illustrated in Fig.9. It is clearly
seen in Fig. 9 how the simulation results converge with the number of elements used in the numerical analysis.
The number of elements used in finite elements plays an important role in calculation accuracy. Therefore, it is
imperative to determine how many elements should be used in the simulations by performing a mesh convergence
study.

As illustrated in Fig.10, accomplishing a very good agreement between the analytical and numerical results
confirms the developed analytical procedure, and therefore the analytical expressions derived in the context of this

study.

Nevertheless, the numerical results insignificantly deviate from the theoretical results as the oblique bending
moment angle B increases, as seen in Fig.10. At the $=70’, the discrepancy between the numerical and theoretical

results becomes slightly obvious. As noted before, as the oblique bending moment angle 8 increases, the
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component of the oblique bending moment of the y-axis ( M,)) enhances, while its component about the z-axis (
M,) decreases. These two moment components are equal at $=45", in addition, M,, is always larger than M, for
the values of g larger than 45°. This signifies that the web segments of the RHS become more prone to bending
with increasing oblique bending moment angle. The reason for the insignificant inconsistency found between the
numerical and analytical results may be that the side walls become more susceptible to bending due to the

increasing angle.
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Figure 10. The comparison of the analytical maximum effective stress with the numerical predictions for different oblique bending moment
angles

VI. CONCLUDING REMARKS
The following conclusions have been drawn from the findings of this study.

The analytical expressions which define the optimum cross-section dimensions of the RHS subjected to oblique
bending moment have been derived and successfully applied to the two distinct optimal design problems. The
analytical procedure has been developed based on the aspect of minimizing the maximum effective stress on the
cross-section of RHS caused by the applied oblique bending moment. Since the RHSs addressed in this study have
been assumed to be produced by hollowing out the rectangular solid sections at different cross-section area
extraction ratios, the analytical procedure allows specifying the optimal cross-section dimensions for different
cross-section area subtraction ratios.

After the subtle mathematical calculations, the derived analytical expressions have been made available to practical

engineering in a simple and understandable math form for use in real design applications.

The cost-effective design can be achieved following the steps of the analytical procedure for two distinct optimal

design cases.
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If a manufacturing material of the RHS is known prior to the design, the analytical procedure first defines the
limit values of the oblique bending moment angle and then, based on this, minimizes the maximum effective stress

by finding the optimum values of the cross-section design variables.

If a production material of the RHS is not known but the oblique bending moment angle is given before the design,
the analytical procedure optimizes the cross-section variables to minimize the maximum effective stress by taking
into account the given bending moment angle. In this optimal design case, one of the most cost-effective materials
offering a higher yield strength than the found maximum effective stress can be selected from a relevant table. The
application steps of the derived analytical expressions to these two different design problems have been well
documented under Section 3, in order to give a deep insight into the analytical procedure. By following the
analytical procedure steps presented in Section 3, the optimal design can be achieved by any designer who

encounters one of the two aforementioned problems.

The analytical procedure has been validated against the numerical results that have been extracted from the finite

element analysis carried out in Abaqus engineering software.

In essence, the analytical procedure developed within the scope of this study has helped paved the way to meet the

need for analytical procedures related to this field.
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ARTICLE INFO ABSTRACT

Article history: Particulate matter (PM) must be removed from the air because it is a serious threat to human health. Micro
Received 7 Nov 2023 and/or nanoporous nonwoven fabrics are commonly used to filter these particles. In our study, the filtration
Received in revised form 19 Dec 2023 performances of nanofibrous mats, which were obtained by combining fibers produced by two different
Accepted 10 Jan 2024 production methods in a layered and bimodal manner, were evaluated. Fibrous layers produced by the

meltblown (MB) method were obtained with similar fiber diameters and different thicknesses by different
feeding speeds. Bimodal structures obtained by adding fibers with an average diameter of 225 nm produced
by the solution blowing (SB) method into fibers with an average diameter of around 800 nm obtained at 1, 5
and 10 rpm screw rotating/feeding speeds had higher filtration performance than the samples without SB
nanofibers. Then, among the four samples with an average basis weight of 15 gsm, the sample MB only

Auvailable online

Keywords:

Bimodal without (electro-blown nanofiber); the EB sample contains only EB nanofibers; the sample (L) containing 4
Air Filter gsm EB nanofibers and the 4-layer sample (4L) containing 4 gsm EB nanofibers (138 nm) were compared.
Meltblown The 4L sample had the highest quality factor (0.0353) with a filtration efficiency of 96.01% and a pressure

drop of 135 Pa. Although the filtration efficiency increased in all samples with the subsequent corona
treatment, the highest value (99.34%) was obtained from the 4L sample.

Electro-Blowing
Corona Discharge

1. INTRODUCTION

Air pollution is a major global problem that has serious impacts on health, environment, and quality of life [1].
Increasing industrial activities, vehicle exhausts, energy production and other human activities negatively affect
the air quality [2]. Pollutants, especially those containing fine particulate matter (PM), are among the factors that

increase the risk of respiratory diseases, cardiovascular diseases and even death [3].

In this context, the air filtration systems stand out as an important way to provide clean air at indoors and
outdoors [4]. Traditional air filters are effective at circulating clean air by capturing and trapping the airborne
pollutants [5]. However, the need for higher performance filtering technologies is increasing to improve air

quality and protect our health [6].

Meltblowing (MB) and electro-blowing (EB) methods are two basic methods that are effective in the production
of micron and nanometer sized fibers [7, 8]. The MB method involves melting thermoplastic polymers and
blowing them at high speed to obtain thin fibers. On the other hand, the EB method involves the formation of
nanofibers by diluting the polymer solution under the influence of electrostatic and compressed air forces [9].
While either method alone can produce effective fibers, the potential of the combination of these two methods to

achieve more effective results in air filtration has recently been investigated.
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The quality factor that determines the effectiveness of a filter mat gives high results with high filtration
efficiency and low pressure drop values [10]. Due to the large pore sizes in the filter mats made of microfibers,
filtration efficiency is low, and the pressure drop is also low. In a nanofibrous filter mat, high filtration efficiency
is accompanied by high pressure drop. To improve this situation, filter mats obtained from microfibers are
charged with an electrostatic charge, resulting in an improvement in filtration efficiency with an additional

capture mechanism [11].

A bimodal approach is being studied to obtain low pressure drop values by increasing the filtration efficiency of
filter mats. The nanofibers mixed between the microfibers on the surfaces formed by combining micro and
nanofibers with bimodal filter mats increase the filtration efficiency by creating new air channels and prevent the
pressure drop from increasing [12, 13]. In the study conducted by Lin et al., it was revealed that a bimodal filter
showed a high filtration performance (98.43%) when the average fiber diameters were 2.44 and 0.13 pum,
reducing the pressure drop up to 56.47 Pa [14]. In another study, Mei et al. prepared polyacrylonitrile (PAN)
nanofiber mats consisting of fibers with unimodal and bimodal diameter distributions by electrospinning method
and analyzed their quality factors (QFs). Bimodal nanofiber mats exhibited higher QFs than unimodal fiber mats

with the same weight average fiber diameter [15].

The aim of this study is to examine the effectiveness of the layered combination of fibers produced by MB and
EB methods in air filtration. How the layered fiber combination improves filtration performance, how it helps
capture airborne particulate matter and pollutants more effectively, and the advantages this new approach can

bring to existing air filtration technologies are the focus of this study.

1. EXPERIMENTAL METHOD / THEORETICAL METHOD
2.1 Materials and Preparation Techniques

Polyvinylidene fluoride (PVDF) powders with a molecular weight of 477,000 g/mol were acquired from Arkema
Chemicals under the product name Kynar Flex 2801-00. Polypropylene (PP) granules, featuring a melt flow
index (MFI) of 1800 g/10 min, were sourced from TEKNOMELT Co, Turkey. Dimethyl sulfoxide (DMSQ) with
a purity of 99.8% (Merck) and acetone with a purity of 99.5% (ISOlab) were employed as solvents.

In the initial stage, PVDF solutions with a concentration of 12wt.% were prepared using a mixture of acetone
and DMSO in a weight ratio of 30/70. These solutions were subjected to magnetic stirring at a temperature of 70

°C for 8 hours.

To examine the impact of screw speed on the basis weight of the produced meltblown (MB) fibers, we employed
dried polypropylene (PP) and conducted the meltblown fiber production at varying screw speeds: 1, 5, and 10
rpm. Throughout the production process, we maintained a die-to-collector distance of 25 cm, a mold temperature

of 275 °C, a hot air pressure of 3 bar, and a compressed air temperature of 350 °C.

An electro-blowing (EB) system, specifically the Aerospinner from Areka Ltd., was used to produce the
nanofibrous mats. This EB system, shown in Figure 1, comprised several components: a pressurized air tank
linked to a regulator, a high-voltage power supply, a syringe pump, a co-axial spinning nozzle positioned on a

homogenizing shaft to ensure even fiber accumulation, and an injector. To collect the nanofibers, a vacuum-
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assisted rotating collector with a surface area of 30 x 20 cm was employed. The all-EB samples were generated
with a feed rate of 10 mL/h, an air pressure of 1 bar, and an electric voltage of 30 kV, maintaining 30 cm

between the collector nozzle and the source.
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Figure 1. Electro-blowing system [1]

In the case of solution-blowing (SB), a similar system as depicted in Figure 1 was used, without the need for a
power supply. SB nanofibers were produced from 12 wt.% PVDF solution with a solution feed rate of 10 mL/h
at 2-bar air pressure. To determine the production times for both EB and SB nanofiber mats, accounting for their

basis weight, the following Equation 1 was employed:

60xBW*A
t= —/——— @
FRxC

Where, BW is basis weight, A is area of the collector, FR is feeding rate and C is concentration of the polymer

solution.

2.2. Preparation of Bimodal Filter Samples

The schematization of four different samples explanations produced within the scope of the study was given in
Figure 2. The black lines in the image represent the fibers produced by the MB method, the yellow lines
represent the fibers obtained by the SB method, and the red lines represent the fibers produced by the EB
method. The weights of all samples were adjusted to an average of 15 gsm (grams per square meter). The 4L
sample contains approximately 11 gsm bimodal MB-SB layer and 4 gsm layer of EB nanofibers. However, this
MB-SB mat and EB mat were brought together in 4 layers, allowing the EB nanofibers to be dispersed into the

structure. In sample L, 4 gsm EB nanofibers were collected as a single layer on the 10.34 gsm MB-SB layer. The
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MB sample was produced from 15.32 gsm MB fibers, and EB sample was produced from only EB nanofibers

with a weight of 15 gsm.

Figure 2. Schematic representation of the produced samples a) 4L, b) L, ¢) MB and d) EB

To produce MB-SB bimodal layers, the system schematized in Figure 3 was used. In this system, two SB nozzles
were used, which produce simultaneously with the MB production method and were placed on both sides of the

MB device. Therefore, MB and SB fibers were collected homogeneously on the same surface.

Figure 3. MB-SB bimodal production system

The fibrous structures' appearances were assessed via scanning electron microscopy (SEM), specifically using
the TESCAN VEGA 3 model. To facilitate the conductivity, a thin layer of gold/palladium, with 10 nm in
thickness was applied to the samples prior to SEM analysis. Average fiber diameters (AFD) and their standard
deviations were determined from SEM images, magnified at 5kx times, utilizing the ImageJ software. To gauge
the filtration performance of the samples in terms of pressure drop (AP) and filtration efficiency (n), an
automatic filter test device (model 8130A, TSI Inc.) was employed. For this evaluation, solid salt particles, with
an approximate diameter of 0.26 + 0.07 um, were generated from a 2 wt.% NaCl solution. The nanofiber mats,

featuring an effective area of 100 cm?, were subjected to testing against NaCl aerosols at a surface velocity of
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15.83 cm/s. The results obtained according to 1ISO 16890 standards provide ePM1 level (>95% against 0.3-1 pum

dust). The filtration efficiency (1) was calculated using Equation 2.

n=1- Cdown/Cup 2

In this context, where "Cgoun" represents downstream particle concentration and "Cyp" represents upstream
particle concentration, the mathematical expression for the quality factor (QF), designed to evaluate the filter

sample's quality by taking into account both filtration efficiency and AP, is defined by Equation 3:

_ _mQ-m)
QF = - 2% )

I1l. RESULTS AND DISCUSSIONS
3.1. Morphology

In the MB process, screw speed controls the amount of melt fed, and higher screw speeds result in a greater
amount of fiber produced per unit time. In this study, MB fibers were produced using PP at different screw
speeds of 1, 5 and 10 rpm. The thickness and basis weight values of these samples are presented in Figure 4. The
thinnest and lightest sample was obtained with a basis weight of 2.5 gsm and a screw speed of 1 rpm. As the
screw speed increased, both the thickness and weight of the fibrous mats increased.

Basis weight (gsm)
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Figure 4. Basis weigths of the MB and MB-SB samples

Figure 4 shows the proportions of nanofibers produced with the SB nozzles added to the MB system. While this
ratio is highest at 1 rpm, as the MB production rate increases, the amount of SB nanofibers in the structure

decreases.
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Figure 5. SEM images and AFD diagrams of the samples

SEM images of MB-SB samples and EB samples were given in Figure 5. According to Figure 5a2-c2, the
avarage diameters of the fibers obtained by the MB method were measured as 775 + 245 nm, 799 + 274 nm and
838 = 286 nm, and no significant change was observed in terms of fiber diameters between the samples. The
diameter of the nanofibers produced using the SB method was measured as 225 nm. The dromedary fiber

diameter diagram given in Figure 6 shows that MB and SB nanofibers have bimodal distribution in the same
structure.
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Figure 6. AFD diagram of the MB-SB bimodal sample
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The MB method had the ability to produce a larger amount of fiber per unit time as it ensures that the molten
polymer completely turned into fiber. On the other hand, the advantage of solution-based methods was that the
fiber diameters are thinner than the fibers obtained by the MB method. In this study, the AFD_MB/AFD_EB
ratio was approximately 5 times. In addition, reducing the solution concentration and adding electric field in
solution-based productions are very important factors in thinning the fiber diameter. The 39% thinning (225 to
138 nm) of fibers obtained with the EB method compared to the fibers obtained with the SB method proves this.

P92
- ]
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Figure 7. Sem image and AFD diagram of the EB sample

Figure 7 shows SEM images and fiber diameter diagrams of EB nanofibers. The average diameter of the fibers
of this sample, produced in the presence of electric field and compressed air, was 138 + 43 nm. The absence of

droplets in the sample indicates that the selected production parameters were in optimum conditions.

3.2. Filtration Performance

The filtration efficiency and pressure drop values of six samples produced only with the MB method and with
the addition of SB nozzles in addition to the MB method were given in Table 1. It was observed that the
filtration efficiency of bimodal nanofibrous mats obtained by adding SB nanofibers into MB samples increased.
Depending on the increase in weight of MB-SB samples, the highest filtration efficiency values were obtained in
the 10 rpm sample. In addition to increased filtration efficiency, the highest quality factor was obtained in the 10
rpm sample, although there was also an increase in pressure drop. In addition, when each sample was evaluated
according to whether or not the addition of SB nanofibers was present, there was a significant improvement in

filtration efficiency and pressure drop with the addition of SB nanofibers.

Table 1. Filtration efficiencies and pressure drop values of the MB samples

Samples Efficiency (%0) Pressure Drop (Pa)
1 rpm MB 31.65 45
1rpm MB + SB 39.54 47
5 rpm MB 45.97 71
5rpm MB + SB 63.32 73
10 rpom MB 75.56 85
10 rpm MB + SB 83.74 88
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The filtration efficiency and pressure drop values of 4L, L and MB-SB and EB samples are given in Figure 6.
When the filtration efficiency and pressure drop graphs of MB samples with a weight of 4L, L and 15 gsm are
examined in Figure 6a, it is seen that the EB nanofibers included in the structure significantly improve the
filtration efficiency. 4L and L samples showed better performance than MB-SB sample with higher filtration
efficiency and quality factor values. On the other hand, when samples 4L and L were examined separately, it was
seen that these two samples contain the same amount of both MB and EB fibers in their structures. In the 4L
sample, the distribution of EB nanofibers in 4 layers within the structure caused a significant improvement in
pressure drop while providing a low improvement in filtration efficiency. This was due to the small pore sizes
created by thin nanofibers. While these pores provided high filtration efficiency by capturing particles, they also
quickly became clogged due to the captured particles, causing an increase in pressure drop. However, the
inclusion of EB nanofibers in the structure in 4 layers rather than a single layer caused the particles to be retained
throughout the structure by surface filtration and to show high filtration performance by providing a lower
pressure drop. In addition, the filtration efficiency value was highest in the sample consisting only of EB
nanofibers, thanks to the small pore sizes created by the thin fibers. However, due to the decrease in pore sizes
and rapidly filling pores, the pressure drop value was accordingly highest. This showed that filtration efficiency
and pressure drop were low in the MB sample, which consisted only of thick fibers. The filtration efficiency
value and pressure drop values were highest in the EB sample, which consisted only of thin nanofibers.
However, in the 4L sample obtained within the scope of the study and brought together with an appropriate
configuration, the filtration efficiency was high while the pressure drop value decreased. This is the most

important criterion expected from an effective filter.
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Figure 8. Filtration efficiencies and Pressure drop values of the 4L, L and MB, and EB samples

Figure 8b shows the graph of filtration efficiency and pressure drop after the corona discharge process applied to
the samples. An improvement in filtration efficiency was observed in all samples with corona treatment. The
sample with the highest filtration efficiency, the 4L sample, was the best sample with a filtration efficiency of
99.18% and a pressure drop of 136 Pa.

Table 2 shows the filtration efficiency and pressure drop values of all samples produced, after corona and after 1
month. Although a decrease in filtration efficiency was observed in all samples after 1 month, the decrease in the
4L sample was the least. The 4L sample showed the highest value with 98.16% filtration efficiency even after 1

month.
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Table 2. Filtration efficiencies and pressure drop values of the samples

As Produced

After Corona

Sample '(:0/5) AP (Pa) F.E (%) AP (Pa) '(:(VE) AP (Pa)
4L 96.01 135 99.34 136 98.16 135
L 95.96 148 99.23 151 97.29 151
MB 83.74 88 89.47 El) 85.07 88
EB 97.63 194 99.81 196 98.28 196
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Figure 9. Quality factors of the 4L, L and MB-SB samples

-35%

In Figure 9, the values and change rates of quality factors of all samples after production, after corona and after 1

month were given. When the values were examined, the sample that best preserved the efficiency increased by

the corona treatment even after 1 month was the 4L sample. This can be explained by the fact that PVDF

nanofibers remain in the layered structure and maintain their electrostatic charge because of not interacting with

the moisture in the air.
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Figure 10. Pressure drop values - Air permeability diagram of the samples
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Air permeability is a measure of porosity/space size in fibrous mats, with higher values indicating greater
porosity/larger pore sizes. In filtration tests, higher air permeability in samples means lower AP. Our samples
exhibited a fairly consistent linear behavior in terms of both air permeability and AP. When the 4L and L
samples are examined, although the total basis weight of the samples does not change according to the number of
layers, the multilayer structure consisting of fibers of different sizes distributed throughout the cross-section of
the filter creates interlayer channels for air passage. As a result, as the number of layers increases in the dual-
mode multilayer structure, air permeability increases and accordingly the pressure drop (AP) decreases. The air
permeability value was lowest in the EB sample consisting of the thinnest nanofibers, which can be explained by
the small pore sizes created by the thin nanofibers making it difficult for air to pass through. The excellent
agreement between air permeability and AP confirmed that the approach of using layers of different thicknesses

composed of fibers of different sizes was an effective strategy to increase filtration performance.

Table 3: Comparison of filter samples obtained from bimodal fibers

Materials Production method F"”a“o’; efficiency Pressure Drop References
(%) (Pa)

. - 99.340 136 This study

PP-PVDF Meltblowing and Electro-blowing 99.230 151 This study
Zein Electrospinning 97.010 38 [14]
PAN Electrospinning 99.936 220 [15]
PLA Electrospinning 99.440 163 [16]
PA6 Solution blowing 99.891 168 [12]

When we investigate the table where information about filter samples obtained from bimodal fibers is examined,
we can see samples obtained from different polymers and different production methods. High filtration
efficiencies were obtained in studies using different polymers and different production methods. Increasing
filtration efficiency was generally followed by increased pressure drop. When studies in the literature are
examined, the 4L sample obtained from PP and PVDF polymers has an outstanding value with 99.34% filtration

efficiency and 136 PA pressure drop.

Bimodal filter structures, showcasing impressive practical results, have drawn attention in a variety of potential
real-world applications. These structures, known for their ability to capture a wide spectrum of particles by
combining fibers of different sizes, can be particularly effective in air filtration, ranging from harmful
nanoparticles to micrometer-sized particles. Thanks to these features, bimodal filters have the potential to
address a range of applications, such as improving urban air quality, controlling particulate matter emissions
from industrial waste, and reducing respiratory diseases.

Furthermore, bimodal filter structures have broad potential in various sectors, from the energy industry to the
automotive sector. These filters, with their different-sized fibers, can better respond to specific needs in certain
applications. For example, in energy production facilities, they might effectively filter harmful particles in
combustion byproducts. In the automotive industry, bimodal filters could play an effective role in reducing

emissions of nano-sized particles in exhaust gases.

Therefore, bimodal filter structures represent a wide potential for addressing practical issues such as improving

environmental quality and controlling harmful emissions in industrial processes. Future studies could focus on
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further optimizing the characteristics of these filters to tailor them for specific applications, contributing to a

healthier environment and sustainable industrial practices.

Bimodal filter structures represent an area with significant potential for future research. These structures offer
the potential to increase efficiency, especially in air filtration and similar applications, with the combination of
materials with different fiber sizes. Future studies may focus on exploring optimized designs, material
combinations, and fabrication methods of bimodal filters. This can be critical for improving the effectiveness of
filters against a wider particle size distribution, optimizing energy efficiency, and ensuring long-lasting
performance. Additionally, advances in nanotechnology and materials science may offer new opportunities to
further improve the properties of bimodal filters. Future research in this direction may have the potential to

provide more effective and sustainable solutions in air quality management and industrial applications.

IV. CONCLUSIONS

In our study, where we aimed to show the improvement in filtration efficiency and pressure drop values provided
by bimodal structures, it was observed that filtration efficiency improved by adding SB nanofibers to the
structure of MB filter mats. In addition, in 4 different samples (L, 4L, MB and EB) with the same basis weight
(15 gsm), the addition of nanofibers to the structure and the distribution of nanofibers into the structure by
layered work both increased the filtration efficiency (99.34%) and caused an improvement in pressure drop (136
Pa). The results show that bimodal structures can be structures with high quality factor and long life in the

filtering process.
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ARTICLE INFO ABSTRACT

Article history: Additive manufacturing methods, which have begun to be used in final product production beyond producing
Received 14 Nov 2023 prototypes, are popular research topics today. The Fused Deposition Modeling (FDM) method, which has a
Received in revised form 26 Dec 2023 wider usage area and user base, is the most well-known among these methods. The method in which the
Accepted 18 Jan 2024 polymer is extruded in layers has advantages such as design freedom and topology optimization, as well as

disadvantages such as surface roughness and low production speed. The number of materials that can be used
in the FDM method is diversifying day by day, and polymeric composites can also be produced beyond pure
polymers. Using engineering polymers such as polyamide in this production method creates many new
opportunities. In addition, the start of production of short fiber reinforced polymeric composites has paved the
way to produce high-performance final products. In this study, the effects of parameters such as layer thickness
and printing orientation on the surface roughness of samples produced using polyamide and short carbon fiber
reinforced polymer matrix composite materials were examined. Chemical surface treatment was applied to
Composite Materials the surfaces of 3D-printed samples to improve surface roughness. It was concluded that the increase in layer
Polymeric composites thickness increases the surface roughness, the -/+45 filling orientation creates higher roughness than the 0 and
FEE 90 orientations, and the surface quality can be increased by chemical surface modification.

Auvailable online

Keywords:
Surface Roughness
Additive Manufacturing

I. INTRODUCTION

The Fused Deposition Modeling (FDM) method is the additive manufacturing method with the most users in the
world [1]. The method, which produces using polymers as raw materials, carries out material extrusion-based
production [2]. With the developing material science, it has become possible to go beyond pure polymer production
in the FDM method and produce composite structures and even metal products. The mechanical properties of the
materials produced by the FDM method vary depending on the production direction, and anisotropic material is
produced with this method [3,4]. In addition to the material used, parameters such as fill rate, infill pattern, print
speed, layer height, etc. have a great impact on the mechanical properties of the final product produced in the FDM
method [5-7]. One of the most important disadvantages of parts produced by additive manufacturing is that the
surface quality of the part is not good after production. This requires post-processing in many applications. Many
post-processing processes, which can be categorized as mechanical or chemical, have been researched and applied

to improve the surface quality of parts produced with FDM [8,9].

Various surface treatments such as chemical treatment, painting, or coating have been tried in the literature to
improve surface roughness. Acetone solvents are the most used chemical solvents [10]. Jo et al. and Pestano et al.
examined the surface properties of acrylonitrile butadiene styrene (ABS) materials produced by the FDM method
post-processed with acetone chemical. It has been determined that surface roughness is reduced by 90% and helps
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to improve the surface quality of ABS-printed parts [11,12]. Rajan et al. examined the effect of Tetra Hydro
Fluoride (HF) solution on the surface properties of polylactic acid (PLA) samples produced by the FDM method.

It has been observed that the applied coating has a reducing effect on surface roughness [13].

When the mechanical finishing methods for surface quality are examined, it is seen that machining, abrasive, heat
cutting, barrel finishing or sanding processes are performed. Boschetto et al. improved the surface quality of parts
produced by the FDM method by using computer numerical control (CNC) milling machines [14]. In another
study, Moradi et al. examined the surface quality of low-power CO; laser finishing applied at different parameters
on PLA samples produced by the FDM method. In the study, the parts were cut with a laser to bring them to the
final dimensions, and high-quality surfaces were obtained [15]. Additive manufacturing, by its nature, aims to
produce final products in one piece, no matter how complex their geometry, without the need for assembly.
Mechanically performed post-processing processes have long processing times and create disadvantages in terms
of measurement tolerances. Studies carried out in the literature have shown that chemical surface treatments are
carried out with general polymer materials such as ABS and PLA, which are the most used in the FDM method.
The production of engineering polymers with higher mechanical properties, and even fiber-reinforced polymer

matrix composites, with the FDM method is the topic of today's experimental studies[16].

Polyamide6 (PA6) was determined as the matrix material because it is resistant to chemicals and has high
mechanical properties. Polyamides are crystalline polymers typically produced by condensation of a diacid and a
diamine[17]. Polyamide (PA) is an important thermoplastic with an amide bond (-NH-C=0) in the polymer
backbone. PA as a fiber-forming material was invented by Wallace Carothers at DuPont in 1935 and patented the
world's first fully synthetic fiber, nylon 6.6.[18]. Polyamide is a material that is included in the thermoplastic

polymer types and is used in many engineering applications.

In this study, neat Polyamide6 (PA6) and short carbon fiber-reinforced PA6 matrix composite samples were
produced using the FDM method. The effects of production parameters in the FDM method on surface quality and
the effects of chemical surface treatments on surface roughness and surface contact angle were examined. The
effect of layer thickness on surface roughness and the effect of infill pattern on surface quality were measured. In
addition, the effects of carbon fiber reinforcement and reinforcement ratio on the surface quality and the effects of

chemical surface treatments applied to all samples after production on the surface quality were investigated.

I1. EXPERIMENTAL METHOD
2.1 Materials

In this study, neat PA6 (PA6) material and two different PA6 matrix composites that are reinforced with different
ratios by weight of short carbon fiber were used. These composites were shaped as a filament by a twin-screw
extruder and since all samples are produced by the FDM method, these materials are in filament form. The matrix
material used in neat polyamide and composite structures is the same. The matrix material and neat one of the
filaments used in the study is the Ultramid B40OLN product of BASF company. The density of the polyamide

product is 1.13g/cm? and the relative viscosity value is 4. Neat polyamide was used as the control group[19].

The materials used in the study include AC4102 chopped carbon fibers of Dowaksa company. Polyamide matrix
filaments containing 10% (PA6CF10) and 20% (PA6CF20) by weight of short carbon fiber were used. Chopped
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carbon fibers have a density of 1.73g/cm?, with a tensile strength of 4200MPa and a tensile modulus of 240GPa.

The diameters of carbon fibers are 7um and their length is 6mm][20].

In this study, formic acid was used to improve surface properties. Formic acid, CH,0- (98%+ pure), was obtained
from ACROS Organics and used in liquid form. Many studies have reported that formic acid has a corrosive effect

on polyamide [21]. For this reason, it is preferred for surface modification.

2.2 Filament Production

All compounds with 2 different fiber ratios were produced with a twin-screw extruder. These compounds were
produced by Eurotec Company with a twin-screw extruder in pellet form. An extruder with a counter-rotating
screw configuration was used to obtain a homogeneous mixture and fibers and matrix were mixed in time
extrusion. A twin-screw extruder unit with a diameter of 18 mm was used in the production of the compound. Pre-

drying was carried out at 80°C for 24 hours, and barrel temperatures were between 190-225°C.

All filaments were produced at EG plastic company with a single-screw extruder that brand is SJ. Since the
filament diameter of the device used in specimen production with FDM is 2.85mm, all products were produced in
these dimensions. Barrel temperatures were between 190-225°C at the single-screw extruder, screw RPM was

about 6, and puller RPM was set depending on adjusting the diameter of the filament.

2.3 Production of Test Samples

By using PA6, PA6CF10, and PA6CF20 filaments, sample production for surface contact angle and surface
roughness measurement was carried out by the FDM method. As seen in Figure 1, the sample dimensions are 3mm
thick and have a width of 12*120mm. The samples were drawn with the Autodesk Fusion 360 CAD program.

12mm| 3mm

120mm

Figure 1. Samples geometry

The production of all samples was carried out at the University of Alberta Multi-Functional Laboratory with the
Ultimaker S5 model device [22] and the Ultimaker printcore CC nozzle [23] was used for extrusion head. This
special nozzle with a sapphire tip and 0.6mm diameter was used as samples were produced using carbon fiber-
reinforced filaments. It is a nozzle specially developed by Ultimaker due to the abrasive effect of carbon fibers.
The production parameters of FDM devices are adjusted with CAM programs as shown in Table 1. CAD data

created in stl format were converted to gcode files using the CAM program called CURA which is version 4.0.
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Table 1. 3D Printing Parameters

Parameters Values
Print fill 100%

Nozzle Temperature 275°C
Buildplate Temperature 80 °C
Flow Rate 100%

Print Speed 40mm/s

As a variable parameter for samples, the effect of 3 different layer thicknesses on the surface properties in the Z
axis was investigated. Samples with layer thicknesses of 0.1, 0.2, and 0.3 mm were produced as shown in Figure
2. At the X-Y plane, samples were produced in 3 different infill patterns. These are 0, 90, and -/+45 degrees as
shown in Figure 3.

Z 0.1mm 0.2mm 0.3mm

Figure 2. Layer height

90° ' -45°/45° 0°

Figure 3. Infill pattern

FDM method sample production was carried out using 3 different filaments shown in Figure 4 with the dimensions
shown in Figure 1. For each material type, samples were produced with the same dimensions but in two different

build orientations and these are called on-edge and flat as shown in Figure 5.
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Ultimaker
Printcore
CC Nozzle

Pure PA6

Samples

PA6CF20

Filaments

Ultimaker S5

Figure 4. Samples production

The samples were produced with 3 different material groups, they have 6 different variables, and these variables
are 3 different layer thicknesses and 3 different filling patterns. A total of 5 different samples were produced from

each material group.

Figure 5. Production build orientations
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The effect of the printing direction on the surface roughness for flat samples was examined on the X-Y plane, and
for on-edge samples, the effect of layer thickness was examined on the Z-axis.

Infill Pattern Layer Thickness
0 Degree : 0.lmm [E—
45 Degree
90 Degree
Figure 6. PA6 samples
Infill Pattern Layer Thickness
0 Degree : ARSI 0.lmm
45 0.2mm
Degree
90 0.3mm
Degree

Figure 7. PA6CF10 samples
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Infill Pattern Layer Thickness

0 Degree 0.1lmm

45 0.2mm
Degree
90 0.3mm
Degree

Figure 8. PA6CF20 samples

2.4 Surface Treatment

The chemical treatments applied to the produced samples aimed to improve the surface properties and formic acid
was used because it can interact with polyamide with high chemical resistance. To examine the effect of the
produced samples on the surface properties, all samples were kept in formic acid. All samples were placed in
bottles, sealed with parafilm M PM999 tape, and heated to 68 °C. The samples were stirred in formic acid on a

corning pc-420d stirring hot plate at 100 rpm for 30 minutes.

CORMN NG,
o

PAG PAG6CF10 PAGCF20

Figure 9. Surface modification in formic acid

To improve the surface properties of all samples produced with a 3D printer, surface treatment was applied with

formic acid to examine its effect on the surface properties on both the X-Y plane and Z axis. According to the
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literature knowledge literature [24-27], formic acid was preferred, and these stated processing values were selected

in this study because it was observed to have a corrosive effect on polyamide material.

2.5 Surface Roughness

Surface roughness measurements were made with the Mitutoyo brand SurfTest SJ-301 surface roughness
measuring device located in the Mechanical Engineering Department of Ege University Faculty of Engineering.
Surface roughness measurements were made on all samples with 0, 45, and 90-degree infill patterns and 3 different

layer thicknesses (0.1, 0.2, 0.3 mm), without surface modification and with surface modifications applied.

Surface roughness measurements were carried out according to 1SO 1997. In surface roughness measurements,
Ra, which is the numerical average value of all peaks and valleys measured along the tested line, and Rz, which is
the average value of the consecutive highest peaks and lowest valleys measured, were measured. For each sample,

5 measurements were taken in 5 repetitions at 0.8 cut-offs.

Figure 10. Surface roughness measurement

2.6. Contact Angle Measurement

The wettability changes of the surfaces of the samples produced in the study were investigated by a contact angle
test. To determine the change in wettability, contact angle measurements were made on the modified and
unmodified surfaces at room temperature. The samples were dried in a vacuum oven at 100°C for 12 hours before
testing. Finally, the samples were kept in the desiccator for 90 minutes before contact angle measurements.
Measurements were performed using the VCA Optima Contact Angle Surface Analysis System (AST Products,
Inc., Billerica, MA, USA) located at the University of Alberta NINT facility. During the contact angle analysis,
images were taken in dynamic mode for a 1L water droplet on the sample surface and then analyzed with software
(AST Products, Inc., Billerica, MA, USA) examining the waterdrop shape profile on the sample surface. For each
sample, seven consecutive measurements were taken, and mean values were reported as representative

measurements.
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I11. RESULTS AND DISCUSSIONS

The results of roughness values Ra, and Rz against the samples with varied layer thicknesses are tabulated below
(Table 2 and Table 3). Analysis of the results: Based on the surface finish results, as shown above, it is evident
that as the layer thickness increases, surface roughness values (Ra & Rz) increase. In the table, samples with
surface modification applied are expressed as M XXX, and samples without surface modification are expressed as
non-M XXX.

Table 2. Surface roughness of X-Y plane (um)

M non-M M non-M M non-M

0 Deg 0 Deg 45 Deg 45 Deg 90 Deg 90 Deg
Ra 4.21 16.54 4.83 20.96 1.96 4.00

PAG Rz 28.51 74.16 42.03 91.53 10.97 19.81
Ra 7.54 10.22 9.19 11.54 3.90 6.66

PABCF10 Rz 47.96 58.11 60.09 78.03 22.87 37.24
Ra 7.84 11.75 10.15 14.73 4.73 7.80

PABCF20 Rz 48.02 73.40 71.31 103.1 28.34 40.23

Table 3. Surface roughness of Z axis (um)

M 0.1mm Non-M 0.1mm M Non-M 0.2mm M Non-M 0.3mm
0.2mm 0.3mm

Ra 16.26 21.49 19.68 23.91 21.21 25.57

PAS Rz 75.73 122.4 98.6 114.4 94.96 111.9
Ra 19.59 21.09 20.68 23.0 21.14 26.24

PABCF10 Rz 110.8 100.2 98.21 122.1 1111 137.1
Ra 20.2 24.47 21.34 25.55 22.58 28.13

PABCF20 Rz 96.49 129.4 114.8 135.2 109.5 145.2

The lowest surface roughness in all samples was observed in samples produced with a 90° infill pattern. Since the
90° infill pattern orientation and the movement pattern of the surface roughness measurement probe were parallel
to each other, the lowest values were obtained in these parameters. Increasing the carbon fiber ratio increased the
surface roughness in all samples with different infill patterns. The hard structure of carbon fiber and its increased

ratio in the matrix has resulted in the formation of rougher surfaces.

The highest surface roughness values were observed in the samples produced with the 45° infill pattern. Producing
layers in the -/+45° orientation resulted in rougher surfaces at the moving points that intersected in the coordinate
plane. In PA6 unmodified samples, the Ra value increases 5 times when the samples produced with a 90° infill
pattern are compared with the samples produced with a 45° infill pattern, while the Ra value increases

approximately 4 times when compared to the samples produced with a 0° infill pattern.

A greater improvement in surface roughness was observed in PA6 samples after chemical modification. Since
formic acid did not affect the fibers in carbon fiber-reinforced samples, the improvement in surface quality was
not as high as PAG6. The highest surface roughness values were measured in samples containing 20 percent carbon
fiber by weight and produced with a 45° infill pattern. After chemical surface treatment, the surface quality has

been increased by 30%. The highest surface quality improvement was observed in the samples produced with 0°
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infill pattern. The reason for this is that formic acid creates more contact surfaces at the peaks and the reaction

occurs in a larger area.

There was a warping problem during production in the samples produced from PA6 material in on-edge built
orientation, but this was not observed in the fiber-reinforced ones. Fiber reinforcement also provides an advantage
in shape stability. Since surface roughness measurements were made from the middle parts of all samples, the

effect of warping on roughness was tried to be minimized.

When the effects of layer thickness on surface roughness and surface modification in this direction were examined,
the highest surface roughness value was measured in PA6CF20 samples produced with 0.3mm layer thickness.

Chemical surface treatments showed an improvement of 20%.

Higher surface quality was obtained on the surfaces in the X-Y plane compared to the Z axis. Although more
detailed samples were produced with a layer thickness of 0.1mm in the Z axis, surface roughness values in the X-
Y plane were not obtained. This is because the nozzle contributes to the smoothing of the surface while moving in
the X-Y plane in sample production, while there is no support or corrective mechanism in the Z axis. Selvam et
al. examined the surface roughness values at different layer thicknesses on the samples produced from ABS
material by the FDM method and measured that the increase in the layer thickness increased the surface roughness

[28]. There is a similar situation for PA6 material.

Even if chemical surface treatment was applied on all produced samples, the surface quality X-Y plane values
could not be reached in the Z axis. Surface roughness values were measured higher in all parameters and fiber

ratios in the Z axis compared to the X-Y plane.

Many surface modifications and coating technologies are applied to optimize wetting and adhesion properties. The
surface contact angle is affected by both surface chemistry and roughness. For this reason, the effects of parameter

variables and chemical surface modification on surface contact angle were examined within the scope of the study.

The contact angle values of the samples produced with 0° and 90° infill patterns on the X-Y plane were not
performed because they would not provide an effective comparison. The contact angle values of the samples

produced with only 45° infill pattern on the X-Y plane were examined.

Non-M 45 Degree

Non-M 0.2 mm

Non-M 0.3 mm

Modified 45 Degree

Modified 0.1 mm

Modified 0.2 mm

Modified 0.3 mm
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Figure 12. PA6CF10 contact angles

Non-M 45 Degree

Non-M 0.1 mm

Non-M 0.2 mm

Non-M 0.3 mm

Modified 45 Degree

Modified 0.1 mm

Modified 0.2 mm

Modified 0.3 mm

Figure 13. PA6CF20 contact angles

The lowest contact angle value was found on the X-Y plane surface produced with a 45° infill pattern. The contact

angle values in the Z axes are higher. Chemical surface treatment decreased the surface roughness and contact

angle values in all samples.

The contact angle values of all PA6 samples were lower than the samples containing carbon fiber. This is because

polyamide is polar and hydrophilic due to the amide (-CONH) functional group it contains [29]. Carbon fiber

reinforcement caused an increase in contact angle values. The increase in surface roughness because of carbon

fiber is the reason for this.

As the roughness increased in all samples, the contact angle also increased. The inability of the liquid dripped

during the test to penetrate the rough surfaces well and the gas molecules trapped in the roughness because this

increase in the contact angle. The roughness on the surface causes discontinuities to form at the liquid-solid

interface. Therefore, there is the formation of gas-liquid interfaces in addition to solid-liquid regions. This creates

a barrier effect, preventing the liquid from spreading freely on the material surface and reducing wetting [30].

IV. CONCLUSIONS

In this study, the effects of different carbon ratios, production parameters, and chemical surface treatment on the

surface properties of composite samples produced by additive manufacturing were investigated. The surface
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roughness has a linear relationship to the layer thickness. Layer height is the fundamental parameter that influences
print quality as it sets the thickness of each layer being printed. The thinner the layer thickness, the surface
roughness quality of the 3-D printed object will be better. As the roughness increased in all samples, also the
contact angle increased. The contact angle is directly proportional to the roughness. Chemical surface treatment
decreased the surface roughness and contact angle values in all samples. The contact angle values on the Z-axis
are higher than on the X-Y plane. Chemical surface treatments can be used to reduce the contact angle on samples
produced by additive manufacturing. The effects of different chemicals on the surface contact angle of the

polyamide matrix can be investigated in future studies.
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Article history: We propose a comprehensive game-theoretic model pertaining to the security of computer networks,
Received 16 Nov 2023 specifically addressing the interaction between defenders and attackers. The model incorporates attack graphs
Received in revised form 22 Dec 2023 to outline potential attacker strategies and defender responses. To account for the attacker's capacity to execute
Accepted 21 Jan 2024 multiple attempts, we introduce a probabilistic element, wherein the success or failure at any arc of the attack

graph is treated as stochastic. This characterization gives rise to a multi-stage stochastic network-interdiction
problem. In this problem formulation, the defender strategically interdicts a set of arcs in anticipation of the
likely actions of the attacker, who, in turn, can make multiple attempts to traverse the network. We
mathematically articulate this scenario as a stochastic bilevel mixed-integer program with a “"min-max"
objective. The defender's aim is to minimize the probability of the attacker's success, while the attacker seeks
to maximize the probability of successfully traversing the network across multiple attempts. The defender's
stochastic bilevel optimization model is solved using the integer L-shaped method. Upon analyzing the
defender's perspective, we observe the anticipated trend that the overall success probability of the attacker
diminishes with an increasing level of defense. Notably, in the sensitivity analysis involving relatively small
attack graphs, we discover that the optimal defense strategy against a myopic attacker often aligns with that
against a non-myopic attacker. Furthermore, in instances where deviations exist, the disparity in performance
is generally marginal. However, our findings demonstrate a potential divergence in optimal defense strategies
when the available attack paths share numerous common arcs.
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1. INTRODUCTION

In an era dominated by technology and connectivity, the safeguarding of cyber networks against intelligent and
persistent attacks has become paramount. Cybersecurity threats, driven by sophisticated attackers employing
advanced techniques, demand innovative and robust defense strategies. The significance of cybersecurity cannot
be overstated, given the escalating frequency and complexity of cyber-attacks. According to the Cybersecurity &
Infrastructure Security Agency (CISA), there was a 33% increase in reported cyber incidents in 2022 compared to
the previous year [1]. This surge highlights the pressing need for effective defense mechanisms against evolving

threats.

Computer security has been studied extensively in literature. The main tools for protecting networked systems
include cryptography, “demilitarized zones” (designated places on a computer network where public services are
located), virtual private networks (VPN), honey pots, vulnerability scanners, firewalls, and intrusion detection
systems (IDSs) [2]. Encryption is a strong tool for securing data packets, but it is not always realistic to encrypt
every packet in a network, and in any case encryption keys can often be stolen or acquired through “social
engineering” even if the encryption code cannot be “cracked” by brute computational force. A VPN is a way to

connect securely with the network a private network from outside; however, this connection can also provide a
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way for attackers to get inside the network, if they are able to obtain the privileges of an authorized user. Honey
pots are decoys designed to attract the interest of attackers; however, if an attacker can identify the honey pots,
this could provide knowledge of the network structure. Vulnerability scanners are used to scan a given network
for potential weaknesses, but their findings are not always reliable. Finally, firewalls are designed to protect
networks from malicious activities, and IDSs identify attack signatures and detect anomalous system behavior.
However, if cyber attackers know their general capabilities, they may be able to take advantage of security holes
or gaps. Attackers can also exploit the complexity of computer networks by finding a multiplicity of ways to attack
them [3].

When computer networks were first introduced, they were not designed to protect against potential attacks [2].
Moreover, with the exponential growth of computer and internet usage, computer networks became extremely
complex. Therefore, it is difficult if not impossible to secure computer networks completely, and intelligent
attackers can always take advantage of new weaknesses or combinations of existing vulnerabilities. Moreover,
operational decisions about updating network security often involve patching newly discovered security holes after
an attack. In other words, once a new virus or cyber-attack has been detected, firewalls, intrusion-detection
algorithms, and other defense tools are updated accordingly. However, game-theoretic defense approaches could
in principle facilitate a more proactive approach to computer security, by anticipating the responses of potential
attackers [4].

Given the intricate nature of cyber networks, attack graphs have emerged as a method for comprehensively
representing all potential attack scenarios within a specific network context [5]. These graphs serve as concise
visualizations, illustrating the vulnerabilities inherent in each cyber network. Consequently, numerous scholars
have incorporated attack graphs into their research, employing them as foundational elements to construct intricate

security models for cyber networks [6].

An attack graph serves as a comprehensive representation of all conceivable attack scenarios within a computer
network [5]. By utilizing attack graphs, one can construct defender-attacker models aimed at assisting defenders
in identifying optimal or nearly optimal defense strategies. Additionally, these models can be tailored to defend
systems against various attacker types, including hackers, spies, terrorists, corporate raiders, and professional
criminals. Each attacker type may have distinct objectives; for instance, opportunistic attackers seek easy targets
and may switch focus if a specific target becomes too challenging or costly to attack successfully. Conversely,

determined attackers, such as hostile governments, are less deterred by increased attack difficulty or cost.

In the realm of computer network security, numerous defender-attacker models have been developed, primarily
leveraging game theory to pinpoint equilibrium strategies for both attackers and defenders. However, many of
these models neglect the integration of attack graphs into their game trees. For example, Liu et al. [7] devised a
game-theoretic formalization, featuring diverse models tailored to specific situations, such as accounting for the
correlation among attack actions and the accuracy of intrusion detection. Lye and Wing [8] explore varied game
strategies within network security, treating interactions between attackers and system administrators as a two-
player stochastic game. They compute Nash equilibria and best-response strategies for both the attacker and the
administrator using nonlinear programming techniques. By framing the problem as a general-sum stochastic game,
Lye and Wing identify multiple Nash equilibria, aiding system administrators in anticipating the attacker's optimal

attack strategies. Similarly, Xiaolin et al. [9] propose a Markov model to assess the risks of computer networks,
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considering the current and anticipated future security status. They use a Markov chain to model the potential
actions of attackers to assess the risk, and another Markov chain to represent possible defense strategies to decrease
the number of system vulnerabilities. Furthermore, Nguyen et al. [10] propose a stochastic game-theoretic model
for security and intrusion detection in computer networks and apply it to a small sample network. They model the
security of the network using a weighted directed graph, with nodes representing combinations of security assets

and vulnerabilities, and with edges representing relations among the nodes.

Additionally, there exist defender-based methodologies that do not explicitly consider attacker types or strategies.
For instance, Sheyner et al. [5] propose an approximation method to identify the smallest subset of measures
necessary to render a system "safe.” They acknowledge the NP-completeness of finding such a subset and employ
a greedy algorithm to derive an approximate solution. In their approach, they treat the identification of a minimum
critical set in an attack graph akin to solving a minimum hitting-set problem. The resulting algorithm determines
the minimum critical set covering at least one arc from each possible path on the attack graph. However, it is
crucial to note that their model may not fully align with real-world scenarios where security systems are subject to

budget constraints, a factor often influencing defense strategies.

One way to use attack graphs to develop defensive strategies is to find the optimal set of arcs (or, equivalently,
attacker actions) for the defender to interdict. This critical set is likely to depend on factors such as interdiction
costs, the defender’s budget constraint, the effect of an arc interdiction on the attacker’s future actions, etc. In the
literature, many network-interdiction algorithms have been developed to find the optimal set of arcs to interdict on
a given graph. Network-interdiction models have been studied in areas such as military applications and
transportation security. During the Vietham War, McMasters and Mustin [11] developed deterministic models to
interdict enemy troops or material flows on a transportation network, using optimization to allocate a limited
number of aircraft to best interdict the enemy’s supply line. More recently, [12-14] have all applied deterministic
network-interdiction models to military problems, or to interdiction of illegal drugs or precursor chemicals.
Similarly, [15-16] study the problem of maximizing the shortest path of an attacker, using a deterministic network-

interdiction algorithm.

In situations where one or more components of a problem lack certainty, a stochastic network-interdiction problem
arises. One of the pioneering investigations into stochastic network interdiction was conducted by Cormican et al.
[17]. They introduced a stochastic network-interdiction model aimed at minimizing the anticipated maximum flow
achievable by an adversary within a given network. Cormican et al. [17] employed binary random variables to
represent interdiction success or failure and analyzed the ensuing problem as a two-stage stochastic integer
program. In the initial stage, the defender's objective is to minimize the maximum network flow attainable by the
adversary by interdicting a specified set of arcs. In the subsequent stage, the attacker selects the path on the network
that yields the maximum flow. Cormican et al. [17] employed a sequential-approximation algorithm, generating
lower and upper bounds for the optimal value of the objective function at each iteration. Israeli and Wood [18]
focused on a shortest-path network-interdiction problem, wherein the defender interdicts a set of arcs to maximize
the shortest path achievable by the attacker. The stochastic nature of their problem arises from the assumption that
the defender lacks precise knowledge of the attacker's actual origin and destination, possessing only a probability
distribution over potential origin-destination pair. They formulated the resultant bilevel max-min problem as a

stochastic mixed-integer program. Bayrak and Bailey [19] extended the shortest-path network-interdiction
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problem to cases where the interdictor and the evader possess varying levels of knowledge about the network.
Their formulation transformed the problem into a stochastic nonlinear mixed-integer program, subsequently solved
by converting it into a stochastic linear mixed-integer program. Pan and Morton [20] proposed a stochastic
network-interdiction model where the interdictor selects a set of arcs for installing radiation sensors to minimize
the reliability of the evader's maximume-reliability path, with the goal of maximizing the probability of detecting a
potential nuclear smuggler. Like Cormican et al. [17], Pan and Morton [20] assumed that the interdictor only
possesses a probability distribution for the evader's origin-destination pair. They formulated the resulting problem
as a stochastic mixed-integer program and presented a decomposition method for its solution. Similarly, Dimitrov
and Morton [21] developed various network-interdiction models and applied them to diverse problems. Recently,
Morton [22] conducted a comparative analysis of deterministic and stochastic network-interdiction models and
their respective solution algorithms. Additionally, they categorized the types of stochastic network-interdiction

models based on the defender's information level regarding the attacker's source-terminal pair.

Stochastic network-interdiction models present a greater computational challenge compared to their deterministic
counterparts, prompting the introduction of various solution algorithms and heuristics. Cormican [23] has
classified available solution methods into two categories: decomposition methods and sequential-approximation
algorithms. Generally, decomposition algorithms iteratively enhance the bounds of the objective function by
solving both the attacker's and the defender's problems for every conceivable realization of the scenario. Examples
of decomposition algorithms encompass [17-20, 24]. However, it is imperative for the objective function of the
problem to be convex for decomposition algorithms to be applicable. Additionally, certain decomposition
algorithms necessitate the dualization of the objective function, a task that is not always straightforward and, in
some instances, may prove to be infeasible. Furthermore, when dealing with a large number of potential scenarios,
computational challenges may arise with decomposition methods due to the escalating number of subproblems
requiring resolution at each iteration, corresponding to the number of scenarios. In contrast, sequential-
approximation algorithms exhibit enhanced computational efficiency in scenarios involving a substantial number
of possible scenarios. Similar to decomposition, sequential-approximation algorithms establish upper and lower
bounds on the optimal value of the objective function. In this approach, the genuine problem is approximated by
progressively refining the partitioning of the sample space to create more representative subsets, thereby yielding
tighter bounds on the optimal value of the objective function. Sequential-approximation algorithms utilize
decomposition at each iteration to ascertain bounds on the optimal value of the objective function within each
partition, thereby encountering analogous constraints as decomposition. Notable instances of sequential

approximation algorithms are elucidated in [17, 25].

Recently, Janjarassuk and Linderoth [26] introduced a third method, sample-average approximation (SAA), for
addressing stochastic network-interdiction problems. In SAA, the genuine problem is approximated by generating
samples from the state space, representing all possible scenarios of the problem. Once the samples are generated,
the SAA problem transforms into a deterministic optimization problem, effectively approximating the true
stochastic problem. Deterministic optimization problems can frequently be solved optimally using suitable
algorithms such as the L-shaped decomposition algorithm [27]. Examples of SAA methods are outlined in [28-
33]. In their publication, Janjarassuk and Linderoth [26] conduct a comparative analysis of different methods for
solving stochastic network-interdiction problems and conclude that SAA exhibits notable effectiveness for large

problems, as a relatively modest number of samples proves sufficient to represent numerous possible scenarios.
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This paper proposes an innovative defense approach grounded in the principles of stochastic network interdiction,
an area of study gaining traction in cybersecurity research. By integrating bi-level stochastic optimization model,
this approach aims to optimize the allocation of defensive resources, minimizing vulnerabilities and maximizing
the network's resilience against intelligent attacks. To address the complexity of the problem, this study employs

the Integer L-shaped method and SAA which provide a rigorous and efficient solution methodology.

Il. THEORETICAL METHOD

In this study, a fully game-theoretic and non-myopic approach is adopted to represent attacker and defender
behavior. We set up the game as a defender-attacker model because the defender moves first, and we assume that
the attacker’s objective is maximizing the probability of success while the defender minimizes the same objective
function value with limited resources. In our model, we use attack graphs to represent attack success probabilities.
Each arc on an attack graph represents the probability of successfully traversing one step of a complete attack (as
represented by a path). We assume that the outcomes of attempting to traverse different arcs are independent. Our
game is non-cooperative, because the defender wishes to minimize damage while the attacker attempts to
maximize damage. Also, it is a stochastic game, because it is uncertain whether the attacker will be successful
when attempting to traverse the network, and the defender develops his strategy anticipating this uncertainty. We
can further categorize our game as a sequential game because the defender moves first to protect the network, and
then the attacker launches an attack to traverse the protected network. Further, we assume a complete-information
game between the attacker and the defender, which means that both the defender and the attacker know each
other’s possible strategies and payoffs. Finally, we assume a game of perfect information, where the attacker has
knowledge of the defender’s chosen protection strategy when choosing how to attack the network.

We formulate the attacker’s problem as a multi-stage stochastic network-interdiction problem (MSNIP). When
attacking the system, the attacker’s success is uncertain. Thus, the attacker may need to make several attempts.
The defender should anticipate this in choosing a defensive strategy. Thus, the problem becomes a bi-level
stochastic programming problem when we consider both the defender and attacker objectives. In our model, each
of the attacker’s attempts represents a stage of MSNIP. For example, the attacker’s first attempt represents the first
stage of the MSNIP, the second attempt represents the second stage if the attacker fails at the first attempt, and the
third attempt represents the third stage if the attacker fails at the second attempt, etc. MSNIP was first introduced
by Ertem and Bier [34] and details of the model can be found in their study. For the purposes of this study, we

formulated the defender’s problem using the integer L-shaped method.

2.1 Integer L-shaped Method

Bilevel stochastic programming problems are difficult to solve. In literature, there are algorithms that can solve
bilevel stochastic programming problems under certain conditions. However, to our knowledge, all these
algorithms require the lower-level problem (the attacker’s problem, in our context) to be a linear optimization
problem [35]. By contrast, in our model, the attacker’s problem is a stochastic mixed-integer program, because we
use binary decision variables to define the optimal path for the attacker. For the defender’s problem, we also use

binary decision variables to define which arcs are interdicted by the defender. Several studies have developed

249



J. Innovative Eng. Nat. Sci. vol. 4, no.1, pp. 245-262, 2024. Cyber attacks

solution algorithms for specific stochastic integer programming problems [36-39]. However, Laporte and
Louveaux [40] introduced the integer L-shaped method, which has general applicability to stochastic integer
programs. In their study, Laporte and Louveaux [40] show that the integer L-shaped method finds the optimal
solution of a problem (if it exists) in a finite number of steps, if the problem has a valid set of feasibility cuts and
a valid set of optimality cuts. According to Laporte and Louveaux [40], stochastic integer programs have both
valid feasibility cuts and valid optimality cuts. Thus, the integer L-shaped method can be used for the solution of
stochastic integer programs provided that: 1) the lower-level expectation function F(x,y,&) (the attacker’s
problem, in our model) is computable for a given upper-level (defender) decision variable x; and 2) the objective

value of the lower-level optimal solution has a lower bound.

We can consider our problem a bilevel stochastic integer program where the defender interdicts a set of arcs at the
upper level, and then the attacker makes multiple attempts to traverse the network at the lower level. The first
assumption above (computability) is satisfied if there are enough paths for the attacker to traverse on a given attack
graph. For the two-stage case, there should be at least two available paths, and for the three-stage case, at least
three paths should be available, because the attacker must select another path in each attack stage if he fails at the
previous attack stage. Moreover, for sufficiently large defender budget levels, the defender might be able to
interdict all or most of the paths, in which case the attacker’s problem F(x, y, ¢) would not be computable. This
situation is avoided, however, because of our assumption that if the defender interdicts arc arc (i,j) €A (A: set of
arcs) on the attack graph, then the probability of successfully attacking arc (i,j) € A will be reduced from pj; to gj;
> 0. The second assumption (boundedness) holds because the objective value of the attacker’s problem (the

probability of succeeding in multiple attempts) is naturally bounded below by 0.

For stage K of the integer L-shaped method, we define the master problem as follows:

min 0 D
s.t.

(i jeaCijXij < B (2)
6 = v(xx) — v() Ri,pyeaoop=0 X)) k =12,...,K ©))
v(x) =0,60>0k=12,...,K 4)

Here, variable & represents an appropriate approximation of F (x, y, £); i.e., an approximation satisfying Constraint
3, which represents the K identified optimality cuts. Function v(x,) represents the solution of the attacker’s SAA

problem with N scenarios [34] for a given defender solution x;. Constraint 2 represents the defender’s budget
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limit. As discussed above, because our problem satisfied both computability and boundedness assumptions, the

optimality cuts in Constraint 3 will always be valid.

We use the following steps to solve the defender’s problem with the integer L-shaped algorithm:

Step 0: Set B = 0. The variable 0 is the lower bound for the objective function value of the defender problem,
so is set equal to 0. An initial defender solution x# is selected, and the corresponding attacker’s problem
v(x#) is solved. Set 7 = v(x#), where 7 is the upper bound for the objective function value of the defender
problem. If y = 0, then go to Step 4. Otherwise, set K = 1, add one optimality cut to Constraint 3, and go to
Step 1.

Step 1: Set § = 8 + 1. Solve the master problem in Eq. 1 through 4. Let (x#, 8#) be an optimal solution.
Step 2: Compute v(x#) and set y# = v(xP). If y# <y, sety = y¥.

Step 3: If 8% =y, then go to Step 4. Otherwise, set K = K + 1, add one optimality cut to Constraint 3, and
return to Step 1.

Step 4: Set x# as the optimal defender solution and stop.

Figure 1 illustrates the flowchart depicting the application of the proposed integer L-shaped method to optimize

the defender's problem based on the specified attacker's selection.

Initialize algorithm - x-ﬁ
parameters by setting: S 7 setK =K +1
=0 SDE’E v(x ,)E‘ Add opt. cut to Con. 3 i
6=0 sety = v(x") stf=F+1
Solve Con. 1 to 4
cet (xF8, 6F)
set xPas opt. Compute U(x'g)

Set 8 = v(xF)

defender solution

Figure 1. Flowchart of the proposed integer L-shaped method

111. RESULTS AND DISCUSSIONS

In this section, we explore the effect of the attack graph size and structure, attack success probabilities, attacker

type, and defense level on the optimal solution of the defender problem. As discussed in Section 2, we will use the

integer L-shaped method to solve the defender problem.

3.1 Sensitivity Analysis Setup

In our sensitivity analysis, we use three realistic network topologies (from literature [41-42]) and two levels of

vulnerability densities per host. When selecting network topologies, our aim was to select common and realistic
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topologies and use our model to obtain some insight into attacker behaviors and optimal defense policies.
Therefore, we selected networks like the fully connected, and star-type networks for use in our sensitivity analysis.
In a fully connected network, each of the nodes (hosts) is connected to every other node, and in a star topology,
every node is directly connected to the central node. In total, we have six attack graphs (three topologies, with two
vulnerability densities for each topology). The topologies and corresponding attack graphs for both one and two
vulnerabilities per host are given in Figures 2 through 4. For each topology, we begin the analysis with one

vulnerability per host, and then add another appropriate vulnerability to each of the nodes in the network.

Sbmet 3
Interret Explarer

Figure 2. Case 1: Larger star-type network, and corresponding attack graphs with one vulnerability per host (top left), and two vulnerabilities

per host (bottom)

The attack graphs used in the case study are generated using the MulVal software [43]. However, the resulting
attack graphs include some types of nodes that are not necessary for our assessment. Therefore, in order to simplify
the attack graphs, we deleted those nodes. Also, for each attack graph, we added dummy source and terminal nodes
(since our model assumes a single source node and terminal node). We connect the source node to the initial nodes
of the attack graph with arcs that have success probabilities of 1, and similarly for the terminal node and the final

nodes of the attack graph. We start with a base case that assigns initial success probabilities to the arcs in each
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attack graph. Initial success probabilities are assigned using the Common Vulnerability Scoring System (CVSS),
which is an industry standard for assessing the severity of computer security vulnerabilities [44]. The National
Institute of Standards and Technology tracks all emerging cyber-attacks and their corresponding CVSS scores in
a National Vulnerability Database (NVD) [45]. In our case, the MulVal software automatically assigns success

probabilities using the NVD database.
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Figure 3. Case 2: Heavily connected network, and corresponding attack graphs with one vulnerability per host (top left), and two vulnerabilities

per host (bottom)
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To explore the impact of success probability changes on the optimal defense strategy, we also vary the success
probabilities of arcs on the attack graphs. We could explore the effects of increasing the success probabilities of
arcs, but making arcs more vulnerable does not seem realistic in the context of computer security. Thus, we
decreased the success probabilities of arcs on all attack graphs by 50% in our sensitivity analysis. In addition to
changes in the success probabilities of arcs, we also explore the effect of the defense level. We begin by solving
each attacker problem with no defenses, and then increase the number of arcs that the defender can interdict, until

enough arcs have been interdicted so that the attacker can no longer reach the target value.

We consider both myopic and non-myopic attackers and vary the number of attack stages. We consider a one-
stage model (for which there is no difference between myopic and non-myopic attackers), as well as two-stage and
three-stage models for both myopic and hon-myopic attackers. However, we did not apply the three-stage model
to cases 1 and 2 (given in Figures 2 and 3, respectively) with two vulnerabilities per host, because the attack graphs

for those cases were relatively large and computationally demanding.

3.2 Application of the Integer L-Shaped Method

To solve the defender’s optimization problem, we used the integer L-shaped method. As discussed in Section 2.1,
the integer L-shaped method finds the optimal solution of the defender problem by adding optimality cuts to the
master problem at each iteration. The number of iterations needed to solve the defender problem is an important
measure for assessing the performance of this solution approach, because of the need to solve the attacker problem

at each iteration.

For a one-stage attack, we first solve the attacker problem to find the optimal attack path for a given initial defender
solution, find a candidate solution of the defender problem using the optimal result of the attacker problem, and
then repeat these steps at each iteration until we find the optimal defender solution. For the two-stage myopic
model, we first solve the attacker problem to find the optimal one-stage attack path for a given initial defender
solution, then run the second-stage recourse model to assess the performance of that strategy, solve the master
problem using the results of the recourse problem to find a candidate defender solution, and again repeat these

steps at each iteration until we find the optimal defender solution.

For the two-stage non-myopic model, we first solve the two-stage attacker problem to find the optimal first-stage
attack path, then run the second-stage recourse model to assess the performance of that strategy, solve the defender
problem using the results of the recourse problem to find a candidate defender solution, and then repeat these steps
at each iteration until we find the optimal defender solution. The three-stage myopic and non-myopic attacker

problems are solved in a similar manner.

Based on the results of Case 1 shown in Table 1, the number of iterations needed to solve the defender problem
seems to depend on the defender’s budget level, and the selected initial defender solution (even though the table
does not show the selected initial defender solution). The results are similar for the other cases. For smaller
defender budgets, the integer L-shaped method performed no better than explicit enumeration, since it tried all
possible defender solutions. For larger budget levels, the method performed significantly better than explicit
enumeration. However, the sensitivity runs for the defender problem were still computationally demanding,

especially for the larger attack graphs.
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Figure 4. Case 3: Small star network, and corresponding attack graphs with one vulnerability per host (bottom left) and two vulnerabilities per
host (bottom right)

5.3 Sensitivity Analysis Results

We use three realistic attack graphs with two vulnerability levels each to assess the sensitivity of the defender
solution to attack graph type and size, attacker type (myopic or not), number of attack stages, and defense level.
The case study results are illustrated in Figures 5 through 7. Based on the results, we see that the attacker’s success
probability is generally increasing in the number of attack stages, especially when few arcs are interdicted. As
expected, smaller arc success probabilities yield lower overall attack success probabilities, as does an increase in

the defender budget level, in general.
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Table 1. Number of iterations needed to solve the defender problem using the integer L-shaped method versus using explicit enumeration

Case 1: 1 vulnerability/host (12 arcs)

Case 1: 2 vulnerability/host (52 arcs)

Budget L-Shaped Method Explicit Enumeration L-Shaped Method Explicit Enumeration
B=1 12 12 52 52
B=2 144 144 2704 2704
B=3 220 220 2704 22100
B=4 N/A N/A 2704 270725
B=5 N/A N/A 22100 2598960
B=6 N/A N/A 22100 20358520
B=7 N/A N/A 2704 133784560
B=8 N/A N/A 2704 752538150
B=9 N/A N/A 2704 3679075400
B=10 N/A N/A 2704 15820024220
B=11 N/A N/A 2704 60403728840
B=12 N/A N/A 52 206379406870
B=13 N/A N/A N/A N/A
Attacker Success Probability for Different
Defender Budgets (Case 1 - 1vul/host)
G.; @1 stage - Myopic
Zoas = z
= 07 W 2 stage - Myopic and Non-myopic
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202
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1
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Figure 5. Sensitivity analysis results of the defender problem for Case 1 with one vulnerability per host for both with the base and 50%

decreased arc success probabilities (top), with two vulnerabilities per host and base arc success probabilities (middle), with two vulnerabilities

per host and arc success probabilities decreased by 50% (bottom chart)
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However, when multiple paths in an attack graph have the same success probability, interdiction of an arc on one
of those paths will not reduce the overall probability of success, because the attacker could select an equally good

path.

In cases 1 and 2 with one vulnerability per host (Figures 5 and 6, respectively), and case 3 (Figure 7), the myopic
attacker performs just as well as the non-myopic attacker. This is because in the corresponding attack graphs, the
paths do not involve any common arcs, so there is no benefit to the attacker from thinking ahead. In cases 1 and 2
with two vulnerabilities per host (Figures 4 and 5, respectively), the non-myopic attacker does slightly better than
the myopic attacker at some budget levels, because in these attack graphs at least some paths involve common
arcs. However, even when the non-myopic attacker performs better than the myopic attacker, the defender’s
optimal interdiction strategy is the same for both attacker types. Thus, the added computational difficulty of solving
the non-myopic attacker problem does not benefit the defender. Based on these results, we observe that anticipating

the attacker’s future actions is especially important when the available attack paths share more common arcs.
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Figure 6. Sensitivity analysis results of the defender problem for Case 2 with one vulnerability per host for both with the base and 50%
decreased arc success probabilities (top), with two vulnerabilities per host and base arc success probabilities (middle), with two vulnerabilities
per host and arc success probabilities decreased by 50% (bottom chart)
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Finally, we observed that the optimal defense is usually to protect arcs near the source node or end node of the
attack graph. In our defender sensitivity analysis, we solved 91 defender problems on 7 different attack graphs. In
all these runs, the interdicted arcs were next to either the source node or the end node, never at intermediate levels
of the attack graph. For example, Figures 8 and 9 illustrate the interdicted arcs for cases 1 and 2 with two

vulnerabilities for a defender budget of 10 arcs, respectively.

IV. CONCLUSIONS

In this study, we developed a general game-theoretic defender-attacker model for security of computer networks,
using attack graphs to represent the possible attacker strategies and defender options. To represent the ability of
the attacker to launch multiple attempts, we consider the attacker’s success or failure on any arc of the attack graph
to be probabilistic and describe the resulting security problem as a multi-stage stochastic network-interdiction
problem. In our problem, the defender interdicts a set of arcs, anticipating the attacker’s likely actions, and then
the attacker can make multiple attempts to traverse the network. We formulated the resulting problem as a
stochastic bilevel mixed-integer program with a “min-max” objective. Here, the defender attempts to minimize the
attacker’s success probability, and the attacker maximizes the probability of traversing the network successfully
in multiple attempts.
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Figure 7. Sensitivity analysis results of the defender problem for Case 3 with one vulnerability per host for both with the base and 50%
decreased arc success probabilities (top), with two vulnerabilities per host for both with the base and 50% decreased arc success probabilities
(bottom chart)
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Figure 8. lllustration of the optimal defense strategy for case 1 with 2 vulnerabilities for a defender budget of 10 arcs

For the defender problem, we found, as expected, that the attacker’s overall success probability decreases with the
increase in the level of defense. More significantly, we found that for the relatively small attack graphs studied in
our sensitivity analysis, the optimal defense against a myopic attacker is often the same as against a non-myopic
attacker, and in any case rarely does too much worse. However, preliminary results suggest that this might not be

the case when the available attack paths share numerous common arcs.

Case 2 - 2 vul,, Def. Budget = 10

=== == : Dummy arc (not interdictable)

Figure 9. lllustration of the optimal defense strategy for case 2 with 2 vulnerabilities for a defender budget of 10 arcs
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Overall, we were able to determine the optimal defense against a non-myopic attacker. Our method may not be
directly applicable in practice, because the optimal defense is computationally intensive to find, and in many cases,
is not significantly better than the defense against a myopic attacker. While this assertion holds a degree of validity,
such findings undoubtedly offer valuable insights for the formulation of forthcoming defense strategies and
policies. Cases where the benefit of defense against a non-myopic attacker is large may tend to involve large
networks and may therefore be even more difficult to solve. Thus, while the goal of defending against a non-
myopic attacker is significant, the methods we have used so far limit the applicability of our model. Thus, in future
work, we plan to look for modeling and solution approaches that would help to solve our problem more efficiently

even for large networks, such as dynamic programming.

Another important extension of this study involves transitioning from the idealized premise of a perfect
information game to one that acknowledges imperfections in information. One prevalent avenue for addressing
imperfect information games often involves adopting a worst-case scenario approach. Yet, employing such a
method could prove exorbitantly expensive, notably within the domain of cyber defense. Consequently, the
defender ought to explore more resource-efficient methodologies. Under this circumstance, enhancing the
defender's defense strategies necessitates a broader spectrum of tactics, anticipating diverse attacker types and

actions, thereby facilitating the development of a comprehensive defense strategy.

Despite these limitations, our results nonetheless yielded some recommendations of practical significance for the
defense of cyber networks. First, for networks that are not well defended (i.e. highly vulnerable), defending against
a myopic attacker may be adequate; the advantage of assuming a non-myopic attacker is greatest for well-defended
networks. Similarly, defending against a myopic attacker may be adequate when the available attack paths share
few common arcs, and when the success probabilities of attacks on different arcs vary widely. Thus, while the
problem of defending against non-myopic attackers is difficult, it is encouraging to know that defense against a
myopic attacker will frequently give results that are equally or almost equally good. Finally, our results suggest
that the optimal defense will usually be to protect arcs near the source node or end node of the attack graph, rather

than at intermediate layers of the attack graph.
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