e-ISSN: 2149-3367

w http://fmbd.aku.edu.tr

_ -
BiLIMLERI
DERGISI

Afyon Kocatepe Universitesi
Ahmet Necdet Sezer Kampusii
Fen Bilimleri Enstitiisii
AFYONKARAHISAR
Tel: 444 03 03 / 1460-1470
Belgegecer: 0272218 14 62
E-posta: fmbd@aku.edu.tr

e-ISSN: 2149-3367  CILT / VOLUME: XXIII SAYI/ NUMBER: 4 AGUSTOS / AUGUST 2023

Afyon Kocatepe Universitesi
FEN ve MUHENDISLIK

BILIMLERI DERGISI

Afyon Kocatepe University
Journal of Science and
Engineering

w http://fmbd.aku.edu.tr




AFYON KOCATEPE UNIVERSITESI
FEN VE MUHENDISLIK
BILIMLERI
DERGISI

Afyon Kocatepe University
Journal of Science and Engineering

Cilt / Volume 23
Say1 / Number 4

e — ISSN: 2149-3367

AGUSTOS 2023

AUGUST 2023






Derginin Amaci ve Icerigi

Afyon Kocatepe Universitesi Fen ve Miihendislik Bilimleri Dergisi (AKU FEMUBID), fen ve
miihendislik bilimleri alanlarindaki giincel geligmeleri takip etmek, meslek kuruluslar1 ve bireylerin
ulusal ve uluslararasi gelisimlerine katkida bulunmak ve bu alanlarda nitelikli bir kaynak olusturmak
amactyla yayimlanmaktadir.

Afyon Kocatepe Universitesi Fen ve Miihendislik Bilimleri Dergisi, 6zgiin bilimsel arastirmalar ile
uygulama calismalarina yer veren bir dergidir. Dergide, fen ve miihendislik bilimlerinde yapilmis
deneysel ve teorik ilerlemeleri igeren bilimsel ve 6zgiin aragtirma makalesi tiirlindeki ¢aligmalara yer
verilir.

Fen ve Miihendislik Bilimleri Dergisi; Afyon Kocatepe Universitesi tarafindan 1999'dan bu yana yilda
2 say1 (Haziran ve Aralik) Tiirk¢e veya Ingilizce olarak hazirlanan calismalar1 yayimlanan, bilimsel ve
hakemli bir dergidir.

Dergimizde makale degerlendirme siirecinin daha seffaflastirilmasi ve hizlandirilmasi i¢in Subat 2013
itibariyla online makale degerlendirme ve takip sistemi uygulamaya alinmistir.

Ocak 2015 itibaren dergimiz; yaymlanma siireci ile yazarlara ve gerekse yapilan ¢aligmalara pratik
ulasma imkanlar1 nedeniyle okuyuculara birgok avantajlar saglayan; elektronik dergi (e-1ISSN: 2149-
3367) olarak yilda 3 say1 (Nisan, Agustos ve Aralik) Tiirkce ve ingilizce makaleleri kabul edecek ve ¢ift
tarafli kor hakemlik esasina gore en az iki hakemli olarak degerlendirilmektedir. Makale gondermek
isteyen yazarlarimiz, dergi sayfamizdan (https://fenbildergi.aku.edu.tr/ yada

https://dergipark.org.tr/tr/pub/akufemubid) kayit yaptirarak, 6zgiin bilimsel makalelerini ¢evrimigi

olarak génderebilir ve siireci takip edebilirler. Ozellikle lisansiistii tezlerden hazirlanan yayinlar veya bu
tezlerin bir alt ¢aligmasi olarak yapilan 6zgiin bilimsel ¢aligmalar tesvik edilmektedir.

Ocak 2020 yilindan itibaren dergimiz; yilda 6 say1 (Subat, Nisan, Haziran, Agustos, Ekim ve Aralik)
olmak iizere 6zgiin aragtirma makalelerini kabul etmektedir.

Dergimizde yayimlanan makaleler izin alinmaksizin bagka bir yerde yayimlanamaz veya bildiri olarak
sunulamaz. Makalelerin bir kism1 veya tamam dergimiz kaynak gosterilmeden kullanilamaz.

Dergimize hem hakem hem de yazar olarak katkilarimizi beklemekteyiz. Dergimize olan desteginiz i¢in
simdiden tesekkiir eder, calismalarinizda basarilar dilerim.


https://fenbildergi.aku.edu.tr/
https://dergipark.org.tr/tr/pub/akufemubid

AFYON KOCATEPE UNIVERSITESI
FEN VE MUHENDISLIK BIiLIMLERI DERGISI
Afyon Kocatepe University
Journal of Science and Engineering

IMTIiYAZ SAHIBI/OWNER

Ibrahim EROL, Chemistry, Afyon Kocatepe University, (Turkey)
e-mail: ierol@aku.edu.tr

EDITOR / EDITOR-IN-CHIEF

Tamer BAYBURA, Survey Engineering, Afyon Kocatepe University, (Turkey)
e-mail: tbaybura@aku.edu.tr

YARDIMCI EDITOR/ ASSOCIATE EDITOR
Hakan OZTURK, Mathematics, Afyon Kocatepe University, (Turkey)
e-mail: hozturk@aku.edu.tr

ALAN EDIiTORLERI / EDITORIAL BOARD

Afife Binnaz HAZAR, Metallurgy and Materials Engineering, Yildiz Teknik University,
(Turkey)
e-mail: afife.hazar@gmail.com

Ahmet CETKIN, Mechanical Engineering, Afyon Kocatepe University, (Turkey)
e-mail: acetkin@aku.edu.tr

Ahmet SERTESER, Molecular Biology and Genetics, Afyon Kocatepe University, (Turkey)
e-mail: aserteser@aku.edu.tr

Ahmet YILDIZ, Geological Engineering, Afyon Kocatepe University, (Turkey)
e-mail: ayildiz@aku.edu.tr

Atilla EVCIN, Material Science and Engineering, Afyon Kocatepe University, (Turkey)
e-mail: evcin@aku.edu.tr

Ahmet YONETKEN, Mechatronic Engineering, Afyon Kocatepe University, (Turkey)
e-mail: yonetken@aku.edu.tr

Bojan Zlender, Civil Engineering, University of Maribor, (Slovenia)
e-mail: bojan.zlender@um.si

Cevat INAL, Survey Engineering, Konya Teknik University, (Turkey)
e-mail: cinal@ktun.edu.tr

Engin TAS, Statistics, Afyon Kocatepe University, (Turkey)
e-mail: engintas@aku.edu.tr

Ersin KIVRAK, Department of Science Education, Afyon Kocatepe University, (Turkey)
e-mail: ekivrak@aku.edu.tr


mailto:tbaybura@aku.edu.tr
mailto:acetkin@aku.edu.tr
mailto:aserteser@aku.edu.tr
mailto:engintas@aku.edu.tr
mailto:ekivrak@aku.edu.tr

Ertugrul ERGUN, Internet and Information Technologies Management, Afyon Kocatepe
University, (Turkey)
e-mail: ertugrulergun@gmail.com, ertue@aku.edu.tr.

Fatih Onur HOCAOGLU, Electrical Engineering, Afyon Kocatepe University, (Turkey)
e-mail: fohocaoglu@gmail.com

Hiiseyin Ali YALIM, Physics, Afyon Kocatepe University, (Turkey)
e-mail: hayalim@aku.edu.tr

Hiiseyin BAYRAKCEKEN, Automotive Engineering, Afyon Kocatepe University, (Turkey)
e-mail: bceken@aku.edu.tr

fbrahim Hakki CIGERCI, Molecular Biology and Genetics, Afyon Kocatepe University,
(Turkey)
e-mail: cigerci@aku.edu.tr

Ismail DEMIR, Civil Engineering, Afyon Kocatepe University, (Turkey)
e-mail: idemir@aku.edu.tr

Ismail Sedat BUYUKSAGIS, Mining Engineering, Afyon Kocatepe University, (Turkey)
e-mail: shsagis@aku.edu.tr

Ismail ZORLUER, Civil Engineering, Afyon Kocatepe University, (Turkey)
e-mail: izorluer@aku.edu.tr

Levent OZCAN, Biomedical Engineering, Afyon Kocatepe University, (Turkey)
e-mail: leventozcan@aku.edu.tr

Mehmet CAKMAKKAYA, Automotive Engineering, Afyon Kocatepe University, (Turkey)
e-mail: cakmakkaya@aku.edu.tr

Mehmet KAHRAMAN, Computer, Afyon Kocatepe University, (Turkey)
e-mail: kahraman@aku.edu.tr

Mehmet OZKAN, Physics, Afyon Kocatepe University, (Turkey)
e-mail: mozkan@aku.edu.tr

Meltem DILEK, Chemical Engineering, Afyon Kocatepe University, (Turkey)
e-mail: mdilek@aku.edu.tr

Muhammed YURUSOY, Mechanical Engineering, Afyon Kocatepe University, (Turkey)
e-mail: yurusoy@aku.edu.tr

Mustafa Kemal YILDIZ, Mathematics, Afyon Kocatepe University, (Turkey)
e-mail: myildiz@aku.edu.tr

Mustafa Serhat BASPINAR, Metallurgy and Materials Engineering, Afyon Kocatepe
University, (Turkey)


mailto:ertue@aku.edu.tr
mailto:idemir@aku.edu.tr
mailto:leventozcan@aku.edu.tr
mailto:kahraman@aku.edu.tr
mailto:yurusoy@aku.edu.tr

e-mail: sbaspinar@aku.edu.tr

Mustafa YILMAZ, Survey Engineering, Afyon Kocatepe University, (Turkey)
e-mail: mustafayilmaz@aku.edu.tr

Mustaque Hossain, Civil Engineering, Kansas State University, (USA)
e-mail: mustak@k-state.edu

Omer HAZMAN, Chemistry, Afyon Kocatepe University, (Turkey)
e-mail: ohazman@aku.edu.tr

Ramazan SEVIK, Food Engineering, Afyon Kocatepe University, (Turkey)
e-mail: ramazansevik03@yahoo.com

Regita Bendikiene, Department of Production Technologies, Kaunas University of Technology,
(Lithuania)
e-mail: regita.bendikiene@ktu.lt

Yiiksel OGUZ, Electrical Electronics Engineering, Afyon Kocatepe University, (Turkey)
e-mail: yukseloguz@aku.edu.tr

ADRES/ADDRESS:

Afyon Kocatepe Universitesi, Fen Bilimleri Enstitiisii,

Ahmet Necdet Sezer Kampusu, 03200, AFYONKARAHISAR
Telefon: 444 03 03 / 1460-1470

Belgegecer: 0272218 14 62

e-posta: fmbd@aku.edu.tr


mailto:sbaspinar@aku.edu.tr

ICINDEKILER / CONTENTS

FEN BiLiIMLERIi / SCIENCE

BIYOLOJI / BIOLOGY (10)

Aragtirma Makalesi / Research Article

Turkiye’deki Monotipik Pallenis spinosa (L.) Cass. Tiirli Uzerine Anatomik ve Karyolojik Bir
Arastirma

An Anatomical and Caryological Investigation On Monotypic Pallenis spinosa (L.) Cass. in
Turkey

Bahattin BOZDAG

041001 (820-827)

Aragtirma Makalesi / Research Article

Endemik Soganin inhibe edici etkisinin degerlendirilmesi: Hesaplamali ¢calisma ile fenolik
bilesik ve enzim inhibisyonu analizi

Evaluation of inhibitory potency of endemic Onion bulbs: Analysis of phenolic compounds
and enzyme inhibition with the computational study

Dursun KISA

041002 (828-836)

Arastirma Makalesi / Research Article

Ticari Bombus terrestris Kolonilerinin Prunus avium bahgelerindeki Polen Toplama
Davranislarina Yonelik Gozlemler

Observations on the Foraging Behaviors of Commercial Bumble Bee Colonies in Prunus
avium Orchards

Cigdem OZENIRLER

041003 (837-842)

FIZIK / PHYSICS (11)

Arastirma Makalesi / Research Article

Basing Altinda Sogutulan Sivi Pd Elementinin Mikro Yapisal Gelisiminin Molekiler
Dinamik Benzetimi ile incelenmesi

The Investigation of Microstructural Development of Liquid Pd Element Cooled
under Pressure by Molecular Dynamics Simulation

Sefa KAZANC

041101 (843-857)

Aragtirma Makalesi / Research Article

Kibik HfZnO3 Bilesiginin Yapisal, Mekanik ve Termodinamik Ozelliklerinin ab
Initio Yéntemi ile incelenmesi

Investigation of Structural, Mechanical and Thermodynamic Properties of Cubic HfZnO3
Compound

Tahsin OZER, Nihat ARIKAN, Ali iIHSAN

041102 (858-864)




Aragtirma Makalesi / Research Article

Ugli Au-Ag-Cu, Al-Cu-Si ve Dértlii Al-Cu-Mg-Si Alasim Sistemlerinin Viskozite
Degerleri

Viscosity Values of Ternary Au-Ag-Cu, Al-Cu-Si and Quaternary Al-Cu-Mg-Si Alloy
Systems

Hiseyin ARSLAN

041103 (865-873)

KIMYA / CHEMISTRY (12)

Aragtirma Makalesi / Research Article

Ametal Katkilama ile Titanyum Dioksit Nanomalzemelerin Fotokatalitik Bozunmasinin
iyilestirilmesi

Improvement of Photocatalytic Degradation of Titanium Dioxide Nanomaterials by
Non-metal Doping

Funda AK AZEM, Isil BIRLIK, Ozgiir Yasin KESKIN, Tiilay KOC DELICE

041201 (874-882)

Aragtirma Makalesi / Research Article

Yeni Bir Schiff Bazi Molekdliine in Siliko Tibbi ve Hesaplamali Yontemlerle Bir Bakis

A Perspective with in Silico Medicinal and Computational Methods to A New Schiff
Base Molecule

Songiil SAHIN, Necmi DEGE

041202 (883-897)

Arastirma Makalesi / Research Article

PPy/SbOx-Sn02 Anot Aktif Malzemesinin Tek Basamakta Elektrokimyasal Sentezi ve
Siperkapasitér Uygulamasi

One-step Electrochemical Synthesis of PPy/SbOx-Sn02 Anode Active Material and
Supercapacitor Application

Nuran OZCICEK PEKMEZ, Meliha Gdzde CEKIC, Erhan KARACA

041203 (898-913)




MATEMATIK & ISTATISTIK / MATHEMATICS & STATISTICS (13)

Arastirma Makalesi / Research Article
iki Lucas Sayisinin Birlesimi Olan Mulatu Sayilar
Mulatu Numbers That Are Concatenations of Two Lucas Numbers

Fatih ERDUVAN

041301 (914-920)

Arastirma Makalesi / Research Article

Rizgar Enerji Santrali Yatiriminin Reel Opsiyon Yontemleri ve Esneklik Tirleri ile
Degerlemesi

Evaluation of Wind Power Plant Investment with Real Option Methods and Types of
Flexibility

Duygu BIYIKLI, Faik Ahmet SESLI, Pelin KASAP

041302 (921-932)

Aragtirma Makalesi / Research Article
Laplace Dagiliminin Olgek Parametresi igin Daraltici Tahmin ve Bootstrap Giiven Aralig

Shrinkage estimation and bootstrap confidence interval for scale parameter of Laplace
distribution

Senay OZDEMIR, Meral EBEGIL

041303 (933-940)

MUHENDISLIiK BiLIMLERI / ENGINEERING

BILGISAYAR & BILISIM / COMPUTER & INFORMATICS (51)

Arastirma Makalesi / Research Article

Mikrodizi Veri Kiimesi Uzerinde Dogadan ilham Alan Optimizasyon ile Birlestirilen
Uyarlanabilir Ag Tabanli Bulanik Cikarim Sistemi Kullanilarak T-ALL, B-ALL ve T-LL
Malignitelerinin Siniflandirilmasi

Classification of T-ALL, B-ALL and T-LL Malignancies Using Adaptive Network-Based Fuzzy
Inference System Approach Combined with Nature-Inspired Optimization on Microarray

Dataset

Fatma AKALIN, Nejat YUMUSAK

045101 (941-954)

Aragtirma Makalesi / Research Article
Otistik Spectrum Bozuklugunun Yapay Sinir Aglart ile Tespiti
Detection of Autistic Spectrum Disorder Using Artificial Neural Network

Kazim YILDIZ, Seyma Nur OZDEMIR

045102 (955-961)



https://dergipark.org.tr/tr/journal/98/article/1181852/editor/production
https://dergipark.org.tr/tr/journal/98/article/1181852/editor/production
https://dergipark.org.tr/tr/journal/98/article/1231989/editor/production
https://dergipark.org.tr/tr/journal/98/article/1231989/editor/production

ELEKTRIK & ELEKTRONIK / ELECTRICAL & ELECTRONICS (52)

Aragtirma Makalesi / Research Article

Farkh Yapay Sinir Aglari Yontemlerini Deneysel Olarak Olgiilen Giines Isinim
Tahminine Etkisi

Effects of Artificial Different Neural Network Methods on Experimentally Measured Solar
Radiation Estimation

Enes YILDIZ, Fatih SERTTAS

045201 (962-972)

Arastirma Makalesi / Research Article
Anahtarlamali Relliktans Makinanin Fiziksel Modeli ve Performans Analizi
Physical Model and Performance Analysis of Switched Reluctance Machine

Eyyip OKSUZTEPE

045202 (973-983)

KIMYA & METALURJI VE MALZEME / CHEMISTRY & METALLURGY AND MATERIALS (57)

Arastirma Makalesi / Research Article

Uyari-Cevap Akrilamid/Sodyum Metakrilat/Kaolin Yari-i¢ ice Gegmis Polimer Ag Kompozit
Hidrojellerinin Karakterizasyonu

Characterization of Stimuli-Responsive Acrylamide/Sodium Methacrylate/Kaolin Semi-
Interpenetrating Polymer Network Composite Hydrogels

Giilcihan GUZEL KAYA, Hiiseyin DEVECI

045701 (984-990)

Arastirma Makalesi / Research Article

Spark Plazma Sinterleme Yéntemi ile Uretilen Karbon Fiber Kumas Katkili ZrB2-SiC
Kompozitlerinin Yapisal ve Mekanik Ozellikleri

Structural and Mechanical Properties of Carbon Fiber Fabric Reinforced ZrB2-SiC
Composites Produced by Spark Plasma Sintering Method

Asli Asiye AGIL, Erhan AYAS

045702 (991-1000)

Arastirma Makalesi / Research Article

Halid Aktive Edilmis Kutu Sementasyon Yontemi ile Paslanmaz Celigin Yiizey
Modifikasyonunun Modellenmesi

Modeling of Surface Modification of Stainless Steel by Halide Activated Pack
Cementation Method

Fulya KAHRIMAN

045703 (1001-
1009)




Aragtirma Makalesi / Research Article
Dinamik Termokimyasal Yéntem ile Si3N4/SiC Kompozit Tozunun Uretilmesi
Production of Si3N4/SiC Composite Powder by Dynamic Thermochemical Method

Nuray CANIKOGLU, Betiil ARSLAN, Nazli ERKEN

045704 (1010-
1018)

Aragtirma Makalesi / Research Article

Filament Eritme Yontemiyle Uretilen PA12 ile Ticari PA12’nin Morfolojik, Termal
ve Mekanik Ozelliklerinin Karsilastiriimasi

Comparison of Morphological, Thermal and Mechanical Properties of PA12 Produced by
Filament Melting Method and Commercial PA12

Miinir TASDEMIR, Serbay BEKTAS

045705 (1019-
1028)

MADEN & JEOLOJI | MINES, & GEOLOGICAL (58)

Arastirma Makalesi / Research Article
Salda Goli Hidroloji Parametrelerinin Degerlendirilmesi
Evaluation of Salda Lake Hydrology Parameters

Aysen DAVRAZ, Fatma AKSEVER

045801 (1029-1044)

Arastirma Makalesi / Research Article
Best-Worst Yontemi ile Arazilerin Tarimsal Kullanima Uygunluklarinin Belirlenmesi
Determining the Suitability of Lands for Agricultural Use with the Best-Worst Method

Sukran YALPIR, Gamze AKYUZ, Ela ERTUNC

045802 (1045-1055)

Arastirma Makalesi / Research Article

Guleman Kromit Yatagi Cevresindeki inci Cay1 Sedimentlerindeki Metal
Kirliliginin Temel Deger ve Ortalama Yerkabugu Degerleri Tarafindan
Degerlendirilmesi (Alacakaya-Elazig), Turkiye

Evulation Metal of Contamination by Natural Background and Average
Earth's Crust Values in The Inci Stream Sediments Around Chromite

Deposits in Guleman (Alacakaya-Elazig), Turkey

Hatice KARA

045803 (1056-1071)

Aragtirma Makalesi / Research Article

Emet Espey Konsantrator Tesisi Diisiik Tenorli Kolemanit Konsantresinin
Hidrosiklon ile Bor igeriginin Yiikseltilmesi

Increasing Boron Content of Low Grade Colemanite Concentrate at Emet Espey
Concentrator Plant by Hydrocyclone

Zehra Ebru SAYIN, Aysegiil YiGIT, Mehmet SAVAS

045804 (1072-1080)



https://dergipark.org.tr/tr/journal/98/article/1242691/editor/production

Afyon Kocatepe Universitesi Fen ve Miithendislik Bilimleri Dergisi

Afyon Kocatepe University Journal of Science and Engineering

AKU FEMUBID 23 (2023) 041001 (820-827) AKU J. Sci. Eng. 23 (2023) 041001 (820-827)
DOI: 10.35414/akufemubid.1269577

Arastirma Makalesi / Research Article
An Anatomical and Caryological Investigation On Monotypic Pallenis
spinosa (L.) Cass. in Tiirkiye

Bahattin Bozdag!
Sehit Ahmet Ozsoy Science High School- Tiirkiye

e-mail: bbozdag2 @gmail.com ORCID ID: http://orcid.org/ 0000-0002-4466-3901

Gelis Tarihi: 23.03.2023 Kabul Tarihi: 17.08.2023

Abstract

Pallenis spinosa (L.) Cass., which has an annual and herbacous life form, is represented by a single

species (monotypic) in Turkey. There are 1-2 rows of epidermis cells in the root cross section of the

Keywords taxon. Between the epidermis and the central cylinder is the cortex, which consists of parenchymatic
Asteraceae; Anatomy;  cells. Root has a radial vasculer bundle. The cross-section of the stem has a round shape with single row
Caryology; Pallenis and regular lined of cortex cell over the vascular bundle as a starch sheath. The sclerenchyma cells is
Spinosa cover the top of floem cells in the collateral vascular bundle. The leaves is a bifacial type. There are

stomas and eglandular hairs both side of the leaves. Sclerenchyma cells are both side of vascular
bundles in the leaves. We determined 2x = 2n = 10 chromosome number and made chromosome
measurement and haploid idiogram of species.

Tiirkiye’deki Monotipik Pallenis spinosa (L.) Cass. Tiirii Uzerine
Anatomik ve Karyolojik Bir Arastirma
0z

Pallenis spinosa (L.) Cass. Tirkiye icin monotipik bir tirdir. Tek yillik otsu bitkilerden olusur. Tiirtn kdk

Anahtar Kelimeler enine kesiti 1-2 sira epidermis hiicresine sahiptir. Korteks hiicreleri epidermis ile merkezi silindirin
Asteraceae; Anatomi;  arasini doldurur. Kokte radyal iletim demetleri bulunur. Gévde enine kesiti yuvarlak sekle sahiptir.
Karyoloji; Pallenis iletim demetlerini saran tek sirali, diizenli dizilmis, nisasta kinini olusturan parankima hiicreleri
spinosa mevcuttur. Sklerankima hiicreleri, kolleteral iletim demetlerindeki floem hiicrelerinin Gzerini kaplar.

Yapraklar bifasiyal tiptedir. Yapragin her iki ylziinde de orti tiyleri ve stomalar bulunur. Yapraklarda
iletim demetlerinin her iki ylzlinde de sklerankima hicreleri vardir. Tirlin kromozom sayisi 2x = 2n = 10
olarak belirlendi ve kromozom 6lgtimleri yapilarak haploid idiogramlari ilk kez hazirlandi.

© Afyon Kocatepe Universitesi

1. Introduction Medicinally, different part of the plant as leaves

and flowers have been used mouth infections,
Known as the largest family of flowering plants, gastralgia, skin injuries and inflammatory
Asteraceae includes 1600-1700 genera and about contusions (Agelet and Valles, 2003; Chermat and
24 000 species (Funk et al. 2009). Pallenis spinosa Gharzouli, 2015). P. spinosa have some chemical
(L.) Cass. belongs to the Asteracaea family, and the compounds as sesquiterpenes, oxygenated
tribe Inuleae and monotypic for Tirkiye. sesquiterpenoids,  oplopanone,  eudesmane,

. . . flavonoids atuletin, uercetin, sterol
P. spinosa (Spiny Starwort), is an annual P q

herbaceous plant and distribution area is the
Mediterranean region (Al-Eisawi, 1982). The taxon
has large vyellow-orange flowers and spiny
involucre bracts below the flowers (Zareh, 2005).

components, (Appendino et al. 1997; Senatore
and Bruno, 2003; Sanz and Marco, 1991; Ahmed
et al. 1990; Ahmed et al. 1992; Dibi et al. 2014) and
these compouns have taxonomic and potential


mailto:bbozdag2@gmail.com
https://orcid.org/0000-0002-4466-3901

An Anatomical and Caryological Investigation On Monotypic Pallenis spinosa (L.) Cass. in Turkey, Bozdag

mediclinal importance. Essential oils of P. spinosa
have antioxidant and anticancer effects (Al-
Qudaha et al. 2017).

There are some chromosome investigation about
this species (Love 1981, 1982) but in these studies
they gave only the number of chromosomes of the
species but we determined chromosome
parameters and made haploid idiograms and
anatomical features and measurements of species
for the first time.

2. Materials and Methods

The plant samples used in this study were
collected from the localities in Table 1.

Table 1. The collection area and herbarium
information of P. spinosa

Species Locality — Date Herbarium
Number

P. spinosa  Near The Menemen Anatolian ~ BBOZDAG95
High Scholl Menemen-izmir-
Turkey 15.06.2013

Herbarium samples of specimens are kept in the
department of Biology at Celal Bayar University.
The taxonomic description of the species was
made according to Flora of Turkey (Davis 1975).
Different part of plant samples were keep in 70%
alcohol for anatomical investigations. Handle-
blade cross sections were taken from root, stem,
leaf and stained with Bozdag et al.(2016).

Caryological investigation were made according to
method of El¢i (Elgi, 1994). Chromosome
measurements of the taxon were made on 5
different cells at metaphase stage. Anatomical and
caryological photographs were taken with Leica
DM 3000 LB photomicroscope and photos were
analyzed. Karyotype analysis was performed
according to the method developed by Levan et al.
(1964).

3. Results

Figure 1. General apperance of P. spinosa

3.1. Anatomical results

In the cross section of root of species, we
determined that one layer epidermis cells and one
layer eksodermis cells where are under the
epidermis cells. Epidermis and endodermis cells
have rounded or rectangular shape and epidermis
cells size are bigger than exodermis cells. Corteks
is composed of 5-7 layer paranchymatic cells
which have rectangular shape. There is a single
layer endodermis cells surround of the vascular
bundle. Root has a radial vascular bundle like
other dicotil plants. Xylem elements has a wide
range of center of section and these elements
have triangular shape and have three arm. Phoem
elements are located between the arm of the
xylem. There are sclerancymatic cells between the
phloem cells area. (Figure 2. A,B. Table 2.)

The stem of species has pentagonal shape. Under
the cuticle, there is a single or double layer
epidermis cells which has oval or round shape.
Between the epidermis cells, there are stomata
cells and a lot of eglandular hairs. In the cortex,
there are 5-13 layer parancymatic cells which have
rectangular shape. These cells are big size middle
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of the cortex and small size near the epidermis and
vascular bundle. Vascular bundle is surrounded by
a single layer starch sheath cells. There is no gap
between the closed collateral bundles. The top of
phloem elements is covered by the sclerenchyma
cells. While phloem elemets has narrow area in
the bundle, xylem elements has wide area. Center
of the section, there are paranchymatic cells
which has thin walled, live, big size and ovoid
shape. (Figure 2. C,D. Table 2.)The out side of
section, there are single layer epidermis cells
under the thick cuticle layer on both side of
leaves. Cuticle layer is thick abaxial side. Epidermis
cells width is big from length. And these cells has

thin walled rectangular shape. There are a lot of
eglandular hairs and anomocytic stoma cells which
are hygromorphic state both side of leaves. Leaves
are bifacial and palisade paranchymatic cells
which has oblong to square shape has different
shape from spongy cells which has close size.
There are leaf veins in the spongy paranchymatic
layer. Upper and lower side of leaf vascular bundle
has scleranchymatic cells layer which is big adaxial
side of leaf. These cells are protect the xylem and
phloem cells from mechanical effects. There are
different number secondary veins left and right
side of mid vein. (Figure 2. E, F, G, H. Table 2.)

Table 2. Anatomical measurements of various tissue of P. spinosa

Length
Min —-max Mean #std dev.” Min —-max Mean #std dev.”

Root

Epidermis 19,05 - 59,52 40,53 + 13,60 14,29 -54,76 38,75 +12,02
Exodermis cells 11,90 -47,62 31,05+09,77 14,45 - 42,86 30,63 + 10,69
Cortex cells 23,81-76,19 49,23 + 16,63 19,05 -38,10 30,88 £ 04,73
Endodermis cells 14,29 - 50,00 31,37 £10,60 11,90 - 19,05 15,25 + 02,25
Scleranchymatic cells diameter 09,52 - 20,24 16,31 £ 03,57
Trachea cells 23,81-52,38 34,03 £ 07,95 25,24 —-59,52 43,64 + 10,55
Tracheid cells 04,76 — 09,52 07,33+01,42 07,14 -13,10 10,39 + 02,06
Phloem cells 08,10 - 26,67 14,31 + 05,62 03,57 -12,62 07,42 £ 02,52
Stem

Cuticle length 01,43 -04,29 02,69 + 01,04
Epidermis cells 11,43 -34,29 24,04 £ 07,52 07,14 -32,86 20,75+ 07,92
Cortex cells 08,57 -71,43 41,75 + 22,82 08,57 -45,71 30,62 +£11,70
Starch sheath cells 08,86 —31,43 20,84 £ 08,33 06,86 — 25,71 17,35 + 06,09
Central cells diameter 11,43 -94,29 54,16 + 26,90
Xylem cells diameter 05,71-13,71 10,05 + 02,63
Scleranchymatic cells diameter 02,29 — 14,57 09,02 + 03,33
Leaf

Adaxial cuticle length 05,26 — 09,65 07,55 + 01,25
Adaxial epidermis cells 14,91 -52,63 32,59 +13,03 09,65 - 26,32 19,38 + 05,06
Palisade paranchymatic cells 11,40 - 28,07 20,15 + 04,75 17,54 — 28,95 22,21 +03,53
Spongy parancymatic cells 10,53 - 24,56 18,60 + 04,20 13,16 - 27,19 19,62 + 04,23
Xylem cells diameter 02,63 -07,89 05,04 + 01,69
Scleranchymatic cells diameter 07,02 -19,30 13,52 + 04,17
Abaxial cells 18,42 - 53,07 35,45 +11,85 10,53 -30,70 20,72 £ 05,98
Abaxial cuticle length 06,14 - 11,40 08,73 £ 01,78

* Standard Deviation
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Figure 2. Cross sections of different anatomical tissue of P. spinosa. Root (A,B), stem (C, D), leaf (E, F, G, H). e.

epidermis, ad. adaxial epidermis cells, ab. abaxial epidermis cells, p. pholem cells, x. xylem cells, sc.

sclerancymatic cells, pp. palisade parancymatic cells, sp. spongy parancymatic cells, c. cuticle, ag.

eglandular hairs, cp. cortex cells, ce. pith region cells, en. endodermis cells.

3.2. Caryological results Table 3. Parameters of mitotic metaphase
chromosomes of P. spinosa
In this study, the chromosome number of P. Cn C(um) L(um) S(um) R I(um) RS cp
spinosa was found as the basic number x =5 and 1 2,15 1,22 093 1,31 4325 2426 Median
2n =2x=10. The karyotype was prepared by using {reng)'on
chromosomes of the species. We determined five 2 1,98 1,15 0,83 1,38 4191 22,34 Median
. . region
couple median region (m) chromosomes but (m)
didn’t observe satellites on chromosomes of 3 17 1,04 072 144 40,50 19,86 Median
X X region
species. Chromosome sizes vary from 1,35 to 2,15 (m)
um. The longest arm is 1,22 um and the shortest 4 162 030 072 125 4444 1828 :\2;‘1':"
arm is 0, 54 um (Figure 3, 4; Table 3) (m)
5 1,35 0,81 0,54 1,50 40,00 1523 Median
% o region
e (m)
Total chromosome size: 8,86 um
S 2 ‘_ &0 » . Abbreviations: Cn, chromosome number; C, total chromosome length; L,
; z % . long arm length; S, short arm length; R, arm ratio = L/S; I, centromeric
3 :‘,‘ PN IR * index = (S/C) x 100; RS, relative size; CP, centromeric position.
3 S 8¢ s 3
R i 'c"'o
B2
1 ¥ P o o . L 1
L . & L 23

Figure 3. Microphotograph of somatic metaphases. P.
Spinosa
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Figure 4. Haploid idiograms of P. spinosa.

1pm

Scale bars: 1 mp

4, Discussion

In this study, we aim to determine anatomical and
cytological properties of P. spinosa which is a
monotipic species for Turkey.

Most of Asteraceae taxa as Mikania glomerata
Spreng., Porophyllum ruderale Cass., Vernonia
condensata Bakerhave, Vernonia psilophylla and
V. sessilifolia have stomata both side of leaf as in
P. spinosa leaves but some taxa as V. linearis has
stomata only on the abaxial epidermis (Milan et al.
2006, Sajo 1994). While M. glomerata, V.
condensata and P. spinosa have anomocytic
stomata, P. ruderale have anomocytic and
anisocytic stomata (Milan et al. 2006). According
to mesophyle layer and palisade-spongymatic
cells, M. glomerata, V. condensata, P. ruderale, V.
sessilifolia have bifacial and V. psilophylla has
unifacial leaves (Milan et al. 2006, Sajo 1994). P.
spinosa has bicafial leaves. There are hydatods,
glandular and eglandular hairs, secretory cavities
a lot of Asteraceae members leaves or stems.
These features are very important for in term of
classification of taxa (Castro et al. 1997, Lersten
and Curtis 1985, Milan et al. 2006). P. spinosa
leaves and stems have eglandular hair. But we
didn’ t observe any hydatods on P. spinosa. This

fact could be related to different habits of the
species. According to Metcalfe and Chalk (1950),
Asteraceae taxa show some different anatomical
structures and ecological specialization due to the
diversity of habits.

According to Zareh (2005), P. spinosa leaves have
trichomes, sclerenchymatic cells both side of main
bundle, four veinlets, four lateral veins and
differentiation of mesophyll into palisade and
spongy tissues. These results are similiar to this
study results. P. spinosa has a scleranchymatic
cells layer in the stem and leaf vascular bundle.
There are single layer eksodermis cells in the root
section. Leaves and stem of P. spinosa have a lot
of eglandular hairs. Species has bifacial leaves.

Ambrosia trifida, Rudbeckia laciniata, Erigeron
annuus, Arctium minus, Silphium perfoliatum,
Eupatorium rugosum, Lactuca scariola taksons
have hidatods on the leaves (Lersten and Curtis,
1985). We did not observe any hidatod on P.
spinosa leaves.

Artemisia L. taksons has glandular and eglandular
hairs. Foliar hairs is an important properties for
taksonomy. We didn’t see any foliar or glandular
hair on the stem and leaves of P. spinosa (Hayat at
al. 2009 ).

Duan et al. 2015 determined chromosome
features of Atractylodes lancea (Thunb.) DC subsp.
luotianensis. They reported that this taxon have
2n =24 =12 m + 12 sm + (2 SAT). Bozdag et al.
(2011) worked on chromosome numbers of Bellis
L. species in Turkey and they determined as Bellis
sylvestris Cyr. 2n = 36, B. perennis L. 2n = 18 and
B. annua L. 2n = 18. Watanabe et al. 2001)
determined chromosome number of Stevia as
between 2n=8 to 2n= 24 in Mexica. An other
study, Watanabe et al. (2007) determined
chromosome numbers in 51 genera and 119 taxa.
In that study, first chromosome datas were given
that for 45 Asteraceae taxa. Among these taxa,
the chromosome number of Epitriche Turcz. was
determined as 2n=10. We determined that P.
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spinosa have 2x= 2n= 10 chromosome too and we
didn’t observ any satellit.

P. spinosa is well known and very popular species
in mediterrian area but there is no any
investigation about detailed anatomical and
caryological investigation. We hope that this study
is fill a gap about P.spinosa in the literature.
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Abstract

Numerous Allium species have been utilized in complementary medicine based on their biological

activities. In the present work, the bulb extract of A. kastambulense was studied for its phenolic content

Keywords and enzyme inhibition ability assisted by computer-aided molecular docking studies. The evaluation of
Allium kastambulense;  enzyme inhibition activity of the bulb extract showed that it has 54.70+1.74 134.3+2.12 ICso for six
enzyme inhibition; studied enzymes, respectively. In the reverse-phase HPLC analysis of methanol-chloroform bulb extract,
phenolic compound; catechin, chlorogenic acid, gentisic acid, vanillic acid, and apigenin were founded to be the represented
molecular docking group of phenolic components. Catechin flavonoid was extensively detected as the most abundant

ingredient, and TPC and TFC were calculated at 6.86 + 0.36 mg g~ and 3.22 + 0.14 mg g-1. Finally, the
catechin ligand has low binding energy values against the studied enzymes with -5.778 - -8.872
kcal/mol.

Endemik Soganin inhibe edici etkisinin degerlendirilmesi: Hesaplamali

¢alisma ile fenolik bilesik ve enzim inhibisyonu analizi
0z

Cok sayida Allium turi, biyolojik aktivitelerine dayali olarak tamamlayici tipta kullaniimaktadir. Bu
calismada, A. kastambulense sogan ekstresinin fenolik icerigi ve enzim inhibisyon yetenegi bilgisayar

Anahtar kelimeler
destekli molekiler kenetlenme c¢alismalari incelenmistir. Sogan ekstraktinin enzim inhibisyonu

aktivitesi, calisilan alti enzim igin 54.70+£1.74 - 134.3+2.12 araliginda ICsg'ye sahiptir. Metanol-kloroform
sogan ekstresinin ters faz HPLC analizinde katesin, klorojenik asit, gentisik asit, vanilik asit ve apigenin

Allium kastambulense;
fenolik bilesik; enzim

inhibisyonu; molekiler
fenolik bilesenleri temsil eden metabolitler olarak bulunmustur. Bir flavonoid olan katesin flavonoid en

kenetlenme
bol bulunan bilesen olarak tespit edildi. TPC ve TFC degerleri sirasiyla 6.86 + 0.36 mg gl ve 3.22 £ 0.14
mg g1 olarak hesaplandi. Son olarak, katesin ligandi, Gizerinde galisilan enzimlere karsi dustik baglanma
enerjisi degerlerine (- 5,778 - -8,872 kcal/mol) sahiptir.
© Afyon Kocatepe Universitesi
1. Introduction develop novel food ingredients with health-

Allium L. is a member of Amaryllidaceae with more promoting properties, studies on nutraceuticals for

than 900 species. Allium kastambulense is an researching possible raw materials in the scientific

endemic wild onion that grows between Bartin and community and food industry are gaining

Kastamonu provinces in the Northwest Anatolian importance (Zeng et al. 2017; Armagan 2021;

region (Tiirkiye). Some Allium members such as Rocchetti et al. 2022). The genus mainly produces

. . . . organosulfur compounds and various secondar
onion and garlic are used in food and cooking. g P y

Ethnobotanical studies have also shown that metabolites, including polyphenols, - flavonoids,

members of Allium have different uses beyond their saponins, alkaloids, and peptides. Several preclinical

nutritional value due to their biological activities. To trials have been surveyed on the beneficial effect of

cultivated and wild Allium plants for biological
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activities such as antimicrobial, antioxidant,

anticancer, antidiabetic, hypertension,

hypercholesterolemia, neuroprotective, and
cardioprotective effects (Maccelli et al. 2020; Emir
and Emir 2021).

Herbal extracts have conventionally been used for
nutritional values and medicinal purposes. The
survey for plant-derived candidates compounds to
remedy various diseases such as Alzheimer's,
obesity, and hyperpigmentation, which still lack an
exact cure, has proceeded for decades (Ocal et al.
2022). Some in vitro and in vivo experimental
studies show that phytochemical ingredients play a
crucial role in preventing these ailments (Gongalves
and Romano 2017; Zengin et al. 2018). Some
enzymes are among the selected targets to treat
various diseases and inhibitory substances have
been administered to inhibit these target enzymes
such as AChE, collagenase, lipase, and urease. For
example, cholinesterase inhibitors such as
donepezil used to treat dementia bind to the active
side of the target enzymes and reduce the hydrolysis
of substrate acetylcholine iodide (Li et al. 2016;
Takim et al. 2021; Makarian et al. 2022). Studies on
bioactive molecules as traditional, complementary,
and functional molecules have continued in
medicinal chemistry regarding the easy availability
of herbal

synthesis. Research on the new active extracts has

constituents and leading chemical
become requisite in traditional and complementary
medicine practices (Baydoun et al. 2015; Dutta et al.
2021).

The phytochemical ingredients and metabolite
guantity of plants vary according to the plant tissues
as well as geographical conditions and soil
characteristics where plants grow. Surveys on the
genus Allium collected from diverse ecological
environments have been performed on plant
secondary metabolites and biological activities.
Nonetheless, the bulbs of A. kastambulense have
been opted to reveal its complementary medicinal
importance as no studies on phenolic components
and biological activity could be reached on the
onion. In the current work; phenolic components,
and enzyme inhibition potency of the bulb extracts
addition  of

were investigated with the

computational studies.

2. Experimental section
2.1 Plant sample and extraction procedure

The bulbs for Allium kastambulense Kollmann were
obtained from the plant in Kurucasile district-Bartin
(Tarkiye) and the samples were dried at room
conditions. The bulbs were granulated with a
mechanic grinder and the powder was extracted in
methanol-chloroform (4:1) solvent at ambient
temperature. The obtained mixture was sonicated
for 30 min at 37°C and centrifuged at 4500 x g for 12
min. The upper layer of the sample was filtered with
a 0.22 um pore-sized syringe filter and the organic
phase was evaporated lower than 50 °C. The crude
bulb extract was kept at -20 °C for following studies.

2.2 Analysis of the total phenolic compound (TPC)
and total flavonoid contents (TFC)

The quantification of TPC and TFC in the bulb
extracts was achieved by the Folin-Ciocalteu
reagent and aluminum chloride (AICIs) colorimetric
method, respectively described by the previous
studies (Singleton and Rosi 1965; Pekal and

Pyrzynska 2014).

2.3 Phenolic compounds profile of bulb extract

The phenolic compound composition of bulb
extract was quantified using the HPLC system
coupled with an LC 20AT pump and UV-Vis
detector (Shimadzu Scientific Instruments, Japan).
The sample solution (20 pL) was loaded onto the
equipment set to 1 mL min™! with automatic
injection and phenolic compounds in the extracts
were identified in comparison with the
chromatographic profile, retention times, and UV—
vis spectra of standard external metabolites
(Elmastas et al. 2017). The quantification of
phenolic compounds in the bulbs was computed
using the equation for the calibration curve of the
obtained compound and the results were specified
as mg g of dried bulb extract.

2.4 Enzymes inhibition studies

Enzyme inhibitory ability of bulb extract in the work

was evaluated using 96-wellplate

spectrophotometric method referred in the
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sentences (MultiskanGO Microplate

Reader, Thermo Scientific). The cholinesterase

following

(AChE and BChE) inhibitory potency was evaluated
using the well-known Ellman’s method (Ellman et al.
1961). Briefly, both enzymes in Tris-HCI buffer (pH
8.0, 100 mM) were incubated with the extract
solutions at 25 °C for 10 min, and substrates (AChl
and BChl) were added to wells. The absorbance of
the colored mixture was read at 412 nm. The
inhibitory assay for collagenase was carried out
using synthetic substrate FALGPA (N-[3-(2-furyl)
acryloyl]-Leu-Gly-Pro-Ala) in tricine buffer (pH 7.5)
according to the previously described. The change in
absorbance due to hydrolysis of FALGPA was
recorded 340 nm (Thring et al. 2009). The inhibitory
study of pancreatic lipase was performed using
(p-NPP) with
referred research (Mohamed El-Korany et al. 2020).
The wells comprised Tris-HCI (100 mM, pH 8.2), 20
uL of enzyme and bulb extract was incubated for 10

substrate p-nitrophenylpalmitate

min at 37 °C was incubated and then the absorbance
of the reaction by adding p-NPP was monitored at
410 nm. The urease inhibition method was achieved
using indophenols technique by measuring the
liberated ammonia (lkram et al. 2017). Briefly,
urease enzyme from jack bean prepared in KH,PO,
buffer (100 mM, pH 8.2) was incubated with the test
extracts for 15 min at 37 °C, and then phenol
reagent and alkali reagents were added to react
with liberated ammonia. The absorbance of colored
complex was measured at 630 nm. Tyrosinase
inhibition study was done using substrate L-DOPA,
mushroom tyrosinase prepared in phosphate buffer
(pH 6.8, 100 mM), and bulb extracts. The increased
absorbance of the colored compound dopachrome
was recorded at 475 nm (Masuda et al. 2005).

2.6 Computational molecular docking study

The molecular docking simulation was implemented
on studied enzymes to evaluate the in-silico
inhibition ability of catechin, which is the most
abundant in the bulb extract, for learning protein-
ligand interactions by using Autodock vina v.1.2.0
(Troot and Olson 2010; Eberhardt et al. 2021).
Three-dimensional structure of target proteins
AChE, BChE, collagenase, lipase, tyrosinase, and

urease were uploaded the PDB protein data bank
(https://www.rcsb.org/). The
optimization of catechin were

geometry
realized using
Chimera software (Pettersen et al. 2004). Undesired
and water molecules were removed, and polar
hydrogen bonds were added to molecular docking
process. The grid box of ligand complexes was
defined with the previous literature. The binding
energy, visualization, and interaction for catechin
were evaluated via Discovery Studio (DS) 3.5 (San
Diego: Accelrys Software Inc. 2012).

3. Results and Discussion

3.1 Phenolic components and evaluation of
biochemical inhibitory potency of the bulb extract

The quantification of phenolic components was
assayed in the bulb extract of A. kastambulense with
reverse-phase HPLC analysis, and these compounds
are given in Table 1. Catechin, chlorogenic acid,
gentisic acid, vanillic acid, and apigenin were
profiled as the main phytochemical ingredients.
Catechin was extensively defined to be the most
abundant antioxidant secondary metabolite in the
bulb extracts, and its quantity was calculated as
25.21+0.98 pg g”'. The TPC and TFC of the bulbs
were computed as 6.86 + 0.36 mg g" ! and 3.22 +

0.14 mg g !

equilibrated with gallic acid and
quercetin, respectively (Table 1). In the study
examining metabolomics profiles in different organs
of A. ampeloprasum L. in izmir (Tirkiye) using LC-
MS/MS technique, they have detected phenolic
compounds like benzoic acid, catechin, and vanillic
acid and have suggested a link between bioactive
ingredients and the locality where plants are
2022).

ingredient analyses are carried out in various plant

collected (Emir et al. Phytochemical
taxa to correlate with the biological potency of
plants. Dordevski et al. (2022) identified with the
UHPLC system that flower extract A. scorodoprasum
has 18 phenolic constituents including apigenin,
depending on the extraction solvents such as
ethanol, ethanol:water, butanol and botanol:water
(Pordevski et al. 2023). In similar works, researchers
investigated phenolic profiles by LC-ESI-MS/MS in

bulb extract of A. nigrum L. and A. subhirsutum L.
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and they have determined about thirty phenolic
compounds such as benzoic acids, p-coumaric acid,
vanillic acid, quercetin, and catechin. They have
expressed that the TPC of both plants was 45.6 + 1.9
and 15.8+0.9mgg™, and TFC for them was 8.2 *
0.7 and 5.7 + 0.8 mg g, respectively (Emir et al.
2020).

Table 1. The main components, TPC and TFC in the bulb
extract of A. kastambulense

Compounds l?etentic.)n Amount
time (min) (ne/s)

Cathecin 10.558 25.21+0.22
Chlorogenic acid 11.627 6.340.11
Gentisic acid 11.771 8.42+0.13
Vanillic acid 13.583 9.50+0.15
Apigenin 47.475 2.71+0.01
TPC (mg/g DW) 6.86 £0.36
TPC (mg/g DW) 3.22£0.14

In the current work, the enzyme inhibitory potency
of the bulb extract was examined against six
medicinal enzymes to uncover its complementary
herbal medicinal importance. In the screening work,
the bulb extract exhibited inhibitory effects, and the
obtained ICso values were 59.93+1.77 78.00+1.89,
54.76%1.73, 54.7011.74, 134.3+2.12, and
91.05+1.95 pug mL~ ! for collagenase, lipase,
tyrosinase, urease, AChE, and BChE, respectively
(Table 2, Figure 1). The evaluation of enzyme
inhibition
pharmaceutical research and traditional medicine

potential of wvarious plants in
has been investigated in previous studies. The
literature survey indicated that the extract of Allium
ampeloprasum L. has inhibitory effects against
AChE, BChE, and tyrosinase with ICsg values in the
range of 34.55+1.8-42.975+3.2,30.075+ 1.7 -41
+2.5,490.66 6.2 - 207.85 + 7.2 ug/mL, respectively
(Emir et al. 2022). The previous study conducted in
two Kazakh species of Allium declared that the
extracts of A. galanthum and A. turkestanicum have
tyrosinase inhibitory activity at 100 ug/mL, and bulb
ether extract of A. galanthum has the more efficient
inhibitory ability (Kadyrbayeva et al. 2021). In
various previous studies, it has been stated that
plants such as A. mongolicum, A. scabriflorum, A.
cappadocicum, A. paniculatum, A. ascalonicum, and
A. ursinum belonging to the genus Allium have

inhibitory effects at different concentrations on the
activities of some enzymes such as cholinesterase,
urease, lipase, and tyrosinase (Kim 2007; Shabana et
al. 2010; Nikkhahi et al. 2018; Wang et al. 2019;
Phetmanee et al. 2020; Marrelli et al. 2022;
Rocchetti et al. 2022). In comparison with the
mentioned studies, the present results possessed
the bulb extract of A. kastambulense has a
reasonable inhibitory effect against the studied
enzymes consistent with previous studies.

Table 2. ICso values of bulb extract of A. kastambulense

Bulb extract (ug mL™)

Enzymes
1Cso r?
AChE 134.3+2.12 0.985
BChE 91.05+1.95 0.986
Collagenase 59.93+1.77 0.983
Lipase 78.00+1.89 0.987
Tyrosinase 54.76+1.73 0.988
Urease 54.70+1.74 0.984

AChE BChE

% Activity
2 8 8
T T 3
./

/

/
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"
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Figure 1. Inhibitory concentration of onion extracts

3.2 Molecular docking of catechin as a main
chemical compound in the bulb extract

In the present work, molecular docking simulations
were done to investigate the binding energy
between catechin and six enzymes using Autodock
Vina v1.1.2 (The Scripps Research Institute, USA).
Three-dimensional structures were retrieved by
BChE, try,

using entry IDs for AChE, lipase,

831



Evaluation of inhibitory potency of endemic Onion bulbs: Analysis of phenolic compounds and enzyme inhibition...,Kisa

collagenase, and urease, which the IDs are 4EY6,
1P0I, 2Y9X, 60B0, 7Z5U, and 3LA4, respectively
(https://www.rcsb.org/, accessed on 24 February
2023). The structure of the target ligand, catechin
(CID: 9064) was downloaded from PubChem. The
molecular docking utilized to examine the
interaction between the target ligand and proteins
was used to explore the mechanisms of action of the
catechin after the in vitro enzyme activity tests. For
every simulation, the ligand is docked separately
with the studied enzymes, and then the obtained
lowest scores corresponding to the best binding
affinity are given in Table 3.

The predicted binding motif indicates that the ligand
binds within the catalytic cavity via conventional
hydrogen bonds, carbon-hydrogen bonds, pi-pi
stacked, and pi-alkyl. These interactions with amino
acids in the targets play a key role in the inhibitory
effect of the ligand. Alignment and position of
substituents on compounds may be considered
studied

enzymes. In the binding model, the ligand was

responsible for ligand binding with

positioned with the active site of studied enzymes,
and ligand-protein interactions showed various
interactions such as H-bond, Pi-Pi, amide-m, alkyl, mt-
alkyl, and mt-anion involved with amino acids in the
protein structures (Figures 2-7).
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B:976 s B:601
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e [R——
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Figure 2. The interaction view of catechin with AChE

Table 3. Docking score and interaction description of ligand
catechin with studied enzymes

H-bond: Try125, Glul94, Gly112, Ala325,
Pro282, Trp79

n-1: Trp79, Phe326; n-Alkyl: Phe326,
H-bond: His262, His84; m-m: His262,
Phe263; Amide-m: Ser281, Val282; n-Alkyl:
Val282, Ala285, Val247

H-bond: Ser130, Trp833; m-m: Tyr92; Alkyl:
11e192; m-Alkyl: Trp53, Tyr92, lle192
H-bond: Glu95, Tyr93; m-Anion: Glul52; n-
1 Trpl136; Tyrl96; m-Alkyl:His124

H-bond: GIn81, Glu735, Asp723, Val80; n-
1 Phe705; Alkyl: Val737; m-Alkyl: Lys709,
Val737

BChE -8.221

Try -7.038

Lipase -8.819

Collagenase -8.832

Urease -8.324

Score . i
Enzymes Interaction description
(Kcal/mol)
H-bond: Try660, Glu729, Asn614, Glu973;
AChE -8.836

n-m: Trp613
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Figure 4. The interaction view of catechin with Try
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Figure 6. The interaction view of catechin with
Collagenase
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Figure 7. The interaction view of catechin with Urease

4. Conclusion

In the current work, phenolic contents and
biological activity of bulb extract were investigated,
and molecular docking study of catechin flavonoid -
a type of secondary metabolite against the studied
enzymes was performed. Briefly, the results of
endemic bulb extract (A. kastambulense) owning
enzyme inhibition capacity were explained for the
first time in addition to computer-aided molecular

to the obtained
molecular docking scores, the catechin may be
related to the inhibitory potency of the bulb extract.
Overall, since these findings are the results of in

docking details. According

vitro laboratory studies, the complementary
medical importance of bulb extract can be further
explored in the future with additional in vitro and in

vivo pharmacological analyzes.
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Abstract

Prunus avium blooming period starts in early spring. The uncertain climatic conditions in this period can

cause mis-pollination syndromes. It could be directly because of the frozen days or non-forgeable
conditions for the possible pollinators or indirectly the poor quality of surrounding habitat and lack of
pollinators. When wild pollinators are scarce owing to one of these reasons, introduction of commercial
pollinators can be a solution to ensure pollination. Within this context, commercial bombus colonies
were chosen as insurance for the pollination of sweet cherries. In the blooming period of Prunus avium,
for two years-with totally 120 transect observations, the daily foraging activities of these bumblebees

Keywords were investigated in Sultandagi-Afyonkarahisar. Before the settlement of the hives in the field, trees
Bombus terrestris; were marked with different colored stripes every 10 meters which makes it possible to follow how far
foraging behavior; the bumblebees fly and forage in the field. Starting at 7:00, 9:00, 11:00, 14:00, 16:00, and 18:00, six

Prunus avium; times a day, with transect observations, the number of the foragers on cherries was recorded. The
pollination average number of flowers they visit per minute was calculated. The plants blooming simultaneously

with cherry trees in the trial area were determined. Pollen preferences of foragers were examined with
their cobicular pollen loads. The actual foraging range was found as 10-40 meters away from the hives,
the maximum activities were recorded before the noon. The average number of visited flowers per
minute for bumblebees was ~ 8 flowers. Taraxacum spp. and Lamium spp. pollen were found, but
cherry preference was determined to be almost 90%. It is still an uncommon agricultural practice to use
commercial bumble bees in open fields, especially for the plants which have very early blooming periods
in early spring, it is thought that they are very good manageable pollinator agents according to their
foraging capacities.

Ticari Bombus terrestris Kolonilerinin Prunus avium bahgelerindeki
Polen Toplama Davranislarina Yonelik Gozlemler
0Oz

Prunus avium giceklenme donemi erken ilkbaharda baslar. Bu dénemdeki belirsiz iklim kosullari,

tozlasma sendromlarina neden olabilir. Bunun nedeni dogrudan donlu giinler veya olasi tozlayicilar igin

uygun olmayan kosullar veya dolayli olarak cevredeki yasam alanlarinin kalitesizligi ve tozlayici eksikligi

olabilir. Bu sebeplerden biri nedeniyle yabani tozlayicilarin az oldugu durumlarda, yonlendirilebilen

ticari tozlayicilarin getirilmesi tozlagsmayi saglamak icin bir ¢6ziim olabilir. Bu kapsamda, ticari bombus

Anahtar kelimeler kolonileri kirazlarin tozlasmasi igin degerlendirilmistir. Sultandagi-Afyonkarahisar’da Prunus avium'un
Bombus terrestris; giceklenme déneminde iki yil boyunca toplam 120 transekt gozlem ile glinliik polen toplama faaliyetleri
polen toplama; Prunus  incelenmistir. Ariyuvalari bahceye yerlestiriimeden énce, kiraz agaglari her 10 metrede bir farkli renkte
avium; tozlasma olacak sekilde ipler ile isaretlenerek bombus arilarinin bahgede ne kadar uzaga ugtugunu ve polen
topladiginin tespit edebilmek mimkin hale getirilmistir. Saaat 7:00, 9:00, 11:00, 14:00, 16:00, ve

18:00’de baglanan transekt gozlemler ile kiraz Gzerinde polen toplayan arilar gozlemlenmistir. Cicekleri

ziyaret eden bombus arilarinin sayisi ortalama olarak hesaplanmistir. Kiraz ile es zamanh ¢igceklenen

bitkiler 6rneklenmistir. Bombus arilarinin polen tercihleri korbikular polen yiklerinden alinan érneklerin

degerlendirilmesi ile ortaya konmustur. Arilarin yogunlukla bulunduklari alan 10-40 metre araligidir,

maksimum akitivite 6gleden once kaydedilmistir. Dakikada ortalam gicek ziyaret sayisi yaklasik 8 gicek
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olarak bulunmustur. %90 oraninda kiraz poleni yaninda Taraxacum spp. ve Lamium spp. bitkilerinin
polenlerinin de tercih edildigi tespit edilmistir. Agik alanlarda ticari bombus arilarinin kullanimi hala

yaygin olmayan bir tarimsal uygulamadir, 6zellikle erken ilkbaharda ¢ok erken gigceklenme dénemlerine

sahip bitkiler igin, polen toplama kapasitelerine gore ¢ok iyi yonetilebilir tozlayici ajanlar olduklari

distniilmektedir.

1. Introduction

Prunus are members of the Rosaceae, which ranks
as the third most agronomically important plant
family in temperate regions. Prunus genus which
includes economically important species such as
Prunus avium L. (sweet cherry), Prunus persica (L.)
Batsch (Peach), Prunus cerasus L. (sour cherry),
Prunus armeniaca L. (apricot), Prunus amygdalus
Batsch (almond), Prunus domestica L. (European
plum), and Prunus cerasifera Ehrh (myrobalan plum)
(Dirlewanger et al. 2002). Prunus avium L. (sweet
cherry), is geographically distributed around the
World, with greater prevalence in areas with a
temperate climate, which encompasses much of
Europe (Mediterranean and Central), north Africa,
Near and Far East, South Australia, and New
Zealand, and temperate zones of the American
continent (USA and Canada, Argentina and Chile)
(Mariette et al. 2010, Basanta et al. 2014, Bastos et
al. 2015). According to FAO data, cherry production
areainthe World is about 416, 445 hectares. Turkey
is in first place in the World with 627,132 tonnes of
production and 85,401 hectares of cherry
production area (FAO 2017, Celik and Sarialtin,
2019).
incompatible

Most sweet cherry cultivars are self-
with many cross-incompatibility
groups. In commercial orchards, cross-compatible
different

groups and

cultivars belonging to pollen

incompatibility flowering
simultaneously must be co-cultured to ensure fruit
set (Dirlewanger et al. 2002). Prunus species bloom
in late winter or early spring (Kurokura et al. 2013,
Fadon et al. 2018). The uncertain climatic conditions
in this period can cause mis-pollination syndromes.
It could be directly because of the frozen days or
conditions for the

non-forgeable possible

pollinators or indirectly the poor quality of

surrounding habitat and lack of pollinators. For one

© Afyon Kocatepe Universitesi
of these reasons, where wild pollinators are scarce,
the introduction of domesticated commercial
pollinators may be a solution to achieve pollination.
The use of honeybees (Apis mellifera) or other
managed pollinator species (Bombus spp., Osmia
spp. and Megachile spp.) are the most common
management practices for pollination in agricultural
crops (Osterman et al. 2021). Although Turkey is
really an important “beekeeping” country in the
World, with its 8.733.394 honey bee hives (new and
old hives), 89361 agriculture holdings in apiculture,
and 96344,201 tons of honey production (TUIK
2021, FAO 2021), renting honey bee hives for
pollination is still an unfamiliar practice in this
country. According to the beekeepers and fruit
producers, the most important factors are the cold
weather conditions, lack of legal regulations
compared to the European Union or USA (oral
conversation with professional beekeepers and
farmers). Using Bombus terrestris in greenhouse
production is supported by the government in
Turkey (with almost 50% of the cost of a bumblebee
hive). First step of ensuring pollination by a
manageable pollinator is to evaluate the
relationship between the target plant and the
pollinator in the frame of pollination services. The
objective of this study is to determine the foraging
behaviors of commercial Bombus terrestris in cherry
orchards. Within this frame, one of the most
important cherry producing areas -Afyonkarahisar-
was chosen. With phenological observations in the
area, the blooming period of the target species-
Prunus avium and the possible settlement time of
the hives were laid out. In the blooming period of
Prunus avium, for two years- with totally 120
transect observations, the daily foraging activities
With
studies, it was also proved that the foraging plant

were investigated. entomopalynological

preferences of Bombus terrestris were 90% cherries.
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2. Materials and Methods

The studies were conducted in 2009 and 2013, in
Sultandagi, Afyonkarahisar-Turkey. 38°32’ 28"N,
31°15’ 07"E, and 980 m above sea level. The field
studies were conducted between 19/04/2009-
03/05/2009; 04/04/20013-19/04/2013. The
transection observations were done 24-29/04/2009
and 9-14/04/2013. The Prunus avium L. cultivars in
this field were “Ziraat 900” and “Gilli”. The trees
were 14-16 years old with a height of nearly five
meters. The field was 230 m x 80 m. The plantation
system was 8x8x8 meters. Commercial Bombus
terrestris colonies were provided by Koppert
Biological Systems-Turkey. The hives were settled at
one side of the field with 5% of the flowers opened
in the field. Before the settlement of the hives in the
field, trees were marked with different colored
stripes every 10 meters which makes it possible to
follow how far the bumblebees fly and forage in the
field. Starting at 7:00, 9:00, 11:00, 14:00, 16:00, and
18:00, six times a day, with transect observations,
the number of the foragers on cherries was
recorded. For two years, along the blooming period
of Prunus avium the bumblebees were counted
according to the marked trees and with these
observations, the distribution of the bumblebees in
such a field was examined. The average number of
flowers they visit per minute was calculated. The
plants blooming simultaneously with cherry trees in
the trial area were collected. The more attractive
vegetation can change the foraging behaviors of the
pollinator insects. To understand whether the
surrounding vegetation or the Prunus avium trees
are more attractive, all the other plants were
sampled and identified. Foragers were caught with
insect nets while they were getting into their hives.
Pollen loads of these individuals were taken from
their corbiculas (just one pollen load) and then they
were released from the net. For a day only two
individuals were caught, one of them was at 9:30,
the second one was at 16:30. Three sets of pollen
preparations were made according to the
Wodehouse method (Wodehouse 1935). The first
one was cherry cultivars’ pollen, the second one was
from the pollen loads (bee pollen) and the last one
was the collected plants (surrounding vegetation).

The comparisons were carried out with a Nikon
within the plant
preparations and bee pollen. A total of 24 pollen

Eclipse E400 microscope
loads (for two years) were classified as “cherry” and
“not cherry”. The hourly data set about the
temperature and precipitation on the observed
dates was obtained from the Republic of Turkey,
Ministry of Environment, Urbanization and Climate
Change- Turkish State Meteorological Service. The
data was summarized with line charts. Observation
days (6 days) were included for each year. Diagram
of bumblebee activities (Figure 1: 2009 and Figure
2:2013) according to temperature, humidity and
observation hours (prepared by taking the average
values of 6-day observations) were given.

3. Results

List of other plants blooming simultaneously with
cherry trees in the study area: Thlaspi perfoliatum
L., Taraxacum scaturiginosum G.Hagl., Lamium
purpureum L. var. purpureum, Lamium amplexicaule
L., Veronica triloba (Opiz) Kerner, Hypecoum
procumbens L., Barbarea vulgaris R.Br., Muscari
neglectum Guss, Androsace maxima L., Erophila
verna (L.) Chevall. subsp. verna, Veronica hederifolia
L., Caltha polypetala Hochst. ex Lorent, Lamium
purpureum L. var. purpureum, Hymenolobus
Nutt.

Hymenolobus procumbens (L.) Nutt. ex Torrey &

procumbens (L.) ex Torrey & Gray,
Gray, Fumaria officinalis L., Descurainia sophia (L.)
Webb ex Prantl, Gagea peduncularis (). & C. Persl)
Pascher, Chorispora syriaca Boiss., Senecio vernalis
Waldst. & Kit., Ceratocephalus falcatus (L.) Pers,
Asperugo procumbens L., Fumaria asepala Boiss.,
Veronica campylopoda
subsp.
Ornithogalum umbellatum L., Malcolmia africana

(L.) R.Br.

Tripleurospermum  sp.,

Boiss., Adonis aestivalis L. aestivalis,
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Figure 2. Diagram of bumblebee activity (2013)

according to temperature, humidity and
observation hours (prepared by taking the average

values of 6-day observations)

The maximum foraging distance was found 150
meters from the hives, but the actual spatial
distribution area was 10-40 meters. The maximum
foraging activity occurred while the flowering was
100% in the field. The average number of visited
flowers per minute for bumblebees is ~ 8 flowers.
Taraxacum and Lamium pollen were found, but
cherry preference was determined to be almost
90%. The maximum activities were recorded before
the noon.

4. Discussion and Conclusion

Considering the relatively short flowering times of
cherry trees, we can say that flowering begins,
pollination and fertilization take place in about 5-8
days. The realization of efficient pollination in this
short period of time depends on many abiotic and
biotic factors. Improper pollination is thought to be
one of the key factors responsible for the low

Figure 1.
according to

Diagram of bumblebee activity (2009)
temperature, humidity and
observation hours (prepared by taking the average

values of 6-day observations)

productivity of many cross-pollinated crops (Hanif et
al. 2022). Mis-pollination syndrome can be caused
because of weather conditions (e.g. frozen days),
lack of pollinators or the un-synchronization of the
flowering periods of the plants with pollinators.
With this study, a research was conducted on the
behavior of Bombus terrestris on the target plant in
open areas. Observations were made about the
weather, other species blooming with cherries, the
pollen preferences of the bumblebees, and their
flight distances. Although we see with weather data
that there are no frosty nights and days, it is known
that there are microclimatic areas in the basin,
which
experienced in

includes the study area, and frost is

some gardens (personnel
conversations with farmers). In this context, data
collection with relatively small weather stations in
the garden will be more suitable for pollinator
behavior studies in future studies. Detection of
flowers that bloom simultaneously with cherry is
important in many different ways. The target plant
and other plants are known to influence the
behavior of pollinators (Spiesman and Gratton 2016,
Nakamura et al. 2020). Certain mass flowering crops
in the landscape can attract pollinators during their
short time of bloom. When these crops are very
abundant and widespread in the landscape the
pollinator populations become diluted over the
landscape (Holzschuh et al. 2011, Montero-Castafo
et al. 2016, Eeraerts et al. 2017). However, another
point to consider here is providing additional
flowering and nesting resources — both as flower-
rich field margins as small to medium sized patches
of semi-natural habitat —in intensified landscapes is

vital to support both wild and managed pollinator
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populations (Eeraerts et al. 2017). In the study, a list
of other species distributed in the area is given.
During the flowering period of the cherry, the pollen
collected from the corbiculas of the bees returning
to the nest twice a day for 6 days, starting from the
day when 100% flowering was reached, were taken
and examined. Taraxacum and Lamium pollen were
found, but cherry preference was determined to be
almost 90%. It is thought that one of the most
important data obtained as a result of the study is
the determination of the plant species that can keep
the timing of the colonies to be brought to the area
with maximum efficiency. It is thought that after the
flowering of Muscari neglectum, a bulbous plant,
the cherries begin to bloom, and the appearance of
this species in the field and the arrival of colonies in
the garden are very important in terms of the
general behavior of the bees and their active
participation in pollination. Observations have
shown that bumblebees are once again a species
with a short flight distance, and the actual foraging
range is between 10-40 meters. Detection is also
compatible with many studies with the Bombus
terrestris (Goulson 2010). This region is really
important for sweet cherry production, and has
been evaluated for pollinator bee fauna (Giiler et al.
2011, Guler et al. 2015, Giler and Dikmen 2017).
Observations in the field have shown that queens of
Bombus terrestris (wild population) start to forage
simultaneously with the blooming of apple trees
(personel observation-C.0.). It is important to try
different alternative species in order to prevent the
mis-pollination syndrome caused by the lack of
pollinators during the short and intense cherry
blooming period. In America and Europe, it is
common practice to place honey bee hives in sweet
cherry orchards during full bloom. However, in a big
cherry producing country like Turkey, unfortunately,
the hiring and use of honey bees for pollination is
still an agricultural practice that has not been
addition,
bumblebees are mostly preferred in greenhouse

guaranteed by legal contracts. In
production. In this context, it is thought that the
simultaneous presence of various species with
different behavioral characteristics in the area may
also be beneficial for cherry producers for species

where the weather conditions during flowering
periods are harsh and cross-fertilization is essential
for a relatively short period of flowering.
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Bu galismada sivi fazdan farkli basing degerleri altinda hizli sogutulan hacimsel (bulk) yapidaki Paladyum
(Pd) sisteminde meydana gelen mikro yapisal gelisimler Molekuler Dinamik (MD) yontemi ile incelendi.

Anahtar kelimeler Cok cisim etkilesmelerini iceren Gomiilmiis Atom Metodu (GAM) atomlar arasindaki etkilesme
Camsi olusumu;

Hidrostatik basing;

kuvvetlerini hesaplama igin kullanildi. Model sistem igerisinde mikroyapisal degisimlerin belirlenmesi
icin radyal dagilim fonksiyonu (RDF), voronoi ¢ok yuzli analizi (VP), kath simetrilerin belirlenmesi,
Voronoi analizi; kiiresel periyodik diizen (SPO) ve ortak komsu analizi (CNA) yéntemlerinden yararlanildi. Sivi Pd
Molekuler dinamik. sistemine 0-40 GPa araliginda uygulanan basing degerleri icin 1x104 K/s sogutma hizinda camsi yapi,
1x108 K/s sogutma hizinda ise kristal yapi dontistimleri gézlendi. Ayrica bu dénastimlerin gerceklestigi
camsi ve kristal gecis sicakliklari hesaplandi. Sogutma islemleri sonucu elde edilen camsi yapilarda

ikosahedral benzeri kisa mesafe diizenli kiimeli yapilarin, baskin ¢ok ylzll yapilar olduklari tespit edildi.

The Investigation of Microstructural Development of Liquid Pd Element
Cooled under Pressure by Molecular Dynamics Simulation

Abstract

In this study, the microstructural developments of the palladium (Pd) system in bulk structure, which is
rapidly cooled under pressure values different from the liquid phase, were investigated by the
Molecular Dynamics (MD) method. The Embedded Atom Method (EAM), which includes many-body
interactions, was used to calculate the interaction forces between atoms. Radial distribution function
(RDF), voronoi polyhedral analysis (VP), determination of folded symmetries, spherical periodic order

Keywords
Glass formation;

Hydrostatic pressure; (SPO) and common neighbor analysis (CNA) methods were used to determine the microstructural

Voronoi analysis; changes within the model system. For the pressure values applied to the liquid Pd system in the range

Molecular dynamics. of 0-40 GPa, glassy structure transformations were observed at 1x104 K/s cooling rate and crystal
structure transformations at 1x10®3 K/s cooling rate. In addition, the glassy and crystalline transition
temperatures at which these transformations take place were calculated. It was determined that
icosahedral-like short-range ordered clustered structures were dominant polyhedral structures in the

glassy structures obtained as a result of cooling processes.

© Afyon Kocatepe Universitesi

1. Giris termoplastik sekillendirilebilirlik (Schroers 2010)

Swvi haldeki eriyikten hizli sogutma islemi gibi benzersiz 6zelliklere sahip oldugundan dolayi

son vyillarda ileri teknoloji ve biyomedikal

sonucu elde edilen metalik camlar, kisa mesafe

diizenine sahip amorf yapi ile karakterize edilen
malzemeler olarak bilinmektedir (Donald and Davies
1978, Luo and Wang 2009). Metalik camsilar yliksek
mukavemet (Ashby and Grees 2006), iyi tokluk
(Wondraczek et.al. 2011), siriinme direnci (Yu et.al
2014), korozyon direnci (Wu et.al. 2015), nispeten
distk Young modiili (Wang et.al 2004), mikemmel

uygulamalarinda (Calin et.al. 2013, Li and Zheng
2016) yer bulmaktadir. Ayrica milkkemmel elektrik ve
manyetik 6zelliklerinden dolayr (Wang et.al. 2016)
kaliplama ve mikroelektromekanik sistemler (Chen
et.al. 2018) gibi miihendislik uygulamalari iginde
onemli malzemelerdir. Cogu metalik camsilarin bu
gelismis kristal halde

ozelliklerinin, bulunan
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emsalleriyle  karsilastirildiginda  tane  sinirlari,
dislokasyonlar gibi yapilara sahip olmamalarindan
dolayi olustugu soylenebilir (Souza et.al. 2016, Yang
et.al. 2014).

Metalik glass-MG)

karmagik atomik yapilari nedeniyle incelenmesi

camsilarin  (metallic
gereken birgok 6zelligi vardir. Bilindigi gibi sogutma
hizi MG’lerin yapisal 06zelliklerini belirleyen ve
kontrol eden en 6nemli faktérlerden biridir (Ryltsev
et.al. 2016). Yavas sogutma hizi atomlarin diflizyonu
ve sistemin dengelenmesi icin yeterli zamani saglar.
Bununla birlikte ylksek sogutma hizlari atomik
difizyonu sinirlayarak numuneyi sivi fazda tutar ve
amorf yapiya sahip bir kati olusturur (Qi et.al. 2004).

Cok bilesenli metalik camlarin Gretimi kaliba
dokme (Inoue 2000), eriyik bikiim (Greer 1995), sivi
sicratmali sogutma (Davies et.al. 1973), lazerle
(Xie et.al. 2006),
atmosferinde dokme (Wei et.al. 2005), kivilcim
2013) gibi cesitli
deneysel yontemlerle gerceklestirilebilir. Ancak tek

sogutma argon ve hava

plazma sinterleme (Li et.al.

atomlu metalik sivilarin camsilastirma islemi, tek
atomlu metalin disiik cam olusturma kabiliyeti
nedeniyle oldukca zordur ve son derece yiksek
sogutma hizi gerektirir (Trady et.al. 2016). Amorf
yap! olusumu icin alasim sistemlerinin sogutma hizi
deneysel olarak 10° K/s civarinda iken monoatomik
sistemlerde bu kritik hiz 10? K/s degerindedir
(Solhjoo et.al. 2012). Son zamanlarda Li Zhong ve
ark. (Zhong et.al. 2014) 10 K/s'lik yiiksek bir
sogutma hizi elde etmis ve tek atomlu metalik
sivilarin camsilastiriimasina yol agan “ultra hizh sivi
deneysel
Monoatomik metalik

sogutma” adi verilen bir yontem

gelistirmislerdir. camlari
incelemek ve cesitli 6zelliklerini belirlemek igin
bircok calisma yapilmistir. Son ¢alismalar saf metalik
camlarda hizli katilasma sireci ve yapisal davranisin
Al'nin  hizli

sogutulmasi ve yeniden eritilmesi (Wang 2012),

arastinlmasi  Gzerinedir. Ornegin
farkh sogutma hizlarinda elde edilen Cu metalik
camin incelenmesi (Pang et.al. 2003), farkli basinglar
altinda katilasan Al'nin yapisal analizi (Li et.al. 2011),
Ag’'nin katilasma calismasi (Tian et.al. 2008) gibi. Ta
gibi bcc metallerde ¢ok hizli sogutma islemiyle
monoatomik metalik sivinin cama donlisimiini
bildiren calismalar vardir (Jiang et.al. 2016, Gan

et.al. 2017). Bununla birlikte Zhong ve ark. fcc

monoatomik metalik sistemin cam gecisi icin ultra
hizli sogutma isleminin bile vyeterli olmadigini
bildirmislerdir (Zhong et.al 2014). Metalik camlar
yiksek elastik limiti ve akma mukavemeti gibi
mekanik 0Ozelliklere sahip olsalar bile yliksek

kirilganliklar nedeniyle muihendislik
uygulamalarinda kullanimlari sinirhdir. Boyle bir
durumda amorf yapidan kristal yapiya en azindan
kismi bir donisiim, slinekligi ve yorulma direncini
arttirabilir (Carl et.al. 2008). Bundan dolayr amorf-
kristal yapi dontsim sirecini arastirmak igin cesitli
deneysel arastirmalar yapilmaktadir (Sultana et.al.
2016, Svoboda et.al. 2016).

Atomik O6lcekte maddelerin termodinamik
ve yapisal ozelliklerinin belirlenmesinde bilgisayar
benzetim teknikleri 6nemli bir role sahiptir. Bu
yontemlerden MD benzetimi, sivi fazdan elde edilen
amorf ve kristal fazlarin olusumundan, intermetalik
alasimlar, yariiletkenler, polimerler, nano yapilarin
kadar

malzemelerin yapisal ve termodinamik 6zelliklerinin

incelenmesine bircok ileri  teknoloji
belirlenmesinde kullanilan etkili yontemlerdendir
(Cagin et.al. 1999, Zhang and Chen 2012, Tolpin
et.al. 2012). Klasik MD yontemi, MD hesaplama
hicresindeki parcaciklarin Lagrange  veya
Hamiltanyen fonksiyonlari kullanilarak belirlenen
hareket denklemlerinin uygun bir sayisal algoritma
ile cozlimiinlin yapilmasini amacglar (Marque’s et.al.
2005).

potansiyellerin secimi, deneysel verilere uyumlu

Atomlararasi etkilesmeleri ifade eden

sonuglarin  Uretilmesi  bakimindan  6nemlidir.
Literatirde tek atomlu ve c¢ok bilesenli model
sistemler igin MD ¢alismalarinda kullanilan farkh
potansiyel enerji fonksiyonlari bulunmaktadir (Erkoc
1997, Grujicic and Dang 1995). Daw (Daw and
Hatcher 1985) surilen GAM
fonksiyonu metalik sistemlerin 6zelliklerinin yari
deneysel

benzetimlerinde en cok tercih edilen potansiyel

tarafindan ileri

hesaplamalarini  yapmak icin MD

enerji fonksiyonudur. GAM’In baslica avantaj
hesaplama siiresinin kisa olmasi ve ¢ok sayida
parcacikla calisabilme imkani saglamasidir. MD
benzetim yonteminin yani sira ilk prensip metotlari
(first principles), modellenecek sistem icin deneysel
degerlere daha uygun sonuglar Gretmesine ragmen
az sayida parcacikk ve c¢ok

sayida islemcili

bilgisayarlara gerek duyulmaktadir.
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Bu calismada atomlar arasindaki

etkilesmelerin GAM potansiyel fonksiyonu ile
belirlendigi ve iki farkl sogutma hizi igcin bes farkl
basin¢ degerinde sogutulan 108000 atomlu sivi Pd
model sistemde meydana gelen mikroyapisal
Calismada LAMMPS MD
kullanildi. RDF, VP, katli

simetrilerin belirlenmesi, SPO ve CNA analizinden

degisimler belirlendi.

similasyon programi

elde edilen atomik konumlar kullanilarak basinca

gecisleri
esnasindaki kisa mesafeli diizenine sahip atomik

bagh sivi-amorf ve sivi-kristal faz

kiimelerin mikroyapisal gelisimleri belirlendi.

2. Materyal ve Metot

MD benzetim ybdnteminde, hesaplama
hicresi icerisindeki N atomdan olusan parcaciklar

toplulugunun Lagrange fonksiyonu

N
1
Lo (V14,1 1) = 5 m (35Gs,)
i=1

D) J>l¢(|hsu|)+ MTr(hth) PexeV (1)

seklinde verilmektedir. Burada si, h, G, mj, Pex, V ve
M parametreleri sirasiyla i parcaciginin koordinatini,
MD hiicre eksenlerini, metrik tensér, i pargaciginin
kitlesini, dis basinci, MD hiicre hacmini ve kitlesini
ifade
hesaplama hiicresi igin hareket denklemleri asagida

etmektedir. Sirasiyla atomlar ve MD

verilmistir.

.. 1 1

Siz_EFi_G GSi (2
h =M1 - 1P, )0 (3)

burada o = V (h')™? seklindedir. I, mikroskobik zor
tensori denklem (4) te verilmistir. (Parrinello and
Rahman 1980).

ZZ—rr (4)

=1 j>i i'

nm=v" i mo; v,

Calismada N atomdan olusan bir sistemin
enerjisini hesaplamak igin kullanilan ¢ok cisim
etkilesmelerini

iceren GAM, vyari deneysel bir

potansiyel enerji fonksiyonudur. Her atomun
enerjisi, bir atomu metalin diger atomlari tarafindan
saglanan yerel elektron yogunluguna gémmek icin
Denklem (5), N

atomdan meydana gelen sistemin toplam enerjisini

gereken enerjiden hesaplanir.

ifade eder.
1
Erop = Xt Fi (p1) + 5 X1 @ (1)) (5)

Fi(p;), p; yuk yogunluguna sahip bir noktaya i
atomunu gdmmek igin gerekli olan enerjiye, iki atom
arasindaki ikili etkilesme enerjisine ise ®(7;;) ifadesi
karsilik gelmektedir (Guellil and Adams 1992). GAM’
In detaylari ve Pd elementi icin potansiyel
parametreleri literatiirden bulunabilir (Zhou et.al.
2004).

Kristal, amorf ve sivi faz yapilarini belirlemek
icin kullanilan RDF fonksiyonu Denklem (6) de
verilmistir.

9 = 1 (B) ©

4mtr2Ar

Burada atomlar arasi mesafe r, i atomundan r kadar
uzakhkta bulunan Ar kalinliktaki
icerisindeki pargacik sayisi n(r), toplam pargacik

kiire kabugu

sayisi N ve MD hiicre hacmi V parametreleri ile ifade
edilmektedir (Rigby et.al. 1986).

CNA analizi model sistemdeki

konfiglrasyonlarin ayrintilarini analiz etmek igin

yerel

kullanilan algoritmalardan bir digeridir (Bonny et.al.
2013).
cevresindeki

referans atomu ve onun
analizi CNA
metodunun temelini olusturmaktadir. Teknik olarak

Segilen bir
komsularin analiz
bir atoma yerel bir yapiyr atamak icin (i, j, k, /)
seklinde 4 karakteristik tamsayl tanimlanir. ilk
indeks i, iki atom bagli oldugunda 1 olarak alinir, aksi
halde 2 olarak tanimlanir. ikinci indeks j, atom gifti
tarafindan ortak olarak paylasilan yakin komsularin
sayisinl vermektedir. k indeksi, paylasilan komsular
arasindaki baglarin sayisini gosterir. Son indeks ise
ortak komsular arasinda en uzun zincirdeki bag
sayisidir (Stukowski 2012). OVITO programi ile CNA
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analizi yapilmis ve atomik konumlar belirlenmistir.
(Stukowski 2010).

Metalik camlardaki farkli topolojik kiimeleri
belirlemek icin VP analizi <ns, ns, ns, ne> seklinde
dort indis (i=3,4,5,6)
¢okyuzllsiiniin i-kenarh yizlerinin sayisini temsil
eder (Cheng et.al. 2013). Hwang (Hwang 2011)
tarafindan Voronoi

kullanir.  n; Voronoi

cokytzlisli kristal benzeri,
ikosahedral benzeri ve karisik benzeri kimeler
olarak U¢ gruba ayrilmistir. <0,4,4,6>, <0,4,4,7>,
<0,3,6,4>, <0,3,6,5> Voronoi indeksleri fcc/hcp
kristal benzeri kiimeleri, <0,6,0,8> bcc benzeri
kiimeleri, <0,0,12,0>, ikosahedral benzeri kiimeleri,
<0,1,10,2>,
benzeri kiimeleri temsil eder. Bazi Voronoi ¢okyuizli

<0,2,8,2> distorsiyonlu ikosahedral

kiimeli yapilari Sekil 1'de verilmistir.

<0,0,12,0> <0,1,10,2>

Sekil 1: Bazi Voronoi ¢okylzli kiimeli yapilari. Kirmizi
renkli atom merkez atom olarak alinmistir.

Bu calismada acik kaynak kodlu molekiiler dinamik
benzetim yéntemi (LAMMPS) kullanildi (int Kyn.1).
11.67 nm x 11.67 nm x 11.67 nm boyutlarinda
108000 Pd
yerlestirildigi MD hiicresi baslangi¢ yapisi olarak

atomunun fcc oOrgl  noktalarina
belirlendi. Maxwell-Boltzman hiz dagilimina uygun
ilk hizlarn rastgele
belirlendi. Pargacik sayisi (N), basing (P) ve sicakhk

olacak sekilde atomlarinin

(T) olmak tzere bu Ug¢ parametrenin sabit oldugu
NPT istatistiksel toplulugu kullanildi. Pargaciklarin
yoriangesini belirlemek icin Lagrange
fonksiyonundan elde edilen hareket denklemleri 1
fs’lik bir zaman adimi boyunca Verlet algoritmasi
kullanilarak ¢ozildi. Her (¢ eksen boyunca
periyodik sinir sartlari uygulandi. Sivi Pd yapisini elde
etmek igin sicaklik 300 K’dan 2500 K degerine 100 K
sicaklik araliklariyla arttirildi. Eriyen Pd’nin tamamen
sivi fazin Ozelliklerini kazanmasi igcin 2500K sicakhk
degerinde sistem 1x10° MD adimi daha dengeletildi.
Daha sonra sivi Pd sistemi 2500 K den 300 K
sicakhgina 1x10* K/s ve 1x103 K/s sogutma
hizlariyla ve 0, 10 GPa, 20 GPa, 30 GPa ve 40 GPa
basin¢g degerleri altinda sogutularak sivi-amorf ve
sivi-kristal belirlendi. Bu

yapisal donlsimleri

basinglar, model sistemin disitk ve yiksek basing
degerleri altindaki yapisal dénislimlerini belirlemek
amaciyla ve literatlirde yapilan calismalar dikkate
alinarak belirlendi (Lachtiouia et.al. 2020, Jiang et.al.
2016). Ayrica daha disik sogutma hizlarinda
yapinin amorf fazda kararli kalmamasindan dolayi
calismada 1x10% K/s ve 1x10% K/s sogutma hizlari
secilmistir. Sivi faz icerisinde tamamen rastgele
yapida bulunan atomlarin sogutma islemi esnasinda
kisa mesafe dizeninde olusturdugu atomik
kiimelerin mikroyapisal gelisimini tespit etmek igin
RDF, VP, n-kath simetri ve SPO analizlerinden
yararlanildi. Bununla birlikte yapisal dontsimlerin
belirlenmesi amaciyla OVITO programinda CNA

analizinden elde edilen atomik gorintiler kullanildi.

3. Bulgular ve Tartisma

Sekil 2’de Pd model sistemi igin 300K-2500 K
sicaklik araliginda elde edilen birim atom basina
baglanma enerjisi (Ec) verilmistir. Isitma islemi
esnasinda 1900K-2000K sicaklik arahiginda enerjide
ani bir artisin meydana geldigi gorilmektedir.
Buradan Pd elementinin erime sicakhg 1950£50 K
olarak tespit edilmistir. Elde edilen erime sicakhginin
1827 K olan (Kittel 1996) deneysel erime sicakligina
yakin bir deger oldugu séylenebilir. Bununla birlikte
deneysel degerden yliksek
¢ikmasinin nedeni olarak isitma hizinin yliksek

erime sicakliginin

olmasi sebebiyle model sistemin her sicaklik

dengeye
bulamamasi, parcacik sayisinin az olmasi, model

degerinde gelecek vyeterli zamani

sistemin higbir vyapisal kusur icermemesi gibi

sebepler sayilabilir.

Sekil 3’de 1x10% K/s ve 1x10*® K/s sogutma
hizlari icin 0 ve 40 GPa basing degerlerinde farkli
sicakliklarda elde edilen RDF egrileri verilmistir. Sekil
3(a)’da 1900 K sicakhk degerinde elde RDF egrisi ile
1853 K de deneysel olarak belirlenen (kirmizi
noktalar) RDF egrisinin uyum igerisinde oldugu
gorilmektedir. Yiksek sicaklikta (2500 K) g(r)
fonksiyonun ilk tepe noktasi en yakin komsu
atomlarin kaybiyla daha kiiglik ve daha genis bir
durumdadir.
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Sekil 2: Sicakliga karsl Ec'nin degisimi.

ilk piki takip eden diger piklerde de tutarli bir
zayiflama gorilmektedir. Bu, diizensiz bir sivi halin
ana ozelligine karsilik gelir ve atomlar arasinda orta
menzilli dizen cinsinden bir korelasyonun
olmadigini gosterir. Sekil 3(a) ve (c)'de gorildugi
gibi 0 GPa basin¢ degerinde her iki sogutma hiz
icinde sicakhk dustikce

gorulmektedir.

ilk pikin keskinlestigi
birlikte ilk
keskinlesmesi, katilasma esnasinda kisa mesafeli

Bununla pikin
diizenin varligini ve giderek arttigini kanitlar. Ayrica
1x10™ K/s ve 1x10® K/s sogutma hizlari icin sirasiyla
sicaklik 700 K ve 800 K degerine geldiginde ikinci
pikte bir ¢cokme olusmaya baslamakta ve sicaklik
distiikce daha belirgin bir hale gelmektedir. ikinci
pikin iki alt pike bolinmesi, genellikle ikosahedral
kiimelerin mevcudiyeti ile yorumlanan cam ve asiri
sogutulmus sivi  durumlarinin  olusumunun bir
(Liu et.al. 1992). Sogutma islemi
tamamlanip 300 K sicakligina ulasildiginda Pd model
sisteminin her iki sogutma hizi i¢in de 0 GPa basing
yaplya
tamamlandigi gorilmektedir. Hizli sogutma islemi

ozelligidir

degerinde amorf dontstimiiniin
sirasinda hizli yapisal gevseme nedeniyle kristallerin
cekirdeklenmesi ve bliyiimesi baskilanmis olur. Bu
yapili
dontsimiini engeller ve kisa mesafe diizenine

sistemin olast tim kristal durumlara

sahip atomik kidmeli yeni durumlarin olusumunu
saglar (Atila et.al. 2019). Sachdev ve ark. (Sachdev
and Nelson 1985) RDF’deki ikinci pik bélinmesinin
kékeninin ikosahedral kiimelerin olusumu oldugunu
surecinde bu

actklamiglardir.  Hizli  katilasma

ikosahedral kimeler uzun mesafeli kristal

dizenlerin ¢ekirdeklenmesi ve biylmesi icin glicll
bir kinetik kisitlama sergileyerek metalik camsinin
olusumunu tesvik eder (Wu et.al. 2013). 40 GPa

basing altinda gerceklestirilen 1x10'* K/s hizindaki
isleminde 1300 K sicaklik degerine
ulasildiginda ikinci pikte ¢okme olusmaya bagladigi
Sekil Sogutma islemi
tamamlanip 300 K sicaklik degerine ulasildiginda Pd
model sistemi amorf fazda kararli kalmaktadir.
Bununla birlikte 40 GPa basing degeri altinda
uygulanan 1x10% K/s sogutma hizi icin ise 1200 K de
ilk fcc/hcp piklerinin olusmaya basladigi ve sicakhgin
azalmasiyla pik siddetlerinin arttigi Sekil 3(d) deki
RDF egrisinden gorilmektedir.

sogutma

3(b)’den gorilmektedir.

Bununla birlikte
ylksek basing, yogunlugun artmasina ve atomlar
arasindaki mesafenin kisalmasina neden olur.
Bunun sonucunda, birinci komsu kabuktaki atom
kristal yapinin

olusmasindan yanadir ve sistemin diizen derecesi,

sayisi artar. Yiksek basing
kristallesmenin baslamasiyla (Shimono and Onodera
2001) artar. Sogutma islemi tamamlanip 300 K
sicakligina ulasildiginda yapinin fcc birim hiicreli

kristal faza sahip oldugu acikc¢a gortlmektedir.

1x104K/s 0GPa  (a
amorf faz 300 K
500 K

1x10'*K/s 40 GPa  (b)

=
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Sekil 3: 1x10* K/s ve 1x10* K/s sogutma hizlari icin O ve
40 GPa basing degerleri igin elde edilen RDF
egrileri.

RDF piklerinin ilk minimum ve ilk maksimum

degerlerinin oranlanmasi olan Wendt-Abraham
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parametresi camsi gegis sicakhgini (Tg) belirlemek
icin kullanilmaktadir (Wendt and Abraham 1978).
Elde edilen bu oranlar sicakligin bir fonksiyonu
olarak cizilir ve lineer olarak fit edilen iki farkh
egimin kesisim noktasi Ty sicakligini verir (Celtek
et.al. 2016). 1x10' K/s sogutma hizinda 0 ve 40 GPa
basing degerleri igin sicakhiga karsi gmin/Qmax oraninin
degisiminden belirlenen camsi gecis sicakliklari
sirastyla Sekil 4(a-b)’de verilmistir. Tg sicakligi 0 GPa
icin 765 K, 40 GPa i¢in 1340 K olarak belirlenmistir.
Bununla birlikte Tg sicakhiginin belirlenmesinde
egimlerdeki degisim net olarak belirlenememistir.
Egim degisim noktasinin tam olarak belirlenmesi Tg
sicakhginin tespiti icin olduk¢a Onemlidir. Tg
degerini daha dogru belirlemek icin (Qmin/Jmax)
oraninin karesi alinarak Sekil 4(a-b)'nin icerisine
yeniden cizilmis ve buradan Tg sicakligi 0 GPa igin
795 K ve 40 GPa igin 1365 K olarak belirlenmistir.
Camsi gecis sicakliginin basinca bagl degisimi ise
Sekil 5’te gorlulmektedir. Tq artan basingla hemen

hemen dogrusal bir degisim sergilemektedir.
0.3 [

0.08

()

C 1x10"¥K/s 0 GPa
0.1 -

0 500 1000 1500 2000 2500
T (K)

0.2

. 0.03 (b)

5
g
F s 002 F

£ Te = 1365
F %0001 |

0.00 L L L L
0 500 1000 1500 2000 2500

Zmin /g max

0.1

1x10MK/s 40 GPa

0 500 1000 1500 2000 2500
T (K)

Sekil 4: 1x10' K/s sogutma hizinda (a) 0 ve (b) 40 GPa
basing degerleri altinda camsi gegis sicakligl.
10 GPa, 20 GPa, 30 GPa ve 40 GPa basing
degerleriicin 1x10® K/s sogutma hizinda elde edilen
sicaklik ile E¢'nin degisimi Sekil 6’da verilmistir.

1400
1300 F
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2 1100 -

£ 1000 f
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700 E—L 11
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Sekil 5: Camsi gegis sicakliginin basingla degisimi.

Sicakhgin azalmasiyla E. degerinin de azaldigi

gorilmektedir. Bununla birlikte belirli sicakhk

degerlerinde egrideki azalmanin birden arttigi
sicaklik degerleri biitlin basinglarda gorulmektedir.
Sivi fazdan kristal faza donisi gosteren bu sicaklik
degerleri Sekil 6 Gzerinde oklarla gosterilmektedir.
Artan basing degerine karsilik kristal doénisim
sicakhginin da arttig1 acikca gorilmektedir. 10 GPa
ve 20 GPa i¢in 1500 K, 30 GPa icin 1700 K, 40 GPa
icin 1800 K sicakligi model sistemin sivi fazdan kristal

faza gegis sicakligi olarak belirlenmistir.

-3.3
® 10 GPa
34 ® 20 GPa N
® 30 GPa
40 GPa N
-3.5

_3.8..I....I....I....I....I

500 1000 1500 2000 2500
T (K)
Sekil 6: 1x10%® K/s sogutma hizi icin farkli basing
degerlerinde birim atom basina baglanma

enerjisinin sicaklikla degisimi.

Atomlarin uzayda dizilisleri malzemelerin
termodinamik ve mekanik Ozellikleri Uzerinde

onemli bir etkiye sahip oldugundan, metalik

camsilarin  atomik yapisinin  karakterizasyonu
olduk¢a 6nemlidir ve amorf fazlarinin karmasik
dogasi nedeniyle basit bir is degildir (Samiri et.al.
2021). VP analizi Pd metalik camsinin kisa mesafe
diizenindeki atomik kiime yapilarini daha detayl
icin kullanildi. VP

camlardaki yerel atomik yapiyi incelemek igin <ns,

incelemek analizi, metalik
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ns, ns, ng> seklinde dort indisli farkli topolojik
(i=3,4,5,6)
¢okyuzllsiiniin i-kenarh yizlerinin sayisini temsil
eder (Cheng et.al. 2013). Hwang (Hwang 2011)
tarafindan siniflandirilan Voronoi cokytzllleri Gg

kiimeleri kullanir. N Voronoi

ana kategoride ifade edebilir. “ikosahedral benzeri
kiime” olarak adlandirilan ve yliksek ns degerlerine
(ns=8, 10 veya 12) sahip ilk Voronoi ¢okyilzlli grubu
ile mikemmel ve kusurlu ikosahedral yapilar

kiime” olarak adlandirilan Voronoi cokyuzlilerini
icerir. Bu grup yar kristal bir yapiyi temsil eder ve
Voronoi ¢okylzli tipi <0,4,4,x> ile (x=5,6 ve 7)
indekslenir. Bununla birlikte <0,6,0,8> indeksi bcc
yapil kiimeleri temsil etmektedir. Son grup “karisik
kiime” olarak ifade edilen, ortalama degerleri ns
indeksi  4-8
cokyuzlilerinin olusturdugu bir gruptur. Calismada

araliginda  degisen  Voronoi
ns indeksi 6 olarak alinmis ve bu grup <0,3,6,x> ile
(x=2, 3,4 ve 5) karakterize edilmistir (Gulenko et.al.

2017).

10
9 \ @0GPa m 10GPa 020GPa m30GPa |:|4OGP4
8 (a)
karakterize edilmekte%ir.gi inci grup, ns gadeksi
N
kiiclik bir degerde olz%r (Bs$4) ve “kristal ri
g 4
: 3
2 2
1
0

1 B0GPam10GPa 0 20GPa m30GPa |:|4OGP%

yiizde (%)
OI—‘NCA)-&U'I@\IWLCVO

<0,4,4,3> <04,4,4> <0,4,45> <04,4,6> <0,4,4,7> <0,6,0,8>

12
10 lOGPaIlOGF’aDZOGPaIBOGPaD4OGP€4 (C)
—~ 81
S
Q 61
o
S 4
2
0 v -
<0,3,6,2> <0,3,6,3> <0,3,6,4> <0,3,6,5>

Sekil 7: 1x10%* K/s sogutma hizi igin 300K sicakliginda a) ikosahedral benzeri, b) kristal benzeri ve c) karisik benzeri kiimeli

yapilarin Voronoi indekslerinin ylizde degisimleri.
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Sekil 7’de, 1x10% K/s sogutma hizi icin 300 K
sicakliginda farkl basing degerlerinde elde edilen (g
farkh  gruptaki
degisimleri verilmistir.

Voronoi ¢okyuzlilerinin  ylzde

Model sistemin farkli Voronoi indeksleriyle
karakterize edilen cesitli atomik kiime yapilarini
icerdigi acikca gorilmektedir. <0,0,12,0>,<0,1,10,2>
ve <0,2,8,4> indeksli ikosahedral benzeri kiimeler,
metalik camsi yapilarinda en baskin olan temel
birimler olarak bilinmektedir (Miracle 2004). Artan
basing degerleri altinda gerceklestirilen sogutma
islemi tamamlanip 300 K sicaklik degerine
ulasildiginda ikosahedral benzeri kiimeli yapilarin
model sistemdeki degisimi Sekil 7(a)’da verilmistir.
Bu grup icerisinde 0 GPa’da o6zellikle <0,1,10,2> ve
<0,2,8,4> indeksli
kiimeler, <0,0,12,0> kusursuz ikosahedral kiimeye

distorsiyonlu  ikosahedral
gore daha bliyik bir ylizde degerine sahiptir. Artan
basing degeriyle <0,2,8,4> hari¢ diger kiumeli
yapilarda 0 GPa daki degerlere gore bir azalma
belirlenmistir. Camsi yapinin olusumundan sorumlu
olduguna inanilan ikosahedral benzeri kiimelerin,
kristal cekirdeklenmesi ve biliylimesi i¢in bir bariyer
gorevi gordiglu disiunilmektedir (Khmich 2019).
Kristal
cokyuzlilerin yapi icerisinde dikkate deger bir

ve karisik benzeri kime grubundaki
sekilde var olduklari Sekil 7 (b)’'den gorilmektedir.
Bununla birlikte kristal benzeri Voronoi indekslerinin
ylzde degerlerinin artan basingla artmasinin, yapi
icerisinde gizli kristal diizeninin olusumundan
kaynaklandigi seklinde duslinilmektedir. Ayrica
Sekil 7 (c)’de goraldugi gibi karisik tipteki <0,3,6,4>
ve <0,3,6,5> Voronoi indeksli kiimeli yapilarin yiizde
degerlerinin basing artmasi ile artmasi, bu indekse
sahip kisa mesafe dlizenindeki kiimeli yapilarin ns
degerlerinin yiksek olmasindan dolayi amorf faz
donltsimiine katki

sagladigi seklinde

yorumlanabilir.

Sekil 8’de farkli basinglar altinda 1x10® K/s
sogutma hiziigin 300 K sicaklik degerinde elde edilen
ikosahedral, kristal ve karisik benzeri kimeli
yapilarin ylzde degisimleri verilmistir. Sekil 8(a)’'da
basincin artmasiyla yapi icerisinde ikosahedral
benzeri kimeli yapilarin azaldigi gorilmektedir.
Yiiksek sogutma hizlarinda metalik camsi yapilarda

en baskin olan <0,1,10,2> ve <0,2,8,4> indeksli kisa

mesafe dizenine sahip kiimeli yapilarin model
sistemimizde de en ¢ok bulunan kiime gruplar
oldugu gorilmektedir. Bununla birlikte, 40 GPa
basing degerinde ikosahedral benzeri kimelerin
oldukga azaldigl (%1’'in altinda) ve yapinin kristal
faza donltsim sergiledigi soylenebilir. Sekil 8(b)'de
yiksek basing degerlerinde yapi icerisinde kristal
benzeri kiimeli yapilarda artis oldugu ve ozellikle
<0,4,4,6> fcc yapisini ve <0,6,0,8> bcc yapisini temsil
eden Voronoi indekslerinin ylksek ytzdeli degerlere
ulastig gortlmektedir. Buradan model sistemde
kisa mesafe diizenine sahip kiimeli yapidan, uzun
mesafe diizenine sahip kristal yapiya bir faz
donltsimi gergeklestigi sdylenebilir. Sekil 8(c)'de
<0,3,6,4> ve <0,3,6,5> voronoi indeksli karisik tipteki
kiimeli yapilarin yapi icerisinde en yiksek yizde
degerlerinde bulundugu gorilmektedir. Basing
artistyla bu kisa mesafe diizenine sahip atomik
kiimeler azda olsa azalmaktadir.

Yiiksek sogutma hizlarinda stper
sogutulmus sivinin  mikemmel kristal yapiy
olusturmak icin vyeterli zamani bulamamasi
kristallesmeyi Onlemektedir. Bununla birlikte

sogutma islemi sirasinda miikemmel bir amorf
durum da olusmaz. Bu da metalik camlarda belirli bir
kismi kristallesmenin varligi anlamina gelir. Metalik
camlardaki atomik paketlenme, amorf durumda
birlesik gizli bir kristal diizeninin mevcudiyeti olarak
yorumlanabilir. Gecis sicakhginin altinda gelisen
kristal dizeni, amorf durumda gizlidir ve yerel bir
fcc, hep veya bec dizenine donustirilebilir. Sekil
9’da 1x10* K/s sogutma hizi i¢in 1500 K ve 300 K’'da
elde edilen sirasiyla stiper sogutulmus sivi ve metalik
camsi durumlarin 6lgekli RDF egrileri gortilmektedir.

RDF tanimina gore i. pik konumu R;, en yakin
komsu kabuktan merkez atoma olan ortalama
mesafeyi temsil eder. Liu ve ark. (Liu et.al. 2010) RDF
egrilerinin istatistiksel bir analizini yaparak RDF
egrilerinin global bir 6zelligini belirlemislerdir. R;
(i=1,2,3...) pik konumlarini ilk pik konumuna gore
Olceklendirerek RDF
getirdiler. Ote yandan, bu Ri/R; degerleri SPO teorik

egrilerine  bir standart

modeli ile elde edilen degerlerle karsilastirildi.
SPQ’ya gore;
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1 super sogutulmus sivi ve metalik camsinin Ri/R1 (i=1-
R,Slf’o=(n=1,2,3...)=2nM (7) Per SoptrI R -
2kp 4) degerleri farkli basing degerleri i¢in Tablo 1'de
verilmistir.

seklindedir. Burada 2mt/2kr Friedel dalga boyu ve 2k
Fermi kiresinin gapidir. Simiilasyon ¢alismamizdan
elde edilen RDF egrilerinden, siiper

sogutulmus sivi ve metalik camsi icin Ri/R; (i=1-4)
degerlerini hesapladik. SPO teorik model, fcc yap,

" B0GPa m10GPa 0D20GPa m30GPa D4OGPa‘

yiizde (%)
O P N W b U1 O N ©

(a)

B0GPa m10GPa 020GPa m30GPa I:I4OGPa‘

(b)

<0,4,4,3> <0,4,44> <0,4,45> <044,6> <044,7> <0,6,0,8>

12

B0GPa m10GPa 020GPa m30GPa @40GP4

10 1

<0,3,6,2> <0,3,6,3>

<0,3,6,4>

(©

<0,3,6,5>

Sekil 8: 1x10%3 K/s sogutma hizi igin 300K sicakliginda a) ikosahedral benzeri, b) kristal benzeri ve c) karisik benzeri kiimeli

yapilarin Voronoi indekslerinin ylzde degisimleri.
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g(n)

5
r (A)
Sekil 9: 1x10%* K/s sogutma hizi icin 1500 K ve 300 K'da

elde edilen stper sogutulmus sivi ile metalik

camsi durumlarin 6lgekli RDF egrileri.

Elde edilen sonuglardan bitiin basing degerleri icin
siper sogutulmus sivi yapisinin SPO’nun teorik
degerlerine hemen hemen yakin degerler (rettigi
gorlilmektedir. Artan basing degerlerine karsilik ise

siper sogutulmus vyapinin  SPO’nun  teorik
degerleriyle daha uyumlu sonuglar Urettigi
belirlenmistir. Bununla birlikte metalik camsi

durumda buldugumuz Ri/R: oranlari teorik fcc pik
konumlariyla yakin degerler (retmistir. Basincin
artisi, bu oranin fcc pik konumlariyla daha uyumlu
sonuglar Gretmesine neden olmustur. Gizli kristal
diizeni, metalik camlarda asir sogutulmus sivi ile
cams! durum arasindaki temel farktir. Bu sonugtan,
cam gecisi sirasinda deneysel karakterizasyon
teknikleri ile tespit edilemeyen ve RDF'de gizli olan
belirli bir atomik paketleme diizeninin gelistigini
soyleyebiliriz. Elde edilen sonugclarin 6nceki yapilan
¢alismalarla uyum iginde oldugu séylenebilir (Luzgin

et.al. 2008, Liu et.al. 2010, Liu et.al. 2011).

Tablo 1: MD benzetim c¢alismasindan elde edilen Pd
siper sogutulmus sivi ve metalik camsi igin ilk pik
konumlari tarafindan 6lgeklendirilen atomik konumlar.

stiper sogutulmus sivi

30 GPa 1.0 1.83 2.67 3.49

(1500 K)
metalik camsi (300 K) 1.0 1.75 1.97 2.61
stiper sogutulmus sivi

40 GPa (1500 K) 1.0 1.81 2.65 3.48
metalik camsi (300 K) 1.0 1.75 1.99 2.62

B.
dZ:enf. Ri/Ri  RJ/Ri  RyR: R4R
SPO teori 1.0 1.80 2.60 3.40
teorik fcc konumlar 1.0 1.73 2.00 2.67
stiper sogutulmus sivi
0GPa (1500 K) 1.0 1.85 2.67 3.52
metalik camsi (300 K) 1.0 1.72 1.95 2.59
stiper sogutulmus sivi
10 GPa (1500 K) 1.0 1.85 2.68 3.51
metalik camsi (300 K) 1.0 1.74 1.95 2.60
stiper sogutulmus sivi
20 GPa (1500 K) 1.0 1.84 2.67 3.50
metalik camsi (300 K) 1.0 1.74 1.97 2,60

ikosahedral kisa mesafe diizeni, metalik
sivilarda ve camlarda yapi Ozelliklerini karakterize
etmede 6nemli olmasina ragmen bazi atomik kiime
turleri de dikkate alinmalidir. Yapilan similasyon
¢alismalari, bazi metalik camlarda ikosahedral
benzeri kiimelerin baskin yapi olmadigini ve hatta
bulunmadigini géstermistir (Cheng and Ma 2011,
2012). hipotezinde,

ikosahedral kisa mesafe dlzenindeki en 6nemli

Senkov  et.al. Frank'in
ozellik, bes kath yerel simetridir. Bes katli simetri,
uzun menzilli 6rgl periyodikligi ile uyumsuzdur. Bu
nedenle bes kath simetri, kristal yapilardan ziyade
diizensiz veya amorf yapilari tercih eder (Frank
1952, Spaepen 2000). Bu anlamda, sivilar/camlar ve
kristal katilar arasindaki en bliylk farkin bes katli
yerel simetri oldugunu soylenebilir (Li 2014, Li et.al.
2017). Deneysel calismalarda metalik camlardaki
yerel atomik simetriyi 6lcmek zordur ve sayisal

analiz i¢in de kolay bir is degildir (Spaepen 2000).

Amorf durumun atomik seviyedeki yapisal
davranisini daha iyi anlamak icin model sistemdeki
k-kat
cokylzlinin Voronoi mozaikleme ydntemine goére

simetri  miktarint inceledik. Her bir
<ns, N4, ns, ng> seklinde indislendigi atomik kiimenin
k katl simetri derecesi asagidaki ifade ile verilir.

fi = =% (8)

= 6
Zk=3 Nk

Burada nk (k=3,4,5,6) k-kenarli cokgen sayisina
karsilik gelirken, k-katli simetrinin ortalama derecesi
Y fx X P seklinde tanimlanabilir. P ifadesi her bir
¢okylzlinin kesrini gosterir (Hu et.al. 2015).

Sekil 10 ve Sekil 11’de iki farkli sogutma hiz
icin dort, bes ve alti katli simetri popilasyonlarinin
gelisimi verilmistir. 1x10* K/s’lik sogutma hizi icin
farkh basing degerleri altinda sicakligin azalmasiyla
Sekil 10 (a-c)’de sirasiyla dort, bes ve alti kath simetri
popilasyonlarinda bir artisin meydana geldigi

gorilmektedir. Bes kath simetri popilasyonundaki
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artisin (Sekil 10(b)), dort ve alti katli simetri
popiilasyonlarindaki artistan daha fazla oldugu
tespit edilmistir. Bes katli simetri poplilasyonunun
artmasi, ikosahedral benzeri kiimelerin miktarinin
artmasiyla orantilidir. Bununla birlikte, ikosahedral
benzeri kiimelerin haricindeki farkli atomik kiimeler
de farkli derecelerde bes kath yerel simetri
icerdiginden onlarinda bes katli simetrinin artisina
katkilari vardir. Ornegin <0,3,6,5> voronoi indeksli
karisik benzeri kiime bes katli simetriye sahip alti yiz
icermektedir. Bununla birlikte doért ve alti kath
simetri populasyonunda sicakligin azalmasi ile
meydana gelen artisin Pd model sisteminde gizli
kristal diizeninin varligiile iliskili oldugu séylenebilir.
Ayrica basing artisinin dort, bes ve alti katli simetri
popiilasyon degerlerini de arttirdigi acikca
gorilmektedir. Sekil 11 (a-c)’de 1x10* K/s sogutma
hizi i¢cin dort ve alti kath simetri poptlasyonlarinin
sicakligin azalmasiyla artis sergiledigi gortilmektedir.
Ozellikle bu artis 1000-2000 K sicaklik araliginda bazi
sicaklik degerlerine ulasildiginda daha etkili
olmaktadir. Artisin etkili oldugu bu degerlerde yapi
icerisinde uzun mesafeli kiimeli yapilarin bir araya
gelerek kristal yapinin olusmaya baslamasi seklinde
ifade edilebilir. Sekil 11 (b)’'de 0 basing degerinin
haricinde diger basin¢ degerlerinde sicakligin belirli
degerlerinde bes katli simetride bir distisiin oldugu
acitkca gorilmektedir. Bu dusls ylksek basing
degerlerinde daha etkilidir. Bu artis ve azahslar
model sistemin kristal yapiya gegisinin  bir
gostergesidir.  Yapr  icerisinde  amorf-kristal
dontsimiiniin  meydana geldigi bu sicakhk
araliklarinda kisa mesafe dizenindeki ikosahedral
kiimeleri ifade eden bes kath simetriler azalmaya
baslarken, kristal benzeri kiimelerde baskin olan
dort ve alti katl simetri popllasyon degerleri
artmistir.

Sekil 12 ve Sekil 13'de, OVITO programindan CNA
analizi kullanilarak 1x10%** K/s 1x10'* K/s sogutma
hizlari icin 300 K sicakhginda 0 ve 40 GPa da elde
edilen model sistemin anlk atomik goruntileri
verilmistir.

15000
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simetri popiilasyonu

(=)

35000

30000

25000

15000

simetri popiilasyonu
e}
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(=}
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20000

15000

10000
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Sekil 10: 1x10'* K/s sogutma hizi icin a) dért, b) bes ve c)
alti katli simetri populasyonlarinin gelisimleri.
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Sekil 11: 1x103 K/s sogutma hizi icin a) dért, b) bes ve c)
alti katli simetri popilasyonlarinin gelisimleri.

CNA analizinde mavi, yesil ve kirmizi renkli atomlar
siraslyla bcc, fcc ve hcp atomlarini, beyaz renkli
atomlar ise “diger” olarak adlandirilan ve herhangi
bir atomik dizene sahip olmayan atomlari
gostermektedir. Her iki sogutma hizi icinde 0 GPa
basing degerinde sistemin amorf yapida oldugu
gorilmektedir. Bununla birlikte 40 GPa basing
degeri altinda gergeklestirilen sogutma isleminde
Sekil 12(b) de 1x10* K/s sogutma hizi icin yapinin
amorf fazda kararli kaldigi goriliirken, 1x10% K/s
sogutma hizi icin yapi igerisinde fcc ve hcp birim
hicrelerini iceren uzun mesafeli kristal yapilarin
sirasiyla % 23 ve % 11,9 oraninda olustugu tespit

edilmistir. Bununla birlikte bcc birim hiicreli kiimeli

yapilarda model sistem igerinde % 8 oraninda
bulunmaktadir.

(a) (b)

Sekil 12: 1x10'* K/s sogutma hizi icin 300 K sicaklik
degerinde (a) 0 GPa ve (b) 40 GPa basing
degerlerinde CNA analizinden elde edilen atomik
gorintaler.

(a)

Sekil 13: 1x10™ K/s sogutma hizi icin 300 K sicaklik
degerinde (a) 0 GPa ve (b) 40 GPa basing
degerlerinde CNA analizinden elde edilen atomik
gorintdler.

4. Sonug

Bu calismada klasik MD yontemini kullanarak farkli
basing degerleri altinda sivi fazdan hizli sogutulan Pd
model sistemindeki  mikroyapisal  gelisimler
incelendi. Bitlin basing degerleri altinda sivi fazdan
1x10* K/s’lik sogutma hizi ile sogutulan model
sistem amorf fazda kararli kalrken, 1x10% K/s
sogutma hizi icin yiksek basing degerlerinde kristal
faza dontsim meydana geldigi belirlendi. Amorf
yaplilar icin RDF egrilerindeki ikinci pikteki cokmeden
belirlenen Tg sicaklik degerlerinin  basincin
artmasiyla bir artis gosterdigi tespit edildi. Kisa
atomik  kimelerin  yapi

mesafe dizenindeki
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icerisindeki gelisiminin belirlenmesi amaciyla SPO,
VP, f-kath simetrilerin belirlenmesi gibi teknikler
kullanildi. 1x10* K/s’lik sogutma hizinda voronoi
indeksleri <0,0,12,0> olan miukemmel ikosahedral
ve <0,1,10,2> ve <0,2,8,4> olan kusurlu ikosahedral
benzeri kimelerin, metalik camsi yapisinda en
baskin olan temel birimler oldugu belirlendi. Ayrica
amorf yapinin olusumunda bes katli simetrinin etkili
oldugu ve basinci artmasiyla bu simetrinin arttig
gozlendi. Bununla birlikte Pd’nin camsi yapisinda
SPO degerlerinden bariz bir gizli kristal diizeninin
varhigi tespit edildi. 1x10'* K/s’lik sogutma hizinda
ise kisa mesafe diizenini temsil eden bes katli simetri
azalirken kristal yapiya gecisi gosteren dort ve alti
kath simetrilerde artis oldugu belirlendi.
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0z
Anahtar kelimeler Acik kaynak Quantum Espresso (QE) kodu ile kiibik, Pm-3m uzay grubu(no:221) HfZnOs; bilesiginin
HfZnO3 yapisal optimizasyonu ile érgii sabiti 3,78 A olarak tahmin edildi. Hesaplanan bu deger énceki teorik

Mekanik 6zellikler

i ) calisma ile mikemmel uyum saglamaktadir. Ortam basincinda hesaplanan elastik sabitleri C;;(304,8),
Termodinamik

C12(134,3) ve C44(19,1) GPa. Hesaplanan elastik sabitlerinden elastik modiil, anizotropi, sertlik, erime

ozellikler
Erime Sicaklig sicakligl, Debye sicakligi gibi mekanik ve termodinamik &zellikler incelendi. Yapilan hesaplamalar
Vicker sertligi sonucunda HfZnOs; bilesigi mekanik olarak kararli, yumusak ve stinek karakterde oldugu gorildi. Quasi-
Anizotropi harmonik model ile 0-800 K sicakliginda titresim enerjisi, serbest enerji, entropi ve 6zgil isi kapasitesi

degerlendirildi.

Investigation of Structural, Mechanical and Thermodynamic Properties
of Cubic HfZnO; Compound by Ab Initio Method

Abstract
The lattice parameter was estimated as 3.78 A by the structural optimization of the cubic Pm-3m space

Keywords
Hon03
Mechanical properties
Thermodynamic

group (no:221) HfZnO3 compound with the open-source Quantum Espresso (QE) code. This calculated
value is in perfect agreement with the previous theoretical work. The elastic constants calculated at
ambient pressure are C11(304,8), C12(134,3) and Cs(19,1) GPa. Mechanical and thermodynamic
properties such as elastic modulus, anisotropy, hardness, melting temperature, Debye temperature

Vickz:zze,:'jness from the calculated elastic constants were investigated. As a result of the calculations, it was seen that
Anisotropy. the HfZnOs3 compound was mechanically stable, soft, and ductile. Vibration energy, free energy,
entropy, and specific heat capacity were evaluated at 0-800 K temperature with the Quasi-harmonic
model.
© Afyon Kocatepe Universitesi
1. Giris anyonu konularak Perovskit oksit yapisi elde

Yer kabugunda en ¢ok bulunan bilesiklerden biri edilmektedir. Bu yapida oksijen iyonlari A veya B

olan perovskitler ABC; formundadir. Bu formda A ve katyonu etrafinda oktahedron yapiyl

B metal katyonlari, C ise anyonu ifade etmektedir. olusturmaktadir.  Kiibik perovskit ~yapilarda A

Perovskit yapi tasarlanirken A ve B atomlarinin katyonu kiiplin kbsesinde, B katyonu merkezde ve
Oksijen iyonlari ylizey merkezde konumlanmaktadir
(Sekil 1).

Perovskit oksitler elektronik bakimdan metal,

degerliklerinin toplami +6 olacak sekilde ayarlanir. A
ve B katyonlari genellikle alkali metal, toprak alkali
metal, gecis metalleri veya nadir toprak elementleri

olabilmektedir. ABC; formda C vyerine oksijen yariiletken, yalitkan ve siper iletken davranis
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sergileyebilmektedir. Ayrica ¢ogu perovskitlerin
manyetik dizende oldugu bulunmustur (Erkisi vd.,
2016).
iletkenlik  gibi c¢ok

Dielektrik, piezoelektrik, piroelektrik ve
farkh
sergilediginden oldukc¢a genis bir alanda ve birgok

fiziksel  o6zellikler

uygulamada kullanilabilir. Kullanim alaninin bu
kadar ¢ok olmasindan dolayi literatiirde perovskit
ailesi hakkinda kapsamali ¢alismalar vardir. Foto
kromik, elektro kromik, piezoelektrik, ferroelektrik,
dielektrik, piroelektrik ve enerji depolama cihazlar
gibi oldukga buyilk ve 6nemli alanlarda Perovskit
ailesi calisiimistir (Erkisi vd., 2016).

Simdiye kadar BaTiOs, PbTiOs, PnZrOs, (Ba, Sr)TiOs,
ZnZrOs gibi bircok perovskit oksit sentezlenmis (Zhu
vd., 2014) ancak HfZnO3 bilesigi sentezlenmemistir.
Yapilan literatlir taramasindan HfZnO3 bilesiginin
hakkinda
rastlanilmamistir.  Bu

mekanik ve termodinamik o&zellikleri
yapilmis bir ¢alismaya
¢alismada, Pm-3m uzay grubu (no: 221) kiubik fazda
kararli olan HfZnOs bilesiginin yapisal, mekanik ve
termodinamik 6zelliklerinin kapsamli bir ¢alismasi
sunulmustur. Boylece literatire bu anlamda bir

katki yapilmasi amaglanmistir.

2. Materyal ve Metot

HfZnOs; bilesigi kibik Pm-3m uzay grubu
(no:221)'nda kristallesip Perovskit yapidadir. Orgii
sabiti 3,76 A olup Hf atomu 1a (0 0 0), Zn atomu 1b
(*» % %) ve O atomlan 3c (% % 0) Wyckoff

pozisyonunda bulunurlar (Sekil 1) (Kirklin vd., 2015).

b

Sekil 1. HfZnO3 bilesiginin kristal yapisi (Kirklin vd., 2015).

Enerji hesaplamalarinda acik kaynak QE yazilimi
(Giannozzi vd., 2009) tercih edilmistir. Valans

elektronlari ile iyon korlari arasindaki etkilesimi

temsil edebilmek igin QE yaziimin internet
sitesinden temin edilen PBE fonksiyonel tipinde
PAW tipi psédo potansiyel dosyalari kullaniimistir.
Valans elektronlari olarak Hf (4f** 6s? 5d?), Zn (4s?
3d%°) ve O (2s? 2p*) alind.. Bilesigin temel durumunu
belirleyebilmek ve hesaplamanin glvenirligini
arttirabilmek icin yapisal optimizasyondan oOnce
hesaplama parametreleri Ecut (50 Ry), Ecutrho (500
Ry), k-nokta seti (8x8x8) optimize edildi. Smearing
parametresinde methfessel-paxton (mp) metodu
(Methfessel & Paxton, 1989) ve 0,05 degauss degeri
tercih edilerek BFGS algoritmasi (Fischer & Almlof,
1992)

gercgeklestirilmistir. Yapisal optimizasyondan sonra

kullanilarak  geometrik  optimizasyon

elastik sabitler belirlenmistir.

3. Bulgular ve Tartisma

Optimize  parametreler  kullanilarak  yapilan
hesaplamalarda HfZnOs bilesiginin 6rgii sabiti 3,78 A
olarak elde edilmistir. Bu deger literatiirde 3,77 A
(Kirklin vd., 2015) olarak rapor edilmistir. Bu ¢alisma
deger

kiyaslandiginda %0,26 farkli oldugu gortilmekte olup

ile  hesaplanan literatir  verisi ile

oldukga uyumlu bir sonuctur.

Malzemenin elastik sabitleri kullanilarak sertligi,
anizotroplugu, erime sicakhgl gibi bir takim fiziksel
ozellikleri hakkinda bilgi edinilebilmektedir. Bu
bakimdan elastik sabitlerin hesabi 6nem arz
etmektedir. Kibik fazda bir malzemenin elastik
sabitleri, C11, Ci2 ve Csq bagimsiz elastik sabitleri ile
karakterize edilmektedir. Bir malzemenin mekanik
olarak kararli olmasi i¢in Born kriteri olarak bilinen
sartlari saglamasi gerekir (Beckstein vd., 2001; Ozer,

2020). Bu sartlar,

Ci1-[C12/ > O0,C11#+ 2C12> 0, C4s > 0 (1)

HfZnOs bilesigi icin hesaplanan elastik sabitler Born
kriterlerini karsilamaktadir. Bu nedenle HfZnO;
bilesigi mekanik olarak kararhidir. Yapilan literatir
taramasinda HfZnOs bilesiginin teorik veya deneysel
olarak ¢ahsiimis elastik sabitlerine rastlayamadik. Bu
neden ile bulunan sonuglar HfZnOs bilesigine benzer
yapidaki (Jain vd., 2013) kibik LaCrOs bilesigi ile
kiyaslanacaktir. Tablo 1.’den de goriilecegi Gizere Ci1
degeri C1; ve Cus degerinden daha blyuktir. Bunun
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fiziksel anlami malzemenin tek yonli sikistirmaya
kayma deformasyonundan daha direngli olmasidir
(Koriba vd., 2022).

Tablo 1. HfZnO3 igin hesaplanan elastik sabitler (Cij, GPa),
elastik modil (B, G, E GPa) ve Poisson orani.

Bu Galisma LaCrOs (Koriba vd., 2022)

Cu 304,8 272,3
Ci2 134,3 71,0
Cu 19,1 84,8
B 191,1 137,3
Gy 45,5 90,9
Gp 27,7 90,3
36,6 90,6

103,2 222,9

0,41 0,22

G/B 0,19 0,66

HfZnO3 bilesigi mekanik olarak kararli oldugu igin
hesaplanan elastik sabitler kullanilarak Bulk moduli
B, shear modilii G, Young modili E ve Poisson
orani 9, Voigt-Reus-Hill yaklasikliginda (Beckstein
vd., 2001; Ozer, 2020) hesaplanarak Tablo 1.de
verilmigtir.

By = Bg = (C11 +2C13)/3 (2)
G, = C11—C12143C44 Go = 5(C11—C12)Cyq
v 5 R ™ 4C4u+3(C11-C12)
G =" 3)
E =9BG/(3B + G) 4
3B-2G
" 2(3B+6) ()

Esitliklerde Voigt (V), Reus (R) alt indisi ile
gosterilmistir. B, G, E degerleri sirasi ile 191,1, 36,6,
103,2 GPa olarak hesaplanmistir. B hacim, G kayma
deformasyonuna  karsi  direng  gOstergesidir.
B, G, E degerleri ne kadar bliyik ise malzeme o
kadar sert oldugu anlamina gelir. Ayrica B ve G
degerleri homolog 6zellik hakkinda da bilgi verir. B
ve G degerleri bliyldikce homolog 6zellikte iyilesir

(Pugh, 1954). HfZnOs bilesigi LaCrOs bilesigi ile

kiyaslandiginda HfZnO3 bilesiginin hacim
deformasyonuna karsi, LaCrO3 bilesiginin de kayma
deformasyonuna karsi daha direngli oldugu

soylenebilir. Malzemenin sertligi hakkinda daha

dogru tahminde bulunan FE degerine gore

daha
malzemedir. B, G, E degerleri malzemenin sertligi

kiyaslandiginda LaCrO3 bilesigi sert bir
hakkinda her ne kadar bilgi verse de bu yeterli
degildir. Malzemenin Vicker sertligini tahmin eden
Yousef (Yousef vd., 2006) ve Tian (Tian vd., 2012)
model sirasi ile,

_ (1-29)E
VT 6(149) (©)
HV — 0’92 k1,137G0,708 (7)

Yousef ve Tian modelleri ile tahmin edilen Vicker
sertliginin ortalamasi HfZnO3 bilesigi i¢cin 1,9,
LaCrOs bilesigi icin 15,1 GPa’dir. Literatiirde 10 GPa
alti Vicker sertligine sahip malzemeler yumusak
malzeme olarak siniflandirilmistir. Bu
siniflandirmaya goére HfZnOs bilesigi yumusak bir
malzemedir. Bu neden ile delici, kesici gibi sertlik

gerektiren uygulamalar icin uygun malzeme degildir.

Uygulama safhasinda 6nemli olan bir diger 6zellik
malzemenin stinek/kirilgan yapisinin bilinmesidir.
Malzemenin siinek/kirilgan dogasi Poisson, G/B
Cauchy
Stinek

orani veya basincindan  tahmin
edilebilmektedir.
malzemelerin Poisson orani 0,26’dan biiyiik (Ozer,
2021), G/B orani 0,5’ten kiiciik (Ozer, 2019) ve

Cauchy basinci(C12-Css)'nin pozitif (Surucu & Erkisi,

ozellik gosteren

2018) deger alir. Aksi durumda malzemenin kirilgan
bir yaplya sahip olmasi beklenir. Cauchy basinci
negatif olursa malzemenin kovalent karakterli ve
kirllgan, pozitif olmasi halinde malzemenin metalik
karakterde ve slinek yapisina isaret etmektedir
(Sarpkaya & Arikan, 2022). Yapilan hesaplamalarda
HfZnO3 bilesiginin Poisson orani 0,41, G/B orani
0,19 ve 115,2 GPa olarak
hesaplanmistir. Elde edilen bu sonuca gore HfZnO;

Cauchy basinci

bilesigi siinek ve metalik karakterdedir.

Mikro onlenmesi bakimindan,

malzemenin anizotropisinin bilinmesi 6nem arz

catlaklarin

eder. Bir malzemenin fiziksel 6zellikleri yonlere bagh
olarak degismiyor ise izotrop aksi halde anizotrop
isimlendirilmektedir. Literatlirde
ifade birtakim

mevcuttur. Herhangi bir kristal yapiya uygulanabilen

olarak

anizotroplugu eden esitlikler

evrensel anizotropi degeri (Ranganathan & Ostoja-
Starzewski, 2008)
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+2v >0 (8)

G
AU =5 i A
GRr Br

izotropik kristallerde AV degeri sifirdir. Sifirdan
sapmalar anizotropikligin bir gostergesidir. HfZnOs
bilesigi icin hesaplanan AU degeri 3,2’dir. Elde edilen
bu sonuca gore HfZnOs; bilesigi anizotropiktir.
malzemenin daha

Calisilan anizotropikliginin

anlasilir olmasini saglamak icin ELATE vyazilimi
(Gaillac vd., 2016) ile gorsellestirilerek Sekil 2.'de
verilmistir. Sekilde minimum deger yesil, maksimum
deger mavi renkte gosterilmistir. Kiresel/dairesel
malzemeler icindir.

sekiller izotropik

Kuresel/dairesellikten  sapmalar  anizotropikligi

gostermektedir. Sekil 2.den HfZnOs; bilesiginin

anizotropik oldugu acikg¢a gortlmektedir.

@)

(b)

— o+ < 1 - o+ =1 t =

Poisson's ratio in (cz) plane Poisson's ratio in (yz) plane

Sekil 2. HfZnO3 bilesiginin anizotropisinin 2D/3D gdsterimi, a- Young modiild, b- shear modiild, c- Poisson orani

Malzemenin erime sicakhigl ile elastik sabitler

arasinda bir iliski vardir. Bu nedenle elastik
sabitlerinden ve Bulk modiliinden erime sicakhgi

hesaplanabilir (Fine vd., 1984; Ozer, 2018).

Tm =553+ 591 Ci; 9
Tw=607+93F (10)
Tn=560,4+7,805C::-3,094C1,-1,086C+,  (11)

Bu esitlikler kullanilarak  hesaplanan  erime
sicakliklari sira ile 2354, 2385 ve 2502 K’dir. Bunlarin
ortalamasi olan 2413 K degeri HfZnOs bilesiginin
erime sicakligl olarak alinabilir. HfZnOs bilesiginin

erime sicakhgl 1000 K'den biyiik oldugu icin yliksek
sicakhk uygulamalarinda kullanilabilir.

Normal titresim modunun en yilksek sicakhgi olarak
tanimlanan Debye sicakligl, 6zgil 1s1, erime sicaklig
ve elastik sabitler gibi birgok fiziksel 6zellikler ile
iliskili olup termal genlesme, termal iletkenlik ve isi
hakkinda bilgi
saglayan 6nemli bir parametredir (Arikan vd., 2020).

kapasitesi gibi cesitli 6zellikler

Bu o©neminden dolayr Debye sicakhigi da

hesaplanmistir. Debye sicakhgl takip eden

esitliklerden hesaplanabilir (Sarpkaya & Arikan,
2022),

0 =2 (2) " v (12)

B \4mV,
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o=+ 2) ] v = JE TG

308,39K, ortalama ses hizi 2290,3 m/s olarak
hesaplandi. 308,39K’den blyiik sicakhklarda HfZnOs;
bilesiginde yiiksek salinim modlari beklenir. Titresim

vs =V Gx/p (13) g o o
enerjisi, serbest enerijisi, entropi ve 6zgil 1s1 (Cv)
Esitlik 13’te B ve G altinda gegen x indisi; Voigt (V), quasi-harmonik  yaklagimda Debye model
Reus (R) ve Hill (H) yaklasimlarindan herhangi birini kullanilarak QE vyazihmi ile dagitimi vyapilan
gostermektedir.  Yukarida  verilen  esitlikler thermo_pw scriptinde 0-800 K sicakhginda
kullanilarak HfZnOs bilesiginin Debye sicakhgl incelenerek Sekil 3.”de verilmistir.
120
= = e o Titresim Enerji == = Serbest Enerji 300
100 = Entropi - = Cv
80
250
60 -
"’
4 —a’—
40 - -
—— A
=" * | 200
20 —_"'
—P" . femd
= ~—, =]
g 0 . £
— 2
£ . 150 I
< 20 SN x
=2 ~ ~
_40 - - - - o= == - \— - e» e» e E» o o EReeE) -
-60 7/ 7 ~ . 100
/ \
-80 I/ N
-100 / \ . 50
/ N
-120 / : N
/ .
-140 0
0 100 200 300 400 500 600 700 800
T(K)

Sekil 3. HfZnOs bilesiginin hesaplanan veriler ile elde edilen Titresim enerijisi, Titresim serbest enerijisi, Entropisi ve Ozgiil

Ist kapasitesi (Cv)

Titresim (i¢) enerjisi malzemeyi olusturan atom veya
molekdillerin etkilesiminden Uretilen enerjiyi ifade
etmektedir. Diger bir ifade ile sistem igerisinde
gomill olan ve termodinamik bakimindan sistemi
insa etmek veya lUretmek icin gerekli olan enerjidir.
ic enerji, parcaciklarin dénme gibi cesitli hareket
turlerinin  kinetik enerjisi, elektronik enerji ve

parcaciklar  arasindaki  etkilesim  enerjilerinin

toplamidir. i¢ enerjinin sicaklik ile dogrusal olarak
arttigi gorilmektedir. Sekilden serbest enerjinin

artan sicakhk ile daha negatiflestigi goriilmektedir.
Negatif serbest enerji degerine sahip malzemenin
daha iyi termal tepkimeye girecegi ve vyiksek
daha iyi
soylenebilir.

termodinamik kararlilik
Artan bir
kinetik enerjiyi ve atomik hareketi

sicakliklarda
sergileyecegi sicaklik,
sistemdeki
arttiracagindan sicaklik artisi entropiyi arttiracaktir.
Bu bakimdan sicakligin bir fonksiyonu olarak verilen
entropi artan sicaklikta

egrisinde, entropinin

artmasi beklenen bir durumdur. Serbest enerji

862



Kiibik HfZnOs Bilesiginin Yapisal, Mekanik ve Termodinamik Ozelliklerinin incelenmesi, Ozer vd.

entropik katkidan elde edildiginden, entropi serbest
enerji ile de iliskilendirilebilir. Dolayisi ile serbest
enerji negatiflestikce entropi artacaktir. Sekilden de
gorildugi gibi Cy yaklasik 150 K kadar lineer degisim
daha sonrasinda yiiksek sicakliklar icin Petit-Dulong
sinir degerinde sabit kalmaktadir.

4. Sonug

Yapilan hesaplamalar sonucunda kibik perovskit
HonO3
mekanik ve termodinamik 6zellikler bakimdan

bilesiginin ortam kosullarinda yapisal,

kararlihgl incelenmistir. Mekanik ve termodinamik
olarak kararli olan HfZnOs bilesigi Cauchy basinci,
Pugh orani (G/B) ve Poisson oranina gore sinek
davranisa sahip oldugu gortlmiustir. Hesaplanan
Vicker sertligine gore yumusak bir malzemedir. Elde
edilen evrensel anizotropi degerine gore HfZnO;
bilesiginin
anizotropi iki ve lg¢ boyutta incelenmistir. 1000K
Gzeri erime sicakligina sahip oldugundan yiksek

anizotropik oldugu goérilmis olup

sicaklik uygulamalarina aday bir malzemedir. Quasi-
harmonik yaklasimda 0-800 K sicakliginda titresim
enerjisi, serbest enerjisi, entropi ve Cv incelenmistir.
Sonu¢ olarak HfZnOs; bilesigi icin elde edilen
verilerden, HfZnOs bilesiginin endistriyel amaclar
icin kullanilabilecegi gorilmustir.
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Bu galismada, Uglu Au-Ag-Cu sivi alagim sisteminin, Al-Cu-Si sivi alagim sisteminin ve dortli Al-Cu-Mg-Si

Anahtar kelimeler
sivi alagim sisteminin viskoziteleri altinin, aliminyumun ve bakirin bir fonksiyonu olarak Au-Ag-Cu (xAg /

xCu=0.543) 1373 K de, Alx(Cu50-Si50)(1-x), Cux(Al50-Si50)(1-x) 1375 K de ve Al-Cu7.6-Mg1.99-Si34.76
1500 K de farkli geometrik modeller kullanilarak hesaplanmistir. Tim sonuglar, 6zellikle de Muggianu

Viskozite; Geometrik
modeller; Au-Ag-Cu,
Al-Cu-Si Gglu alagimlari;
Al-Cu-Mg-Si dortli
alagimlari.

modeli ile hesaplanan sonuglar, deneysel sonuglarla iyi bir uyum géstermistir. xSi = xCu, xMg / xCu =r
ver=0.1,0.5, 1 oranlarda Al-Cu-Mg-Si alasimlarinin viskozitelerinin aliminyumun bir fonksiyonu olarak
buyik bilesimsel bagimlilik gosterdigi ve Al kompozisyonunun (0.4-0.8) arasindaki degerlerine eslik eden
viskozite degerlerinin max. ve min. (1.4-0.3) mPas oldugu gorildi.

Viscosity Values of Ternary Au-Ag-Cu, Al-Cu-Si and Quaternary Al-Cu-
Mg-Si Alloy Systems

Abstract
In this study, the viscosities of the ternary Au-Ag-Cu and Al-Cu-Si liquid alloy systems, and of the

Keywords quaternary Al-Cu-Mg-Si liquid alloy system were determined as functions of gold, aluminium and
Viscosity; Geometric copper. Using different geometric models, the first alloy system Au-Ag-Cu (xAg / xCu=0.543) was
models; Au-Ag-Cu, Al- calculated at 1373 K, the second alloy systems Alx(Cu50-Si50)(1-x), Cux(AI50-Si50)(1-x) at 1375 K, the
third alloy system Al-Cu7.6-Mg1.99-Si34.76 at 1500 K. All results, especially those calculated with the
Muggianu model, accorded with the experimental results. It was observed that Al-Cu-Mg-Si alloys

Cu-Si ternary alloys; Al-
Cu-Mg-Si quaternary

alloys. showed great compositional dependence as a function of aluminium in xSi = xCu, xMg /xCu=randr =

0.1, 0.5, 1 ratios. The viscosity values accompanying the aluminium composition values between 0.4
and 0.8 were found to be ranging between a maximum of 1.4 mPas and a minimum of 0.3 mPas.

© Afyon Kocatepe Universitesi

1. Giris (Kobateke ve ark. 2014, Schick ve ark. 2012).
Viskozite, malzeme fiziginde ve sivi metallerde akisa Viskozitenin sivinin sicakligina ve bilesimine gore
degistigi aciktir. Son zamanlarda, Al-Cu-Si sivi
viskoziteleri  bir oscillating cup viscometer
kullanilarak 6lglldi (Adachi ve ark. 2008, Brillo ve
ark. 2008, Schmitz ve ark. 2012, Kehr ve ark. 2008).

Elektromanyetik ylkselme ve oscillating cup

sivi direnci veren, sivi metaller ve alasimlar gibi farkl
malzemelerin 6nemli bir i¢ 6zelligidir. Sivi metalik
malzemelerin ve sivi alasimlarin farkli viskoziteleri
vardir. Saf metallerin ve alasimlarin viskozitesi
hakkinda birtakim deneyler yapildigi bilinmekle

birlikte, viskozite ile ilgili ¢ok sayida verinin glinimiiz viscometer gibi deneysel teknikler kullaniimasi

viskozitenin % 20 lik yaklasiklikla belirlenmesine
olanak saglar (Rhim ve ark. 1999). S6z konusu
Olcllen viskozitelerin degerleri Kaptay'in 2003

malzeme bilimi dlinyasinin ihtiyaglarina cevap
veremeyecegi dogrudur. Al-Cu, Al-Cu-Si ve Al-Cu-
Mg-Si alasimlari gibi bazi alasimlar, hafif olduklari

icin akiskanliga ve dokilebilirlige sahip olurlar yilinda yayinlanan teorik arastirmasinda tartisilan
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termodinamik  modeller (Kaptay 2003) ile
karsilastirildi.

ikili alagimlarin sadece termodinamik parametreleri
kullanilarak, bazi isletmeler, zamandan ve
maliyetten tasarruf etmek icin Ugli veya c¢ok
bilesenli sivi  sistemlerin viskozitelerini tahmin
etmek amaciyla hesaplamalar yapmislardir ve bu
konuda asagidaki iki calisma referans olarak
verilebilir (Kaptay 2003, Zhang ve ark. 2015).

ikili, Ggli ve cok bilesenli alasim sistemlerinin
Gibbs

entalpilerini hesaplamak igin bircok arastirmaci

oncelikle enerjilerini  ve alasimlarin
tarafindan, Chou'nun genel ¢6zim modeli (GSM),
Muggianu modeli, Kohler modeli, Hillert modeli ve
Toop modeli gibi geometrik modeller kullanilir. Bu
modellerin bazilari simetrik ve bazilari da asimetrik
dikkatli

olmak gerekmektedir. Uclii sistemlerin simetrisini

ozellik gosterdiginden, kullanimlarinda
asimetriden ayirmak icin bir termodinamik kriter
asagidaki gibi acikca 6nerilebilir. Ug alt ikili sistemin
asiri termodinamik 6zellikleri birbirine benziyorsa,
gl sistem simetriktir. Aksi takdirde, A-B ve A-C ikili
sistemlerinin ideal ¢6ziimden sapmalari benzer,
ancak B-C ikili sisteminden belirgin bir sekilde
sistemi asimetrik bir

farklysa, A-B-C tersiyer

sistemdir. Asimetrik sistemde, termodinamik
benzerlige sahip iki alt ikili sistemde ortak bilesen A
termodinamik asimetrik bilesen olarak secilmelidir.
Bu nedenle, hesaplamalara benzerlik katsayilari
iceren GSM bu sorundan kurtulur. GSM simetri ve
asimetri  ozelliklerinden kaynaklanan hatalar
bertaraf etmistir. Bu modelle Gibbs enerjilerinin ve
alasimlarin entalpilerinin hesaplanmasinda yapilan
arastirmalarla oldukga sik karsilasildi (Klancnik ve
Medved 2011, Milcheva ve ark. 2011, Katayama ve
ark. 2008, Knott ve ark. 2008, Arslan ve ark. 2015,
Dogan ve Arslan 2015, Arslan 2015, Arslan ve Dogan
2015, Arslan ve ark. 2013, Arslan 2014, Chou 1995,
Chou 1997, Zhong ve ark. 2003, Zivkovic 2001,
Zhang 2010).

Son zamanlarda, GSM'nin sadece ikili alasimlarinin
termodinamik oOzelliklerinden baslayarak, viskozite
sapmasl, hacim, entalpi, ylizey gerilimi ve Ucli
alasimlarin enerijisi gibi, bu 6zelliklerin degerlerini
iceren deneysel verilerin eksik oldugu, GSM'nin
yukarida belirtilen asirt termodinamik 6zellikler

yerine kullanilan viskozite sapmasi hesaplamada

oldukga basarili oldugu gorilmektedir. Clinki (g
bilesenli alasimlarin viskozitesi hakkinda literatiirde
oldukc¢a az miktarda rapor ve veriye rastlanmistir. Bu
nedenle, bu ¢alismanin amaglarindan birinin de
literatlirdeki bu boslugu doldurmak olduguna
inaniyoruz.

Bircok bilimsel calismada basari ile Ggli alasimin
termodinamik  Ozelliklerini  hesaplamak igin
kullanilan GSM'nin ¢ok bilesenli alasimlara da
dikkat

atomlar

uygulanmasi cekicidir.  Malzemenin

viskozitesi arasinda meydana gelen
etkilesimlerden kaynaklandigi icin, GSM ile ¢ok
bilesenli alasimlarin viskozitesinin hesaplanmasinin,
hesaplamalara benzerlik katsayilari da dahil edilmesi
nedeniyle bilimsel olarak daha dogru olacagi
disinilmektedir. Geometrik modeller kullanilarak
yapilan ekstrapolasyon, cok bilesenli alasimlarin
sadece ikili alasimlar, asiri viskozite, hacim, entalpi
modelinin termodinamik Ozelliklerinden
baslamaktadir. Ekstrapolasyon islemi, cok bilesenli
alasim sistemlerinde ikili ve/veya Ulgli etkilesimler
arasinda gergeklestirilir. U¢ bilesenden biyiik ¢ok
bilesenli alasim sistemlerindeki islem, bu li¢lt alagim
sistemindekiyle nedenle,

aynidir.  Bu bilesen

sayisindaki artisin ikili veya Uglu etkilesim
parametrelerini etkilemedigi iyi bilinmektedir. Bu
calismada, bu parametreler (Zhang ve ark. 2015)
ekstrapolasyon verilerinden alinmis ve alasimlarin
viskozite degerleri hesaplanarak, modellerin
diger

karsilastirilmistir. Bu nedenle, tglt Au-Ag-Cu, Al-Cu-

sonuglari  s6z konusu modellerinkilerle

Si  ve Al-Cu-Mg-Si sivi  dortli  alagimlarinin
viskoziteleri altinin  bir  fonksiyonu olarak
hesaplanmistir. Au-Ag-Cu (xAg/xCu=0.543),

Alx(Cu50-Si50)(1-x), Cux(Al50-Si50)(1-x) (1-x), Al-
Cu7.6-Mg1.99-Si34.76 GSM, Muggianu,
Toop ve Hillert geometrik modelleri kullanilarak
bakir
fonksiyonu olarak hesaplanmistir. Buna ek olarak,

Kohler,

aliminyum ve kompozisyonlarinin  bir

sadece Muggianu modeli kullanilarak, Al-Cu-Mg-Si
xSi/xCu=1,
xMg/xCu =r = 0.5, 1 ve 2 bélumleri icin aliminyum

sivi ticari alasimlarinin viskoziteleri
bilesimlerinin bir fonksiyonu olarak hesaplanmistir.

2. Teorik Modellerin Temelleri

Viskozite denklemlerinin ve ¢ok bilesenli alasim
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sistemleri ile ilgili geometrik modellerin kisa 6zeti
asagidaki gibi verilmistir.

Tahminleri gergeklestirmek igin ylksek sicaklikta bir
sivi metalin viskozitesi, n olarak belirtilen viskozite,
genellikle saf siviyi tutan viskozitenin sicakliga
bagimhligi ile sonuglanan bir Arrhenius yasasiniizler,

h=mnqexp (E,/ RT) (1)

burada, no’ In ¢ok yiksek sicaklikta bir 6n-istel
viskozite oldugunu gosterir. Ea, viskoz akiskanhgin
R, evrensel gaz sabiti ve T
bilesime
alasimlar icin, viskozite su referanslardan elde
edilebilir (Kaptay 2010, Moelwyn-Hughes 1961).

Bir ikili sistemin viskozitesini ifade eden Calphad

aktivasyon enerjisidir.

sicakliktir.  Arrhenius'tan farkli sahip

tipi bir denklem

UE: n— (Xin +X;m;) (2)

burada, n karisimin mutlak viskozitesi ve karisimdaki
saf bilesenlerin mutlak viskozitesidir. ikililerin
fazlalik veya sapma ozellikleri nf olarak belirtilir.

Burada, nf ikili sistemin konsantrasyonu ve sivi
fazin termodinamik dzelligi ile ilgilidir. ikili sistemin
deneysel ve ideal karisiminin viskozitesi arasindaki
fark olarak tanimlanan viskozite sapmasi Redlich-
Kister polinomu ile ifade edilebilir (Muggianu ve ark.
1975).

izotermal viskozitelerini temsil etmek, yani egri

Bu denklem, ikili alasim sistemlerinin

uydurmak icin yararh bir polinom kullanilabilir ve su
sekilde tanimlanir:

nG = XiX; Zﬁ:oA{'{j Xi—X))* (3)
Burada alt ikili A{-‘j ij sistemi ile ilgili katsayilar ve Au-
Ag-Cu, AI-Cu-Si ve Al-Cu-Mg-Si
degerleri Cizelge 1 ve Cizelge 2'de listelenmistir.

alagimlari igin

A{-‘j ikili sistem Zhang ve ark. ‘nin yaptigi alti deneysel
veriden degerlendirilmistir (zhang ve ark. 2015).
GSM (Chou 1995, Chou ve Wei 1997), asagidaki
bicimde oldugu gibi, alti sinir sisteminden dortli
sistemin viskozite tahminine genisletilebilir; burada
Xi' Gglu sistemdeki i bileseninin mol fraksiyonu ve
Xi(ij) de i-j ikili sistem olmak lizere i bileseninin mol
fraksiyonudur.

Cizelge 1. Au-Ag-Cu alasimlarinda 1375 K da ikili
sistemlerin viskozitesi i¢in ikili etkilesim
katsayilari (Zivkovic ve Kaptay 2003).
Alasim sistemi A Ajj A%

Au-Ag (mP s) 0.7089  0.2862 -
Au-Cu (mP s) 0.2474  -1.1245 -
Ag-Cu (mP's) -1.144  0.8146 -

Cizelge 2. Al-Cu-Mg-Si alasimlarinda 1500 K (Zhang ve ark.
2015) sicakliga kadar olan ikili sistemlerin

viskozitesi igin ikili etkilesim katsayilari.
Parametreler

3 g v B & 7
\ \ £

z : E 3 2 =4
A’ (mP s) 4.248 0.898 -0.826 -3.274 -4.593 3.352
Al (mMPs -16.750 -0.830 -1.790 4,120 -2.760 4.336
A? (mP s) 2.866 0.545 0.418 10.078 -2.134 -
A (MPs) 9.807 ; ) -6.827 ]
E_ X1X2 E X1X3 E X1X4 E

N2 + + N1a

X1(12) X2((12) X1(13) X3(13) B Xiae X410

Xo X3 B Xo X4 B X3X4 B

(4)

X2(23) X3(23) 23 X2(24) X4(29) 24 X3(34) X4(34) 34

Xi (ij) kompozisyonlari asagidaki dogrusal iliskiden
hesaplanabilir:

. (5)
k
Xigy = X + Z Xy Sicii)
k=i, j=1
Burada benzerlik katsayisina atifta bulunulmaktadir

ve

k
Siti) Ao
A (ij,ik) + A (ji,jk)

(6)

bir fonksiyondur, karelerin sapma toplami olarak
adlandirilir ve k'nin Ug sirasina kadar olan degeri
asagidaki gibi verilmistir:

. X;=1 1
A, ik) = [, 2y (i = mi)? dXi=g5 (Af — Aj)* +

1
15 (AL = AR+ — (Af = A% + o (A — A7) .(7)

1
630

1
1386
1

1
t— (A?j - A?k)(A%j —A%) + Py

(AL — AL (43 — 45

Su dort model ki

siniflandirilmistir. Bunlar simetrik modeller olarak

geleneksel kategoride
bilinen Muggianu (Muggianu ve ark. 1975). Kohler
(Kohler 1960) modelleri ve asimetrik modeller
olarak bilinen Toop (Toop 1965) ve Hillert (Hillert
1980) modelleridir.
modeller kullaniimalidir. Eger sistem simetrikse,

Bu durumda, sisteme uygun

simetrik modeller, asimetrikse, asimetrik modeller
Genellikle  zit bir
kullanildiginda hatalara yol agabilir.

kullanilmalidir. model

Bu calismada, sivi Au-Ag-Cu, Al-Cu-Si ve Al-Cu-Mg-Si
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alasim sistemlerinin karistirilmasinin viskozitesini
farkli
ekstrapolasyon modeli kullaniimistir.

hesaplamak igin dort geleneksel

Kohler modeli simetrik bir model olup, dortlii ¢cozelti
icin asiri molar serbest enerji fonksiyonu yerine
viskozite sapmasi asagidaki gibidir:

nE= P )
(x1 + x3)° N1z ( +x2 i

) + (x1 + x3)? N3

2 2
! rtx 3) (x1 + x4)? N14° ( x4 o +x4) (xz +x3) nast

X2 . . 2
(x2+x3 Xy+Xx3 )+ (xz + x4) ,724 (x +x4” Xo+Xy ) (x3 + x4)
Nsdf (—; —2) (8)

X3+x4 " X3+Xx4

Muggianu modeli, agirhkli olarak Uglu ve yilksek

diizen sistemlerinin optimizasyonunda
arastirmacilar tarafindan kullaniimaktadir ve doértli
sistemde bir fazin viskozite sapmasi asagidaki ifade

ile verilen simetrik bir modeldir:

’75= 4x1x2 E((1+x1—x2 ), (1+x2—x1 ))+
(T+x1—x2 )(A+x2-%x1) 2 ’ 2
4x1x3 £ ((1+x1—x3 ) (I+x3—x; ))+
(1+x1—x3 )(A+x3-x1) 2 ’ 2
4 x1 x4 (1+x1—x4 ) (14+x4—x1)
(L4+x1=x4 )(14+x4—%1) 14E( 2 2 2 )+
4 x2x3 123 ((1+x2 X3 ) (1+x3—x5 ))+
(14+x3—x3 )(1+x3—x3 ) 2
4 x2 x4 (1+x2 X4 ) C(A+xy—x3)
(1+x3—=x4 )(14+x4—x2 ) ( 2 )
4 x3x4 (1+x3 X4 ) L (A+x4—x3)

o ) (9)

(14+x3=x4 )(14+x4—x3) N34 2

Toop modeli, ikililerden birinin diger iki ikiliden ¢ok
farkh
kullanilir. Toop ve Hillert ekstrapolasyon yontemleri,

davrandigl durumlarda ahsilmis olarak

diger yontemlerin aksine, simetrik olmayan
yontemlerdir ve ifadeleri sirasiyla asagidaki gibi

verilmistir:

Toop modeli:

)y + X ) 24 (

Xp+Xg

(xz + 232 st (—2—;

x +x3 Xp+X3

X X.
+ x4 ) 3d (x3+3x4 ; x3fx4) + (1_11) N1z (xq; 1-
X X.
X1 )“'(1_:;1) nist (xy; 1-x; ) + (1_4 D N4 (x1 ; 1-x1) (10)

Hillert modeli:

4
E=:’2 23" (Va3 'V3z)+ 7124E(V24 5V42)+ st 7)34E
23V32 24V
(V34 ; Vas) + —) Nt (x1; 1- xl) + ) N1t (x1 ; 1 X1 )
x4
+(1_x1) N (x; 1-x1) (11)

burada, v;j = (1+xi-x)/2 ve vj; = (1+x;-x)/2.

Geometrik modelleri karsilastirmak i¢in, her
geleneksel model icin deneysel sonuglara karsilik
gelen kok ortalama kare sapmasi asagidaki sekilde

alinabilir,

1
S= ;\/Zévzl(nhesaplanan,i - ndeneysel,i)z (12)

burada, Nhesaplanan,i V€ Ndeneyseli  Sabit bir
kompozisyonda karisimin viskozitelerini temsil eder,
i, sirasiyla teorik bir model ve deneysel sonuglar igin.
Burada n, bu ¢alismada islem goren alagimlarla ilgili
toplam deney sayisidir.

Ote yandan, ikili alasim sistemlerinin viskozitesini
tahmin etmek icin ¢cok sayida teorik model vardir.
Ornegin, Molwyn-Hughes denklemi (Molwyn-
Hughes 1961), Hirai denklemi (Hirai 1993), Kozlov-
Romanov-Petrov denklemi (Kozlov ve ark. 1983),
Kucharski modeli (Kucharski 1986), Seetharaman-
Du Sichen denklemi (Seetharaman ve Du Sichen
1994], ve Kaptay denklemi (Kaptay 2003). Al-Cu
sisteminin viskozitelerini tanimlamak icin sivi
fazlarda bilesenlerin veya kisa menzilli siralamanin
yerini alan yeni bir denklem Schick ve arkadaslari
(Schick ve ark. 2012).

Bilesenlerin etkileri veya s6z konusu kisa menzilli

tarafindan O6nerilmistir

dizilimin etkileri de hesaplamalarda g6z ard
edilmistir (Plevachuk 2008).

3. Bulgular

Bu ¢alismada mevcut hesaplama sivi Gglii Au-Ag-Cu,
Al-Cu-Si ve Al-Cu-Mg-Si sivi dortlii alagim sistemleri
tasarlamak isteyen arastirmacilar igin bir temel
teskil edebilir. Yukarida bahsedilen sistemlerin
karisim viskoziteleri GSM, Kohler, Muggianu, Toop
ve Hillert modelleri kullanilarak hesaplanmis ve
yukarida belirtilen alasimlardan elde edilenlerin
deneysel sonuglari ile karsilastirilmistir.
Olgiimlerdeki giicliikler nedeniyle, dortten fazla olan
¢cok bilesenli sistemlerin viskozite verileri c¢ok
sinirhyken ikili sistem bilgilerinin elde edilmesi
kolaydir. Bu nedenle, ikili sistemlerden bilgi
ayiklama anlamhidir.

Au-Ag-Cu, Al-Cu-Si ve Al-Cu-Mg-Si alasimlari icin ikili
etkilesim katsayilari Cizelge 1 ve Cizelge 2'de
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verilmistir. Diger taraftan, Cizelge 3 ve Cizelge 4'te
1375 K'da 1373 K ve Al-Cu-Si'de bulunan tgli Au-Ag-
Cu ve 1500 K de Al-Cu-Mg-Si alasimlari icin bu
calismada hesaplanan benzerlik katsayilari Cizelge
5'te verilmistir.

Cizelge 3. Bu ¢alismada 1373 K sicakliklarda Ggli Au-Ag-

Cu alasimi igcin hesaplanan benzerlik
katsayilari.

T(K) §12 523 5,32

1373  0.12118 0.593198 0.83259

Cizelge 4. Bu calismada 1375 K sicakhklarda Al-Cu-Si
alasimi igin hesaplanan benzerlik katsayilari.

T(K) §12 523 5,32

1375  0.44098 0.915165 0.105156

xAg/xCu molar orani 0.543'e esit olan kesitte 1373 K
de Ugli Au-Ag-Cu sistemindeki Au igeriginin
viskozitesini hesaplamak icin, baslangic deneysel
verileri (Zivkovic ve Manasijevic 2005) referansindan
alimmistir.  nf 1373 K'daki

alasimindaki

Au-Ag-Cu clu
Uc alt ikili sistemdeki viskozite
sapmalari bu referansta belirtildigi gibi sadece GSM
ile hesaplandi. Denklem (5) tekii,j ve k yerine burada
1, 2 ve 3 sayilari, bu calismada kolaylik olsun diye Au,
Ag ve Cu igeriklerini belirtmek igin kullaniimistir. X1
(1,2), X1 (1,3) ve X2 (2,3) gibi 3 segilmis ikili bilesim
mevcuttur. Cizelge 2'deki verilerden Denklem (6) ve
(7) ye dayanarak, toplam 6 A ve 3 £ hesaplanmistir. &
verileri sadece Cizelge 3'te listelenmistir. Au-Ag, Ag-
Cu ve Cu-Au ikili alasimlarina eslik eden A{-‘j ikili

etkilesim parametreleri, 1373 K da tahmin edilir.

Cizelge 5. Al-Cu-Mg-Si alagimlari igin 1500 K.'e kadar bu
calismada hesaplanan benzerlik katsayilari.

5(3) (4) (2) 5(4) (2) g2(3)
1(12) 1(12) 1(13) 1(13) 1(14) 1(14)

0.254108 0.44098 0.503955 0.303831 0.894844 0.124235
@) (4) (@) (3) 1) (2)
62(23) 682(23) 682(24) 62(24) §3(34) 953(34)
0.74888 0.155054 0.915165 0.309798 0.249195 0.709804

Yukarida belirtilen A ve € degerleri, 1373 K sicakliga
karsilik gelir. Denklem (3) - (7), (8) - (11) kullanilarak,
bu Ucgli ve dortli sistemler icin karisim viskozite
sapmas! hesaplanabilir. xAg/xCu = 0.543 bolimunde
1373 K sicakhkta Au-Ag-Cu alasiminda viskozite
sapmasl (mPa s) Au bilesimine karsi hesaplanmis ve
Sekil 1.de gosterilmistir.

0,05

B Deneysel

——— Kohler

Fazh viskoziti mPas

—:-— Toop
Hillert

————— Muggianu

Chou

xAu

Sekil 1. 1373 K da xAg/xCu = 0,543 oranina sahip Au-Ag-
Cu alasimmin Au bilesimine karsi viskozite
sapmasl (mPas).

Uclii alagimlarin viskozite sapmasi sekli yaklasik
olarak diizglin bir paraboldr, boylece egrinin dallar
-0.3 ve O ile kesiserek asagiya dogru yonelir. Ayrica,
1373 K'daki Au-Ag-Cu Uglh alagimindaki Gg alt ikili
sistemden hesaplanan viskoziteler n% ve saf Au, Ag
ve Cu'nun viskoziteleri deneysel verilerle
karsilastirihr (Gebhardt ve Worwag 1952). Viskozite
icin Muggianu-Redlich-Kister tipi veri tabaninin Al-
Cu-Si ve Al igeriginin viskozitesini tahmin etmek igin
uygun hale geldigi belirtiimektedir (Zhang ve ark.
2015) ki bu veriler su referanslardan alinmistir
(Kaptay 2005, Hirai 1993, Assael ve ark. 2012). 1, 2
ve 3 sayilari, bu calismada kolaylik saglamak adina
Al, Cu ve Si iceriklerini belirtmek icin kullaniimistir.
Al-Cu, Al-Si, ve Cu-Si ye eslik eden ikili etkilesim
parametreleri A{-‘j siraslyla 873 K- 1500 K, 923 K-
1173 K ve 1273 K- 1473 K sicaklik araliklarinda
tahmin edilebilir. Yukarda bahsedilen A ve ¢
degerleri 1500 K yakinlarinda denklem (3) - (7), (8) -
(11), kullanilarak bu Ggla ve dortla sistemler igin
karisimin viskozite sapmasi bulunabilir.

Al-Cu-Si alagiminda xCu/xSi = 1 bolima igin 1375 K
sicakhkta viskozite sapmasina (mPa s) karsi Al
bilesimi hesaplanir ve sekil 2. de gosterilir. Al-Cu-Si
1375 K sicaklikta viskozite sapmasi (mPa s) ile Cu
bilesimi xAl/xSi = 1 kesit igin hesaplanir ve sekil 3. te
Yukarida 1375 K'deki
veritabani kullanilarak, bu calismada (Kobatake

gosterilir. bahsedilen

2014) Al-Cu-Si alasiminin viskozitesi icin 6ngorilen

egrinin, Ozellikle Al-zengini bolgede olcililen
degerlerle makul bir uyum icinde oldugu
bildirilmistir.
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----- Muggianu
——— Kohler
N —:-—- Toop

— Chou
Hillert
B Deneysel

Viskozite mPas
-
w

0 0,2 0,4 0,6 0,8 1
x Al

Sekil 2. 1375 K da xCu /xSi = 1 oranina sahip Al-Cu-Si
alagiminin Al bilesimine karsi viskozitenin
geometrik model hesaplamalari (mPa s).

Bu calismada, lglu alasimlar Au-Ag-Cu ve Al-Cu-Si
icin tim geometrik modellerden elde edilen
viskozite degerlerinin karsilastiriimasi da
hesaplanmis ve Sekil 1-3.'te verilmistir. Bahsi gecen
modellerden hesaplananlar arasindaki uyumu
deneysel sonuglarla daha agik gérebilmek igin, her
bir geometrik model icin deneysel sonuglara karsilik
gelen kok ortalama kare sapmalari hesaplanmis ve
Cizelge 6'da verilmistir. Genel olarak tiim modellerin
deneysel sonuglarla iyi bir uyum icinde oldugu,
ozellikle de Muggianu modelinin, Au-Ag-Cu, Alx—
Cu50-Si50 ve AI50—Cux—Si50 alasimlariyla en iyi

uyumu gosterdigi acik¢a gortlmektedir.

----- Muggianu n

——— Kohler
—--— Toop
a L — Chou
Hillert
B Deneysel

Viskozite mPas

0 0,2 0,4 0,6 0,8 1
xCu

Sekil 3. 1375 K da xAl /xSi = 1 oranina sahip Al-Cu-Si
alasiminin  Cu bilesimine karsl viskozitenin
geometrik model hesaplamalari (mPa s).

Cizelge 6. Secilen ui¢li Au-Ag-Cu, AlI50—Cux-Si50 ve Alx—
Cu 50—Cu50-Si50 sivi alasim sistemleri icin her
geleneksel modele karsilik gelen kék ortalama

kare  sapmalarinin  sonuglari  arasinda
karsilastirma.
Alagim Kohler Toop Hillert Muggianu GSM
sistemi
Au-Ag-Cu 0.02932 0.03265 0.03428 0.02828 0.03386
Alsg=Cur— 0.295716 0.463987 0.369327 0.277851 0.33282
Siso
Al,—Cuso— 0.249636 0.355784 0.355972 0.100254 0.290241

Siso

Yukarida kullanilarak

bahsedilen gizimlere gore, alasim icindeki Au molar

geometrik modeller
icerigi 0.35'i gecmiyorsa, Au iceriginin artmasi
viskozite sapmasini pozitif degerlere yikseltir.
icerigi 0,35'in lizerine giktiktan sonra Au igerigi, tgli
Au-Ag-Cu
degistirmez. Genel olarak, Al icerigi 0,2'den 1l'e
Al-Cu-Si
hesaplanan viskozite Al igeriginin artmasina yol

alasiminin viskozite sapmasini

yukselirken Al igerigi alasiminda
acarken, Cu icerigi 0'dan 1'e yikselir ve Al-Cu-Si

alasiminda hesaplanan viskozite Cu igeriginin
artmasina neden olabilir.

Yukarida belirtilen tim modellerin Ugli sistemlere
uygulanabilirligi yerine getirildikten sonra, 6lgillen ikili
viskozite verilerinden (Zhang ve ark. 2015) sicakliktan
etkilesim

ekstrapolasyon ile belirlenen ikili

parametrelerini kullanarak Ai-cj Al-Cu-Mg-Si sivi dortli
alasim sistemleri ile iliskili viskozite degerlerini tartismak
ilging olacaktir. 1, 2, 3 ve 4 sayilari, bu ¢alismada kolaylik
icin Al, Cu, Mg ve Si icerigini belirtmek icin kullanilmistir.
X1(1,2), X1(1,3), X 1(1,4), X2(2,3), X2(2,4), X3(3,4) gibi 6
secilmis ikili kompozisyon Denklem (5) ten elde edilir.
Cizelge 2'deki verilere gore, toplam 24 A ve 12 ¢ Denklem
(6) ve (7) den hesaplanmistir. Veriler yalnizca Cizelge 5'te
listelenmistir. Al-Cu, Al-Si ve Cu-Si ikili alasimlarina eslik
eden A{-‘j ikili etkilesim parametreleri, sirasiyla 873 K-
1500 K, 923 K-1173 K ve 1273 K-1473 K, sicakhk
araliklarinda tahmin edilir. Ayrica, Mg—Cu ve Mg-Si
sistemlerinin 1200 K ve 1400 K'deki ikili viskoziteleri Hirai
(Hirai 1993). Bu
degerlendirilen ikili  etkilesim

tahmin edilmektedir
iliskili
parametreleri Cizelge 2'de listelenmistir. Denklem (3) -
(7), (8) - (11) kullanarak, bu gl ve dortla sistemler icin

karisim viskozite sapmasi bulunabilir. Al-Cu alagiminda

tarafindan
alasimlarla

viskozite sapmasi (mPa s) ile Al bilesimi 1500 K'ye kadar
olan sicaklik igin, Al-Cu7.6-Mg1.99-Si34.76 hesaplanir. Al-
Cu-Mg-Si icin alasimda viskozite (mPa s) ve Al bilesiminin
hesaplama sonuglari tiim modeller kullanilarak sekil 4'te
verilmistir. Dortli sistem igin viskozite hakkinda deneysel
veri bulunmadigindan, bu g¢alismada malzeme biliminin
incelenmesinde dnemli bir katki olduguna inaniyoruz. iz
elemaninin viskozite degerleri Al-Cu—3.01 Si-6.1 Mg—0.3
(wt%) Gzerindeki etkisi ihmal edilir, bazi Al-Cu-Mg Si
tabanl ticari aliminyum alasimlarinin hesaplanan
viskoziteleri, sekil 4.‘te gosterilen tim modeller ile birlikte
iceriginin bir  fonksiyonu olarak

Al-Cu7.6-Mg1.99-Si34.76  bilesiminin

sekilde gosterildigi gibi, Toop ve Hillert gibi bazi asimetrik

aliiminyum
ongorilmustar.

modeller birbiriyle uyum icinde ve ayrica Muggianu gibi
bazi simetrik modeller de kendi aralarinda birbiriyle uyum
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icindedirler, ancak GSM bu modellerden bir miktar
ayrilmaktadir. Bu c¢alismada, Muggianu modelinden
hesaplanan 0.75 mPa s'lik ortalama viskozite degerinin
800 ile 1200 K arasindaki ortalama viskozite degerinin 1
mPa s ile ayni oldugu saptandi (Wang ve Overfelt 2002).
Ote yandan, xSi/xCu=1 ve xMg/xCu= igin Cizelge 2'de yer
alan viskozite veri tabani kullanilarak r =0.1, 0.5 ve 1'in
viskoziteleri aliminyumun bir fonksiyonu olarak
ongorulmistir. Sekil 5'teki bu alasimlar, viskozitenin
maksimum degerinin (1.4 mPa s) aliminyumun 0.4'G,
(0.3 mPa s) 0.8

aliminyum olmasi igin blyldk bilesimsel bagimlilik

viskozitenin minimum degerinin

gostermektedir. Bu sivi alasimlarinin viskoziteleri 0.25
<xAl< 0.5 arasindaki bilesim araliginda maksimum degere
sahiptir. Bu durumda, viskozite énce yavas artar ve daha
sonra Al konsantrasyonunun azalmasiyla guiglu bir sekilde
azalir. Yukarida bahsedilen sivi alasimlarinin viskoziteleri
0.1 <xAl< 0.25 ve 0.7 <xAl< 1 bilesim araliklarinda
minimumdur. Bu araliklarda Al bilesiminin her bir degeri
icin, bu sivi alagimlarin viskoziteleri, r orani arttikga artar.

14 .
, N oo Muggianu

12 Vs 5 ——= Kohler

—--—- Toop

—— Chou

Hillert

Viskozite mPa s

08 [

06 |

04

Sekil 4. Yaklagik 1500 K da Al-Cu7.6-Mg1.99-Si34.76
alagiminin, Al bilegsimine karsl viskozitenin
geometrik model hesaplamalari (mPa s).

15

Viskozite mPa s

x Al

Sekil 5. xCu=xMg, r =0.1, 0.5 ve 1 icin Al-Cu-Mg-Si
alasiminin 1500 K sicakliga kadar viskozitesinin
Muggianu modeli kullanilarak hesaplanan
egrileri.

4, Tartisma ve Sonug

Bu c¢alisma, dort model (Toop, Hillert, Muggianu ve
Kohler modelleri) ile Ugli ve doértli sistemler igin
zaten yayinlanmis deneysel veriler ile matematiksel
olarak daha karmasik bir model olan GSM arasinda
bir karsilastirma imkani vermektedir. Bu ¢alisma,
ikiliden yuksek sirali sistemlere kadar bazi alagim
sistemlerinin viskozitesi gibi termodinamik 6zelligi
tahmin etmek icin bir matematik modeli
sunmaktadir. Bu ¢alisma, bu konudaki deneylerin
yiksek maliyetini, zaman israfini, deneysel baz
handikaplari ideal sartlar, kalibrasyon v.b. dnlemek
icin, termodinamik o6zellikleri belirlemek ve bu
konuda bilylik oOneme sahip olan viskozitenin
hesaplanmasini sagladigindan dolayi, bu alanda
¢alisan bilim adamlari ve mihendisler igin bilimsel
olarak ilging ve teknolojik acidan oldukc¢a yararh
olacagini disinidyoruz. Bu c¢alismada elde edilen
sonuclar asagidaki gibi verilmistir:

Tim geometrik modellerin cercevesinde, alasim
icindeki Au molar icerigi 0.35'i gegmedigi zaman, Au
iceriginin artmasi viskozite sapmasini  pozitif
degerlere yikseltir. Au'nin icerigi 0.35'in Uzerinde
oldugunda, Au igerigi Uc¢li Au-Ag-Cu alasiminin
viskozite sapmasini degistirmez. Genel olarak, Al
icerigi 0.2'den 1'e yikselirken, Al-Cu-Si alasimindaki
hesaplanan viskozite Al igeriginin artmasina neden
olur, Cu igerigi ise 0'dan 1'e yikselir ve Al-Cu-Si
iceriginin

alasiminda hesaplanan viskozite Cu

artmasina yol acgar. Viskozitenin o6ngorilen

degerlerinin karsilikh iyi bir uyum gosterdigi,
ozellikle Muggianu modeli i¢in Au-Ag-Cu ve Alx—
Cu50-Si50 ve AI50—Cux=Si50 alasimlari igin elde
edilen sonuglarla en iyi uyumu gosterdigi saptandi.
Tim geometrik modeller kullanilarak Au-Ag-Cu, Al-
Cu-Si ve Al-Cu-Mg-Si sivi dortll alagim sistemleri igin
hesaplanan viskoziteler farkli kesitler igin farkl
kompozisyon bagimhligi géstermektedir. xSi = xCu,
xMg /xCu=rver=0.1,0.5, 1 kesiti icin, Al-Cu—Mg—
Si alasimlarinin viskozitelerinin, aliiminyumun bir
fonksiyonu olarak blyik bir bilesimsel bagimlilik
gosterdigi ve boylece maksimum viskozite degerinin
(1.4 mPa s), 0.4 aliminyum bilesimi degerine sahip
oldugu goriilmektedir ve minimum viskozite degeri
(0.3 mPas),
sahiptir.

0.8 aliminyum bilesimi degerine

Al-Cu—Mg-Si SIVI alasimlarinin
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viskozitelerinin 0.1 <xAl <0.25 ve 0.7 <xAl <1 bilesim
araliklarinda minimum degerlere sahip oldugu
hesaplanmistir. S6z konusu alasimlarin viskoziteleri
de xMg/xCu, oranina bagh olarak artmistir ve bu
araliklarda Al bilesiminin her degeri icin artmistir.
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Abstract
Semiconductor photocatalysis is a process that benefits from sunlight to start chemical reactions. In

order to take advantage photocatalytic properties of semiconductors and to achieve better
performance structural adjustment is needed. In this study, varying amounts of nitrogen were used to
modify TiO; nanostructures using the sol-gel method. The crystalline structure of the synthesized TiO,

Keywords ) ) ] ) )
TiO,; Sol-gel; Doping nanostructures was studied using the X-ray diffraction (XRD) technique. X-ray photoelectron
Non-metal: spectroscopy (XPS) was conducted to analyse the elemental composition of nanomaterials. XPS analyze

. - confirms that nitrogen is introduced into the lattice of TiO,. The photocatalytic degradation of
Photocatalytic activity

methylene blue (MB) under UV irradiation was employed to assess the photocatalytic performance of
the samples. To evaluate degradation, the absorption of MB over time was measured using a UV-Vis
spectrophotometer. As a result, the doping process has been found to improve the photocatalytic
performance of TiO,, and 0.2% N doped TiO, nanostructures demonstrated superior photocatalytic

activity for photocatalytic degradation of MB.

Ametal Katkilama ile Titanyum Dioksit Nanomalzemelerin Fotokatalitik
Bozunmasinin iyilestirilmesi

Oz

Yariiletken fotokataliz, kimyasal reaksiyonlari baslatmak igin glines isigindan yararlanan bir stregtir. Yari
iletkenlerin fotokatalitik 6zelliklerinden faydalanmak ve daha iyi performans elde etmek igin yapisal

diizenlemeye gereksinim duyulmaktadir. Bu ¢alismada, sol-jel yontemi kullanilarak TiO, nanoyapilarini
Anahtar kelimeler degistirmek icin degisen miktarlarda nitrojen kullanilmistir. Sentezlenen TiO, nanoyapilarin kristal
yapilari X-isini kirinimi (XRD) yontemiyle incelenmistir. Nanomalzemelerin elemental bilesimini analiz
TiO; Sol-jel; Katkilama;  etmek icin X-1sini fotoelektron spektroskopisi (XPS) yapilmistir. XPS analizi, nitrojenin TiO, kafesindeki
Ametal; Fotokatalitik  varligini dogrulamaktadir. Metilen mavisinin (MB) UV isimasi altinda fotokatalitik bozunmasi,
aktivite numunelerin fotokatalitik performansini degerlendirmek igin kullanilmistir. Bozulmayi degerlendirmek
icin, MB'nin 664 nm'de zaman iginde absorpsiyonu bir UV-Vis spektrofotometre kullanilarak
Olgllmustir. Sonug olarak, katkilama isleminin TiO,'nin fotokatalitik performansini iyilestirdigi ve %0,2
N katkili TiO2 nanoyapilarin MB'nin fotokatalitik bozunmasinda Ustln fotokatalitik aktivite gosterdigi

bulunmustur.

© Afyon Kocatepe Universitesi
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1. Introduction

Recently, there has been great attention to
developing photocatalysts, which are utilized in
several applications and research fields, particularly
in environmentally friendly and energy applications.
Semiconductor photocatalyst benefits from sunlight
for energy production and pollutant decomposition
(Di Valentin et al. 2007, Suwannaruang et al. 2018).
Semiconductor-based photocatalysts have been
their

arrangement to absorb exerted solar spectrum for

widely investigated due to electronic
photocatalytic reaction. Among semiconductors,
titanium dioxide (TiO2) has high photocatalytic
activity and is commonly used because of its unique
properties like chemical stability, inexpensiveness,
oxidative power, and availability (Bashiri et al. 2017,
Jaiswal et al. 2015). TiO; absorbs only UV light due
broad band gap, which

effectiveness in  photocatalytic

to its restricts its
applications.
Therefore, TiO, can utilize only 5% of the sunlight
spectrum (Macwan et al. 2011, Cheng et al. 2012).
Additionally, the recombination of photogenerated
carriers is another reason that diminishes TiO,'s
photocatalytic activity. Recently, studies in the
literature have attempted to enhance TiO;'s
photocatalytic activity by adjusting the band gap (Xu
et al. 2019, Mironyuk et al. 2020, Al-Shehri et al.
2020). To improve the efficiency of TiO, under
visible light, methods such as element doping, the
development of semiconductor composite
structures, and the introduction of template agents
for the production or modification of TiO, structures
could be employed. Among these approaches,
doping TiO; by metal and non-metal ions promotes
its photocatalytic performance (Lu et al. 2022). The
addition of these metal and non-metal ions has an
effect on the electronic structure of TiO, and
broadens its absorbance capability to the visible
light spectrum (Sanchez-Martinez et al. 2018,
Marschall and Wang 2014, Xu et al. 2019). Many
research and theoretical calculations indicate that
non-metals such as carbon Irie et al. (2003),
nitrogen Diwald et al. (2004), sulphur Ohno et al.
(2004), boron Finazzi et al. (2008), and iodine Tojo
et al. (2008) could be doped into TiO; to enhance its

photocatalytic activity significantly (Asahi et al.

2001, Umebayashi et al. 2003). Nitrogen is the most
effective and widely investigated element among
non-metals because of its high electronegativity,
high ionization energy, and similar radius to oxygen
(Suwannaruang et al. 2018).

TiO; nanoparticles can be synthesized with various
techniques like solvothermal method Yin et al
(2005), electrochemical method Lei et al. (2001),
chemical vapour deposition Pradhan et al. (2003),
hydrothermal method Andersson et al. (2002),
(2005),
sonochemical method Yu et al. (2002), and sol-gel

microwave process Corradi et al
process Nithya et al. (2018). When compared to
methods, the

well-established and widely used method for

other sol-gel process is a
synthesizing nanoparticles. Sol-gel process contains
hydrolysis and condensation process and the
formation of gel which will form the crystalline
structure of nanoparticles. Because sol-gel is a
solution-based process, it has advantages with
regard to homogeneity, suitability, flexibility, purity,
and stoichiometry control (Keshmiri et al. 2004,
Venkatachalam et al. 2007). According to the
literature, many parameters such as analyte type,
phase crystallinity, dopant content, and oxygen
vacancies need to be considered in determining the
best visible photocatalytic activity (Soares et al.
2011, OKata et al. 2005, lhara et al. 2003). In this
regard, studies on the amount of nitrogen doping
are reviewed in the literature; however, a study on
the photocatalytic impact of a wide range of N
doping concentrations was not reported.

This study aims to use non-metal N doping to modify
sol-gel derived TiO, and to investigate the influence
of the photocatalytic
performance. Structural assessment of prepared
materials has been carried out by XRD, XPS and FTIR
analysis. The degradation of Methylene Blue (MB)

doping process on

under visible light irradiation was done to determine
the photocatalytic activity of the TiO, nanoparticles.

2. Materials and Methods

Undoped and N-doped TiO, nanoparticles were
synthesized by using titanium (IV) isopropoxide
(TTIP) (Aldrich, 97%) and urea (Sigma-Aldrich,
>99.5%) as titanium and

n itrogen sources,
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respectively. Citric acid (Merck, ACS) has been used
as a stabilizing agent. The sol-gel process was
utilized to produce undoped and N-doped TiO;
nanoparticles with variable nitrogen levels. TTIP was
used to form a precursor solution, and different
amounts of urea solutions were prepared in distilled
water (H2O:Ti molar ratio = 1: 0.18 %). Under stirring
conditions, different amounts of urea solutions
(N: Ti molar ratios of 0.1-1.6 %) were added to the
precursor solution as a nitrogen source. Afterward,
citric acid was added as a catalyst. The final solution
was accomplished by mixing all the reactants for 2
hours (Heidolph MR Hei-Standard). Subsequently,
nanoparticles were obtained by drying at 100°C
followed by calcination at 550°C in air. Synthesized
nanoparticles were named as TNO, TN1, TN2, TN3,
TN4, and TN5, according to N to Ti molar percent
ratio of 0, 0.1, 0.2, 0.4, 0.8, and 1.6, respectively.
Investigation of crystal structures of undoped and
doped TiO; nanoparticles was performed by using a
Rigaku with Cu-K, radiation in 20 ranging from 3° to
90° with 4°/min scanning rate D/Max-2100/PC X-ray
diffractometer. XPS (Thermo Scientific; Al-Ka 1350
eV) measurements were carried out to estimate the
composition and chemical states of nanoparticles.
XPS analysis of the samples was performed using an
Al-Ka irradiation source with a beam size of 400 um
in diameter with a scanning number of 15. Particle
size measurement of the nanostructures were
conducted with Malvern Zeta Sizer Nano ZS90. The
photocatalytic performance of the synthesized
nanoparticles was studied via methylene blue
degradation under UV light irradiation by UV lamp
(UltraVitalux E27300 W, Osram). Produced samples
were exposed to UV light for 1 hour at 15-minute
intervals during the photocatalytic performance
evaluation. After UV exposure with time intervals
specified,  absorption  measurements  were
performed using a spectrophotometer (UV mini-
1240, Shimadzu) at a wavelength of 664 nm.

3. Results and Discussion

Figure 1 depicts XRD patterns of TiO, nanoparticles
with different amounts of nitrogen content. The
diffraction peaks at 25.2°, 37.8°, 48.0°, 53.9°, 55.1°,
62.7°, 68.8°, 70.3°, 74.0°, and 76.1° correspond to
anatase phase (JCPDS: 21-1273) planes (101), (004),

(200), (105), (211), (204), (116), (220), (107), and
(301), respectively (Sanchez-Martinez et al. 2018).
According to the XRD patterns of synthesized
nanoparticles, all of the samples show good
crystallised structure related to the anatase phase.
The diffraction at 26 =25.2° (101) is described as the
characteristic peak of anatase crystal phase
structure (Zhang et al. 2000). It is clear that
incorporating nitrogen into the TiO, lattice inhibits
crystalline growth in the calcination process, and
this affects XRD peaks as a broadening at
characteristic peak of anatase (101). It was
determined that N doping had no detrimental
impact on TiO; crystal phase structures.

Intensity (a.u)

20

Figure 1. XRD patterns of TiO2 specimens prepared with
varying N-dopant contents

The average crystal size of the nanoparticles was
estimated using the Full Width Half Maximum
(FWHM) value at the peak (101) in the XRD patterns
(Huang et al. 2006). Table 1illustrates the crystalline
size and particle sizes of nanoparticles. The
crystalline size of undoped TiO; was 23.50 nm,
whereas a significant reduction in crystalline size
was observed with 0.4% nitrogen doping to TiO..
Also, the broadening of peaks is in line with
N-doped TiO;

crystalline size reduction in

nanoparticles.

Table 1. Crystalline size and particle size of TiO2
nanoparticles

Sample Name Crystalline size (nm) Particle Size (nm)

TNO 23.50 68.70
TN1 13.95 90.7
TN2 15.75 52.67
TN3 14.93 37
TN4 18.5 65
TN5 16.3 64
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A similar study conducted by Zhang and Liu (2008)
shows that with increasing lanthanide content,
decreased.  This
phenomenon is explained by the segregation of

average crystalline  size
lanthanide ions in the grain boundary and restricting
grain growth. Within this scope, it might be
explained as a decrement in the crystalline size of
TiO, connected to the nitrogen ions concentration
in the grain boundary, which inhibit grain growth
(Senthilnathan and Philip 2010). Figure 2 shows the
average particle size distribution of doped TiO;
nanoparticles. It is obviously seen that TN3 shows
the lowest particle size with 37 nm and it is a
threshold for particle size in terms of nitrogen
content. According to the results, it was determined
that all samples were successfully produced at the
nanoscale and the particle sizes of the samples
increased with increasing nitrogen content.

I TN2

Size = 52,67 nm

Number(percent)
&

-I
10 100
Particle size(nm)

(a)

Particle size (nm)

THO TN1 TNZ TN3 Tha TNS
Samples

(b)

Figure 2. (a) Particle size distribution histogram of TN2,

(b) measurements for undoped and doped TiO2
nanoparticles.
XPS is a widespread method for assessing the
elemental composition and electronic states of
materials. To demonstrate N doping into the TiO;
structure, XPS measurements of TN5 nanoparticles
(Figure 3(a-e)). The

were conducted survey

spectrum obviously demonstrates Ti, O, N, and C
3(a). The
corresponding peaks associated with the Ti 2p O 1s

peaks, as illustrated in Figure
and N 1s states revealed proof of the existence of Ti,
O, and N elements, as shown in Figure 3(b-d). The
peaks at 459.15 and 464.89 eV correlate to the
binding energies of the Ti 2p3/2 and Ti 2p1/2 for the
doped nanoparticles, respectively. This indicates the
presence of titanium in the form of Ti4+ in the
structure (Figure 3(c)). It is possible to deduce that
using carbon bands during XPS analysis prompted
the Cls peak at 284.6 eV to appear in the spectra
(Jaiswal et al. 2012, Zhao 2008). Figures 3(c) and 3(d)
display the XPS spectra of N 1s and O 1s for the
doped TiO, samples, respectively. The location of
the major peak at 531.5, which relates to the surface
-OH bonds, is assigned to the O 1s core level (Figure
3(d)). N 1s peak at approximately 400 eV with low
indicates that N
introduced into titanium dioxide. These findings are

binding energy successfully
in agreement with previously reported studies using
nitrogen as a dopant (Chen and Burda 2004, Li et al.
2015). Senthilnathan and Philip (2010)
reported that with nitrogen doping binding energy

have

of Ti 2p states decreased. Different electrical
interactions between Ti and N ions account for this
decrease. These interactions result in an electron
transition from N to Ti, resulting in an increase in
electron density on Ti. The mechanism for the
increase in electron density can be linked to
nitrogen's weaker electronegativity compared to
oxygen (Cong et al. 2007, Senthilnathan and Philip
2010). Figure 3(e) shows Ti 2p states of undoped
(465 and 459.37 eV) and N-doped TiO, (464.88 and
459.18 eV) nanoparticles. Within reported studies,
when comparing undoped and N-doped TiO;
nanoparticles a decrease in the binding energy of
doped TiO; nanostructure was observed. This
change toward lower binding energy can be
explained by nitrogen successfully incorporated into
the TiO, lattice (Chen and Burda 2004, Jaiswal et al.
2012).

The photocatalytic degradation of samples has been
determined by measuring the photodegradation of
methylene blue under UV light irradiation for up to
60 min at 15-min intervals.

877



Improvement of Photocatalytic Degradation of Titanium Dioxide Nanomaterials by Non-metal Doping, Ak Azem et al.

Degradation rate was determined using the formula
(Equation 1),

(C" - )x 100 1)

0

where Co and C are the initial concentration of MB
and the after
respectively. The result was used to estimate the

concentration irradiation,
percentage of residual MB in the solution (Dariani et
al. 2016). Figure 4 shows absorbance values the
synhesized TiO, nanoparticles under methylene
blue degradation with irradiation time. The

photocatalytic efficiency of undoped and doped
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TiO, nanoparticles as a function of MB degradation
is given in Figure 5.

According to these results, it is obvious that nitrogen
doping has increased the photocatalytic activity of
TiO, nanoparticles significantly. Substitutional N is
widely referred to as responsible for band gap
narrowing and enhancing visible photoactivity
(Dawson et al. 2014). The findings showed that the
absorbance peak of the 0.2% N-doped TiO, (TN2)
demonstrated the fastest decrease within 60 min
under UV light illuminations as seen in Figure 6.
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Figure 3. (a) Global XPS spectra of TN5,(b) Ti 2p spectra of TN5, (c) N 1s intensity peak of TN5,
(d) O 1s spectra of TN5, and (e) Ti 2ps/2and Ti 2px spectra of TNO and TN5.
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This result demonstrates that the nonmetal addition
is the optimum doping solution in terms of

photocatalytic performance. The rate of MB
photodegradation increased as the amount of
doping nitrogen increased, and the rate of

degradation maximized at 0.2%. However, as the
amount of dopants was increased further, the
photodegradation rate was reduced. As stated in
the literature, the recombination center of
photogenerated carriers in TiO, will rise with
excessive N doping, which is detrimental to the
separation of photogenerated charge and
diminishes the catalyst's photocatalytic activity.

(Huang et al. 2021, Pawar et al. 2020).
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Figure 4. MB degradation with an irradiation time of

synthesized undoped and doped TiO2
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Figure 5. The photocatalytic efficiency of undoped and
doped TiO2 nanostructures as function MB
degradation.

4. Conclusions

Nitrogen-doped TiO, nanoparticles were
successfully synthesized with different nitrogen
content by using the sol-gel route. The XRD pattern

of all produced materials shows a pure anatase

phase and the anatase (101) diffraction peak has
been widened for nitrogen-doped nanoparticles.
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Figure 6. Absorbance spectrum of TN2 sample

This indicates that nitrogen was introduced into the
TiO; lattice successfully. By comparing the crystal
sizes of the samples, it was concluded that the
crystal size of the samples decreased with the N
doping process. The XPS examination of the
nitrogen-incorporated nanoparticles provides a line
at around to 400 eV, implying that N is displaced by
O in the Ti-O-N. The
photocatalytic efficiency of samples was evaluated

crystal structure as
with methylene blue degradation and with
increasing nitrogen content. The TN2 sample with a
molar ratio of 0.2% nitrogen displayed the greatest
efficiency in terms of photocatalytic performance,
and after this threshold value, the photocatalytic
efficiency tended to decline in samples with
increasing N content. It is possible to commercialize
N-doped TiO, products for solving environmental
problems such as candidate material for wastewater
treatment applications and environment problems
with improved photocatalytic properties
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Bu c¢alismada vyeni bir Schiff bazi molekdlinin, (E)-1-(5-nitro-2-(piperidin-1-yl) phenyl)-N-(4-

phenoxyphenyl) methanimine, sentezi ve karakterizasyonu amaglandi. Bunun yani sira bu molekilin
molekiiler ylizey alani, kristal yapisi, molekiiler arasi kuvvetleri, elektronik ve spektroskopik 6zellikleri
Anahtar kelimeler arastirildi. Ayrica SARS-CoV-2 ana proteazinin (Mpro) aktif yerleri lizerinde kenetleme deneyleri
MEP; HOMO-LUMO; gerceklestirildi ve sonug yerli ligand N3 inhibitérinin etkinligi ile kiyaslandi. Baslik molekili igin ana
SARS-CoV-2; Schiff bazi  bulgular asagidaki gibi 6zetlenebilir: Uzay grubu P-1’dir ve triklinik sistemde kristallenir. Birim hiicre iki
monomerik birimden olusur. Molekilde giglu elektrofilik saldiri pozisyonlari vardir ama nikleofilik
merkezler dislik etkinliktedir. FMO analizine gore, baslik bilesigi yumusak, kinetik ve kimyasal olarak
kararsiz ve oldukga reaktif bir malzemedir. Molekiler kenetleme deneylerine gore, baglanma serbest
enerjisinin hesaplanan degeri (-9.28 kcal/mol) yerli inhibitériin degerinden (-7.11 kcal/mol) daha
disuktiir ve bu ylizden baslik bilesigi SARS-CoV-2 ana proteazi igin potansiyel bir inhibitor adayi olarak
disunilebilir.

A Perspective with in Silico Medicinal and Computational Methods to A
New Schiff Base Molecule

Abstract

In this study, the synthesis and characterization of a new Schiff base molecule, (E)-1-(5-nitro-2-
(piperidin-1-yl) phenyl)-N-(4-phenoxyphenyl) methanimine, were aimed. In addition, the molecular

surface area, crystalline structure, intermolecular forces, electronic and spectroscopic properties of the
molecule were investigated. Docking studies were also performed on the active sites of the main
protease (Mpro) of SARS-CoV-2, and the docking result was compared with the efficacy of the native
ligand N3 inhibitor. The main findings for the title molecule can be summarized as follows: The space
group is P-1 and it crystallizes in the triclinic system. The unit cell consists of two monomeric units (Z=2).
There are strong electrophilic attack sites in the molecule, but nucleophilic centers have low efficiency.
According to the FMO analysis, the title compound is a soft, kinetically and chemically unstable and
highly reactive material. The value of the binding free energy calculated by docking experiments (-9.28

Keywords
MEP; HOMO-LUMO;
SARS-CoV-2; Schiff
base

kcal mol-1) is lower than that of the native inhibitor (-7.11 kcal/mol) and thus can be considered as a
potential inhibitor candidate for the main protease of SARS-CoV-2.

© Afyon Kocatepe Universitesi

1. Introduction were heard from over the world. On 11 February
2020, the name of the novel coronavirus (2019
nCoV) that causes coronavirus disease (COVID-19)
was changed as SARS-CoV-2 by the ICTV (Xiang et al.,
2021). On 11 March 2020, the WHO announced the
epidemic as a pandemic (Xiang et al., 2021). Finally,
with the up-to-date data from the WHO coronavirus

In December 2019, the first case of the outbreak
called COVID-19 was reported in the Wuhan
province of China (Sheikhpour, 2020; Faisal et al.,
2021; Srivastava et al.,, 2021). After the first
reported case in China, other cases and death news
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dashboard (access date 08.11.2022;
https://covid19.who.int/), 629 370 889 cumulative
cases and 6 578 245 deaths were globally reported
(WHO).

The clinical symptoms of the disease have changed
from asymptomatic to severe symptoms (Démling
and Gao, 2020). The main clinical findings in
coronavirus patients are fever, dry cough (Gao et al.,
2021; Shagufta and Ahmad, 2021; Xiang et al.,
2021), fatigue, dyspnea (Gao et al., 2021; Xiang et
al., 2021), tiredness (Shagufta and Ahmad, 2021).
The more severe ones are sepsis or septic shock,
multiple organ failure (Gao et al., 2021; Xiang et al.,
2021), secondary infections (Xiang et al., 2021),
acute respiratory distress syndrome, coagulation
dysfunction (Gao et al., 2021). The mortality rate (3-
5%) in COVID-19 is lower than other coronavirus
families include SARS-CoV (9-15%) and MERS-CoV
(34-37%) (Gao et al., 2021; Shagufta and Ahmad,
2021). However, senescence and comorbidities are
high-risk factors in COVID-19 (Shagufta and Ahmad,
2021), and older people are responsible for 80% of
(Mueller 2020). The
spreading rate of the novel coronavirus member

hospitalizations et al,
(SARS-CoV-2) in the community is also higher than
the SARS and MERS (Petrosillo et al., 2020).

Among the various druggable targets of SARS-CoV-2
(Artese et al., 2020; Amin et al., 2021), Mpro and
PLpro play particularly important roles in viral entry,
host cell invasion (Faheem et al., 2020), viral
replication (Sohag et al., 2020), enzymatic activity
2021).
druggable targets is among the critical strategies to

(Amin et al., Hence, targeting these
antiviral drug design and inhibit viral activation.

Various repurposed drugs have been used to treat
coronavirus disease. Some of them are remdesivir,
favipiravir, hydroxychloroquine, lopinavir/ritonavir
(Awadasseid et al.,, 2021; Mandal et al., 2021),
nafamostat mesylate, azithromycin (Awadasseid et
al., 2021). Remdesivir (GS-5734) is a nucleotide
analog drug, and the FDA has approved its urgent
use authorization to treat COVID-19 (Awadasseid et
al.,2021; Young et al., 2021). Positive antiviral effect
of remdesivir has been reported in animal models
against SARS-CoV and MERS-CoV (Sheahan et al.,

2017; Awadasseid et al., 2021), the antiviral activity
towards SARS-CoV-2 has
reported both in vitro and in vivo studies
(Frediansyah et al.,, 2021). As a result of global
efforts to find a vaccine, many vaccine candidates

of remdesivir been

(more than 292) have been investigated. Only a few
Pfizer/BioNTech,
Johnson & Johnson, AstraZeneca/Oxford, have been

vaccines, such as Moderna,
approved for urgent use in treating COVID-19
disease. Their efficacy values and the recommended
using age differ from each other. Among these
vaccines, Pfizer/BioNTech has the most remarkable
efficacy (95%) and the lowest use age (16 years and
above) (Alshrari et al., 2021). However, despite the
many efforts to cure coronavirus disease, no specific
drugs have been discovered to fight COVID-19. The
disease’s threatening effect continues; therefore,
there is an urgent need to develop better

therapeutic antiviral drugs or broad-spectrum
inhibitors to combat the deadly disease.

This study reports the synthesis of a new molecule
and investigations it’s structural characteristics.
Comparative docking studies were performed
between the synthesized molecule and reference
inhibitor N3 on the Mpro of SARS-CoV-2. Docking
results have showed the binding energy score of the
reference

titte compound is lower than the

inhibitor.

2. Materials and Methods
2.1 Materials

Chemicals: 5-nitro-2-(piperidin-1-yl)benzaldehyde;
4-phenooxyaniline; ethanol.

X-Ray and computational analysis: SHELXT
(Sheldrick, 2015), SHELXL (Sheldrick, 2015), PubICIF
(Westrip, 2010), Gaussian 03 (Frisch et al., 2009)-
DFT (Parr, 1980), Crystal Explorer (Turner et al.,
2017), Mercury (Macrae et al., 2006).

Docking experiments: AutoDock4 and
AutoDockTools4 (Morris et al., 2009)/molecular
docking; PDB (Berman et al., 2000)/ 3D structure of
PLIP (Salentin et al.,
2015)/secondary interactions and species.

protein-ligand complex;
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2.2 Synthesis method

The synthesis scheme of the title compound was
drawn in Scheme 1. The equivalent amounts of an
aldehyde (8 mg, 0.034 mmol) and amine (6.3 mg,
0.034 mmol) were combined and solved in 25 mL of
ethanol. The reaction mixture was heated up to the
reflux temperature. TLC was used to follow up the
reaction process using a mobile phase composed of
the mixture of hexane and ethyl acetate (the ratio,
95:5). The crystallization solvent, CH3CH,OH, was

Q_o_@.m

4-phenoxyaniline

+
( N NO,
H
o

S-nitro-2-(piperidin-1-yl)benzaldehyde

Reflux

EtOH/48h
—h.

vaporized by the slow evaporation technique. The
formed crystals were used in the X-Ray and other
analyses. Melting point: 190-192 2C. Yield: 82%
(11.19 mg). Cz4H23N303. Molecular weight: 401.45
g/mol. FTIR (ATR), v/cm™: 3084, 3050 (Ar. C-H);
2940, 2857 (Al. C-H); 2816 (CH=N); 1582 (C=N);
1483, 1446 (Ar. C=C); 1500, 1328 (NOy); 1231, 1175,
1155, 1130, 1076, 1024 (C-N; C-O) (Figure 1/top).
UV-Vis (in ethanol, 1.0xE-04 M), Amax/nm (logg):
362 (4.05) (Figure 1/bottom).

5. 0-0
@

(E)-1-(5-nitro-2-(piperidin-1-yl)phenyl}-N-(4-

phenoxyphenylimethanimine

Scheme 1. The synthesis route for the title compound
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Figure 1. FTIR (top) and UV-Vis (bottom) spectra of title compound

3. Results and Discussion

3.1. Crystallographic, structural, and geometrical
parameters

The crystal data were collected with the Apex I
Quazar three-circle diffractometer at 299 K. The
crystal structure was solved by the SHELXT program.
All refinements were performed using the SHELXL
program via the full-matrix least-squares on the F2
method. The crystal dimensions were measured as
0.23, 0.17, 0.07 mm3. The newly synthesized
molecule is represented by the name of (E)-1-(5-
phenyl)-N-(4-
phenoxyphenyl) methanimine, C4H,3Ns0s formula,

nitro-2-(piperidin-1-yl)

triclinic system, and P -1 space group. The unit cell
deposits two monomeric molecules in the crystal
system. Unit cell dimensions are different; the
lengths are 8.135 (a), 10.459 (b), 12.285 (c), and the

angles are 106.32 (a), 96.72 (B), 94.80 (y). The
crystal structure's CCDC deposition number is
2120420, https://www.ccdc.cam.ac.uk/. The title
molecule comprises four rings, including three
aromatic rings and one aliphatic ring; it bears six
heteroatoms, including three oxygens and three
nitrogens. The main organic groups in the title
molecule are diphenyl ether, nitro benzyl,
piperidinyl, and imine. The molecule's aromatic and
aliphatic C-H bond lengths have been measured as
0.93 and 0.97 A. The aromatic (double bond) and
aliphatic (single bond) C-C bond lengths have
changed between 1.355 (C18-C23) and 1.407 A (C6-
C11) (aromatics) and 1.486 (C2-C3) and 1.503 A (C3-
C4) (aliphatics). Imine bond (C24-N3) length is 1. 258
A. The carbon-nitrogen single bonds have changed
between 1.380 (N2-C6) (in which nitrogen bonded

to aromatic ring carbon) and 1.454 (N2-C5) A (in
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which nitrogen bonded to aliphatic ring carbon). The
N=0 bond lengths in the nitro group are 1.204 (N1-
03) and 1.208 (N1-02) A. The C-O bond lengths
among the two phenyl rings (R3 and R4 in Figure 2)
are 1.364 (01-C15) and 1.376 A (01-C18). Some
specific bond angles are those: 02-N1-03 (122.73),
C20-C19-C18 (119.30), C14-C15-C16 (120.16), C9-
C8-C7 (119.58), C3-C2-C1 (111.67), C24-N3-C12
(119.47), C18-01-C15 (118.71).
intermolecular hydrogen bonds in the molecule are

The formed

“ W bW N -
EEEEEEREDN
W N O v bW

0
0

N3

Number Atom1 Atom2 Length
1 MH7 W01 269

H26 W C18 2.867
mCs WMCE 3304
W02 W H13 2534
W C24 W C8 3336
B N3 B H17 2685
B H21 B H27 2341
H23 2723

greater than 2.5 A and have been listed in Figure 2b
and Table 1. Figure 2b also shows the other
secondary interacted atom's list in the crystal
packaging. Figure 2aand Figure 2cshow the
molecule's numbered model and crystal growing
points,
supramolecular

respectively. A section from the
crystalline framework of the

molecule has been shown in Figure 3.

Figure 2. 3D numbered stick model of the title compound (a); bond lengths table for secondary interactions in the crystal
packaging (b); the crystal growth points/shown with the red dashed line
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Figure 3. A section of crystal structure packaging

Table 1. The hydrogen bond list and bond geometry (A, °) for the title compound

D—H--A

D—H H--A DA

D—H--A

C17—H17---N3  0.93
C13—H13---02 0.93

2.69 3.567(4) 156
2.53 3.443(5) 166

3.2. Molecular electrostatic potential (MEP) and
Mulliken atomic charges

MEP map is a 3D dimensional surface mapping
according to the entire electron density of a
provides
understanding molecular shape and size, electron

molecule. It many  benefits as

density, relative polarity, nucleophilic and
electrophilic zones, molecular interactions (Kumar
et al., 2022), chemical reactivity (Raghi et al., 2018).
The red, blue, and green colors point out the zones
in which electrostatic potential is most negative,
zero, and the most positive, respectively. Red and
yellow regions are exposed to electrophilic attacks,
whereas blue and cyan regions are exposed to
nucleophilic attacks. In the present study, the MEP
map of the topic compound (Figure 4) has been
calculated using the DFT/B3LYP method and 6-31 G
(d, p) basis set in Gaussian software. Figure 4 shows

the MEP maps of the molecule with the solid surface

(a), mesh surface (b), and semi-opened surface (c).
We can conclude these presumptions about the
molecule from the MEP and Mulliken charges: ¢ The
red surfaces occupy 01, 02, 03, and N2 atoms, so
these atoms or regions open to interactions with the
electrophilic species or groups. ¢ In the MEP, there
are no deepest blue surfaces, so the molecule hasn’t
got strong nucleophilic positions. But the cyan
regions occupy some groups (especially hydrogens)
in the piperidinyl ring (R1 ring in Figure 2). These
groups can be open to weak interactions with the
nucleophilic species. ® The top negatively charged
five atoms are 01 (-0.587), N2 (-0.557), N3 (-0.525),
02 (-0.448), 03 (-0.446); the top positively charged
five atoms are N1 (0.398), C15 (0.310), C6 (0.274),
C18 (0.272), C9 (0.248). The positive charge density
is relatively lower than the negative charge density
in Mulliken atomic charge values; that is why the
absence of strong nucleophilic positions in the
molecule.

888



A Perspective with in Silico Medicinal and Computational Methods to A New Schiff Base Molecule, Sahin and Dege.
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Figure 4. MEP maps for the title compound; solid surface (a), transparent surface (b), semi-opened surface (c)

3.3. Molecular orbital analysis and chemical
descriptors

Frontier molecular orbitals (FMOs), HOMO and
LUMO orbitals, play a critical role in quantum
chemistry regarding understanding chemical
reactivity and kinetic stability in the molecules
(Shukla et al., 2014). While the HOMO orbital is
represented by electron donor ability or ionization
potential, the LUMO orbital is represented by
electron acceptor ability or affinity (Azhagiri et al.,
2014). The lower value of FMOs energy gap is
associated with more polarizability, high chemical
reactivity, low kinetic stability, and softness of a
molecule, and vice versa. The HOMO and LUMO
pictorial representation and their energy values for
our compound were calculated by the DFT method
and 6-31 G (d, p) basis set. These orbitals are shown
in Figure 5.

descriptors were calculated for our compound, the

Some crucial global reactivity

calculated HOMO energy is -5.621 eV, the LUMO
energy is -2.125 eV, and the energy gap value
between these orbitals is 3.496 eV. The calculations,
pictogram, and global reactivity descriptors clearly
show that ¢ The small energy gap value (3.496 eV)
signs out easy molecular electrical transport, lower
chemical stability, high chemical reactivity, softness,
easy polarizability, low kinetic stability in the
molecule. ¢« While the HOMO orbitals localized in
the almost entire molecule, the LUMO orbitals
localized in the R2 ring, and nitro atoms bonded to
the R2 aromatic ring. e High electronegativity
(3.873) and small hardness value (1.748) show the
molecular instability. ® Low softness (0.286) and
high electrophilicity index (4.290) of the molecule
are related to decreased toxicity and good biological
activity. ¢ ANmax (2.215) accounts for the maximum
charge that an electrophilic species may accept from
a molecule.
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Excited State
(ELUMO= -2.125 e\/)

HOMO PLOT

Ground State
(Enomo= -5.621 eV)

O
. .

LUMO PLOT

AE= 3.496 eV

Figure 5. HOMO and LUMO orbitals and their energies for the topic molecule

3.4. Hirshfeld surfaces and fingerprint analysis

The analyses in the title were performed to get
information about intermolecular interactions and
their contributions. The CIF file of the crystal
structure was inputted into the Crystal Explorer
software. Various Hirshfeld surfaces, including
dnorm, di, de, shape index, curvedness, fragment
patch, and whole fingerprint plot, were produced
and illustrated in Figure 6 and 7. Dnorm surface is
helpful to uncover the close interactions. The bright
and large red zones on the dnorm surface show the
place of the hydrogen bonding interactions. These
areas for our compound were shown with the
yellow circles in which the signed atoms form the
hydrogen bonds. Because the hydrogen bond
distance between H17 and N3 is longer than H13

and 02, the red points on H17 and N3 atoms are not
large and were not signed. In the shape index
Hirshfeld surface, the adjacent blue/red triangles
(shown in the red circle) are the significant indicator
for the presence of ni-it stacking interactions in the
molecule. The quantitative results of the
intermolecular interactions are shown in Figure 6
with the pie chart. The H...H interactions have the
highest contribution of 48.90%; the second chief
contribution has O...H interactions with a value of
20.10%. The third contribution is 19.60% and
belongs to the C...H interactions. The contribution of
N...H interactions is 5.10%, and the others have a

ratio of 6.80%.
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Figure 6. The fingerprint analysis (left) and percent contribution analysis of the intermolecular interactions (right)

Fragment patch

di
Shape index

de

Figure 7. Hirshfeld surfaces of the topic molecule
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3.5. Docking studies

Molecular docking plays a vital role in
computational drug discovery and helps determine
the interactions between a small molecule and a
target protein. In this way, it is possible to
characterize the binding position of small molecules
in the binding site of the target protein or
macromolecule and assess the binding affinities
(Meng et al., 2011). On this bases, we performed a
docking study between our compound and the main
(Mpro) of SARS-CoV-2.
experiments were performed using AutoDock4 and

protease Docking
AutoDockTools platforms. The 3D structure of the
target protein (Mpro) was provided by the RCSB PDB
database (https://www.rcsb.org/) with the PDB ID:
6LU7 and 2.16 A resolution. The title compound was

translated into 3D PDB format using the online tool
SMILES
(https://cactus.nci.nih.gov/translate/).

translator
Before

docking experiments, the target structure was
prepared by adding Kollman charges and polar
hydrogens, deleting water molecules, and
minimizing energy. A Lamarckian genetic algorithm
was used for the docking experiment. The grid box
was arranged into the active sites of Mpro. The

spacing of the grid box was chosen to be 0.375 A.

The grid box was centered in dimensions -13.619,
13.964, and 70.229 for x, y, and z, respectively. The
docking pose of the ligand molecule and the whole
Mpro surface are shown in Figure 8. The docking
experiment was also performed with the reference
inhibitor N3, benzyl (35, 65, 9S, 125, E)-9-isobutyl-6-
isopropyl-3-methyl-1-(5-methylisoxazol-3-yl)-
1,4,7,10-tetraoxo-12-(((S)-2-oxopyrrolidin-3-yl)
methyl)-2,5,8,11-tetraazapentadec-13-en-15-oate
AutoDock4 calculated the binding
energies of query molecule and inhibitor N3 as -9.28

(Figure 9).

and -7.11 kcal mol?, respectively. Also, ligand
efficiencies and inhibitory constants were calculated
at the levels -0.31 and 0.15 uM for query molecule
and -0.15 and 6.18 uM for reference inhibitor N3.
Hydrophobic interactions and hydrogen bonds
between target and query compound were shown
in Figure 8, together interacted residues. Green and
gold-colored sticks represent the query compound
and the interacted residues, respectively. Eight
residues on the binding site of Mpro have been
joined into complex interactions; one of these
interactions is the hydrogen bond between GLU166
and nitrogen atom (N3 in Figure 2) in the imine
group, the others are hydrophobic interaction
forces.
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Residues
Ligand 6LN189
Hydrophobic interactions g

6LN192

Figure 8. Docking conformation of the query compound in the active sites of the SARS-CoV-2 main protease (Mpro)
(top) and the detailed investigation of the query compound interaction map (bottom)
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3D structure

2D structure

Figure 9. Docking conformation of the reference inhibitor N3 in the active sites of the SARS-CoV-2 main protease (Mpro)

(top), and 2D and 3D structures of the N3 (bottom)

4. Conclusion

In this work, a new organic compound was
synthesized and characterized. Crystallographic,
spectroscopic, electronic, and geometric properties
were investigated. Besides these, the medicinal
chemistry properties of the compound were
calculated and evaluated. Antiviral activity
prediction on Mpro was performed by molecular
docking studies. In a nutshell;

The compound characterized with the CiH23N303
formula has a triclinic crystal system and P-1 space
group. The molecule bears electrophilic centers but
has no nucleophilic attack regions; Mulliken charges
on atoms have distributed between -0.587 and
+0.398. The HOMO energy is -5.621 eV, the LUMO
energy is -2.125 eV, and the energy gap is 3.496 eV.
Charge transfer is easy, chemical and kinetic
stabilities are low. It is a chemically reactive and soft
interactions and

secondary

Hydrogen-hydrogen
important

molecule.

hydrogen bonds are

interactions in crystal packaging and molecular
stability. The inhibitory effect of the compound
according to free binding energy (-9.28 kcal mol?)
calculated from docking experiments is lower than
reference inhibitor N3 (-7.11 kcal mol?). In this
concept, the title compound showed excellent
antiviral inhibitory activity against Mpro of SARS-
CoV-2 compared with the native ligand N3. After
computational studies, we evaluate the title
compound as a potential antiviral compound. This
compound may be used and tested for further
experimental studies on antiviral activity.
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0z
Bu c¢alismada suiperkapasitor anodu igin pirol (Py), Sb(BF4)s ve Sn(BF4), iceren TBABF4/asetonitril ¢dzeltisinde
(sentez gozeltisi) PPy, nano-SbOx ve nano-SnOz’'nin es zamanh elektrokimyasal sentezi ile PPy/SbO4-SnO;

Anahtar

kelimeler kompozit kapli grafit elektrot hazirlandi. Cok dongili donustimli voltametri ile kalem ucu grafit elektrot

ylzeyine sentezlenen kompozitin ve karsilastirmak igcin PPy homopolimerinin elektrokimyasal 6zellikleri sulu
100 mM H,S04 ¢ozeltisinde CV, GCD ve EIS yontemleri ile incelendi. 5 A g'¥’de PPy/SbO4-SnO; kompozit kapli

Antimon oksit-

kalay oksit;
Polipirol; elektrodun spesifik kapasitansi 363,1 F g iken PPy kapli elektrodunki 304,7 F g¥’dir. FESEM, EDX, XRD ve XPS
Kompozi{' teknikleri kullanilarak grafit plaka ylzeyine sentezlenmis PPy/SbO4-SnO, kompozitinin karakterizasyonu

gerceklestirildi. Asimetrik stiperkapasitor hicresi, anot aktif malzeme olarak grafit kagit ylizeyinde PPy/SbOx-
Sn0,/CMC kompozit kaplama ve katot aktif malzeme olarak grafit kagit yiizeyinde aktif karbon esasl kaplama
kullanilarak polivinil alkol (PVA)/H2SO4 jel elektroliti icinde hazirlandi. Burada mekanik dayanimini arttirmak
icin PPy/SbOx-Sn0, kompoziti CMC (karbosimetil selliloz) varliginda sentezlendi. Hiicre, 2,5 A g’de 15,3 Wh
kg1 enerji yogunlugu ve 1,77 kW kg1 gii¢ yogunlugu sergiledi.

Elektrosentez;
Suiperkapasitor.

One-step Electrochemical Synthesis of PPy/SbO,-Sn0O, Anode Active

Material and Supercapacitor Application
Abstract

In this study, PPy/SbO4-Sn0, composite-coated graphite electrode was prepared for the supercapacitor anode
by simultaneous electrochemical synthesis of PPy, nano-SbOy, and nano-SnO; in TBABF4/acetonitrile solution

containing pyrrole (Py), Sb(BF4)3, and Sn(BF4)>. The electrochemical properties of the composite, which was

Keywords synthesized by multi-scan cyclic voltammetry on the pencil graphite electrode surface, were investigated in
Antimony oxide  aqueous 100 mM H,504 solution using CV, GCD, and EIS methods by comparing them with that of the PPy
— tin oxide; homopolymer prepared in the same way. The specific capacitance of the PPy/SbO,-SnO, composite-coated

Polypyrrole; electrode was 363.1 F gl at 5 A g1, while that of the PPy-coated electrode was 304.7 F g1. The composite
Composite; synthesized on the graphite plate surface was characterized using FESEM, EDX, XRD, and XPS techniques. The
Electrosynthesis;  asymmetric supercapacitor cell was prepared in polyvinyl alcohol (PVA)/H,SO, gel electrolyte using the
Supercapacitor  ppy/Sh0,-Sn0,/CMC composite coating on the graphite paper surface as the active anode material and the
activated carbon-based coating on the graphite paper surface as the active cathode material. Here, the
PPy/SbO,-Sn0, composite was synthesized in the presence of CMC (carboxymethyl cellulose in order to
increase its mechanical strength. The cell exhibited an energy density of 15.3 Wh kg! and a power density of

1.77 kW kgtat2.5A g™
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1. Giris

Artan cevre kirliligi ve enerji ihtiyacindan dolayi
bataryalar, stiperkapasitorler ve yakit hiicreleri gibi
enerji depolama aygitlari ilgi cekmektedir. Bataryalar
saglarken sarj-desarj
2014).
Superkapasitorler ise kisa slirede sarj-desarj olurlar

yiksek enerji yogunlugu

sureleri olduk¢a uzundur (Simon vd.
ve ylksek giic yogunluguna sahiptirler (Meng vd.
2017). Stiperkapasitorlerde etkili elektron tasinimi ve
iyon diflizyonu icin elektrodun secimi 6énemlidir ve

performansi elektrot malzemesinin elektrokimyasal

performansi, elektrodun potansiyel araligi ve
elektrolit gibi bircok faktore baghdir.
Stperkapasitorler elektrokimyasal cifte tabaka

kapasitorleri (EDLC), psodokapasitorler ve hibrit
stperkapasitorler olmak Gzere farkli enerji depolama
mekanizmasina sahiptir. EDLC etkin ylizey alani
sayesinde yiiksek enerji yogunlugu saglar.
Psodokapasitér hizli tersinir redoks reaksiyonlari
sayesinde EDLC’'e goére daha vyiksek spesifik
kapasitansa sahiptir. Psodokapasitorlerde elektrot
malzemesi olarak metal oksitler/hidroksitler, iletken
polimerler vb. kullanilmaktadir. iletken polimerler
ylksek spesifik kapasitans, yiksek iletkenlik, kolay
sentezlenebilme, esneklik ve cevre dostu olmalari
gibi avantajlarina ragmen disik dongl omrine
sahiptirler. iletken polimerler metal
oksitler/hidroksitler veya karbon bazli malzemeler ile
kompozitleri halinde kullanildiginda déngi émdrleri
ve enerji depolama kapasiteleri gelistirilebilmektedir
(zhao vd. 2020). iletken polimerler arasinda polipirol
(PPy) digerlerine gore yiksek iletkenlik, yliksek enerji
yogunlugu ve hizli sarj-desarj kapasitesi nedeniyle
yaygin olarak kullanilmaktadir (Abdah vd. 2020).
Metal oksitler ise bol bulunmalari ve yiiksek teorik
kapasitans degerleri gibi avantajlara sahiptir (An vd.
2019). Superkapasitor calismalarinda PPy’lin gesitli
(MnO2, Mo0s;, NiO, V,0s) ile

kompozitlerinin spesifik kapasitans (204 - 970,85 F g’

metal oksitler

1), enerji yogunlugu (18 - 63,9 Wh kg?), gic
(301 — 2000 W kg?) degerlerinin
digerleriyle yarisabilir dlizeyde olduguve 0,5-2A g

yogunlugu

a - ongl sonrasinda kapasitanslarinin
Yda 1000 — 6000 d6ngii dak i |
%57,0 — %95,7’ini korudugu belirlenmistir (Karaca

vd. 2018, Deng vd. 2021, Golkhatmi vd. 2021,
Pourfarzad vd. 2021).

Antimon oksit dopant veya katalizor olarak kullanilan
malzemelerden biridir (Allen vd. 2013). Son yillarda
lityum- ve sodyum- iyon bataryalar icin Sb/Sb,03
veya bunun indirgenmis grafen oksit (rGO), karbon
nanofiber ile kompozitleri galigilmis ve 100-3300 mA
gVde spesifik kapasitansinin  212-790,9 mAh/g
oldugu ve 50 — 500 dongi sonrasinda kapasitesinin
%89 — %98,8’ini korudugu bildirilmistir (Hong vd.
2014, Hong vd. 2015, Kim vd. 2019, Zhou vd. 2019,
2022).  Sb,0s/Sn0,
sentezlendigi lityum-iyon batarya calismasinda 250

Zhang vd. kompozitinin
dongii sonrasi 100 mA g¥de kapasite 910 mAh g*
Sb203/5n02
kompozitinin sentezlendigi sodyum-iyon batarya

bulunmustur. Karbon ara katmanli
calismasinda ise 100 déngii sonrasi 1500 mA g¥de
kapasite 269 mAh g bulunmustur. Bu ¢alismalarda
SnO2’'nin kapasitansa katki sagladigi Sb,0s’Gin de
kapasite kaybini 6nledigi bildirilmistir (Du vd. 2021,
Zhang vd. 2021). Baska bir pil arastirmasinda,
PPy/Sb/Sb,0;
sentezlenmis ve PPy'nin

kompoziti elektrokimyasal olarak

yiksek yilizey alani
sayesinde 100 déngl sonrasi 66 mA g¥de yiksek
kapasite (512,01 mAh g?t) sergiledigi bildirilmistir
(Nam vd. 2015).

Superkapasitér elektrot aktif malzemesi olarak
SnO>'nin PPy ile kompoziti (PPy/Sn0O,) kimyasal
olarak sentezlenmis, 1 M H,S0; icinde 0,5 A g¥de
spesifik kapasitans degeri 523 F g'* bulunmus, 1500
kapasitesinin %94’ Un{i
korumustur (Hamidouche vd. 2022). Sliperkapasitor
elektrot malzemesi olarak kimyasal sentezlenmis

doéngu sonrasinda

grafen/PPy/Sn0, nanokompoziti kullanildiginda ise 1
M H,S0; icinde 1 mV sVde spesifik kapasitans 616 F
gl gic yogunlugu 9973,26 W kg! ve enerji
yogunlugu 19,4 Wh kg saglamistir (Wang vd. 2012).
SnO2’'nin diger iletken polimerler ile olusturdugu
kimyasal olarak sentezlenmis kompozitlerin
kullanildigl  stiperkapasitér c¢alismalarin ilkinde
(Wang vd. 2013), grafen/PEDOT/SnO, elektrot
malzemesinin 1 M H,SO, icinde spesifik kapasitansi
184 F gliken 1 M NaySO, icinde 180 F g olarak
bulunmus ve aralikta

genis  bir cahisabildigi
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gosterilmistir. 1 M H,SO4 ve Na,SO4 icinde 1 A g¥de
5000 dongliden sonra bile kapasitansinin sirasiyla
%100 ve %70'ini PANI/SnO,
nanokompozitinin kimyasal olarak sentezlendigi
gug
yogunlugu 960,6 W kg! ve enerji yogunlugu 66,8 Wh
kg! olarak bulunmustur (Luo vd. 2014). 2000 sarj
desarj donglisiinden sonra kapasitansinin %85,8’ini

korumustur.

calismada spesifik kapasitans 501 F g7,

korundugu bildirilmistir. Kimyasal olarak
sentezlenmis rGO/PANI/SnO, (GSP) kompozitinin 1
M H,S0;, icerisinde Ug elektrotlu hiicrede incelendigi
calismada 2 A gVde spesifik kapasitansi 340 F g?
olarak bulunmus ve 1000 dongii sonrasinda
kapasitansinin =~ %98'ini  korudugu  bildirilmistir
(Kandasamy vd. 2020). GSP ve rGO dan hazirlanan
asimetrik glc
yogunlugu 1,07 kW kg ve enerji yogunlugu 12 Wh
kg
kimyasal

sUperkapasitor hiicresinde ise

oldugu gosterilmistir. Bir baska ¢alismada
olarak sentezlenen grafen/PANI/SnO,
kompozitinin 1 M H,S0, icerisindeki elektrokimyasal
dzellikleri incelendiginde 5 mV sVde spesifik
kapasitans degeri 913,4 F g olarak bulunurken 1000
dongl sonrasinda baslangigtaki kapasitansinin
%90,8’ini korudugu bildirilmistir (Jin ve Jia 2015).
Sonug olarak literatiirde PPy/SbO,-SnO, kompozitini
iceren aktif elektrot malzemesinin kullanildig

superkapasitorler ile ilgili bir calisma

bulunmamaktadir.

Bu calismada siperkapasitér anodu igin asetonitril
ortaminda tek basamakta PPy, SbOy ve SnO3'nin es
zamanh elektrokimyasal sentezi ile PPy/SbO4-SnO;
kompozit kapli grafit elektrot hazirlandi. Sentez
¢Ozeltisi olarak pirol (Py) monomeri ve Sb(BF,); ile
Sn(BF4), tuzlari ve tuzlarin sentezi sirasinda gelen
HBF, (su icinde agirhkca  %48)
TBABF,4/asetonitril kullanildi. Kompozit ve
karsilastirmak icin ayni kosullarda sentezlenmis PPy

iceren

homopolimer kaph elektrotlarin kapasitif ve
elektriksel 6zellikleri sulu 100 mM H,SO,4 ¢ozeltisinde
donlsimli  voltametri, galvanostatik sarj-desarj
(GCD) ve elektrokimyasal empedans spektroskopisi
(EIS) ybntemleri kullanilarak arastirildi. PPy/SbOy-
Sn0; kompozit kaplamayi karakterize etmek igin XPS,
XRD, FESEM ve EDX-haritalama teknikleri kullanildi.
Calismanin son kisminda anot ve katot olarak

sirasiyla PPy/SbOx-SnO,/CMC kompozit kaph grafit

kagit (GK) ve aktif karbon bazh GK kullanilarak
polivinil alkol (PVA)/H,SO, jel elektroliti icinde
asimetrik stperkapasitor

hiicresi hazirland1 ve

kapasitif performansi arastirildi.

2. Materyal ve Metot
2.1 Kimyasallar

Asetonitril (HPLC safliginda, %99,9), Sb,0; (Fisher
Chemical, %99), SnO (Fisher Chemical, %98,5), HBF,4
(Sigma, su icinde agirlikca %48), tetrabltilamonyum
tetrafloroborat (TBABF,4, Acros Organics, %99), H,SO4
(Fluka, %97), karboksimetil seliiloz (CMC, Sigma,
%96), karbon siyahi (Sigma, %99,5), aktif karbon
(Sigma, %99,5) ve polivinil alkol (PVA, Sigma, %99)
saflagtiriilmadan kullanildi. Pirol (Py, Sigma, %98)
monomeri damitildiktan sonra buzdolabinda azot
atmosferinde saklandi. Kompozitin sentez ¢ozeltisini
hazirlamak icin stok Sb(BFs); ve taze hazirlanmis
Sn(BF4)> cozeltileri kullanildi. Bu ¢ozeltiler, asetonitril
ortaminda Sb,0s'lin ve SnO’nun sulu HBF. ile 70
°C'de reaksiyona sokulmasiyla hazirlandi (Aydin vd.
2021):

Sb,Os+ 6 HBFs > 2Sb(BFs); +3H,0 Rl
SnO+ 2 HBF4 > Sn(BF4), + H,0 R2

2.2 Elektrokimyasal Calismalar ve
Karakterizasyonlar

Elektrokimyasal sentez ve elektrokimyasal testler,
referans, karsit ve calisma elektrotlarindan olusan tg¢
elektrotlu bir hiicre kullanilarak gergeklestirildi.
Referans elektrot olarak, asetonitril ortaminda
Ag/AgCl (doygun) ve sulu ortamda doygun kalomel
elektrot (SCE) kullanildi. Karsit elektrot olarak Pt tel
ve c¢alisma elektrodu olarak elektrokimyasal
karakterizasyonda kalem ucu grafit (KG, 0,0314 cm?),
spektroskopik karakterizasyonda grafit plaka (1,0
cm?), siperkapasitér hiicrenin  anot ve katot
elektrotlarinin hazirlanmasinda grafit kagit (GK, 1,0
Her bir

elektrodunun ylizeyi sirasiyla 600 ile 4000 arasinda

cm?)  kullanildi. kaplamadan once KG

gbzenek boyutuna sahip zimpara kagidi ile parlatildi.

Elektrokimyasal ¢alismalar CH Instruments 660B ve
Gamry Reference 3000 ile gergeklestirildi.
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PPy/SbO«-Sn0, kapli KG elektrodu, Py (100 mM),
Sb(BF4)3(5,0 mM) ve Sn(BF4), (1,5 mM) iceren TBABF,
(100 mM)/asetonitril
dontsimli voltametri yontemi ile PPy, SbOy ve

cozeltisinde c¢ok dongila

SnO;'nin es zamanli sentezi ile tek basamakta
SbOx
kapasiteye etkisini belirlemek icin ayni kosullarda

hazirlandi.  Kompozit igindeki ve Sn0’in
PPy sentezlendi ve sonuglar karsilastirildi. 1,0 mg cm-
2 kitle yiiklemesine sahip kaplamalar, CV, EIS ve GCD
teknikleri kullanilarak 100 mM H,SO, ¢6zeltisinde
test edildi. EIS 6lcimi agik devre potansiyelinde 100
kHz'den 0,01 Hz'e kadar vyapild.
elektrotlarin elektriksel parametreleri, ZSimpwin
V3.50 yazihminda Rs(Cai(RctW))Coc esdeger devre

modeli kullanilarak belirlendi. GCD o&lglimleri, (g

Kaplanmis

elektrotlu bir hicre kullanllarak 5 A g¥de
gerceklestirildi. PPy/SbO,-Sn0O, kompozit kapl grafit
levha yiizeyinin spektroskopik karakterizasyonu igin
FESEM (FEI NOVANANOSEM 50), EDX (EDAX), XRD
(PANalytical XPS

yontemleri kullanildi.

Empyrean) ve (Specs-Flex)

2.3 Asimetrik Hiicre

Asimetrik hicrenin anot aktif malzemesi olarak GK
(2,0
voltametri ile

cm?) cok dongili

PPy/SbO-Sn0,/CMC
kaplandi. Sentez ¢oOzeltisi olarak 400 mM Py, 20 mM
Sb(BF4)2, 6 mM Sn(BF4); ve 5 mg L™* CMC iceren 100
mM TBABF,/asetonitril ¢ozeltisi kullanildi. CMC, aktif
malzemenin mekanik dayanimini

ylzeyine donlisimli

kompoziti

arttirmak igin
sentez ¢ozeltisine eklendi (Zhao vd. 2017). Katodun
aktif malzemesini hazirlamak icin karbon siyahi
(%10), aktif karbon (%80) ve PVDF (%10) baglayicinin
N-metil-2-pirolidon ¢0zeltisi igerisinde homojen
olarak karistirildi, GK (1,0 cm?) ylzeyine 150 pm
kahnhginda doktor blade teknigi kullanilarak sivandi,
12 saat boyunca etliv igerisinde 80°C’'de kurutuldu ve
asimetrik hiucrenin katodu olarak kullanildi. Benzer
yuk degerlerini saglamalari (g« = g.) i¢in her iki
aktif kitle
yiklemeleri yaklasik olarak 10 mg cm2 olacak sekilde

elektrot ylizeyindeki malzemenin
hazirlandi. Hicrenin ¢alisma potansiyel arahgini
belirlemek igin anot ve katodun donlisimli
voltamogramlari (¢ elektrotlu hiicre ile 100 mM
H.S0,4 ¢ozeltisinde alindi. Asimetrik stperkapasitor

hiicre icinde kullanilan jel elektrolit, 80°C'de 5,0 g

polivinil alkol (PVA) ile 50 mL H,O karisimina 5,0 g
H,SO4’in karistirilmasiyla hazirlandi ve separatoriin
on ve arka ylzeyine uygulandi. Separator olarak
camsi mikrofiber filtre kagidi (Whatman GF/A)
kullanildi.  Hazirlanan asimetrik stperkapasitor
hiicre, CV, EIS ve GCD teknikleri kullanilarak test
edildi. V3.50
yazilminda devre modeli

Hilcrenin i¢c direnci, ZSimpwin

uygun bir esdeger
kullanilarak belirlendi. GCD &lglimleri gesitli akim
yogunluklarinda (2,5 - 10 A g?) yapildi. Déngli dmrii

10 A g¥de 1000 déngii ile belirlendi.

Kaplanmis elektrodun CV’sinden spesifik kapasitans
(Cm F g1) degeri asagidaki denklemden hesaplandi
(Karaca vd. 2019):

(Ia+ c1)

Cm = 2m(av/de)

(1)

burada /, ve I (A) sirasiyla CV egrisinin anodik ve
katodik akim degerleri, m (g) elektrot yizeyine
kaplanan aktif malzemenin kitle yiuklemesi ve dV/dt

(V st) tarama hizidir. m, asagidaki denklem ile

hesaplandi.
QXM
= 2
m FXxn (2)

Denklemde yer alan Q(C) film biriktirilirken harcanan
yik miktari, M piroliin molekdl katlesi (67,09 g mol
1), F Faraday sabiti (96450 C), n katkilanmis PPy’nin
monomer birimi basina aktarilan elektron sayisi olup
2,25 degeri kullanildi (Van Dyke ve Martin 1990).

GCD yontemi kullanilarak kaplanmis elektrodun
spesifik kapasitans degeri Cn (F g?), asagidaki
denklemden hesaplandi (Karaca vd. 2019):

I XAt

= (3)

mxAV

m

burada / akim degeri, At desarj siiresi, m kaplamanin
kitle yiklemesi ve AV potansiyel araligidir (Karaca
vd. 2019).

3. Bulgular

3.1 Asetonitril ortaminda Sn(BF;), ve Sb(BF,)s’iin
Elektrokimyasal Davranisi

Donlisimli voltametri yontemi kullanilarak kalem
ucu grafit (KG) elektrot ylizeyine SbOy, SN0, ve PPy’in
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sirastyla Sb(BF4)s, Sn(BF4), ve Py monomerinden es

zamanli olarak sentezi gerceklestirileceginden
oncelikle asidik asetonitril ortaminda Sb(BF4); ve
Sn(BF4)2'nin elektrokimyasal davranislari incelendi
(Sekil 1). Sekil 1.(a)’da sunulan donlsimli
voltamogramda (CV) 0,6 V ve 1,0 V'da (Ag/AgCl’e
kars)) gdézlenen pikler, Sb*’in -0,5 V'dan daha
negatif  potansiyellerde Sb  metali  olarak
biriktirildikten sonra Sb3 ve Sb** ‘e yiikseltgenmesine
2021)

piklerinin

(Kalubarme vd. aittir.  Geri donglde

indirgenme olmamasi bu
yukseltgenmelerin tersinmez oldugu, Sb(BF4)s stok
¢Ozeltisinde bulunan HBF,‘den gelen az miktardaki su
(185 mM) ile antimon oksite dénistlgu, soylenebilir
(Bkz.3.3). Sekil 1.(b)’de 0,0 V ve 0,2 V'da ki (Ag/AgCl’e
karsi) genis pikler negatif potansiyellerde elektrot
ylizeyinde Sn metali olarak biriktirildikten sonra Sn?*
ve Sn**'ya yiikseltgenmesine atfedilebilir (Vicent vd.
1998). Bu yikseltgenmeler de tersinmez olup KG
elektrot ylizeyine kalay oksit olarak birikmektedir
(Bkz.3.3). Sekil 1'deki voltamogramlar asetonitril
ortaminda pozitif potansiyellerde antimona ve
kalaya ait her iki vyikseltgenme basamaginin

bulunabilecegini gostermektedir.
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Sekil 1. (a) Kalem ucu grafit (KG) elektrot yiizeyinde 80
mM HBFs+ 100 mM TBABF4/ asetonitril ortaminda (a) 20
mM  Sb(BFs)3, (b) 250 mM Sn(BFs)2’nin donlsimlu
voltamogrami (CV), v=100 mV s,

3.2 PPy/SbO,-Sn0O> kompozitinin sentezi ve
elektrokimyasal karakterizasyonu

PPy/SbO«-Sn0O, kompozit kapli KG elektrodu
hazirlamak igin Py, Sb(BF4); ve Sn(BF4); iceren TBABF,
/asetonitril ¢ozeltisinde (sentez ¢ozeltisi) c¢ok
dongili dondslimla voltametri ile (-0,2 V) — (1,2 V)
(Ag/AgCl'e karsi) araliginda elektrot yuizeyine PPy,
SbOy ve Sn0;'nin es zamanli elektrokimyasal sentezi
gerceklestirildi. 1,0 mg cm? kitle yiklemesine
ulastiginda potansiyel taramasi sonlandirildi ve siyah
renkli kaplamanin sulu 100 mM H,S0, ¢6zeltisinde (-
0,3 V) — (0,65 V) (SCE’e karsi) araliginda CV’si alindi
(Sekil 2.(a)). Kaplamaya ait genis yikseltgenme ve
CV’'nin
elektrodun
kapasitif 6zellige sahip olduguna isaret etmektedir
(SuongaOu 2008). Kompozit icindeki SbOx ve SnO;‘in

etkisini belirlemek igin ayni kosullarda Py iceren

indirgenme piklerinin  olmasi  ve

dikdortgenimsi sekli kompozit kapli

TBABF, / asetonitril ¢dzeltisinde PPy homopolimeri
sentezlendi ve sulu H,SO, ¢bzeltisinde CV’si alindi
(Sekil 2.(a)). Kaplamalara ait CV’lerden Denklem 1
spesifik kapasitans (Cm)
hesaplandi. Buna gére kompozit kapl KG elektrodun
Cm degeri (298,5 F g!) PPy kaplh elektrodununkinden
(269,6 F g*) daha yiiksek ve kaplanmamis elektrodun
yaklasik 1,8x10%> katidir (Cizelge 1).
Kapasitanstaki bu artisin kompozitte bulunan SbOy
ile SNO;’in psédokapasitif katkisindan kaynaklandigi

kullanilarak degerleri

olarak

soylenebilir. Boylece slperkapasitoriin sarj islemi
sirasinda kompozit kaplamanin bilesenlerine (PPy,
Sn0; ve SbO,) ait R3-R5 (Xue vd. 2009, Gonzalez—
Fuentes vd. 2021) reaksiyonlari meydana gelir;

bosalma islemi sirasinda ise tersi reaksiyonlar
gerceklesir.

SnO + H,0 - Sn0; + 2 HY + 2e R3

Sb203 + 2H,0 = szOs +4 H" + 4e R4

PPy - PPy* + ¢ R5

KG elektrot vylizeyine PPy/SbO,-SnO>
kaplamanin gerceklestirilmesi esnasinda alinan ¢ok

kompozit

dongiliu voltamogram Sekil 2.(b)’'de gosterilmistir.
Buna gore 0,6 V'dan daha pozitif potansiyellerde Py
monomeri ylikseltgenir ve sirasiyla pirol katyon
kaybi,
olusumu, dimer ylkseltgenmesi, dimer ile pirol

radikallerinin  birlesmesi, proton dimer

katyon radikalinin birlesmesi, proton kaybi, trimer,
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oligomerler ve en sonunda PPy olusur. Es zamanl
olarak 0,6 V ve 0,2 V'dan daha pozitif potansiyellerde
(Sekil 1) sirasiyla SbOy (Sb,03 + Sb,0s) ve SnO; olusur
(Bkz.3.3). Her dongl sonrasinda (0,0 V) — (0,6 V)
(Ag/AgCl’e karsl) arasindaki genis ylkseltgenme ve
geri dongtdeki (0,5 V) — (-0,2 V) (Ag/AgCl’e karsi)
arasindaki genis indirgenme pik siddetlerinin giderek
artmasi elektrot ylzeyine biriktirilen elektroaktif
PPy/SbO-Sn0, kompozit miktarinin giderek arttigina
isaret eder. Sonuc olarak KG ylizeyine tek basamakta
kapasitif 6zellige sahip PPy/SbO4-Sn0O, kompozit
kaplama elde edilmistir.
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Sekil 2. (a) KG elektrot yuzeyine Py, Sb(BF4)3 ve Sn(BFa)2
iceren TBABF4 / asetonitril ¢6zeltisinde sentezlenen
PPy/SbOx-Sn0> kompozit ve Py iceren TBABF4/ asetonitril
¢ozeltisinde sentezlenen PPy homopolimer kaplamalarin
(1,0 mg cm2kiitle yiiklemesinde) sulu H2SOa ¢ozeltisinde
alinan CV’leri, (b) asetonitril ortaminda PPy/SbOx-SnO:
kompozitinin sentezi esnasinda alinan ¢ok dongili
voltamogram, v=100 mV s*. (cpy=100mM, Csb(sr2)3=5,0mM,
Csn(sr4)2=1,5mM, cTeasra=100mM, cH2s04=100mM)

Cizelge 1. PPy/SbOx-Sn0O2, PPy kaplanmis ve kaplanmamis
KG elektrotlarinin sulu 100 mM H2SO4 ¢6zeltisinde elde
edilen CV ve GCD egrileri kullanilarak hesaplanan
(Denklem 1) spesifik kapasitans (Cm) degerleri.

Cn/Fg?
Elektrot cv GCD
KG//PPy/Sn0O; -SbOx 298,5 363,1
KG//PPy 269,6 304,7
KG 1,6 1,1

Ug elektrotlu sistemde yapilan Galvanostatik Sarj-
Desarj (GCD) testi ile ticari sonuglara en yakin Cy,

degerleri elde edildiginden yaygin  olarak
kullanilmaktadir.  PPy/SbO«-SnO, kompozit ve
karsilastirmak icin PPy homopolimeri kapl KG

elektrotlarinin sulu 100 mM H,SO, ¢Ozeltisi icerisinde
5 A g? GCD
gerceklestirildi (Sekil 3). Uggen benzeri sarj-desarj
dogrusal
kompozit

akim  yogunlugunda testleri

egrilerinde olmayan  bir  profilin

sergilenmesi kapl elektrotlarin
psodokapasitif Ozellige sahip oldugunu dogrular.
GCD egrilerinden yararlanarak Denklem 3’ten Cp,
degerleri hesaplandi ve sonuglar Cizelge 1'de
sunuldu. Buna gore PPy/SbO,-SnO, kapli KG
elektroduna ait Cn degeri (363,1 F g?) PPy kapl
elektrodunkinden (304,7 F g!) daha yiksektir. Sonug
olarak PPy kaplamanin C. degerini, SbOx ve SnO,
ilavesiyle (PPy/SbO.-Sn0,) yaklasik olarak 1,2 kat
arttirmis olup kaplanmamis elektrodunkinden de
(1,06 F g?') 3,4x10* kat daha fazla

belirlenmistir.

oldugu

E (DKE'e karsi) / V
o
N

KG
{ —«kaciPpy
— KG//PPy/SbO,-SnO,

0O 20 40 60 80 100 120 140 160
zaman /s

Sekil 3. PPy/SbOx-Sn0: ve PPy kaplanmis KG elektrotlarin
ve kaplanmamis KG elektrodunun sulu 100 mM H2SO4
cozeltisinde 5 A g akim yogunlugunda kaydedilen GCD
egrileri.

Sekil 4 PPy/SbO4-Sn0O, kompozit kapl ve PPy
homopolimeri kapli KG elektrotlarinin sulu 100 mM
H,SO, ¢Ozeltisinde 100 kHz-10 mHz
araliginda

frekans
gerceklestirilen elektrokimyasal
empedans spektroskopi (EIS) dl¢limlerini Nyquist ve
Bode

egrilerinde vyuksek frekans

egrileri olarak godstermektedir. Nyquist

bolgesindeki yarim

dairenin  gercek eksenle  kesisimi  elektrot

malzemenin i¢ direncinin, elektrolitin iyonik

direncinin ve elektrot ile akim toplayici arasindaki

direncin toplami olan ¢ozelti direncini (Rs)

903



Siiperkapasitor anot icin PPy/SbOx-Sn02 kompoziti, Cekic vd.

vermektedir (Karaca vd. 2019). Ayrica Nyquist
egrisindeki yarim dairenin ¢api elektrolit ile elektrot
direncine (Ret) karsihik

arasindaki yik transfer

gelmektedir. PPy ile karsilastirildiginda Nyquist
egrilerindeki daha dik ¢ikis ve Bode egrisindeki daha
blylk maksimum faz agisi bir baska deyisle daha iyi
kapasitif davranis PPy/SbO4x-SnO,

gorilmektedir.

kaplamasinda
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<094 4,
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Sekil 4. PPy/SbOx-Sn0O: ve PPy kaplamis KG’lerin sulu 100
mM H2SO4 ¢ozeltisi igerisinde alinan EIS &lglimlerinden
elde edilen (a) Nyquist (Sekil ici: esdeger devre) ve (b)
Bode egrileri.

Cizelge 2 ZSimpWin V3.50 yazilimi kullanilarak

Nyquist ve Bode egrileri ile en iyi ¢akisan
Rs(CdI(RctW))Cpc

bulunan parametrelerin degerlerini gostermektedir.

esdeger devre modellemesi ile
Esdeger devre modellemesinde yer alan R ¢ozelti
direnci, Cq cifte tabaka kapasitansi, R yik transfer
direnci, W Warburg direnci ve Cpc psédokapasitans
parametrelerine karsilik gelir. PPy/SbO4-Sn0O, ve PPy
kapli elektrotlar karsilastirildiginda Rt degeri 1,05 Q
cm? degerinden 0,075 Q cm? degerine diismekte, Cpc
degeri ise 0,29 F cm?den 0,33 F cm?ye
yukselmektedir. Bu PPy/Sb0O4-Sn0,
kompozit kapli elektrodun kapasitif 6zelliginin PPy

sonuglar

homopolimer kaph elektrodunkine goére daha iyi
oldugunu gostermektedir.

3.3 PPy/SbO«-Sn0O, Kompozit Kaplamanin
Spektroskopik Karakterizasyonu

TBABF4/asetonitril ortaminda grafit levha yiizeyine
¢cok dongilli dontsimli voltametri ile biriktirilen
PPy/SbO«-Sn0O,  kompozit  kaplamanin  diger
kaplamalarla karsilastirmali olarak XPS, XRD, FESEM
ve EDX analizleri gerceklestirildi.

XPS
PPy/SbO«-Sn0O, kompozit kaplamanin genel XPS
spektrumunda Sb 3d, Sn 3d, N 1s, C 1s, B 1s, F 1s ve
O 1s pikleri gozlendi (Sekil 5.(a)). Sb, Sn ve N pikleri
dekonvole edildiginde Sb(lll) 3ds/» (539,7 eV), Sb(lll)
3ds;, (531,1 eV), Sb(V) 3ds»(540,5 eV),, Sb(V)
3d52(531,8 eV), Sn(IV) 3ds2(495,8 eV), Sn(IV)
3ds,2(487,3 eV),, -N=(398,0 eV),, N-H(399,9 eV), ve -
N*(402,0 eV), pikleri (Delfani vd. 2022) , antimon
belirlendi (Sekil 5. (b-d). Bu sonuglardan antimon,
Sb(lll) ve Sb(V) olmak uzere her iki
basamagindaki

degerlik
oksitlerini  olustururken kalayin
sadece Sn(IV) oksit olarak biriktigi ¢cikarimi yapilabilir.
—N=, N-H, ve -N* varhg ise PPy’nin kompozitte
kismen yikseltgenmis olarak bulundugunu gosterir.
Ayni  kosullarda biriktirilmis PPy/SnO, kompozit
kaplamanin XPS spektrumunda (Sekil 6) Sn 3d, C 1s,
N 1s, F 1s, B 1s ve O 1s pikleri gozlendi. Sn piki
dekonvole edildiginde 495,8 eV ve 487,3 eV’'daki
pikler sirasiyla Sn(IV) 3ds;; ve Sn(IV) 3ds,’ ye aittir
(Delfani vd. 2022). N piki dekonvole edildiginde —N=,
N-H ve -N* yapilan belirlendi (Ceki¢c vd. 2023).
Buradan kompozit yapisinda lglii kompozitte oldugu
SnO;

yukseltgenmis PPy bulundugu cikarimi yapilabilir.

gibi  sadece bulundugu ve kismen
Ancak Ugli kompozitten farkl olarak ikili kompozitte
-N-H’nin -N*’ya oraninin daha ylksek olmasi sentez
cozeltisinde bulunan Sb3* ’nin elektrokimyasal
yikseltgenmesiyle olusan Sb* 'nin (R6), Py (PPy)’i
katalitik olarak ylkseltgedigine isaret etmektedir
(R7). Sekil 1’deki voltamogramlarda gorilen pik
potansiyelleri karsilastirildiginda da bu c¢ikarim
dogrulanmaktadir. Py monomerinin yikseltgenmeye
(0,6 V), Sn*‘ninkinden daha pozitif

potansiyelde (0,2 V), Sb>*‘ninkinden daha negatif

baslamasi

potansiyelde (1,0 V) gerceklesmektedir. Boylece
sentez c¢dzeltisinde bulunan Sn%, SnO; olusumu
nedeniyle sadece psodokapasitif katki saglarken;
Sb3*, SbOy psédokapasitif

olusumu nedeniyle
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katkisina ek olarak PPy’in blylimesine ve

katkilanmasina katalitik etki gostermektedir (R7).

Sb3* > Sb* + 2e’
2 Py (PPy) + Sb*" = 2 Py* (PPy*) + Sb*'

R6
R7

Cizelge 2. PPy/Sn02-SbOx ve PPy kaplanmis KG elektrotlarinin sulu 100 mM H2SOs ¢o6zeltisi icerisinde alinan EIS
spektrumlarinin ZSimpWin V3.50 yazilimi kullanilarak Rs(Cai(RctW))Cpe devresi ile gakistirilmasi sonucu elde edilen

parametrelerin degerleri.
Elektrot Rs/ Cal / Rct/ w / Coc / xZ
Qcm? mFcm? Qcm? QsY2em? F cm™
KG//PPy/SbOx-Sn02 1,83 14,0 0,075 0,82 0,33 0,00092
KG//PPy 1,95 0,95 1,05 0,45 0,29 0,0036
KG 2,00 0,07 7800 0,0052
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Sekil 5. Grafit levha ylzeyine biriktirilen PPy/SbOx-Sn02 kompozit kaplamanin (a) genel XPS spektrumu ve (b) Sb 3d, (c)

Sn 3d, (d) N 1s XPS taramalari.
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Sekil 6 Grafit levha ylzeyine sentezlenmis PPy/SnO:
kompozit kaplamanin (a) genel XPS spektrumu ve (b) Sn

3d, (c) N 1s XPS taramalari.

FESEM ve EDX
Grafit
voltametri ile

levha vyizeyine ¢ok dongili donisimli
PPy/SbO4-Sn0,
kompozitinin FESEM ¢alismalari gergeklestirildi ve

sentezlenen

ayni kosullarda sentezlenen PPy kaplamaninkiyle
birlikte Sekil 7’de sunuldu. Kaplanmamis ve PPy
homopolimeri ile kaplanmis grafit levha ylizeylerinin
FESEM-ikincil (FESEM-SE)
karsilastirildiginda PPy’e ait karnabahar yapisi acik¢a
gorilmektedir (Sekil 7.(a, b)). PPy/SbO4-SnO>
kaplamanin FESEM-SE goriintasu (Sekil 7.(c)) ise
(Sekil  7(.b)),
tanecikler iceren daha diizglin bir ylizey sergilemistir.

elektron gorintdleri

PPy’ninkinden farkh olup kiguk
Agir atomlarin parlak ve acik renkli olarak ortaya
¢iktigl FESEM-BSE goriintlisiinden ve EDX-Sb ile EDX-

Sn haritalamalarindan (Sekil 7.(d-f) metal oksitlerin

kaplama icinde homojen olarak dagildigi
anlasiilmaktadir. Bunun nedeni metal oksitlerin
elektrokimyasal olarak biriktirilmeleri olmalidir.
Elektrokimyasal sentezin bu yoOnlyle diger

yontemlere gore UstUnlik sagladigi bilinmektedir

(Karaca vd. 2019). Ayrica EDX haritalamalarindan
(Sekil 7.(e, f)) SbOx ve SnO; kaplanmis grafit levha
ylzeyinde kalay ve antimonun sirasiyla %1,5 ve %1,2
oraninda bulundugu belirlenmistir. Sonuc¢ olarak
kaplama icinde SnO, ve SbOx c¢ok az miktarda
bulunmasina ragmen bunlarin  psddokapasitif
katkilari (R3, R4) ve kaplama icinde homojen olarak
dagilmalar kapasiteyi arttiran iki 6nemli etkendir

(Cizelge 1).

XRD
PPy/SbO«-Sn0O; kompozit kapli ve ayni kosullar
altinda asetonitril ortaminda Sb(BF4); ve Sn(BF4),'ten
elektrokimyasal olarak sentezlenen SbOyx ve SnO,
levha yizeylerinin XRD analizleri
gerceklestirildi  (Sekil 8). Butin spektrumlarda
gozlenen 26,4°, 42,3°, 44,5°, 50,7°, 54,5°, 59,9° ve
77,5°’deki pikler grafit (JCPDS: 26-1076)
substrattan  kaynaklanmaktadir.

kaph grafit

levha
SbOy
sentezlenmis ylizeyden alinan spektrumda 28,1°,
28,6°, 52,6°, 71,2° ve 71,2°, 55,2°, 60,9°, 23,9 de
gbzlenen pikler sirasiyla Sb,0Os (JCPDS: 43-1071) ve
Sb,0s ‘e (JCPDS: 50-1376) aittir. Sadece SnO;
sentezlenmis ylzeyden alinan spektrumda 29,8°,
23,8°, 21,2°, 33,9°, 52,8° ve 71,2 deki pikler SnO;’e
(JCPDS: 29-1484) aittir. Scherrer denklemi ile metal
oksitlerin kristal boyutlari hesaplandi ve yaklasik
olarak Sb,0s3,i¢in 77,8 nm, Sbh,0s icin 28,3 nm ve Sn0;
icin 28,9 nm bulundu. Bu da elektrokimyasal olarak

Sadece

sentezlenen metal oksitlerin nano yapida oldugunu
gbstermektedir. PPy/SbO«-SnO, kaplamanin XRD
spektrumunda SnO; ve SbOy'in bitlin pikleri metal
oksitlerin tek basina sentezlendigi ylzeylerin
spektrumlarininkinden daha disik siddette oldugu
gozlenmektedir. Bunun nedeni metal oksitlerin
kompozit iginde %1,5 ve %1,2 oraninda (EDX

haritalamalarindan) bulunmasi olmahdir.
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Sekil 7. (a) Kaplanmamis (b) PPy kapli grafit levha ylizeyinin FESEM-SE goriintileri; PPy/SbOx-Sn02 kompozit kapli grafit
levha ylzeyinin (c) FESEM-SE, (d) FESEM-BSE goriintileri ve (e) EDX-Sb, (f) EDX-Sn haritalamalari.
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Sekil 8. Grafit levha ylzeyine sentezlenen PPy/SbOx-SnO2, SbOx ve SnO: kaplamalarin XRD spektrumlari.
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3.4 PPy/Sb0O,-Sn0; kapli grafit kadit ile hazirlanan
asimetrik siiperkapasitor hiicre

Bu calismada asimetrik hiicrede enerji yogunlugunun
ana kaynagl olan anot aktif malzemesi olarak
PPy/Sb0«-Sn0; kullanildi. Bu malzemenin mekanik
dayanimini arttirmak icin PPy/SbO4-SnO; kompoziti,
CMC (karbosimetil seliiloz) varliginda biriktirildi.
PPy/Sb0«-Sn0,/CMC kompozitinin sentezi buyuk
alanli (1,0 cm?) grafit kagit (GK) elektrot yiizeyine 400
mM Py, 20 mM Sb(BF4)2, 6 mM Sn(BF4), ve 5 mg L?
CMC iceren 100 mM TBABF,/asetonitril ¢ozeltisinde
10 mV sVde cok déngiilii déniisiimlii voltametri ile
gerceklestirildi. Asimetrik hicreye glic yogunlugu
saglayan ana kaynak olan katodun aktif elektrot
malzemesi gdzenekli ve genis ylizey alanina sahip
karbon bazli karisimdan hazirlandi. Bu malzeme %10
karbon siyahi, %80 aktif karbon ve %10 PVDF
baglayicinin N-metil-2-pirolidon ¢Ozeltisinde
homojen olarak karistiriimasiyla elde edildi. Katot bu
karisimin doktor blade metodu kullanilarak 150 um
kalinhginda GK yizeyine uygulanmasi ile hazirlandi.
Anot ve katot elektrot aktif malzemelerinin kiitle
yuklemeleri, benzer yik degerlerinin (g+ = q.)
saglanmasi icin yaklasik olarak 10 mg cm?‘de sabit
tutuldu. Sekil 9 hazirlanan karbon bazli ve PPy/SbO,-
Sn0,/CMC kompozit kaph GK elektrotlarin sulu 100
mM H,SO, bulunan g elektrotlu hiicrede alinan
CV’'lerini gostermektedir. Buna goére karbon bazli
elektrot (-1,0 V) — (0,0 V) araliginda ve PPy/SbO,-
Sn0,/CMC kapl elektrot (-0,3 V) — (0,65 V) araliginda
kapasitif davranis sergilemis ve hiicrenin maksimum
potansiyel araligi 1,65 V olarak belirlenmistir.

Asimetrik hiicre icinde kullanilan PVA/H,SO, jel
elektrolit, 50 mL su icinde 5 g PVA ve 5 g H,SO,'in
80°C'de karistirilarak isitilmasiyla hazirlandi. Jel
elektrolit cam mikrofiber filtreli separatérin 6n ve
arka kisimlarina uygulandiktan sonra hazirlanan anot
ve katot arasina yerlestirilerek hiicre kapatildi.
Hazirlanan asimetrik hiicrenin elektrokimyasal
karakterizasyonu icin CV, EIS ve GCD analizleri
gerceklestirildi. 10 mg cm™ kiitle yiiklemeli anot ve
katottan hazirlanmis asimetrik hiicrenin (0,0 V) —(1,4
V) araliginda alinan CV ve Nyquist egrisi Sekil 10.(a,
b)’'de verilmistir. CV egrisinin dikdortgenimsi sekli
hazirlanan hiicrenin kapasitif 6zellige sahip oldugunu

gostermektedir. Nyquist
frekanslardaki  dik  ¢ikis
gostergesi ile iliskilendirilebilir. ZSimpWin V3.50

egrisinde disik

kapasitif  davranisin
yazilimi kullanilarak EIS verilerinden Rs(Ca(RctW))Cpc
esdeger devre modellemesi ile gakistirilarak elde
edilen Ry degerinin 3,72 Q cm? oldugu belirlendi. i¢
olmasi  hazirlanan  hicrenin

direncin  kigulk

siperkapasitor olarak uygulanabilirligini

gostermektedir.

300 1 1 1 1

N

o

o
1

1004 GKI//Aktif karbon

o
1

-1004

-2001 GKI//PPy/SbO,-Sn0,/ICMC

Akim Yogunlugu / mA cm™

-3001

08 04 0,0 0.4 08
E (DKE'e karsi) / V

Sekil 9. PPy/SbOx-Sn02/CMC kapli GK (anot) ve karbon
bazli GK (katot) elektrotlarin sulu 100 mM H;SO4

¢Ozeltisinde (ig elektrotlu hiicrede alinan CV’leri, v=10 mV
1

S
Hazirlanan asimetrik hicrenin (0,0 V) — (1,4 V)
arahginda farkli akim yogunluklarinda (2,5—-10 A g?)
GCD testi yapilmistir (Sekil 10.(c)). Her bir akim
yogunlugunda kaydedilen egrinin sliperkapasitif
davranigin gostergesi olan Ulggen benzeri seklini
Halbuki

akim

neredeyse korudugu gorilmektedir.

elektrodun  mevcut  tepkisi  ylksek
yogunluklarinda yavas faradayik redoks kinetigi bir
baska deyisle elektrolitin elektrot malzemesine giris
cikisinda difizyon sinirlamasi nedeniyle {cgen

davranisin  bozulmasi gergeklesir. Burada da
uygulanan akim yogunlugu arttikca GCD egrilerindeki
desarj surelerinin hafifce azalmasi bu sebeple
olmaldir. Disiik akim yogunluklarinda ise kompozit
yapisinda bulunan PPy’nin asiri ylikseltgenmesi veya
kompozitin ylzeyden pul pul dokilmesi nedeniyle
Uggen tipi davranisin bozulmasi gergeklesir. Sonugta
akim yogunlugu arttikga enerji yogunlugu 15,3 Wh
kgden 1,94 Wh kg Ve azalirken, gii¢ yogunlugu 1,77
kW kgVden 4,96 kW kge artmaktadir (Cizelge 3).
Asimetrik sliperkapasitér hiicrenin 10 A g?! akim
yogunlugunda (0,0 V) — (1,4 V) potansiyel araliginda

1000 dongii ile GCD testi gergeklestirildiginde dongii
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%68 ve
bulunmustur.

omri kulombik verim %75 olarak
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Sekil 10. PPy/SbOx-Sn02/CMC kaph GK (anot) ve karbon
bazli GK (katot) elektrotlarin PVA/H2SO4 jel elektroliti
icerisinde hazirlanan asimetrik sliperkapasitor hiicresine
ait (a) CV’nin 1. ve 1000. déngiileri, v = 100 mV s, (b)
Nyquist egrisi ve (c) farkli akim yogunluklarinda (2,5 — 10
A g!) kaydedilen GCD egrileri.

Cizelge 3. Hazirlanan asimetrik stiperkapasitor hiicrenin
GCD egrilerinden gesitli akim yogunluklarinda hesaplanan
enerji ve glc yogunluklari.

J/Ag? E/Whkg! P/kwWkg!
2,5 15,3 1,77
5,0 7,92 3,43
7,5 4,38 4,63
10 1,94 4,96

Cizelge 4’te bu c¢alismada hazirlanan hicrenin
kapasitif parametreleri literatlirde yer alan benzer
PPy/metal
karsilastirilmistir. Buna gore hazirlanan hicrenin

oksit temelli bazi ¢alismalarinki ile
yuksek giic yogunlugu ve karsilastirilabilir bir enerji
dongii

elektrokimyasal performans sergiledigi sdylenebilir.

yogunlugu ve kararhligi ile iyi bir
Literatlirdeki calismalardan farkh olarak digerlerine
gore daha az miktarda metal oksit (kalay ve
%1,5 ve %1,2 oraninda)
bulunmakla birlikte kapasiteye ciddi oranda katki
sagladig
ortaminda tek adimda elektrokimyasal olarak es

antimonun sirasiyla

soylenebilir. Bunun nedeni asetonitril
zamanli olarak sentezlenen nano boyutlu SbOy ve
Sn0’in PPy icinde homojen dagiimis olmasidir.

Ozellikle SbOy'in psédokapasitif katkisina ek olarak

sentez  ¢ozeltisinde bulunan  Sb3”in  PPy’lin
bliyimesine ve katkilanmasina katalitik etki
gostermektedir  (R7). Slperkapasitor elektrot

malzemesi olarak bu kompozit, sentez kolayligi ve
cevre dostu olmasi bakimindan digerlerine gore
farkhlik géstermektedir.

4. Tartisma ve Sonug

PPy/SbO,-Sn0, kompoziti, bilesenlerinin eszamanli
elektrokimyasal sentezi ile kursun kalem grafit
elektrot (PGE), grafit kagit (GP)
ylzeylerine Sentez

grafit levha,

kaplandi. ¢Ozeltisi
TBABF4/asetonitril icinde Py monomeri, Sb(BF4); ve
Sn(BF4); icermektedir. PPy/SbO4-Sn0, kompozit kapl
elektrotun 0,1 M H,SO,

kapasitansi 5 A g''de 363,1 F g idi. Karakterizasyon

¢Ozeltisinde spesifik

¢alismalarinda XPS analizi, kompozitin yapisinda
Sb(lll), Sb(V) ve Sn(ll) oksitlerinin varligini ortaya
cikardi. Anodik potansiyellerde az miktarda olusan
SbOx (Sb203, Sh,0s) ve SnO; pargaciklarinin (%1.2 -
%1.5) nano Olcekli (28.3 - 77.8 nm) olmasi ve
kompozit kaplama i¢cinde homojen dagilimi
sayesinde spesifik kapasitansa 6nemli katki sagladigi
ortaya cikarildi. Sentez c¢dzeltisindeki Sn?, SnO;
olusumu nedeniyle kompozite sadece psédokapasitif
katki Sb3,  SbO,'in
ozelligine ek olarak PPy olusumu (zerinde katalitik
etki gostermektedir. PVA/H,SO, jel elektroliti ile
asimetrik bir siperkapasitor hilicresi hazirlamak igin

PPy/SbO,-Sn0O,/CMC

saglarken, psodokapasitif

grafit  kagit  ylzeyinde
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kompoziti anot aktif malzeme olarak kullanildi ve
katot aktif malzeme olarak aktif karbon tabakasi
kullanildi. Burada PPy/SbO4-SnO, aktif malzemenin
mekanik dayanimini arttirmak icin kompozit, CMC

%68'ini korudu.

(karbosimetil sellloz) varliginda sentezlendi. Hiicre,

Cizelge 4. Literatlrde yer alan bazi sliperkapasitér ¢calismalari ve elde edilen sonuglar.

2.5Agde 15,3 Wh kg enerji yogunlugu ve 1,77 kW
kg? giic yogunlugu gosterdi. 1000 déngl sonunda
%75 kulombik verimle, hiicre baslangi¢ kapasitesinin

Elektrot Spesifik Giig Eneriji Dongii Omrii Referans
kapasitans / yogunlugu / yogunlugu /
Fg! kW kg Wh kg
Fe203/PPy 697 0,5 96,8 %61,3 (8000) (zhang vd. 2022)
PPy/ZnO 161,02 0,16 8,022 %70,7 (5000) (Xue vd. 2020)
PPy/NaVOs 391 0,15 14 %59 (1000) (Naseeb vd. 2022)
PPy/NiO 679 0,50 94,4 %83,9 (1000) (EI Nady vd. 2022)
Grafen/Sn0O2/PPy 616 9,97 19,4 %98 (1000) (Wang vd. 2012)
NiO-CoO-PPy 1123 0,801 35,9 %90,1 (5000) (Shen vd. 2022)
Sn0/PPy 523 - - %94 (1500) (Hamidouche vd. 2022)
PPy/SbOx-SnO: 363,1 1,77 15,3 %68 (1000) Bu galisma
Tesekkiir A Flame Retardant For Cellulosic Fabrics.

Bu calisma, FYL-2022-19924 koduyla Hacettepe
Universitesi BAP
desteklenmistir.

birimi tarafindan
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Abstract

In this paper, we find that all Mulatu numbers, which are concatenations of two Lucas numbers are

11,17,73,118. Let (My)ks0 and (Lg)ks0 be the Mulatu and Lucas sequences. That is, we solve the
Keywords

Lucas numbers; Mulatu
numbers; Linear forms  denotes the number of digits of L,. Solutions of this equation are denoted by (k,m,n,d) =

_ in |Ogarithm5;_ (4,1,1,1),(5,1,4,1), (8,4,2,1),(9,1,6,2). In other words, we have the solutions M, = L;L; = 11, M5 =
Diophantine equations

Diophantine equation My = L,,L, = 10%L,, + L, in non-negative integers (k,m,n,d), where d

LiL, =17,Mg = L4L, = 73, Mg = L;Lg = 118. The proof based on Baker’s theory and we used linear

forms in logarithms and reduction method to solve of this Diophantine equation.

iki Lucas Sayisimin Birlesimi Olan Mulatu Sayilar

Oz
Bu calismada iki Lucas sayisinin birlesimi olan tim Mulatu sayilarinin 11,17,73,118 oldugunu

] buluyoruz. (M;)gso Ve (Li)kso Mulatu ve Lucas dizileri olsun. Yani biz negatif olmayan (k,m, n, d) tam
Anahtar Kelimeler

Lucas sayilari; Mulatu

_Sayllaﬂ; ) sayisini gosterir. Bu denklemin ¢éziimleri (k,m,n, d) = (4,1,1,1),(5,1,4,1), (8,4,2,1), (9,1,6,2) ile ifade
Logaritmalarda lineer
fOrmIar, D|0phant|ne edilir. Bir ba§ka dey|§|e M4 = L1L1 = 11, MS = L1L4 = 17, MS = L4,L2 = 73, M9 = L1L6 =118

denklemleri

sayllarinda M, = L,;L, = 10%L,, + L, Diyofant denklemini ¢éziiyoruz, burada d, L, nin basamak

¢6ziimlerine sahibiz. ispat Baker’in teorisine dayanmakta ve biz bu denklemi ¢6zmek icin logaritmalarda

dogrusal formlari ve indirgeme metodunu kullandik.

© Afyon Kocatepe Universitesi

1. Introduction )
x“—x—1=0
Let (M) be the sequence of Mulatu numbers
defined by My =4, M; =1, My, = Mj_1 + My_,
for k = 2. The Mulatu numbers were introduced in
(Lemma 2011). For k = 2, Let (Ly) denotes the ok~ < M, < 4a¥ (1)

has roots @ = (1 ++v5)/2 and § = (1 —=V5)/2. It

can be verified that

Lucas sequence given by the recurrence Lj =
Ly_1 + Lj_, with the initial conditions Ly = 2, L,
1. Binet formulas of these numbers are

1
=
|
[u

a1 < L, <2a* (2)

by indiction method for k > 0. Let us give the
previous studies for non-negative k, m, n. In (Bank
and Luca 2005), let d specifies the number of digits
Ly = ak + p* of F,, authors gave solutions of the equation

F, = 10%E, + E,

10—/5 10+/5
Mk=( . ) ok 4 : )Bk

for every k = 0. The characteristic equation
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as (k,m,n,d) =(71,41),(7,2,41),(8,3,1,1),
(8,3,2,1),(10,5,5,1). In (Alan 2022), investigator
solved the equations

F, =10%L,, + L,
Ly = 10%E, + E,.

Here (F,) be the sequence of Fibonacci numbers
and d indicates the number of digits of L,, and F,,. In
(Altassan and Alan 2022), after a short time Altassan
and Alan deal with the equations

E, = 10%E, + Ly
E, = 10%L,, + F.

Here d indicates the number of digits of L;, and F,.
In (Erduvan 2023), author showed solutions of the
equation

L, =10%L,, + L,

as (k,m,n,d) = (5,1,1,1),(8,3,4,1). Let d denotes
the number of digits of L,,. In this paper, we tacle of
the Diophantine equation

My, = 10%L,, + Ly,. (3)

Solutions of the equation (3) are denoted by
(k,m,n,d) = (41,1,1),(5,1,4,1),(8,4,2,1),

(9,1,6,2). The proof depends on lower bounds for
linear forms and some tools from Diophantine
approximation. For more about Diophantine
approximation and Diophantine equations, one can
see in (Schmidt 1991, Zannier 2003, Tichy et al.

2008).
2. Tools

Let y be an algebraic number of degree d over Q
with minimal prmitive polynomial. Then logarithmic
height of y is given

h(y) = %(log co + Xi=, log(max{]y @), 1})),

where ¢y > 0 and the y(i)’s are conjugates of y.
The following basic properties about logarithmic
height was given in (Bugeaud 2018).

h(y; +v2) < h(y1) + h(yz) +log?2, (4)
h(y1v2™1) < h(yy) + h(yy), (5)
h(y:™) = Imlh(yy). (6)

The following lemma can be found in (Bugeaud et al.
2006).

Lemma 1. Let ¥4, V>, ..., ¥, are positive real algebraic
numbers and let by, by, ..., b,, be nonzero integers.
Let D be the degree of the number field

Q(¥1,Y2s > ¥n) Over Q. Let
B = max{|b|, |b|, ..., |bnl},

A; = max{D - h(y;), |logy;l, (0,16)}

foralli=1,2,...,n.If

[i=y," 2 P — 120

then

IT| > exp(—1.4-30"*3-n*>.D2.(1+logD) -
(1+1logB) A A, Ap).

The following lemma was given in (Bravo et al.
2016).
Lemma 2. Let T be irrational number, M be a

positive integer and s be a convergent of the

continued fraction of the 7 such that g > 6M, and
let A,B,u be some real numbers with A > 0 and
B > 1. Put &: = ||uq|| — M||zqll, where ||-|| denotes
the distance from the nearest integer. If ¢ > 0, then
there is no positive integer solution (7, s, t) to the
inequality

O<|rt—s+u| <A B¢t

subject to the restrictions that r < M and

> log (Aq/ s)

logB

The following lemma can be found in (De Weger
1989).

Lemma 3. let s,TER. If 0 <s <1 and |T| <s,
then
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llog(1 + )| < =222 |

and

3. Main Theorem

Fistly, we give our auxiliary result. This theorem will
be used in the proof of Theorem 5.

Theorem 4. If the equation (3) holds, then the
following inequalities are valid.

(a)—<al<"—Jr6

(b) L, < 10% < 10L,,
(c)n+m—-5<k<n+m+9

(dk—n=>1.

Proof: a) Since d is the number of digits of L,,, we
can write d = [logy¢Ly] + 1. From here, we find

d = |logyoL,] +1 < logyol, +1

<logip2a" +1< n—+6

and
d = [logioLnl +1 > logyoLy

- n-1
> logoa™ 2 > —

. n—1 6
So, we obtain nT <d< %.

b) d is the number of digits of L,, and so we can write
d = |logqoL,] + 1. Then, we get

L, = 10'9810ln < 104 < 10!°810ln*1 < 10L,,.

c¢) When we consider Theorem 4(b) and the
inequalities (1) and (2) together, we can write

ak "t < M, =10%L,, + L, < 10L, Ly, + LyLyy,

= 11L,L,, < q™t™m*8

and

ak*t3 > 4a% > M, = 10%L,, + L,
> LyLy, > a™™m=2,

Thus, we obtainn+ m—-5<k<n+m+09.
d) Since

My, =10%L,, + L, > LyLy + Ly, = 2L,
it is obvious that the case k — n > 1.

Now, we can give our main result.
Theorem 5. letd = 1,k = 4 and m,n = 0. Here d

indicates the number of digits of L,. If My =

10%L,, + L,, then

(kl Mkl Lml Ln) €
{(411,1,1), (5,17,1,17),(8,73,7,3), (9,118,1,18)}.

Proof. We start to our proof by taking 4 < k < 109
under the condition that the equation (3) is valid.
Then, we get

(k,m,n,d) =
(4,1,1,1), (5,1,4,1), (8,4,2,1),(9,1,6,2)

by using a computer program. After this we will take
k = 110. Now, we design the equation (3) as

— (225) g 410%™ + L,

i.e.,

(2v5 - 1)a* — 104V5a™ =

—(2V5 +1)B* + 10%V58™ + /5L,,.

If we do the necessary mathematical process, we
find

\/g'Ln

104-gm

(2v5-1)-ak™ < 25+ 1
\/glod - 10d.\/§.ak+m a2m

< L(ZBHy 1)

104-/5-ak
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i.e.,

(2v5-1)-ak-m 2.01

ea0d 1| < g (7)
Here, we kept in view that k > 1100m >0,d > 1
and L, < 10% from Theorem 4(b). Now, we are
ready to apply Lemma 1 with (y4, b;) == (a, k — m),

(r2rh) = (10,~d) and (5, by) = (252, 1),

Furthermore, D = 2. Put

L (2\/3—1)-01"""
e T

Now, we suppose that I; = 0.Then, we get %~ =

d
%. If we conjugate in Q(V5), then we

. . 10—v5)104 .
obtain fF~™ = %. From this, it can be seen
104
that Fp_,, = %. This is not possible.

Furtheremore, we can say
h(y;) = h(a) = 5% < 0.49,
h(y,) = h(10) = logl0 < 2.31,

h(rs) = h (2551 < 2log2 + log5 = log20 < 3

by the inequalities (4), (5) and (6). Thence, we can
choose A; :=10.98,A, :=4.62 and A3 := 6. We can
take B := k + 3. Because

n+6 k—-m+5)+6
n+6 _ (k=m+5)t6

d< <k-m+3<k+3 (8

from Theorem 4(a),(c). When we regard the
inequality (7) and use Lemma 1, it can be seen that

201 x a™™ > || > exp(4- (1 +log(k + 3)) -
(0.98-4.62-6).

Here, A= —1.4-30%-3%5-22.(1+log2). Last
inequality allude to

mloga —log(2.01) <

2.64 x 1013 x (1 + log(k + 3)). (9)

We redesign the equation (3) as

ok (R — gnk) — 109 - L, =

_ (10;\/5) gk — gn,

i.e.,

(25— 1) = V5 - a"*) = 104V5L,, =
—(2V5 + 1)p* — /5™ (10)

When the mathematical operations are made to the
equality (10) we get

104-/5-L,,
— <
‘1 ak((2v5-1)—V5an~k)|
1 1 2v/5+1 5
o |2ve-1) VEarF B+ )
i.e.,
104/5-Lpy, 1.07
— <7
‘1 ok ((2v5-1)—V5ank)| = ak’ (11)

where we kept in view that k—n>1 from
Theorem 4(d), k = 110, and n = 0. Let (y4, b,) =
(o, k), (y2,bz) = (10,d) and

(¥3, b3) = (\/ng ((2\/§ -1) - \/gan_k)_l , 1).

Moreover, D = 2. Let

104/5-Lyy,
ak((2v5-1)-V5an—k)’

F2:=1—

If I, = 0, then we can write

10%L,, = (2 - @) ok — am, (12)
If we conjugate in Q(+/5), we get

104L,, = (2 +2) g - pm. (13)
Therefore, from the equalities (12) and (13), we get

2-10%-L,, = M}, — L,,. This case is not possible.
Because M), = 10%L,, + L,. Since,

h(ys) < h(Lm) + 2h(V5) +
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h(2v5 — 1) + (k — n)h(a) + log2

< m— + 2log5 + (m + 9) Oga + 2log2
— 210g402+910ga + mloga
we can choose A; = loga, A, :==10g100 and A3 =

11.8 4+ 2mloga. Moreover, we can say B =k + 3
from the inequality (8) and m = 0. If we apply

Lemma 1 and regard the inequality (11) then we get

kloga < 2.15 % 10%2 - (1 + log(k + 3) -

(11.8 + 2mloga) + log1.07. (14)

From the inequalities (9) and (14), we obtain k <
1.17 x 103°. Now, we only need to lower bound on
k. Put

2+/5— 1)

7z, = (k — m)loga — dlog10+log( 7

and I := e% — 1. From (7), we have
IT,| = |e? — 1] <&<08

for m = 2. We can choose s := 0.8, according to
Lemma 3, and so we get

2v/5-1
|z1| == |(k — m)loga — dlog10+log( 7 )|
_ logo.2 201<405Xa m
0.8

i.e.,

log 2¢/5-1
0 < |k — m) 28« +M

log10 - log10 <
1.76 X a™™. (15)
V5-1
log(* %)
Take 1:= lOglO $ Q (W A:=1. 76

B:=aq,t:=mandM:=1.17 x 103°. We found
that qg; > 6M for . Moreover

043 < € = ||uge1ll — MllTqeq |l < 0.44.

According to Lemma 2, If the inequality (15) has a
solution then

()
— logB

< 151.69,

and so m < 151. Combining m < 151 and the
inequality (14), we get k < 2.76 x 10*°. Now, put

z, = dlog10 — kloga + log< VSlm )

(2V5-1)—V5an k)
From (11), it is seen that
I,] = |1 —e?| < 1.07-a”* < 0.01

for k> 110. Therefore,
Lemma 3, we obtain

choosing s:=0.01 in

\/g'Lm
0< d]Og 10 — klOg(X + IOg (m)
log(12
< 280e9) 107 1 g x ¢
0.01 ak
i.e.,
o8y )
0 < dloglO (2v5-1)—vE-a—k
loga
<225 x a7k, (16)
o8z ie )

put T := 0810 = (2V5-1)~V5a A = 2.25,

loga’ log o
B:=aqa, t:=Fk and M:=2.76 x 10'°. We found
that q4q > 6M for 1. Thus, we can say

for2<m<151land1 <k —n<m+ 9. Thence,
the inequality (16) has a solution, for

< <107.9
log B

from Lemma 2. Hence, k < 107 contradicts our
presumption that k = 110. When we take into
account the cases m =0 and m =1 for k = 110
we get,

¥ (M

. —an_k)—x-10d=
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- () g

Here, x = 1 or x = 2.If we consider above equation
and use the same arguments again, we can say that
k < 91. This is a contradiction. Thus, the proof of
our theorem is finished.

4. Conclusion and Conjecture

In this paper, we deal with the Diophantine
equation

M, = 10%L,, + Ly,.

This implies that M, = L1L; =11, M5 = L{L, =
17, Mg = L4L, = 73, Mg = L1Lg = 118. In recent
years, many investigators have been using different
segences
Mersenne sequence, k-Generalized Fibonacci and

integer such as Fermat sequence
Lucas sequence to solve exponantial Diophantine
equations. More information about these integer
sequences can be seen in (Annouk and Ozer 2022,
Badidja et al. 2021, Deza 2021, Kili¢c and Tas¢i 2006).
Our study can be done using these integer
sequences. Let k,m,n,d in non-negative integers
and d denotes the number of digits of L,.
Furthermore, we think that the only Mulatu
number, which is concatenations of three Lucas
numbers is 2118. The Diophantine equation which

is a generalization of our result is expressed as

My = 10%L,, + 10'L,, + L,.

The solution of this equation will be of the form
M5 = 2118 = LyL,Lg. Here k,m,n,r are non-
negative integers and d, [ represent the number of
digits of the L,, and L,, respectively. We give this
proof to readers as a problem.
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Rlzgar Enerji Santrali (RES) gibi blyik butgeli yatinmlarin degerlemesinde geleneksel ydontemlerin

kullanilmasi kadar reel opsiyonlar yontemlerinin kullanmasi da son vyillarda 6zellikle akademik
galismalarca desteklenmektedir. Yatirimin ekonomik émri boyunca maliyetin, yillik giderlerin, Gretim
miktarinin ve buna bagli olarak gelir miktarinin, vergi ve enflasyon oranlarinin degisiminin piyasa
kosullarindan ne kadar etkileneceginin tam olarak bilinmesi imkansizdir. Gelecek yillar igin de yatirima
Anahtar kelimeler ait risklerin ve belirsizlik durumlarinin degerléme yontemine dahil edilmesi, proje degeri Uzerinde
olumlu sonuglarin alinmasini saglamaktadir. Indirgenmis Nakit Akislari gibi geleneksel degerleme

Ruzgar Enerji Santrali
yontemlerinin her yila ait nakit akiglarini sabit bir iskonto lizerinden indirgemesiyle, kosullarin degismesi

(RES), Reel opsiyon,

Black-Scholes, durumunda riskin proje degeri Uzerinde ki etkisini yok saymaktadir. Bu da sonug uriin olan proje

Binomial, Volatilite. degerinin degisen kosullara ragmen statik kalmasi anlamina gelmektedir. Reel opsiyonlarla degerleme
yontemleri riski sabit bir iskonto degeri yerine risksiz faiz oraninca, belirsizligi de degiskenlik parametresi
olan volatilite degeri ile denklemlere dahil etmektedir. Bu durumun geleneksel yontemlere gore bir
Gstunligu olmakla birlikte, reel opsiyonlarin degisen piyasa kosullarina gére yatirimciya erteleme, terk
etme, genisleme gibi esneklik segcenekleri sunmasi da bir baska avantaj olarak gériilmektedir. Bu ¢alisma
da Sinop ilinde ki bir RES icin reel opsiyon degerleme yéntemlerinden Black-Scholes ve Binomail ydntem
ile erteleme, terk etme ve genisleme opsiyonlari kullanilarak opsiyon ve proje degerleri elde edilmis
olup, elde edilen sonuglar her iki yontem icin de karsilastirilarak yontemler arasi degerlendirme

yapilmistir.

Application of Flexible Investment Decisions with Real Options Method
in Wind Power Plant Valuation

Abstract

The use of real options methods as well as the use of traditional methods in the valuation of large-
budget investments such as Wind Power Plant (WPP) has been supported by academic studies in recent

years. It is impossible to know exactly how much the cost, annual expenses, production amount and
accordingly the amount of income, changes in tax and inflation rates will be affected by market

Keywords
conditions during the economic life of the investment. Including the risks and uncertainties of the

Wind Power Plant
(RES), Real option,
Black-Scholes,
Binomial, Volatility.

investment in the valuation method for the coming years ensures positive results on the project value.
Traditional valuation methods such as Discounted Cash Flows discount each year's cash flows at a fixed
discount, ignoring the impact of risk on project value should conditions change. This means that the
project value, which is the end product, remains static despite changing conditions. Real options
valuation methods include risk with the risk-free interest rate instead of a fixed discount value, and
uncertainty with the volatility value, which is the variability parameter, into the equations. While this
situation has an advantage over traditional methods, it is seen as another advantage that real options
offer flexibility options such as postponement, abandonment and expansion to the investor according
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to the changing market conditions. In this study, option and project values for a WPP in Sinop Province

were obtained by using real option valuation methods, Black-Scholes and Binomail methods, by using
deferral, abandonment and extension options, and the results were compared for both methods.

1. Girig

Reel opsiyonlar ilk olarak Myers (1977) tarafindan,
finansal varliklar icin kullanilan opsiyon fiyatlama
teorisinin  bliyik bitceli yatirrm projelerinde
kullanilmasini ifade etmek igin ortaya ¢ikartiimistir.
Baslarda sadece akademik ¢alismalara konu olurken
glnimiizde hem akademik olarak hem de fiziken
yatirim projeleri i¢in uygulanabilir duruma gelmistir
(Kashani 2012). Reel opsiyonlar yatirimciya, yillar
icerisinde karsilasabilecekleri olumlu ve olumsuz
durumlara karsi bir takim esneklikler de sunmasiyla
geleneksel degerleme ybntemlerine gore de
Ustlnlik saglamaktadir (Dixit and Pindyck 1995).
Boylece yatirim igin belirsizlik ve risk durumlarina
karsi erteleme, vazge¢me, genisleme gibi opsiyonlar
kullanilarak ve kar, zarar dengesi gozetilerek en
uygun sekilde slirecin tamamlanmasi
saglanabilmektedir (Trigeorgis 1993). Reel opsiyon
ve INA yéntemiyle degerleme arasinda ki temel fark
iki yontemde de kullanilan ortak parametrelerin
modeller Gzerinde farkh etkiler yaratmasindan
kaynaklanmaktadir. Ornegin, risk ve belirsizlik
durumlar geleneksel degerleme ydntemi olan iNA
yaklasimi i¢in olumsuz bir durum olustururken, reel
opsiyonlarla degerleme de proje degeri icin olumlu
1999).

Yatirnmin uzun sireli bir ekonomik 6mre sahip

bir durum olusturmaktadir (Trigerogis
olacagl duslinildigliinde proje parametrelerinin
sabit kalmayacagi, piyasa kosullarina gore risk ve
belirsizlik durumlarindan etkileneceginin bilinmesi
gerekmektedir. Belirsizligin artmasi opsiyon degeri
ile dogru orantilidir, yani belirsizligin fazla oldugu
durumlar opsiyon degerini de arttirarak proje
degerini olabilecek en iyi degere taslyacaktir. Bu
durum yatirimciya, opsiyon degerinin proje degeri
Gzerinde ki etkisinin 6nemini de géstermektedir.

Black ve Scholes (1973) tarafindan ilk olarak finansal
varliklar i¢in gelistirilen opsiyon teorisi, sonrasinda
cesitli yatirm varliklari igcinde kullaniimasiyla reel
opsiyonlar kavrami ortaya c¢ikmistir. Bu kavram,
yatirim i¢cin hesaplanan proje degeri ile opsiyon

© Afyon Kocatepe Universitesi

degeri arasinda iliskiyi de tanimlamaktadir (Amram
and Kulatilaka 1999).

Yatirm projelerinin  degerlemesinde esneklik

dikkate
faydasindan bahsetmek miimkiindiir. ilk olarak, bazi

faktorinin alinmasinin ¢  temel
belirsizliklerden dolayi yatirnmcinin ilerleyen yillarda
ki kar zarar dengesini korumak icin cesitli kararlar
alabilmesini ve bu sekilde proje degerinin de
artmasini saglamaktadir. ikinci olarak esneklikler
yatirim icin yeni stratejilerin belirlenmesine de
olanak tanimaktadir. Esnekligin bir diger temel
faydasi ise, degerlendirmeler sonrasinda ki
sonuglara gore ilerleyen dénemler igin optimal
politikalar gelistirilebilmektedir. Geleneksel
yontemlerde parametre degerleri icin tek bir deger
s6z konusu iken, opsiyon teorisinde ise ¢ok sayida
karar secenegi degerlendirilebilmektedir (Smith and
McCardle 1998). Projede kullanilan esneklik gesitleri
en yaygin olarak erteleme, terk etme, genisleme,
kapasiteyi

kademeli yatirim segenekleridir.

degistirme,  kullanimi  degistirme,

Fischer Black ve Myron Scholes (1973) riski sabit bir
oran olarak tanimlayan yontemlerin disina gikarak,
risksiz faiz oraninin en dogru indirgeme orani
oldugunu ileri slren opsiyon teorisini
yayinlamiglardir. Diger taraftan Merton erteleme
gibi bazi durumlarda temetti dagitiminin da
kithg

parametresi ekleyerek teoriyi genisletmistir (Brach

olabilecegini dusunerek formile getiri
2003). Black- Scholes yéntemi Avrupa tipi alim ve
satim opsiyonlarinin degerlemesi i¢in uygunken,
Binomial model Amerikan tipi opsiyonlar igin
fiyatlanabilmektedir (Akkum 2000). Black- Scholes
yontemi slirekli zaman stokastik siiregler icin ¢6ziim
onerirken, Cox-Ross ve Rubinstein’in 1979 yilinda
Onerdigi Binomial yontemi ise kesikli zaman
stokastik surecleri icin ¢ozim 6nermektedir. Ayrica
iki olasilikli gelecek dénem hareketinin yaninda (g
dénem olasilikli  gelecek dénem hareketinin
trinomial daha fazla donem hareketleri icin ise
modellerde

multinomial sonradan gelistirilerek
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bircok calismada kullanilmistir (Brach 2003). Her iki

yontem ile de vyapillan <c¢alismalarin ortak
Ozelliklerinden bir tanesi olasilik temelli opsiyon
degeri hesaplamasi iken bir digeri de elde edilen
degerlerin birbirlerine gore ¢cok benzer sonuglar
veriyor olmasidir. Binomial yontemde ki adim
sayisinin artmasi Black-Scholes yontemi ile elde
edilen sonu¢ degere daha yakin olmasini da

saglamaktadir.

Bu calismada, Sinop ilinde %35 riizgar kapasite
faktoriine sahip bir RES icin reel opsiyon degerleme
yontemlerinden Black-Scholes ve Binomial yontem
icin degerlendirmeler yapilmistir. Bu

degerlendirmelerin amacl projeye bugiin
baslanilmasi durumunda ve sonrasinda risk ve
belirsizlik durumlarinin piyasa kosullarina gore
degistigi durumlarda ki yatirrmcinin erteleme,
genisleme ve terk etme opsiyonlarinin kullanmasi ile
her iki yontem igin de sonuglar elde etmektir. Elde
edilen sonuglar ile hem projeye bugiin baslanilmasi
durumuna goére esneklik durumlarindan hangilerinin
kullaniminin yatirim igin en iyisi olacagi belirlenmis
olup hem de Black-Scholes ve Binomial yontem ile
elde edilen sonuglarin birbirlerine gore benzerlik
karsilastirmasi yapilmistir. Bu calisma ile gelecek
yatirmlar icin reel opsiyonlarla, geleneksel
yontemlere oranla, daha ylksek proje degeri elde
edilebildigi esneklik

seceneklerinin de projeye ekstra deger kattig

ve opsiyonlarin  sundugu
gosterilerek, kullanim alanlarinin ve tercihinin daha
yaygin olmasi saglanmak istenmistir. Esnek yatirim
kararlarinin RES gibi buyilk butgeli yatirmlar igin
kullanilmasi, degerlendirilmesi ve yatirimciya
ertelemek, terk etmek ya da zaman igerisinde
yatirmi  genisletmek gibi seceneklerin  ve
sonuglarinin sunulmasi ve bu sayede gelecegin
tasidig olabildigince

ongorilebilmesi yine bu galisma ile gosterilmistir.

risk ve belirsizligin de

2. Materyal ve Metot

Calismanin bu béliimiinde, Sinop ilinde ki bir RES

yatirminin projeye bugiin baslanilmasi,

ertelenmesi, genislemesi ve terk edilmesi

durumunda ki opsiyon degerlerinin projeyi nasil
yapilmak istenmistir.

etkilediginin  arastirmasi

Arastirma da yaygin olarak kullanilan Black-Scholes

ve Binomial yontemler kullanilarak c¢alismalar
degerlendirilmistir. Asagida ki bélimlerde her iki

yontem icinde detayl aciklamalar yapilmaktadir.

RES yatirnm projesine ait proje parametrelerinin
belirlenmesi degerleme isleminin en dnemli islem
adimini  olusturmaktadir.  Degerleme  Oncesi
bilinmesi gereken parametreler varhgin simdiki
degeri ve kullanim fiyati, risksiz faiz orani, yatirimin
ekonomik 6mri ve degiskenligi ifade eden volatilite
parametresidir. Varhgin simdiki degeri, geleneksel
Net Buglinkii Deger (NBD) yontemi ile hesaplanan
buglinkii degerlerin toplamini; kullanim fiyati ise
fizibilite raporlarindan faydalanilarak belirlenen ilk
yatirim maliyetini ifade etmektedir. Risksiz faiz orani
olarak 2021 yilina ait 10 yillik devlet tahvil orani
dikkate alinmis olup, ekonomik dmiir icin de Vergi
Usll Kanunu’nun 333 sira numarali tebliginin 45.
Boliminde bahsi gecen tirbinlerle ilgili bélime
istinaden rlzgar enerji santrallerinin faydali
ekonomik Omirlerinin 15 yil oldugu bilgisinden
faydalanilmistir.  Bilinmesi en zor parametre,
degiskenligi ifade eden volatilite parametresidir.
Kozlova (2017), volatilite degerinin hangi belirsizlik
durumu igin secilmesi gerektigi ile ilgili bir ¢alisma
ylrtutmis ve en Ust sirada elektrik fiyatinin oldugunu
Sekil 1'de

belirsizlik

tespit  etmigtir. yatirimlar  igin

degerlendirilen parametreleri

gosterilmektedir.

Belirsizlik Kaynaklari

+  Elektrik fiyati

* Teknoloji

» Uretim
Yakit fiyati
Proje degeri

* Stbvansiyon 6demesi

* Biyokitle fiyati
Yenilenemeyen enerji fiyati
Biyoyakit fiyati
Talep

* Enflasyon

* Ygnetmelik/Dizenlemeler

Degisim fiyati

Sermaye maliyeti

Sekil 1. Yatirrm degerlemesini etkileyen belirsizlik
kaynaklari (Kozlova 2017).
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Bu calismada da, volatilite degeri icin belirsizligi ve
degiskenligi yuksek olan ve her yil enflasyon
oraninca artis gosteren birim elektrik fiyatinin
standart sapmasi hesaplanmistir. Enflasyon orani
olarak 2007-2021 yillari arasinda ki 15 yillik, Ttrkiye
istatistik Kurumu (TUIK) verilerine gére hesaplanan
Tiketici Endeksi (TUFE)nin 12 aylik
ortalamalara gore degisim oranlarinin ortalama

Fiyat

degeri %9.9 kullaniimistir. Cizelge 1’de hesaplanan
volatilite degeri gosterilmektedir.

Cizelge 1. Volatilite hesab.

Birim

Elektri — —
vil kFyan Ortalama (YY) (Y -Y)?

(Yi ) (Y)
vl 0.4672 0.9818 (-0.5146) 0.2648
2. 0.5135 0.9818 (-0.4683) 0.2193
3.yl 0.5643 0.9818 (-0.4175) 0.1743
ai 0.6201 0.9818 (-0.3617) 0.1308
5.vil 0.6815 0.9818 (-0.3003) 0.0902
6.YIl 0.7490 0.9818 (-0.2328) 0.0542
7. 0.8232 0.9818 (-0.1586) 0.0252
8.vil 0.9047 0.9818 (-0.0771) 0.0059
a.vil 0.9942 0.9818 (0.0124) 0.0002
10.vil 1.0927 0.9818 (0.1109) 0.0123
1yl 1.2008 0.9818 (0.2190) 0.0480
12.vil 1.3197 0.9818 (0.3379) 0.1142
13.vil 1.4504 0.9818 (0.4686) 0.2196
141 1.5939 0.9818 (0.6121) 0.3747
15.vil 1.7517 0.9818 (0.7699) 0.5928

Toplam
vl 2.3265
(Yi -Y )2
o 0.4077

Cizelge 1'de hesaplanan volatilite degeri igin
kullanilan standart sapma formili denklem 1 de,
formile gore volatilite degerinin hesaplanmasi igin
¢6zim de denklem 2 de, asagida gosterildigi
sekildedir (Brigham 1995).

o /ni_liz::(\q—\?)z (1)

o= % — \0.1662 = 0.4077 (2)

Proje parametrelerinin belirlenmesi sonrasinda
Black-Scholes ve Binomial yontem ile elde edilen
opsiyon degerlerinin proje degerine eklenmesiyle
Genisletilmis Net Buglnki Deger (GNBD) elde
edilmektedir. Reel opsiyonlarla  degerleme
sonucunda projeye onay verilmesinde ki asil deger
GNBD olmaktadir. Burada opsiyon degeri pozitif

¢ikmasina ragmen bazi projelerin NBD’si negatif

GNBD’de
verebilmektedir. Bu durumda opsiyon degerinin

cikabilmekte ve negatif  sonug
pozitif ¢ikmasina bakilmaksizin, yatirnm yapilma
karari olumsuz olmaktadir. Bu RES yatirrminda NBD
ile elde edilen sonug¢ 15.855.585,49 TL olarak
hesaplanmis olup, opsiyon degerine eklenecek proje
olarak bélimlerde

degeri asagida ki

kullanilmaktadir.

Yukarida aciklanan, Black-Scholes ve Binomail
yontem icin kullanilacak proje parametreleri Cizelge

2'de gosterilmektedir.

Cizelge 2. Proje parametreleri.
Girdi Parametreleri

1 Yillik Risksiz Faiz Orani rf %12.28=0.1228
2 Varhgin Simdiki Degeri S 60.810.500,15
3 Varligin Kullanim Fiyati X 70.400.000,00
4  Opsiyonun Ekonomik Omrii T 15 yil

5 Yillk Standart Sapma O 0.4077

7 Yillik Dénemler At 1

2.1.Black-Scholes yéntemi ile degerleme

Black ve Myron Scholes tarafindan opsiyona
dayanak varlik olan hisse senedinin temetti
dagitmadigl varsayimi altinda Avrupa tipi alim
opsiyonlarinin degerlemesi icin bazi varsayimlar
altinda diferansiyel denklemler ile drettikleri
modele Black & Scholes modeli denmektedir.
Literatlirde ve yatirnm degerleme uygulamalarinda
kullanilan Black-Scholes, analitik ve dinamik bir
yontem olmakla birlikte hesaplama ve ¢éziimleme
yaygin

1973

opsiyonlarin fiyatlanmasi icin 6nerdigi ve o tarihten

kolayligi acisindan da en kullanilan

yontemdir. Black-Scholes‘un yilinda
sonra gergek yatirim projeleri igin de kullanilabilen,
temettinin olmadigl varsayillan model asagidaki

denklem 3,4,5 ve 6 da gosterildigi sekildedir.

C, =S,N(d,)— Xe""'N(d,) (3)

P, = Xe " N(~d,) - S,N(-d,) (4)
IN(S, / X)+(r, +c2 1 2)T

d, = 5

1 O'\/-lT ( )

d,=d,—oT (6)
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Modelde kullanilan terimler C;, alim opsiyonu
degerini; P, , satim opsiyonu degerini; SO, dayanak

varhgin degerini; X, kullanim fiyatin; T,

opsiyonun vadesine kalan sireyi (yil bazinda); o,
dayanak varligin standart sapmasini (volatilite) ; r; ,

risksiz faiz oranini; N(d), kimilatif standart

normal dagilimi ifade etmektedir.

Merton (1973), Black & Scholes’un 6nerdigi modeli
yeniden diizenleyerek getiri kaybini ifade eden
temettl dagitiminin da olabilecegini belirtmistir.
Temettilsiiz modelde agiklanan degiskenlere ek
olarak getiri kithgini ifade eden “&” degiskeni
temettl dagitimi sonrasi nakit akislari veya menkul
kiymetin deger kaybi derecesi icin kullaniimaktadir.
Bu anlamda temettlisiz Black- Scholes degerleme
oldugu
varsayimina karsin, riskten kaginan yatirimcilarin

yontemine, vyatinmcilarin risk yansiz
Ustlendikleri riske karsi ekstra bir getiri elde etme

beklentilerinin, degerini ne sekilde
kithg

parametresi (&) Black-Scholes denklemine dahil

opsiyon
etkileyecegini irdelemek amaciyla, getiri
edilmistir (Ozogul ve Ulengin 2006). Gecikmenin
isletmeye olan maliyetinin hesaplanmasi ise; 1/n
formiline gore yapiimaktadir. Formiile eklenen
parametre (&), yatirmin ertelendigi durumlarda
olusan firsat maliyetini ifade etmektedir. Bir baska
deyisle yatirimin ertelendigi slire boyunca rakiplere
kaptirilan pazar payi ve nakit akislarinin karsihgidir.
Temettill yeni model asagida ki denklem 7, 8 ve 9
gosterildigi sekildedir.

C, =S, "N(d,) - Xe""N(d,) (7)
P, =Xe""N(~d,)-S,e"N(-d,) (8)

oINS/ X)+ (1, ~5+0° 12)T

1 O"\/-F

2.2.Binomial yéntem ile degerleme

(9)

Binomial model 1979 yilinda Cox, Ross ve Rubinstein
tarafindan ilk kez ortaya konmustur. Modelde,
opsiyonun vadesi sonunda hisse senedinin sadece
olasi iki fiyatinin olacagl varsayilmaktadir. Yukari
veya asagl olmak Uzere bu olasiliklar Binomial
olasilik dagihmina gore belirlenmektedir. Binomial

yontem tek ve cok donemli olmak Ulzere ikiye
ayrilmaktadir. Adim sayisinin At =1 oldugu bu
¢aismada 15 il igin, 15 donemli bir ¢alisma
yurituldigu disandldiginde, asagida sadece ok
donemli denklemler

yontem igin verilmistir.

Binomial model, opsiyonun vadesi boyunca
opsiyonun degerindeki muhtemel degisiklikleri ayri
bir adimda gostererek bir aga¢ sekli gorinimli
diyagram olusturmaktadir (Breen 1991). Bu durum

Sekil 2'de gosterilmektedir.

Su’

Su?

Sd*

Sd*

Sekil 2. Cok donemli Binomial agag¢ yapisi.

Kar payi dagitmayan bir proje icin diizenlenmis bir
opsiyonun degerlemesi icin, ilk olarak opsiyonun
vadesini At uzunlugunda kisa zaman araliklarina
béleriz. Her zaman araliginda, hisse senedi fiyatinin;
S ilk degerinden, Su ve Sd degerlerine vardig kabul
edilir. Bu model asagida gosterilmistir. Cogu zaman,
u > 1 ve d <1'dir. S'den Su’ya gecis hareketi bir
‘yukariya dogru’ harekettir, S'den Sd’'ye gegis
hareketi ise bir ‘asagiya dogru’ harekettir. Yukariya
dogru bir hareketin olasiigi p ile gosterilir,
dolayisiyla asagilya dogru hareketin olasihigl 1-p ile
gosterilir Ayrica, u = 1/d oldugu kabul edilerek
islemler yapilmaktadir (Onar ve Kilavuz 2013).
Asagida ki 10, 11, 12 ve 13 numarali denklemlerde
temettiinin olmadigl yani getiri kaybinin olmadigi

durumlarda ki denklemler gosterilmektedir.

u=go ™ (10)
d=eg ™ (11)
r=e (12)
r—d
= 13
P=— (13)
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Temettlnin oldugunun varsayildigi durumlarda ise

r parametresine ait yeni denklem asagida
gosterilmektedir.
=gl (14)

Artis durumunda bir dénem sonraki fiyat:

S, =Syu (15)

Azalis durumunda bir donem sonraki fiyat:
S,=S,d (16)

Cok donemli binomial yéntemde opsiyona konu
olan varligin olasi fiyat hareketlerinin opsiyonun
vadesi boyunca olusturdugu fiyat diyagramindaki
her bir diglim, diyagramin sonundan baslayarak ve
geriye dogru calisarak hesaplanabilmektedir. Buna

gore son digimden baslayarak
Cy =[(P*u)+(1—P)*d]*et™™ formili
kullanilarak  geriye indirgeme vyoluyla tim

diyagramin didgim noktalarinin degerleri tespit
edilebilmektedir. Ayrica, son digim opsiyonun

degerini vermektedir. Denklemlerde ki C0 =
Opsiyon fiyatinin bugiinkii degeri , S, = Dayanak
varlik fiyatinin buglinkii degeri ,U = Dayanak varlik
fiyatinin artis orani , d = Dayanak varlik fiyatinin
azahls orani, p = varligin fiyatindaki artisin stibjektif
olasiligl ve r = her déneme ait faiz oranini (yilhk

olmayan) ifade etmektedir (Hull 2009).
3. Bulgular ve Tartisma

Bu boélimde, Sinop ilinde ki RES yatirimi icin dnce
projeye bugiin baslanilmasi durumunda ki opsiyon
ve proje degeri bulunmustur. Sonrasinda olasi
piyasa kosullarina goére 1 yil ertelemenin, 1 adet
rizgar tlrbini ekleyerek genislemesinin ve 15 yillik
ekonomik Omdiir igerisinde herhangi bir zaman
diliminde projeyi terk etmenin ya da devretmenin
yatirimi nasil etkiledigi Black-Scholes ve Binomail
yontem ile degerlendirilmistir. Cizelge 3'te 15 yil
vadeli ve projeye bugiin baslanilmasi durumunda ki

proje parametreleri verilmektedir.

Cizelge 3. Projeye bugiin baslanilmasi durumundaki proje

parametreleri.
Girdi Parametreleri

1 Yillik Risksiz Faiz Orant r; %12.28=0.1228
2 Varligin Simdiki Degeri S 53.189.870,29
3 Varligin Kullanim Fiyati X 37.334.284,80
4  Opsiyonun Ekonomik Omrii T 15yl

5 Yillik Standart Sapma (o) 0.4077

6 Yillik Dénemler At 1

Cizelge 3’'te ki parametrelere gbre, Black-Scholes
yontemi ile 15 yil vadeli bir RES projesine bugiin
baslaniimasi durumunda ki hesaplamalar asagidaki
gibidir.

_ In(53.189.870,29/37.334.284,80) + (0.1228+ (0.4077) / 2)15

d

! 0.40774/15 17)
d, =2.1802

d, = 2.1802-0.4077/15

d, =0.6012

Hesaplamalar sonucu elde edilen di ve d;

parametrelerinin, kimulatif normal standart dagilim
tablosundan elde edilen degerleri N(d,) =0.9854 ve

N(d,) =0.7261 olarak bulunmustur. Bu durumda
opsiyon degeri asagidaki gibidir;

C, =(53.189.870,29*0.9854) —
(37.334.284,80* e 0122819 x ) 7261)

C, = 48.116.610,00 (18)
GNBD =15.855.585, 49 + 48.116.610,00

GNBD =63.972.195,49

Binomial yonteme goére u, d, r ve p faktorleri
asagidaki formdaller kullanilarak elde edilmistir.

u = ek —1 5033560867
d =e " = 0.6651784024
r =e"%% =1.1306582667
_ (1.1306582667 —0.6651784024)
(15033560867 — 0.6651784024)
(1- p) = 0.4446525206

(19)

=0.5553474794

Yukaridaki degerlerle olusturulan binom ve opsiyon
agaci sonrasinda elde edilen opsiyon ve proje degeri
asagida gosterilmektedir.

C, =48.124.921,83
GNBD =15.855.585,49 +48.124.921,83 (20)
GNBD =63.980.507,32
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Erteleme opsiyonu yatirm igin piyasa kosullari
iyilesinceye kadar beklemenin ya da daha karh bir
kadar
mimkin oldugu durumlarda tercih edilmektedir.

yatirm  kararina yatirmi  ertelemenin
Projeye bugin baslanilmasi durumunda ki hem
opsiyon hem de GNBD’nin pozitif deger alarak
yatirim onayi alabilecek olmasina ragmen, 1 yillk
ertelemenin projeyi farkli olarak nasil etkiledigi
gormek istenmigtir. Erteleme opsiyonu
kullanildiginda opsiyon ve GNBD, projeye bugiin
baslaniimasi durumundan daha iyi bir sonug verirse
ertelemenin bu 06ngorilebilir piyasa kosullarinda
yatirimci icin daha karl olacagl sonucu da elde
edilmis olacaktir. Bu uygulamada 1 yil ertelemeden
kaynakh nakit akis kayiplarinin, formillere eklenen
getiri kithg1 (1/15) parametresi ile azalacagi, proje
maliyetinin de her yil igin risksiz faiz orani (izerinden
aratacagi

degerlendirme yapilmistir. Cizelge 4’te RES projesini

yoninde  oOngoride bulunularak

1 yil erteleme durumunda ki proje parametreleri
verilmektedir.

1 vyl erteleme durumundaki proje
parametreleri.

Girdi Parametreleri

Cizelge 4.

1 Yillik Risksiz Faiz Oram rf %12.28=0.1228

2 Varligin Simdiki Degeri S 53.189.870,29

3 Varligin Kullanim Fiyat1 X 41.918.934,97

4 Opsiyonun Ekonomik Omrii T 15 y1l

5 Yillik Standart Sapma (o) 0.4077

6 Yillik Dénemler At 1

7 Getiri Kithigt o (1/15)=%6.7=0.067

Cizelge 4’te ki parametrelere gore, Black-Scholes
yontemi ile RES projesinin 1 vyl ertelenmesi

durumunda ki hesaplamalar asagidaki gibidir.

_ In(53.189.870,29/41.918.934,97) + (01228 (1/15) + (04077)° /215 (21)

d,

0407715
d, =1.4736
d, =1.4736—0.4077/15
d, =-0.1055

Hesaplamalar sonucu elde edilen di ve ds

parametrelerinin, kiimulatif normal standart dagilim
tablosundan elde edilen degerleri N(d,) =0.9297 ve

N(d,) =0.4580 olarak bulunmustur. Bu durumda

opsiyon ve proje degeri asagidaki gibidir;

C, = (53.189.870, 29* (11919 () 9297) —
(41.918.934,97 * 0122819 x () 458)

C, =15.148.844,00 (22)
GNBD =15.855.585, 49 +15.148.844, 00

GNBD = 31.004.429, 49

Binomial yonteme goére u, d, r ve p faktorleri
asagidaki formdller kullanilarak elde edilmistir.

u = et _1 5033560867
040771 _
d=e =0.6651784024 (23)
r = g(0122-W19) _1 0577387062
~ (1.0577387062 - 0.6651784024)
(1.5033560867 —0.6651784024)
(1- p) = 0.5316502561

=0.4683497439

Yukaridaki degerlerle olusturulan binom ve opsiyon
agaci sonrasinda elde edilen opsiyon ve proje degeri
asagida gosterilmektedir.

C, =41.094.687,37
GNBD =15.855.585,49 +41.094.687,37 (24)
GNBD =56.950.272,86

Genisleme opsiyonu, piyasa sartlarina uyum

saglamak icin yatinmcinin faaliyet gosteren
kapasitesini artirarak yeni ve kalici olmayan duruma
¢O6zUm getirilmesini ifade etmektedir. Projeye bugin
baslandigl duruma goére yatirimin genislemesinin
nasil bir fark olusturacagini gérmek, yatirimci igin
ilerleyen vyillarda atacagi adimlar icin de faydali
olmaktadir. Bu ¢alisma da RES yatirimina bir riizgar
turbinin eklenmesi durumunda maliyetin 3 milyon
ABD dolar bununla birlikte nakit akislarin da %30
artacagl ongorilmistir. Bu ¢alismada son yillarda
ylksek degerlerde dalgalanan dolar kuru zerinden
ortalama bir deger kullanmak yerine sabit bir dolar
kuru kullanmanin hesaplamalarimiz igin daha dogru
olacagina karar verilmistir. Bunun igin de T.C.
Cumhurbaskanligi Strateji ve Blitce Baskanligi'nin
2020-2022 Do6nemi Yatirrm Programi Hazirlama
Rehberi’'nin 12. Maddesinde belirtilen ve yatirim
karari alinan 2021 yih sabit kur fiyati, 1ABD=6.40
TL’dir (SBB, 2021). Rlzgar tirbini ekleme maliyeti bu
kur Gzerinden islem yapilarak hesaplanmistir.
Yatirim maliyeti ve nakit akislardaki degisim sonrasi
varligin simdiki degerinin degismesiyle birlikte,
Cizelge 5’te RES projesine 1 adet riizgar tirbini
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ekleyerek genisleme opsiyonun  kullaniimasi

durumunda ki proje parametreleri verilmektedir.

Cizelge 5. Genisleme durumundaki proje parametreleri.
Girdi Parametreleri

1 Yillik Risksiz Faiz Oram I’f %12.28=0.1228
2 Varligin Simdiki Degeri S 69.146.831,38
3 Varligin Kullanim Fiyat: X 56.534.284,80
4 Opsiyonun Ekonomik Omrii T 15 yil

5 Yillik Standart Sapma o 0.4077

6 Yillik Dénemler At 1

Cizelge 5’te ki parametrelere gbre, Black-Scholes
yontemi ile RES projesinin genislemesi durumunda
ki hesaplamalar asagidaki gibidir.

_ In(69.146.831,38/ 37.334.284,80) + (0.1228-+ (0.4077)* / 2)15

d
! 0.4077+/15 (25)
d, =2.0836
d, = 2.0836-0.4077+/15
d, =0.5046

Hesaplamalar sonucu elde edilen di ve d;
parametrelerinin, kiimulatif normal standart dagilim

tablosundan elde edilen degerleri N(d,) =0.9814ve
N(d,)=0.6931 olarak bulunmustur. Bu durumda

opsiyon ve proje degeri asagidaki gibidir;

C, = (69.146.831,38*0.9814) —

(56.534.284,80* 012815 * () 5931)

C, = 61.650.045,88 (26)
GNBD =15.855.585, 49 + 61.650.045,88

GNBD = 77.505.631,37

Binomial yonteme goére u, d, r ve p faktorleri
asagidaki formuller kullanilarak elde edilmistir.

= e _1 5033560867

= e - 0,6651784024 (27)
r =e*? =1.1306582667
_ (1.1306582667 —0.6651784024)
~ (1.5033560867 — 0.6651784024)
(1- p) = 0.4446525206

o <

=0.5553474794

Yukaridaki degerlerle olusturulan binom ve opsiyon
agaci sonrasinda elde edilen opsiyon ve proje degeri
asagida gosterilmektedir.

C, =61.706.127,87

GNBD =15.855.585,49 + 61.706.127,87 (28)
GNBD = 77.561.713,36

Terk etme opsiyonu, piyasa kosullarinin kétilesmesi
projeyi
kazanilmasi icin yatirnmcinin tercih edebilecegi bir

sonrasl sonlandirip, firsat maliyetinin
durumdur. RES yatirimin herhangi bir zaman dilimi
baska bir 20.000.000 TL

karsiiginda devretmenin ya da terk etmenin

icerisinde, sirkete
ongorilebilir oldugu durum degerlendirilmistir.
Nakit akislarda bir degisiklik olmayacagl sadece
yatirnm maliyeti degerinin degistigi durum igin
degerlendirme yapilmistir. Cizelge 6’da RES projesi
icin terk etme opsiyonunun kullaniimasi durumunda
ki proje parametreleri verilmektedir.

Cizelge 6. Terk etme durumundaki proje parametreleri.
Girdi Parametreleri

1 Yillik Risksiz Faiz Orani r:  %12.28=0.1228
2 Varhgm Simdiki Degeri S 53.189.870,29
3 Varligin Kullanim Fiyati X 20.000.000,00
4 Opsiyonun Ekonomik Omrii T 15 yil

5 Yillik Standart Sapma (o2 0.4077

6 Yillik Dénemler At 1

Cizelge 6’da ki parametrelere gore, Black-Scholes
yontemi ile RES projesini terk etme durumunda ki
hesaplamalar asagidaki gibidir. Terk etme opsiyonu,
diger opsiyonlardan farkli olarak satim opsiyonuna
uygunluk gostermektedir.

_ In(53.189.870, 29/ 20.000.000) + (0.1228 + (0.4077) / 2)15

d,

0.40774/15
d, = 2.5755
d, = 2.5755-0.4077/15
d, =0.9965
Hesaplamalar sonucu elde edilen di ve d;

parametrelerinin, kiimulatif normal standart dagilim
tablosundan elde edilen degerleri N(d,) =0.9950ve

N(d,) =0.8405 olarak bulunmustur. Bu durumda
satim opsiyonu ve proje degeri asagidaki gibidir;

C, =(53.189.870,29*(0.9950 -1)) —

(20.000.000* ~*12%19) * (08405 —1))

C, = 239.666,00 (30)
GNBD =15.855.585,49 + 239.666, 00

GNBD =16.095.251,49

Binomial yonteme goére u, d, r ve p faktorleri
asagidaki formiller kullanilarak elde edilmistir.

928



Riizgdr Enerji Santrali Yatiriminin Reel Opsiyon Yéntemleri ve Esneklik Tiirleri ile Degerlemesi, Biyikli vd.

u=e""¥1 =1 5033560867
d =" = 0.6651784024
r =e*? =1.1306582667
_ (11306582667 —0.6651784024)
" (1.5033560867 — 0.6651784024)
(1- p) = 0.4446525206

(31)

=0.5553474794

Yukaridaki degerlerle olusturulan binom ve opsiyon
agaci sonrasinda elde edilen opsiyon ve proje degeri
asagida gosterilmektedir.

C, =50.410.377,90-53.189.870, 29
C,=-2.779.492,39

GNBD =15.855.585,49—-2.779.492, 39
GNBD =13.076.093,10

(32)

Cesitli reel opsiyon yontemlerinin dinamik olarak
kullanilabilirligi yatirnmci ve degerleme uzmani igin

avantaj olustururken, yontemler arasi sonuglarin
benzer degerler vermesi de bir baska olumlu durum
nitelendirilmektedir.
yatirimin genisleyerek kapasitesinin artmasi ya da

olarak Bunlarin  disinda
erteleyerek olasi bir zararin yatirim icin 6nlenebilir

olmasi, O©nlenemeyeceginin ise 0Ongorilebildigi
durumlar icin de terk etme opsiyonunun saglanmasi
her tirli yenilenebilir enerji tesisleri gibi blyuk
yatirimlar igin geleneksel degerleme yontemlerine
gore Ustlnlik saglamaktadir. Cizelge 7'de farkli
yenilenebilir tesisleri icin erteleme, genisleme, terk
etme gibi esneklik faktorlerinin Black-Scholes,
Binomial ve Monte Carlo Simlasyonu gibi farkh reel
opsiyon

yontemleri  ile  degerlendirildikleri

calismalar gosterilmektedir.

Cizelge 7. Yenilebilir enerji tesislerinde farkli reel opsiyon yéntemlerinin ve esneklik tiirlerinin kullanimi.

Yazar yil Ulke Proje Tipi _f_:;:gkhk Degerlendirme Tirii
Adkins, R. and Paxson, D. 2016 - Yenllengplllr Erteleme Black-Scholes
Enerji
Hidroelektrik
B , S., Ahmed, S., Shapiro, A. and Street A. . Riizga
runo me apiro, A and stree 2015 Brazilya uzg?r. Erteleme Black-Scholes
Enerjisi
) Riizgé M |
De Mare, G., Manganelli, B. and Nestico, A. 2013 Italya uzg?r. Terk etme . or‘1‘te carlo
Enerjisi Simulasyonu
Fleten, S.E.,
Linnerud, K., Hidroelektrik Erteleme . .
Molnér, P. and 2016 Norveg Eneriji Genisleme Binomial
Nygaard, M.T.
Giine Monte Carlo
Jeon, C., Lee, J. and Shin, J. 2015 Kore ..§. Erteleme Simulasyonu
Enerjisi
Black-Scholes
Kitzing, L., Baltik Rlzgar Terk etme Black-Scholes
Juul, N., Drud, 2017 Denizi Energ'isi
M. and Boomsina, T.K. )
Ruzgar
Enerijisi M |
Kozlova, M., Collan, M. and Luukka, P. 2017 Rusya n.?rJISI Erteleme .orjte carlo
Glnes Simulasyonu
Enerjisi
Li, Y., Tseng, C.-L. and Hu, G. 2015 Amerika Bioeneriji Terk etme Black-Scholes
MacDougall, S. L. 2015 Kanada GEIg..It. Ertgleme Black-Scholes
Enerjisi Genisleme
Ruzgar
Mancini, M. Enerjisi
e Terk
Sala, R,, 2016 - Glines IZ: (;tnr:ee Binomial
Tedesco, D. and Travaglini, A. Enerjisi ¢
Riizear Terk etme Monte Carlo
Cevik Onar, S. and Kilavuz, T.N. 2015 Turkiye Enef’isi Genisleme Similasyonu
) Erteleme
Ruzgar
Sisodia, G.S., Soares, I. and Ferreira, P ispanya Enerjisi Erteleme Morlte carlo
2016 Portekiz Riizear Similasyonu
g“ . Black-Scholes
Enerijisi
A Monte Carl
Sisodia, G.S., Soares, |., Ferreira, P., Banerji, S. and Prasad, ; Ruzgar .or.]. € tario
R 2015 Ispanya Enerisi Terk etme Similasyonu
’ ) Black-Scholes
GU Black-Schol
Torani, K., Rausser, G, and Zilberman, D. 2016 Amerika Enuer;ﬁii Erteleme ack->choles
Zhang, M.M., Zhou, D.Q., Zhou, P. and Chen, H.T. 2017 Gin Gunes Genisleme Monte Carlo
Enerjisi Simulasyonu
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Zhang, M.M., Zhou, D.Q., Zhou, P. and Liu, G.Q. 2016 Cin Gunfs. Terk etme l\{lor]te Carlo
Enerijisi Similasyonu
Zhang, M.M., Zhou, P. and Zhou, D.Q. 2016 Cin Gun?? Erteleme l\{lor}te Carlo
Enerjisi Simulasyonu

4. Sonug Black-Scholes ve Binomail yontem arasindaki fark

RES yatirimi degerlemesi icin yapilan bu ¢alismada,
Black-Scholes ve Binomail yontem ile erteleme,
genisleme ve terk etme opsiyonlari 6ngorilebilir
kosullar dogrultusunda degerlendirilerek, projeye
buglin baslanilmasi durumuna goére nasil sonuglar
verdikleri arastinlmistir. ilk olarak projeye bugiin
baslaniimasi durumunda ki opsiyon ve proje degeri
hesaplanmistir. Black-Scholes yéntemi ile opsiyon
degeri 48.116.610,00 TL, Binomial yontem ile de
48.124.921,83 TL deger elde edilmistir. Geleneksel
yontemle elde edilen NBD’nin 15.855.585,49 TL
oldugu bu yatirrmda her iki yontemle elde edilen
opsiyon degerinin NBD’den fazla ¢ikmasi yatirimci
icin cok daha olumlu bir sonug¢ olmustur. Opsiyon ve
proje degerinin toplanarak elde edildigi GNBD ise
Black-Scholes yontemi ile 63.972.195,49 TL olurken,
Binomial yontemde 63.980.507,32 TL degerini
almistir. NBD ile GNBD arasinda ki buyik farka
bakildiginda, reel opsiyonlarla degerleme
yapilmasinin yatirrm i¢in ¢ok daha avantajli bir
durum oldugu gorilmektedir. Bir diger sonug ise iki
yontem ile elde edilen opsiyon degerlerinin

birbirlerine gore ¢ok vyakin sonuglar vermis
olmasidir. Bu durum genel olarak yenilenebilir enerji
tesisi gibi biylk batceli yatinmlar icin degerleme
farkhlik

kaynakh da bir kolaylik olusturmaktadir. Bir sonraki

yontemi  segiminde dogmamasindan
uygulama, yatirnmin piyasa kosullarina gére 1 il
ertelendiginde, bugiin baslanilmasi durumuna gore
daha karli  bir nakit

edilemeyeceginin arastiriimasi

elde edilip
Black-
Scholes yontemi ile elde edilen proje degeri
31.004.429,49 TL iken, Binomail yontemle bu deger
56.950.272,86 TL olmustur.

projede kullanilirken, yatirimcinin 1 yil igin firsat

akisinin
olmustur.

Erteleme opsiyonu

maliyetine karsilhk getiri kithgi parametresi 1/15

oraninda  formillere  eklenerek  hesaplama

yapilmistir. Nakit akis kaybinin oldugu kadar
maliyetlerde de bir degisim olabilecegi dngoriilerek
risk yansiz oranimiz olan risksiz faiz oraninca maliyet

artisi gosterilmistir. Bu sekilde yapilan uygulamada,

oldukga fazla olmustur. Binomial yontemle elde

edilen sonu¢ projeye bugiin  baslaniimasi

durumundaki sonuglara daha vyakinken Black-
Scholes yonteminde elde edilen sonug¢ ¢ok daha
farkh bir deger almistir. Bu duruma, Black-Scholes
yontemi icin getiri kithg parametresinin formiillere
uygulanma seklinin yeniden yorumlanmasi ya da
kithg

formillere uygulanmasi yerine, sayisal olarak baska

firsat maliyetinin getiri parametresi ile
yollarla ifade edilmesi gerektigi seklinde bir dneride

bulunulabilir.  Erteleme opsiyonun kullanildigi
Cizelge 7’'de ki uygulamalarda da her proje icin getiri
kithg

gbzlemlenmistir. Bazi

parametresinin kullanilmadigi

uygulamalar nakit akis
kaybinin heniz yatirnma baslanmadig distnulerek
sayisal bir deger olarak hali hazirda ki projeyi
etkilemedigi icin  firsat maliyetini, yatirm
maliyetinde ki artis ya da azalis ile temsil etmistir.
Bazi uygulamalarda ise nakit akis kaybinin proje ve
parametre degerlerine gére uygun bir ylzdelik oran
belirleyerek sayisal olarak bir azalma ile ifade
edildigi gozlemlenmistir. Erteleme opsiyonunun
uygulanma seklinin arastirmacilar ve degerleme
farkli

degerlendirilmesi de yonteme kesinlik kazandiracak

uzmanlari tarafindan yorumlanarak
yeni bir 6neri ile revize edilmesi gerektigi sonucunu
vermektedir. Bir diger uygulama RES yatiriminin
ilerleyen donemlerde 1 adet rizgar tirbininin
birlikte
kullanilmasi durumu olmustur. Bu opsiyon Black-
Scholes yontemiyle 77.505.631,37 TL deger alirken
Binomial yéntemle 77.561.713,36 TL deger almistir.

Bu durumda genisleme opsiyonunun kullanilmasi

eklenmesiyle genisleme opsiyonunun

projeye bugiin baslanilmasi durumundaki mevcut
halden daha yiiksek bir opsiyon ve proje degeri
sagladigl icin yatinmin genislemesinin bu sartlar
altinda olumlu bir karar oldugu sonucuna varilmistir.
Son olarak herhangi bir zaman diliminde projeyi terk
ederek mi
Terk
opsiyonu diger opsiyonlardan farkli olarak alm

etmenin karlh  mi  yoksa zarar

sonuglanacagl  degerlendirilmistir. etme
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yerine satim opsiyonu olarak islem yapmaktadir. Bu
durumda Black-Scholes yontemi ile 16.095.251,49
TL, Binomial yontemle de 13.076.093,10 TL sonug
elde edilerek, terk etme opsiyonunun kullaniminin
pozitif sonug vermesiyle kabul edilebilir bir durum
oldugu sonucuna varilmistir. Bu opsiyon cesitinde de
iki ydntem arasinda ki sonuglar birbirlerine ¢ok yakin
olmasalar da, Binomial yontemde ki diglim sayisi
15’in katlari olacak sekilde arttirildiginda Black-
Scholes yontemiyle benzer sonuglar alinabilecektir.
Blylik butceli yatinmlarin ekonomik émiir sireleri
uzundur ve proje parametrelerinin gelecekte ki
degisimleri tam olarak bilinmemektedir. Risk ve

belirsizlige sahip  parametrelerle  degerleme
yapilirken, bu iki faktoriin hesaplamaya dahil
edilmesi gerekliligi ve projeye ekstra deger

katmalari, bu ¢alisma ile gosterilmistir. Opsiyonlarin
yatirimciya olasiliklar dahilinde hesaplama yaparak
proje degeri sunmasi da yontemin bir baska
avantajidir.

Calismadan elde edilen sonuglar genel olarak
degerlendirildiginde, erteleme opsiyonu igin getiri
kithg
ertelemeden kaynakli kaybedilen firsat maliyetinin

parametresinin  kullanim sekli ya da
yatirima yansitilmasi sekli ile ilgili kesin bir yarginin
olmamasi, bazi durumlarda gercek proje degerini
yansitamayabilecektir. Bu durum ile ilgili 6zellikle
Black-Scholes
dizeltme

yonteminde, algoritmada  bir

yapllmasi  ©nerilebilir.  Erteleme,
genisleme ve terk etme opsiyonlari icin de gelecege
dair ongorilen proje parametreleri ile galisilmasi
sonuglarda avantaj saglamis olsa da, benzer
calismalar ya da fizibilite raporlar gibi referans
veriler mutlaka altik olarak degerlendirilmelidir. Bu
durum, parametrelerin 6ngorilmesinde oldukca
olumlu ve proje degerinin gercege en yakin sonugla

elde edilmesini saglayacaktir.
Tesekkiir

Bu c¢alisma sorumlu vyazarin “Reel Opsiyonlarla
Yenilenebilir Enerji Tesislerinin Degerlemesi” baslikh
doktora tezinden uretilmis olup, calismaya katki sunan
cok degerli tez danismanlarima tesekkir ederim.
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Abstract

In this study, a biased estimator is proposed for the scale parameter of Laplace distribution. First, it is

Keywords
Biased Estimation;

Bootstrap Confidence  theoretically shown that the mean square error of the biased estimator is smaller than that of the

Interval; Laplace maximum likelihood estimator. Then the maximum likelihood estimator is compared with the obtained
Distribution; Shrinkage  bjased estimator by means of a simulation study using the relative efficiency of these estimators. In
Estimation. addition, confidence intervals are constructed for the scale parameter of Laplace distribution with

bootstrap method in order to compare them with each other in a different way.

Laplace Dagiliminin Olgek Parametresi i¢in Daraltici Tahmin ve

Bootstrap Giiven Aralig

Oz
Anahtar kelimeler

Bu calismada, Laplace dagiliminin élgek parametresi icin yanh bir tahmin edici &nerilmistir. ilk olarak,
yanli tahmin edicinin hata kare ortalamasinin, en g¢ok olabilirlik tahmin edicisininkinden daha kiglk

Yanl Tahmin,
Bootstrap Guven

o oldugu teorik olarak gosterilmistir. Daha sonra en ¢ok olabilirlik tahmin edicisi ile elde edilen yanli
Araligi; Laplace

Dagilimi; Daraltici tahminci, bu tahmincilerin goreli etkinlikleri kullanilarak bir benzetim ¢alismasi ile karsilastiriimigtir.

Tahmin Ayrica tahmin edicileri farkh bir agidan karsilastirmak igin Laplace dagiliminin 6lgek parametresi igin

bootstrap yontemi ile giiven araliklari olusturulmustur.

© Afyon Kocatepe Universitesi

(1986)
estimating mean, Singh and Katyar (1988) proposed

1. Introduction Bhatnagar propose to use variance

Unbiased estimators are widely used to estimate
If the
unbiased estimator has high variance, it may be

descriptive parameters of distributions. a generalized class of estimators for parameters of

normal distribution, Singh (1990) also studied on

possible to use biased estimators which has smaller estimating parameters of normal distributions, Jani

mean squared error (MSE) criterion than that of (1991) suggested a class of shrinkage estimators for
the scale parameter of exponential distribution,
Singh and Singh (1997) and Singh and Saxena (2003)

studied on shrinkage estimation for the variance of

unbiased estimator. There are several studies on
biased but has lower MSE estimators of unknown
(1968)
suggested a shrinkage method by multiplying the

population  parameters.  Thompson

a normal population, Singh and Saxena (2008) gave

best linear unbiased estimator (BLUE) by a shrinking a family of shrinkage estimators for Weibull shape

factor to obtain an estimator with a smaller MSE parameter, Ozdemir and Ebegil (2012) proposed

shrinkages estimators for the shape parameter of

than the BLUE. Shrinkage estimators are considered
Mehta and Singh (2014)

a lot of studies in literature as Metha and Srinivasan pareto  distribution,

(1971) gave estimation of the mean by shrinkage to
a point, Govindarajulu and Sahai (1972) studied on

estimating parameters of normal distribution,

suggested shrinkage estimators of parameters of
morgenstern type bivariate logistic distribution,
Singh and Mehta (2016) studied on a class of
shrinkage estimators of scale parameter of uniform
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distribution based on k-record values, Ebegil and
Ozdemir (2016) proposed two different shrinkage
estimator classes for the shape parameter of
classical pareto distribution, Balui et al. (2020) gave
two different shrinkage estimator classes for the
scale parameter of classical rayleigh distribution
and, Vishwakarma and Gupta (2022) proposed
shrinkage estimator for scale parameter of gamma
distribution.

In this study, we focus on estimating the parameters
of Laplace distribution, also known as the double
exponential distribution. The probability density
function of the Laplace distribution, is given as

x—al|

fx) = (23)_16_%,—00 <x<o-—0<a<oopf> 0(])

where a is the location parameter and S is the scale
parameter. Govindarajulu (1996) obtained the best
linear estimates under symmetric censoring for the
parameters of the double exponential distribution.
Some alternative estimates were also given as in
Raughunandanan and Srinivasan (1971). It was
considered that coefficients for computing ordered
linear unbiased minimum variance estimators for
the location and scale parameters of the double
exponential distribution in Tiao and Lund (1970).
Confidence intervals based on maximum likelihood
(ML) estimators were given for the location and
scale parameters of the double exponential
distribution Bain and Engelhardt (1973).

In this study we obtained a biased estimator, which
is adapting the shrinkage estimator supposed by
Thompson (1968), for the scale parameter of the
Laplace distribution using the ML estimator. Firstly,
it is theoretically shown that the MSE of the biased
estimator is smaller than the MSE of the ML
estimator. Then the ML estimator is compared with
the obtained biased estimator by means of a
simulation study to show in which case the biased
estimator is better than the ML estimator. At last,
confidence intervals are constructed for the

parameter 8 with bootstrap method using both the

biased estimator and the ML estimator in order to
compare them with each other.

The bootstrap method is a larger form of method
class that resamples from the original dataset,
hence called resampling procedures. Efron (1979)
mentioned the simple nonparametric bootstrapping
for independent and identically distributed
observations, which “resamples the data with
replacement”, with previously accepted statistical
tools to estimate standard errors such as the
jackknife method. After the later papers by Efron
and Gong (1983), Efron and Tibshirani (1986),
Diaconis and Efron (1983) that the statistical and
scientific community began began to take these
ideas into account, to appreciate the extensions and
broad applicability of the methods, and to recognize
their importance (Chernick 2008). There are so
many studies used the bootstrap method with a
view to make statistical inference by the help of
confidence intervals: see also Efron and Tibshirani
(1986), Diaconis and Efron (1983), Efron (1987),
Carpenter, and Bithell (2000), Park (2011), DiCiccio
and Efron (1996), DiCiccio and Tibshirani (1987),
Efron and Tibshirani (1993), Chesneau et al. (2022)
and Akdogan (2022).

The rest of the paper is organized as follows. The
shrinkage estimation method is summarized in
Section 2.1. A brief information about bootstrap
method is given in Section 2.2. Section 3 includes a
simulation study. A numerical example is given in
Section 4. The paper is finalized with a conclusion
section.

2. Methods
2.1. Shrinkage Estimation Method

Thompson (1968) suggested a shrinkage estimator

0, given as

0s =c(0) + (1 - )b, 2)
where 8 is the unbiased estimator, 6, is the prior
information for parameter 8 and c is a shrinking

factor which is 0 < ¢ <1 and also minimizes the
MSE value of the proposed estimator.
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To adapt the mentioned method to estimating the
scale parameter of Laplace distribution, first the
unbiased estimator is obtained by using the ML
estimation method, which is given by

ﬁ" Zl 1|xl al (3)

Note that B can be found by maximizing the
likelihood function

n
L@ o) = | [fo) = 2mprme-t/bine
=1
and related log-likelihood function is
1 n
InL(a,B;x) = —nIn2 —nlnp _Ezlxi —a
i=1

It can be said that if random variable X has the
Laplace distribution with parameters a and S, then
Yrilx; —al has the Gamma distribution with
parameters n, 8. So it is clear that the expected
value of f is equal to parameter f and the variance
of 8 is calculated as

A 52
Var(B) = —. (4)
Corollary: The shrinkage estimator of the Laplace

distribution's shape parameter is proposed as

5 (B—Bo)?
.Bs= T

(B = Bo) + Bo (5)
+(B —Bo)?

where f3, is the prior information for parameter £.
The MSE value of S is

B*(B—Bo)*

MSE(Bs) = oaca-por ©)

Proof: The shrinkage estimator of the Laplace
distribution's shape parameter described as

ﬁszc(ﬁ—ﬁo)+ﬁo 7)

which is obtained by means of Equation (2). As
known, the MSE value of f; is

MSE( ) = E[B; - p]" ®

If required information is written in Equation (8), the
MSE value is obtained as

MSE(Bs) = 22—+ (c = D2(B - fo): (9

The derivative of equation (9) with respect to c is
taken and set to zero, a solution for c can be found
as

(B—Bo)*

e i 1 Y (10)
B 4 (B-po)?

It is clear that ¢ given in Equation (10) minimizes the

MSE of f. Thus, the biased estimator S can be
written as

(ﬁ Bo)?

£ (BP0 P b F) ¥ o

Bs = (11)

Inserting the value of c in Equation (9), the MSE of
[?5 is

5\ _ _B(B—Bo)?
MSE(Bs) = somcae oy (12)
This completes the proof. [ |
Furthermore, the bias of 3, estimator is
: 5\ — _B2B-Bo)
Blas( BS) = Rn(EB.) (13)

(13) shows that ﬁsis
unbiased, namely Bias( ﬁs ) > 0asn — oo.

Equation asymptotically

The relative efficiency of 3, estimator with respect

to B estimator is given as

MSE(Bs) _ _n(B-Bo)*
var(B) B2+n(B—Bo)?

(14)

According to Equation (14), it can be seen that
(BS )/Var(,[?) < 1, and f3 is more efficient than /3.
The shrinking parameter cis a function of parameter
B. As our goal is to estimate parameter B, the
unknown parameters are replaced by their unbiased
estimators in Equation (8). Thus an estimator for c
can be written as

(B=Bo)"*

¢ =- .
B (B-po)

(15)
The MSE values of the proposed estimator, which
includes the shrinking coefficient given in equation

(15), compares with the variance of the unbiased
estimator in the simulation study section.

935



Shrinkage estimation for scale Parameter of Laplace Distribution, Ozdemir and Ebegil

2.2. Bootstrap Method

The basic idea behind the bootstrap is resampling
the data with replacement. Suppose there are
observations such that independent data points
X1,Xy, ..., Xn, for convenience denoted by vector
X = (xq, Xy, ..., Xp), from this a statistic of interest
O(x) is computed. A bootstrap sample x* =
(x1,x3,...,%5,) is created by choosing a random
sample of n units, replacing the original data points
X1,Xp,...,Xn. The obtained estimates from the
bootstrap samples are called bootstrap estimates
(Efron and Tibshirani 1993). A bootstrap confidence
interval can be generated using the percentile
method (Efron’s percentile method). Suppose that
0; is the ith bootstrap estimate from the i-th
bootstrap sample and each bootstrap sample size is
n. Since there is a random sampling method, it is
expected that if the observations are ordered from
smallest to largest, an interval that contains 90% of
the 6; to be a 90% confidence interval for 6. The
most sensible way to choose the interval is to
exclude the lowest 5% and the highest 5% (Chernick
2008). In this study, it is desired to construct the 95%
confidence interval, so the lowest 2.5% and the
highest 2.5% are considered in simulation section.

3 Simulation Study

In this section, a data set is generated for the

095 . ...

DB\

nes.. MSE(A) T :
var () -

0.8~

075 ol e
5

sample size was n=10. Following this, we used a
moment estimator of parameter f in place of the
prior information S, so that the prior information
conformed to the generated data set. Using this
estimator, we obtained the shrinkage estimator
mentioned in the previous section and calculated its
MSE by means of Monte Carlo Simulation study
where the number of replications was 75000. Then
the relative efficiency is calculated by proportioning
the MSE of f, estimator to the variance of f
estimator.

We carried out similar calculations for the both
cases where the parameter a is known and «
parameter is not known in order to estimate the
parameter (5.

If the parameter a is known, it can be used in
Equation (3) to find the unbiased estimator the
parameter . Using different values of parameter a
ranging from 0 to 4.9 with 0.1 increments and using
different values of parameter 8 ranging from 0.1 to
5 with 0.1 increments, a data set was generated in
1 which enables a visual

Figure efficiency

comparison.

In Figure 1, It can be seen that the relative efficiency
is smaller than 1 for all handled values of

parameters a and . Namely, the proposed

= e(f—Bo) v By
. C:ﬁin(ﬁ_ﬁo)‘ '. ” Direemgettt
S A Gl B

Figure 1: Relative efficiencies when parameter a is known.

Laplace distribution wusing two independent
distributions  with  the

parameter 8. Then the unbiased estimator of

exponential same

parameter [ and its variance were calculated for
different values of the parameters a and § when the

shrinkage estimator has smaller MSE than that of
the unbiased estimator. Also, Figure 1 shows that
differences of parameters a and £ have similar
effects on relative efficiencies. Relative efficiencies
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Figure 2: Relative efficiencies when the parameter a is replaced by the sample mean.

take their minimum values when parameters a and
[ are equal to each other.

If the parameter a isn’t known, it can be replaced by
an estimator as sample mean. Figure 2 shows
relative efficiencies of mentioned estimators for
different parameters 8 that take values 0.1 to 5 by
0.05 increments and sample means are used in
place of parameters a. As indicated in Figure2,
shrinkage estimators, which are both include
parameter [ and obtained by the using unbiased
estimator, give relative efficiencies smaller than 1
for all handled parameters . So, the shrinkage
estimator has a smaller MSE than that of the
unbiased estimator for parameter .

Until now, we handled cases that sample size was
n=10. Figure 3 shows relative efficiencies calculated
for different sample sizes under the condition that

parameter a isn’t known. The sample size take
values 2 to 50 by 1 increments. The blue line in the
Figure 2 and 3 represents where the relative
efficiency equals one to facilitate comparison.

It is seen that the shrinkage estimator given by
Equation (5) has a smaller MSE than that of the
unbiased estimator for all different sample size as
indicated theoretically in Equation (14). But the
shrinkage estimator, which includes the shrinkage
factor given by Equation (15), takes higher values
than that of unbiased estimator whenn > 22.

There isn’t a significant difference in the relative
efficiencies for different values of the parameter 8
according to Figure 2. So we randomly handled the
situation such that parameter 8 takes values 2 and
5 to construct the confidence intervals. Also, Figure
3 shows thatn = 22 is a threshold for superiority of

1.02 T T T T T T T T

0.95 —

0.94 —

09—

(B—B,)?

1) c=
B@-py

— [E _ﬁu)z

(2) 2=
B . @-8)

0.8 . L s L . \ . L
0

! L ! L
25 30 35 40 45 50

Figure 3: Relative efficiencies for different sample sizes.
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the biased estimator. Therefore we considered four
different situations for sample size (n=
5,10, 25,50 ) by taking into account the threshold
value. The confidence intervals are obtained using
the bootstrap method for all of mentioned situation.
Then the method repeated 10000 times in order to
calculate the confidence level which shows ratio of
include parameter by confidence intervals and to
obtain means of bounds of confidence intervals.
The obtained means of confidence intervals, which
are constructed by using both the biased estimator
B, estimator and the ML estimator 3, are given in
Table 1. Furthermore, confidence levels for each
confidence interval are in Table 1 where MLB is the
mean lower bound, while MUB symbolize the mean
upper bound.

Although Figure 3 shows that there is a threshold for
superiority of the biased estimator such as n = 22,
it can be seen that f estimators have smaller
variances than those of # estimator with respect to
obtained confidence intervals.

Constructed confidence intervals obtained using S
estimators have narrower width than those of f
estimator because of f have smaller MSE values
than those of . Therefore the confidence levels of
confidence intervals obtained by using ﬁs estimator
are smaller than those of confidence intervals

obtained by using ﬁ estimator.

Table 1: Confidence Intervals for parameter B using Bs
and P, and their confidence levels.
B=2 B=5

Bs § Bs B

MLB MUB MLB MUB MLB MUB MLB MUB

036 213 031 252 092 533 081 631

’ (@=052) (@a=060) (a=051) (a=0.58)
0.77 2.47 0.78 2.82 1.92 6.18 1.94 7.05
1 (@=073) (a=081) (a=071) (a=079)
121 255 123 269 299 634 306 668
% (@=084) (@=090) (a=082) (a=089)
o 143 246 145 252 355 613 360 628

(@ =0.89) (@ =0.92) (@ =0.89) (@ =092)

4. Numerical Example

We use a data set consisting exchange rates
(EURO/DOLAR) between the years 1999-2020. The
data is given in Table 2 and also available at
https://ec.europa.eu/eurostat/databrowser/view/
ert_bil_eur_a/default/table?lang=en.

Table 2: Yearly average exchange rates (1 UNIT of EUR =
X UNITS of USD)
Year Rate Year Rate Year Rate Year Rate
1999 1.07 2005 1.25 2011 1.39 2017 1.13
2000 092 2006 1.26 2012 1.29 2018 1.18
2001 0.90 2007 137 2013 133 2019 1.12
2002 094 2008 1.47 2014 133 2020 1.14
2003 1.13 2009 1.39 2015 1.11
2004 1.24 2010 133 2016 1.11

Using Equation (3) the ML estimates for the data is
obtained as ﬁ = 0.1318. The shrinkage estimation,
which is given in Equation (7), is calculated as ,[?5 =
0.1182. It can be said that using ML estimation the
data fits the Laplace distribution according to
Kolmogorov-Smirnov test since the test statistic and
p-value are 0.1345 and 0.8998, respectively. Since
the Kolmogorov-Smirnov test statistics for the data
using shrinkage estimation is 0.1545 and related p-
value is 0.7822, the data can be considered to fit the
Laplace distribution. Log-likelihood values using ML
and shrinkage estimates are 1.333 and 1.442,
respectively. So, the shrinkage estimator is more
preferable than ML because of its greater log-
likelihood value for this numerical example. Further,
AIC (Akaike Information Criterion) and BIC (Bayesian
Information Criterion) values are calculated and
given in Table 3. Similar to comment based on log-
likelihood values, it is more convenient to use the
shrinkage estimator according to AIC and BIC values,
since interested value for the shrinkage estimate are
smaller than those of ML estimate.
Table 3: Log-likelihood, AIC and BIC values for yearly
average exchange rates using the ML and
shrinkage estimates

ML Shrinkage
Log-Likelihood 1.333 1.442
AIC 1.334 1.115
BIC 4.902 4.683

938


https://ec.europa.eu/eurostat/databrowser/view/

Shrinkage estimation for scale Parameter of Laplace Distribution, Ozdemir and Ebegil

5. Conclusions

The biased estimators sometimes give a smaller
MSE than unbiased estimators. In such cases, it may
be preferable to use biased estimators instead of
unbiased estimators. In this study, the biased
estimator for the scale parameter of Laplace
distribution was obtained by using the shrinkage
estimation method proposed by Thompson (1968).
The estimator obtained in this way gives a lower
MSE than the
theoretically shown that the shrinkage estimator

unbiased estimator. It was

has smaller MSE than that of the unbiased estimator
by help of Equation (14). But in this equation, the
shrinkage estimator depended on the scale
parameter. Since this is inconvenient in practice, a
different shrinkage estimator was obtained by
replacing the scale parameter with its unbiased
estimator and the efficiency of this shrinkage
estimator is calculated by means of simulation
study. In the simulation study, we generated data
sets using double exponential distribution for
different a and f parameters. The unbiased
estimator, the moment estimator which refers to
prior information, and shrinkage estimators are
obtained for mentioned data sets. After that, we
calculated relative efficiencies of estimators using
their MSE values. As indicated in the first figure and
the second one, relative efficiencies take smaller
values than 1 for all handled situations. Constructed
confidence intervals also showed that confidence
intervals obtained using the f estimator have
narrower width than those of § estimator. This
indicates that the shrinkage estimator has a smaller
MSE than that of the unbiased estimator. So it can
be said that the shrinkage estimator more efficient
than the unbiased estimator for the scale parameter
of Laplace Distribution when n < 22. It may seem
like a restricted frame, as the proposed estimator is
preferable for small samples. However, it should be
kept in mind that many studies work with small
samples in cases where the experiments cannot be
repeated or in environments where data acquisition
is difficult.
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Abstract

Leukemia is the formation of cancer with different characteristic findings. According to the progress
type of disease in the body is called acute or chronic. Acute leukemias are characterized by the presence
of blast cells that proliferate uncontrollably in the bone marrow and then go into the blood and tissues.
Determination of T/B or non T/B cell class is important in the immunophenotypic evaluation related to
subtypes of blast cells. Because the diagnosis and treatment processes of B-ALL, T-ALL and T-LL
subtypes, which are composed of B and T cell lines, are different. Therefore, correct diagnosis is vital.
In this study, the molecular diagnosis was provided for the accurate detection of T-ALL, B-ALL and T-LL
subtypes through microarray datasets. But, microarray datasets have a multidimensional structure.
Because it contains information related to the disease as well as information not related to the disease.
This situation also affects the training situation and computational cost of the model. For this, the whale
optimization algorithm was used in the first stage of the study. Thus, related genes were selected from
the data set. Secondly, the selected potential genes were given as input to the ANFIS structure. Then,
in order to improve the inference power, parameter optimization related to the membership function
of the ANFIS structure was provided with ABC and PSO optimization algorithms. Finally, the predictions
obtained from the ANFIS, ANFIS+ABC, and ANFIS+PSO methods for each sample were classified using
the logistic regression algorithm and, an accuracy rate of 86.6% was obtained.

Mikrodizi Veri Kiimesi Uzerinde Dogadan ilham Alan Optimizasyon ile

Birlestirilen Uyarlanabilir Ag Tabanl Bulanik Cikarim Sistemi Kullanilarak
T-ALL, B-ALL ve T-LL Malignitelerinin Siniflandirilmasi

Anahtar kelimeler
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Lésemi farkli karakteristik bulgular gésteren kanser olusumudur. Hastaligin vicut icerisinde ilerleme
bigimine gore akut ya da kronik olarak isimlendirilir. Akut I6semiler, kemik iliginde kontrolsliz gogalan
ve ardindan kana ve dokulara gegen blast hiicrelerinin varligi ile karakterize edilir. Blast hiicrelerinin alt
turlerine iliskin immunfenotipik degerlendirme stirecinde T/B ya da non T/B hticre sinifinin belirlenmesi
onemlidir. Clinkti, B ve T hiicre serisinden meydana gelen B-ALL, T-ALL ve T-LL alt tirlerinin teshis ve
tedavi siregleri farkhidir. Bu nedenle dogru tani hayatidir. Bu ¢alismada, mikrodizi veri kiimeleri
vasitasiyla T-ALL, B-ALL ve T-LL alt tirlerinin dogru tespiti icin molekiler tani saglanmistir. Fakat
mikrodizi veri kiimeleri, ¢ok boyutlu bir yapiya sahiptir. Clinkii hastalikla iliskili bilgilerin yani sira
hastalikla iliskisiz bilgiler de barindirmaktadir. Bu durum modelin egitim durumunu ve hesaplama
maliyetini de etkilemektedir. Bunun igin ¢alismanin ilk asamasinda balina optimizasyon algoritmasi
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kullanilmistir. Béylece iliskili genler veri setinden segilmistir. ikinci olarak secilen potansiyel genler ANFIS

yapisina girdi olarak verilmistir. Ardindan ¢ikarim glicini iyilestirmek igin ABC ve PSO optimizasyon

algoritmalari ile ANFIS yapisinin Gyelik fonksiyonuna iliskin parametre optimizasyonu saglanmistir. Son
olarak her bir 6rnek igin ANFIS, ANFIS+ABC, ANFIS+PSO yontemlerinden elde edilen tahminler, lojistik
regresyon algoritmasi kullanilarak siniflandiriimis ve %86,6 dogruluk orani elde edilmistir.

1. Introduction

Leukaemia is a cancer formation that allows the
classification of its main types with its different
characteristic findings. This formation which can be
seen in all age groups constitutes %25-%30 of
childhood cancers. About %97 of leukaemias
evaluated on this scale are acute leukaemias
(Yontem and Bayram 2018). Acute leukaemias
which are frequently seen in childhood leukaemias
compared to adults are haematological disorders
that occur in the differentiation process of myeloid
and lymphoid cells. This disorder which is also
described as blood cancer is characterized by the
presence of blast cells that begin to multiply
uncontrollably in the bone marrow and then go into
the blood and
morphological and biochemical features of blast

tissues. Immunophenotypic,
cells provide a critical output in the classification of
subtypes of these cells. The immunophenotype
evaluation examined in this study is carried out in
order to determine the T/B cell or non-T/B cell class
and to confirm the diagnosis of ALL (Yontem and
Bayram 2018). Precursor B acute lymphoblastic
leukaemia (B-ALL), precursor T acute lymphoblastic
leukaemia (T-ALL) and T lymphoblastic lymphoma
(T-LL) consisting of B and T cell series are formations
that behave outside the current mechanism of life
(Tecimer 2001). Precursor B cells constitute %80-85
of ALL cases and %10 of LBL cases. Precursor T cells
consist %15-%20 of ALL cases and %90 of LBL cases.
The World Health Organization (WHO) evaluated
ALL and LBL malignancies within the scope of
common terminology due to their immunological,
cytogenetic, pathological, clinical and molecular
properties in its 2001 classification (Tecimer 2001).
On the other hand, there are different features
distinguishing these types from each other (Tecimer
2001, Shiraz et al. 2021). These features,
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- While the effects of bone marrow involvement and
peripheral blood examinations on ALL(B-ALL, T-ALL)
malignancy are high in the diagnosis and treatment
process, the effect on LBL(T-LL) malignancy is mild
or absent (Tecimer 2001, Shiraz et al. 2021).

LBL(T-LL)
examined over tissue disorders related to mass
(Tecimer 2001, Shiraz et al. 2021).

-Generally, has a structure that is

-Treatment strategies such as chemotherapy,
mediastinal irradiation or stem cell transplantation
are applied differently for T-ALL and T-LL cases
(Hoelzer and Gokbuget 2009).

-T-ALL and B-ALL malignancies have different
structures in terms of genomic and molecular
abnormalities and their response to treatment
elements is different (Shiraz et al. 2021, Raetz et al.
2016).

In this context, correctly defining the subtypes for
ALL and LBL malignancies, which are both evaluated
within the scope of common terminology and have
different characteristics (Tecimer 2001, Shiraz et al.
2021), is a vital issue that will affect the treatment
process. Peripheral smear, bone marrow aspiration,
bone marrow biopsy, immunophenotyping and
cytogenetic examinations are frequently preferred
methods in medicine in order to reach clear outputs.
However, these methods are carried out over a long
period of time within the scope of the cost factor.
This situation creates a great workload for doctors
as well as the possibility of creating anxiety for the
patient. For this reason, the factors mentioned in
this study are taken into account and an aim is
determined. This aim is to create a decision support
system that will not require many of the existing
methods used in the medical world.
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In this study, microarray technology is used to
create a decision support system. Microarray is a
preferred technology in order to obtain information
about the diagnosis, treatment and course of
diseases and to create an application area in cancer
research (Hambali et al. 2020). The microarray
dataset created with this technology contains a
huge amount of gene expression data. This has the
disadvantage that the current dataset includes all
genes that carry and do not carry information about
the investigating disease. This disadvantage can
produce false results due to the noise that disease-
unrelated genes will generate on related genes. It
also increases computational complexity (Hambali
et al. 2020). Therefore, obtaining potential genes in
GSE1577 datasets containing 15434 genes is an
important factor that will decide the course of the
study. Therefore, genes associated with the disease
are selected from the dataset using the whale
optimization algorithm. Then, selected potential
genes are given as input to the ANFIS. ANFIS is a
structure that combines the learning power of
neural networks with the inference power of fuzzy
logic (Karaboga and Kaya 2016) and, it produces
successful predictions. In addition, the particle
swarm optimization algorithm (PSO) and artificial
bee colony optimization algorithm (ABC) are used in
the training of the ANFIS in order to improve the
predictive power, respectively. Thus, improved
predictions of output classes are produced. Finally,
the predictions obtained from 3 different
approaches for each sample are given as input to
the logistic regression algorithm. A success rate of
%86.6 is obtained with the logistic regression
function, which makes smooth transitions to reduce
the error value. All the steps performed in the
classification process increase the ability to create
strong relations and patterns for distinguishing ALL
and LBL malignancies. This situation improves the
result that provides a vital decision for the directions
to be made in the diagnosis and treatment process.

Microarray datasets preferred in medicine have a
high-dimensional structure. Therefore, inferences
made using statistical information on computer-
aided systems offer an easier workflow. For this
purpose, many different studies (Mishra and Bhoi

2021, Sayed et al. 2019, Arun and Ramakrishnan
2017, Abd-Elnaby et al. 2021, Saeid et al. 2020) have
been carried out in the literature. However, studies
are still continuing on the application or discovery of
alternative methods in order to achieve results with
minimum cost and to reach successful outputs in a
short time.

2. Methodology

This section presents our proposed approach for
classifying T-ALL, B-ALL, and T-LL malignancies using
microarray technology. In the framework of this
approach, the format of the data set, informative
gene
optimization algorithms used to

selection, the prediction stage, the
improve the
predictions and the classification process are

explained below.

2.1 Dataset

In this study, two separate microarray datasets
named GSE1577 are used to classify T-ALL, B-ALL
and T-LL malignancies. These datasets are obtained
https://file.biolab.si/biolab/supp/bi-
cancer/projections/ website. The first dataset
consists of 10 T-ALL, 10 B-ALL and 9 T-LL classes. The
number of genes for each sample is 15434. The
second dataset consists of 10 T-ALL and 9 T-LL
classes. In this dataset, the number of genes for

from

each sample also is 15434. Microarray technology is
used to analyze the transformation process into
functional protein structures of genes (Begum et al.
2021). It also provides molecular diagnostics (Wang
and Simon 2011). In this study, a decision support
system is created for ALL and LBL cancer cases using
microarray datasets, which are reported to be
particularly  successful in cancer research

(Alshamlan et al. 2015, Panda M. 2020).

2.2 Informative Gene Selection

Microarray datasets have a high dimensional
structure (Khorshed et al. 2020). This size of the
dataset requires a large amount of memory and
processing power in the process of discovering
relationships and patterns related to investigated
disease (Xu et al. 2007). At the same time, amount
of genes not relating to the disease can create noise
in the dataset. This causes incorrect results to be
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produced (Ocampo-Vega et al. 2016, Li et al. 2022).
Besides the complexity and cost of the microarray
dataset (Panda M. 2020), having few samples and a
multidimensional structure (Alshamlan et al. 2015)
also affects the classification accuracy. For this
reason, it is important to meticulously select the
appropriate genes among all genes (Canayaz and
Demir 2017). In engineering, it is used optimization
algorithms to find optimal situations (Vafaei and
Aliehyaei 2020). Therefore, in this study, the whale
optimization algorithm is applied to the existing
dataset and gene selection related to the disease is
made. Thus, it is provided that disease-related
genes are distinguished from disease-unrelated
genes.

2.3 Whale Optimization Algorithm

The whale optimization algorithm is an approach
that is inspired by the bubble-mesh hunting strategy
of humpback whales (Dogan 2019). The hunting
strategy consists of 3 steps. These are surrounding
the prey, going towards the prey, and searching for
prey (Canayaz and Demir 2017, Rana et al. 2020).
The mathematical models for these 3 steps are
given in equations 1-9 (Canayaz and Demir 2017,
Mirjalili and Lewis 2016).

D=|CX*)-XMl (1)
X(t+1) =X*t)-4A.D (2)

A

2a.7-d (3)

C=27 (4)

X(t+1) = D7.e®.cos(2ml)+ X*(t) (5)
D’ = |X*(1)- X(1)| (6)

X(t+1) =ifp<0,5 (X'(t)-A.D),

if p>0,5 (D'.et.cos(2ml)+ X*(t))  (7)
D7 =|C. X rana-X | (8)

Equations 1 and 2 model the behaviour of

humpback whales wrapping around their prey. The

t given in the equations is the current iteration. X* is
the optimal output vector. The definitions of vectors
A and C in these equations are given in equations 3
and 4. The “r” in these equations is the randomly
assigned vector. The “a” that expressed in Equation
3 is the vector decreasing from 2 to 0 over the
iterations. The circle around the prey is narrowed by
reducing this vector. The act of creating spiral
motion around the prey is calculated by equation 5
and equation 6. The “b” coefficient that is given in

represents the logarithmic spiral

u IM

Equation 5
constant. The “I” value is a random value assigned in
the range [-1,+1]. Equation 7 expresses the two
separate movement processes carried out by the
whale toward its prey. In this equation, p is a
randomly assigned value in the range [0,1]. The
global output is obtained with the last step, the hunt
search process. This output is obtained from
randomly selected solutions. Equations 8 and 9 are
the mathematical expression of this process. The
Xrand in the equations is the randomly assigned
solution vector. Vector A in Equation 9 decides
whether to search globally or locally (Canayaz and

Demir 2017, Mirjalili and Lewis 2016].

The convergence curve obtained as a result of 1000
iterations with the whale optimization algorithm
applied to the dataset is given in Figure 1.

WOA
0.15 T

0.1

Fitness Value

0.05 -

0 . . L . L L L L .
0 100 200 300 400 500 600 700 800 900 1000

Number of Iterations

Figure 1. Convergence curve obtained after 1000
iterations

For the microarray dataset, the whale optimization
algorithm avoids data complexity and also improves
time and cost parameters. At the same time, it
provides a solution to the overfitting problem that
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can be caused by microarray data with a high
dimensional and a small number of samples.

3. Prediction Process

At this stage, it is aimed to produce fuzzy predictions
from the relationships between selected suitable
genes for T-ALL, B-ALL and T-LL classes. Because
these malignancies are evaluated in the scope of
common terminology due to their immunological,
cytogenetic, pathological, clinical and molecular
features (Tecimer 2001). On the other hand, there
are different features that allow these species to be
distinguished from each other (Tecimer 2001, Shiraz
et al. 2021). Therefore, the ANFIS structure is
applied to produce fuzzy outputs to the uncertain
structures of these malignancies.

3.1 Adaptive Network-Based Fuzzy Inference
Systems — ANFIS

It is an artificial intelligence algorithm created by
modelling the learning performance of neural
networks and the mining capability of the fuzzy logic
algorithm on data (Karaboga and Kaya 2016). Input-
output data used in solving problems are evaluated
in the framework of IF-THEN approaches. The
existing structure which occurs antecedent and
conclusion parts consists of 5 layers (Karaboga and
Kaya 2016). In this method, membership function
and result parameters can be adjusted over input
and output datasets. It can also perform the
learning function from the dataset (Mahdevari and
Khodabakhshi 2021). In this study, the Gaussian
membership function is preferred in order to
transform the input models into fuzzy values. A
representative ANFIS structure is given in Figure 2.

....................

x1| IF KISMI

2| nAd ] i W N @Y
x3 |[ nAJ LW ol :
sy 1@ — O N T — ©rY
¥ v P i p i
xni - : :
nA ' Tl
---------------------- N—-@®
..................... i
| THEN KISMI |V}
yi=ap+apx....anxn
Figure 2. Structure of the ANFIS approach

(Mahdevari and Khodabakhshi 2021)

ANFIS has an arbitrary linear function in the
consequent part (Mahdevari and Khodabakhshi
2021). The mathematical expression of this function
is given in equation 10.

RI=IF x1 is A ANDx, is A AND..AND x,is A7,

THEN y' = @) +a) xu+...+a} X (10)

For the fuzzy rule R, x is the k™ input variable of the

n-dimensional input vector. A{; is the fuzzy
membership function associated with x in the j*
fuzzy rule (Mahdevari and Khodabakhshi 2021). The
mathematical expression of the blurring operation
performed in the first layer of the ANFIS structure is
given in equation 11.

Al = exp [-0.5(xc] /0] )?] (11)

In equation 11, c,{ and 01,; are the k™ input variables
representing the center and width of the j®
Gaussian membership function. Then the firing
power is calculated in the second layer (Mahdevari
and Khodabakhshi 2021). Its
expression is given in equation 12.

mathematical

w=[Tp-, "4 (12)
The normalized output of the j™ rule for all fuzzy
rules is given in equation 13.

wi=p /Y5, W (13)
u' is the variable that contributes to the firing power
for each rule (Mahdevari and Khodabakhshi 2021).

Firing power is given in equation 14.

=25 Wy (14)

The fourth layer calculates the weighted values of
the rules for each node of this layer. The fifth layer
collects all the rules from the fourth layer and
obtains a clear (Mahdevari  and

Khodabakhshi 2021).

output

Fuzzy logic is a preferred approach for producing
fuzzy decisions in multi-criteria decision systems
where expert knowledge is needed (Bashgil 2005).
In this study, it is planned that the powerful
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architecture that emerges with the combination of
the learning performance of the neural networks
and the mining feature of the fuzzy logic algorithm
on the data will be successful in the analysis of gene
expression data.

4. Optimization

Optimization is a preferred method to improve the
performance of the final output. This method is
examined in two parts: the stochastic and the
deterministic approaches. Stochastic optimization
algorithms contain randomness. It is also divided
into two parts: heuristic and metaheuristic
algorithms. In this study, optimization algorithms
based on swarm intelligence are used in the
framework of metaheuristic algorithms (Dogan
2019). Optimization algorithms based on swarm
intelligence are formed by the combination of
entities with limited abilities in line with the main
goal. Thus, improved outputs are produced for

difficult problems (Dogan 2019).

In this study, the artificial bee colony optimization

algorithm and particle swarm optimization
algorithm are used for the training of the ANFIS

approach.

4.1 Artificial Bee Colony Algorithm

The foraging behaviour of honey bees inspires the
artificial bee colony algorithm. Optimization in the
ABC algorithm, which consists of employed,
onlooker and scout bees, consists of 3 stages. First,
it is started with a random solution specified in
equation 15 [29].

Xi=X{™" + rand(0,1)(X;"* - X;™") (15)

SN is the population size. Any value between [1, SN]
is used by i. Xi expresses the ith solution. Each
solution consists of a D-element vector specifying
the number of parameters to be optimized. X;™" and
X™> define the
respectively (Karaboga and Kaya 2020). Each source

lowest and highest value
consists of worker bees that identify new sources
where the food source is located. These bees
evaluate the quality of the source they have

detected according to the quality of the previous

source. Equation 16 presents the mathematical
expression related to the determination of a new
food source (Karaboga and Kaya 2020).

Vi = Xij + @i (X - Xig) (16)

BN is a parameter that shows the number of worker
bees. Any value between [1, BN] is used by k. @j;is a
randomly determined number between [-1,1] and
the food source Viis found by changing a parameter
of X; (Karaboga and Kaya 2020). After the search
process is completed by all the employed bees,
information about the resources is shared with the
onlooker bees in the dance area. In the shared
information direction, an evaluation is provided by
the onlooker bee and a new source is selected
according to the probability value. According to the
amount of the new resource, the current position is
compared with the previous position and evaluated.
The selection of the new source by the onlooker bee
is determined by the p probability value given in
equation 17 (Karaboga and Kaya 2020)

fitness;

Pi= Z}?I:Vl(fitnessj)

(17)

The fitness; parameter in equation 17 is the fitness
value obtained by the employed bee of the i
solution and SN is the number of food sources
(Karaboga and Kaya 2020). For this algorithm, the
abandoned food source is replaced with a new food
source by generating a random location. In cases
where a position cannot be created in the number
of control parameters, the food source is considered
abandoned (Karaboga and Kaya 2020).

In this section, the ANFIS structure is trained using
in the

antecedent and conclusion part of this structure

the ABC algorithm. The parameters

represent the food source. The location of food
related to the
problem (Karaboga and Kaya 2020). In order to find

sources represents a solution

the best solution as a result of the training, the initial
number of scout bees is chosen 10, the minimum
value of the variable numbers is -10 and the
maximum value is +10. Thus, during the training of
the ANFIS structure, the best antecedent and result
parameters were found with the ABC algorithm.
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4.2 Particle Swarm Optimization Algorithm

PSO is an algorithm based on the bird model that
find the
multidimensional space through populations of

aims to optimum state in a
particles. In the first step of this approach, all
particles are assigned to a random position and an
optimal solution is presented by the position vector
describing the position of each particle. As the
number of iterations increases, a search behaviour
is obtained based on the own experiences of each
particle and the experiences of other particles. A
historical path is created with the optimum state
presented by the particles throughout the iterations
performed. The output achieved in the final case is
the optimized best output among the available
positions (Chen and Zhao 2008, Houssein et al.
2021).

The mathematical expressions related to updating
the position and velocity states of the particles are
given in equation 18 and equation 19.

Vilt+1]=wvi[t]+cari(Xi,best[t]-Xi[t])+Cara(Xgbest[t]-Xi[t])
(18)

Xi[t+1]= xi[t]+vi[t+1] (19)

In the equations, vi[t] is the velocity vector
indicating the particle's current state. The w is the
coefficient of its motion in own direction of the
particle. The xi[t] is the position vector indicating the
current state of the particle. The Xbest[t] is the
particle's best position in the frame of past
iterations. c; is the learning coefficient from the
particle's own history. The Xgest[t] is the best
position achieved for all particles. The c; is the
learning coefficient from society's history for the
particle. The r; and r; are variables that express
random values assigned in the range (0,1) (Chen and
Zhao 2008). Additionally, the pseudo code related to
the particle swarm optimization algorithm is given
below.

Algorithm 1: PSO Algorithm (Houssein et al. 2021)
Create a N-Dimensional swarm and start it

DO

FORiFROM 1TO n DO
if f(x(i)) < poest(i) then
(Poest(i)= x(i));
end
if Poest(i) < Goest(i) then
(8best= Prest(i));
end
if Zpest(i) > threshold_value then

(selection_features(i)=
8hest(i));

end
END FOR

FORi FROM 1TO n DO

Update particle's velocity with
equation 18
Update particle position with
equation 19

END FOR

WHILE(until the maximum iteration is reached.)

In this section, the ANFIS structure is trained using
in the
antecedent and conclusion part of this structure

the PSO algorithm. The parameters

represent the food source. The location of food
sources represents a solution within the scope of
the problem. In order to find the best solution as a
result of the training, the learning factors are 1.5,
the coefficient of movement in our own way is 0.8,
the decrease rate of the inertia weight is 0.99,
population size is 10, the minimum value of the
variable numbers is -10 and the maximum value is
+10. Thus, during the training of the ANFIS structure,
the best antecedent and result parameters were
found with the PSO algorithm.

5. Classification
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Classification is a process performed to distinguish
target data from other categories and to qualify it as
hierarchical, semantic and informative (Zhao et al.
2019). In this study, classification is made by logistic
regression algorithm using fuzzy values obtained
from three different techniques for each sample.

5.1 Logistic Regression Classification Algorithm

Logistic regression is a mathematical model used to
predict the next probability of an event (El Mrabet
et al. 2021). In this model, which is widely used in
statistics, the classification result corresponds to a
value between [0,1] (El Mrabet et al. 2021, Guerrero
et al. 2021). The sigmoid function is used in the
logistic function. The mathematical expression of
the logistic function is given in equation 20.

1
1+e %

f(z) =

(20)

The z given in equation 20 is defined in equation 21.

7= Bo+ [31X1+ BzX2+....+Ban (21)

The x; to x, and B to Bn given in equation 21
represent the values of the n attributes and
represent the weights, respectively (Guerrero et al.
2021). In this study, logistic regression algorithm is
used to classify T-ALL, B-ALL and T-LL malignancies
and an accuracy rate of %86.6 is obtained.

6. Discussion and Results

Distinguishing T-ALL, B-ALL and T-LL malignancies is
a vital criterion for determining the treatment
protocol to be applied to the patient. Therefore, in
this study, an artificial intelligence-based structure
was built in order to provide molecular analysis

related to malignancies. Microarray dataset was
used in the scope of the study. A decision support
system has been created for ALL and LBL cancer
cases with the microarray technology, which is
stated to be particularly successful in cancer
research (Alshamlan et al. 2015, Panda 2020).
high
processing cost (Panda 2020). At the same time,

However, microarray datasets involve

having a small sample number and
multidimensional structure (Alshamlan et al. 2015)
affects the classification accuracy. For this reason,
firstly whale optimization algorithm is applied to the
dataset. Secondly, the selected appropriate genes
are given as inputs to the ANFIS, ANFIS+ABC and
ANFIS+PSO Thirdly,

classification is provided by logistic regression

networks, respectively.
algorithm using fuzzy outputs obtained from 3
different methods for each sample. However, to
evaluate the classification accuracy of the decision
support system created to distinguish ALL and LBL
malignancies and show the power of this proposed
approach, a comparison is made with machine
learning techniques in the framework of artificial
intelligence. For this, the same dataset is given as
input to classification algorithms named Decision
Tree(DT), Random Forest(RF),
Machine(SVM),
algorithm named K-Means. The success rates for DT,
RF, SVM, NB, K-Means and the proposed algorithm
are found to be %20, %73.33, %33.33, %66.66 and
%86.6, The
obtained for each malignancy as a result of the

Support Vector

Naive Bayes and clustering

respectively. evaluation criteria

classification are given in Table 1.

Table 1. Evaluation criteria obtained for malignancies of T-ALL, B-ALL and T-LL

Malignancies T-LL T-ALL B-ALL
Evaluation Pre.  Sens. F1Cr. Pre. Sens. F1 Pre. Sens. F1Cr.
DT 0 0 0 %20 %100 %33,3 O 0 0

RF %100 %77,7 %87,5 %40 %66,6 %50 %66,6 %66,6  %66,6
SVM(poly) %100 %22,22 %36,36 %23,07 %100 %42,85 O 0 0

NB %100 %55,55 %71,42 %37,5 %100 %54,54 %100 %66,66 %80
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K-Means 0 0 0

Proposed %100 %100 %100

%100
%100

%70
%77,7

%82,35 0 0 0
%87,5 %50 %100 %66,66

In table 1 precision, sensitivity and F1 criteria
evaluation results are %100 or close to %100 which
indicates the model is successful. In this direction,
when Table 1 is examined, it is seen that this study
based on artificial intelligence and fuzzy logic is
more successful than machine learning algorithms.
The first reason for this is the selection of
appropriate genes associated with the disease with
the whale optimization algorithm used in the study.
In this case, unrelated genes could not generate
noise on related genes. At the same time, the raw
form of the microarray dataset consists of 15434+1
columns and 48 rows. After applying the whale
optimization algorithm, the new dataset consists of
2741 columns and 48 rows. Thus, a solution to the
overfitting problem is also produced. The second
reason for the success of the proposed approach is
the ANFIS approach, in which the
performance of the artificial neural network on the

learning

data and the mining capability of the fuzzy logic
algorithm are used together (Karaboga and Kaya,
2016). The third reason for

the success of the proposed approach is the
improvement of the predictive power of the ANFIS
approach with ABC and PSO algorithms. The last
reason is the classification of 3 different predictions
for each class with the logistic regression algorithm.
Because the logistic regression algorithm uses the
sigmoid function to explore the relationship
between inputs and outputs. Thus, it provides
smooth transitions between output classes to
reduce the error value. Also, the optimization
algorithms used in this study are metaheuristic
optimization algorithms inspired by nature. The
feature of these algorithms is derivative-free. This
local

situation provides to avoid optima for

metaheuristic  algorithms.  Therefore, these

algorithms are wuseful to solve optimization
problems. However, the lack of mathematical proof
related to convergence is a disadvantage of

metaheuristic algorithms (Zamfirache et al. 2022).

The flowchart of the proposed approach in this
study is given in Figure 3.
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Figure 3. The flowchart of the proposed approach

The flowchart given in Figure 3 shows the decision
support system built for a critical decision that
affects human life. In this study, strong predictions
are produced using artificial intelligence and fuzzy
logic structures together. Then, a classification
performs with these predictions within the scope of
the logistic regression algorithm, which is a
supervised learning approach. In addition to this
study, artificial intelligence and fuzzy logic are
preferred in many different fields to reach clear
outputs in solving critical problems. In this context,
the (Precup et al. 2021) study used a fuzzy logic-
based approach that characterizes the position of
wire actuators in order to obtain a good
performance output. An enhanced ANFIS approach
is used in the (Mishra and Bhoi 2021) study for the
classification of cancer genes from microarray
datasets. An ANFIS-based approach is also used in
the (Akalin and Yumusak 2023) study for the
classification of ALL and CML malignancies on

microarray datasets. However, in the (Ogiitcii et al.

2022) study, an artificial intelligence-supported
system is proposed for the early diagnosis of serious
cases of covid disease and the vaccination priority of
people who are not in the risk group.

In addition, there are many different studies for
cancer research on microarray datasets in the
literature. In this direction, a model has been
developed for cancer research in (Begum et al.
2021) study in which the feature selection approach
and support vector machine algorithms are used
together. The (Peng et al. 2003) study used genetic
algorithm and support vector machines together,
and it is stated that it provided a successful output
in cancer research. In the (Xu et al. 2007) study,
suitable genes are selected from the dataset by
particle swarm optimization method and are
classified with the ssEAM neural network
architecture. The (Chakraborty and Maulik 2014)
study used a fuzzy coarse clustering method and
machines to

semi-supervised support vector

identify cancer-related factors. In the (Dagliyan et al.
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2011) study, the hyper-box enclosure method is
proposed in order to determine the related gene
sequences. In the (Panda 2020) study, elephant
search and firefly search optimization algorithms
are used to select suitable genes from the data set.
Then the selected genes are classified by deep
neural networks. In the (Kar et al. 2015) study,
potential genes are selected from the dataset by
adaptive k nearest neighbour and particle swarm
optimization method. Then, it is classified with the
support vector machines algorithm. In the
(Alshamlan et al. 2015) study, the artificial bee
colony optimization algorithm and genetic
algorithm are used together. Appropriate genes are
selected with the proposed genetic bee colony
algorithm and are classified by the support vector

machine algorithm.

in which the
microarray dataset is used within the scope of

These studies in the literature,

cancer research, enable the discovery of suitable
genes for the target purpose from multidimensional
algorithms, traditional
state-of-the-art
approaches are the preferred frameworks for

datasets. Optimization

machine learning methods or

selecting potential genes.

In this study, an optimization algorithm was used to
select related genes from the microarray dataset.
Thus, the data size was reduced with the successful
extraction of patterns among the data related to the
disease. As a result, the memorization of the data by
the model was prevented, the noise caused by the
presence of unnecessary data was reduced and the
training was provided with the correct data.

Successful classification of the target outcome after
the gene selection process is another important
step. When the studies on microarray datasets are
examined, it is seen that hybrid approaches are
generally used in the classification of cancer-related
subsets. This indicates that stronger and more
stable inferences are created by combining the
advantages of two or more methods.

Therefore, the potential genes selected in this study
were given as input to the ANFIS structure. ANFIS is
an approach in which artificial intelligence and fuzzy

logic frameworks are used together. It combines the
learning ability of artificial intelligence with the
inference power of fuzzy logic on data. ANFIS
approach produces fuzzy outputs related to the
result and, itis suitable for workspaces working with
intermediate values. It is preferred for experimental
research in many fields such as electricity or
medicine. It was also thought to be a suitable
method for T-ALL, B-ALL and T-LL malignancies,
which have different diagnoses and treatment
processes, although they are under common
terminology. In addition, parameter optimization of
the membership function in the ANFIS structure was
also provided in this study. In this direction, the
success of inference has been strengthened with the
ANFIS structure, which was separately optimized
with ABC and PSO optimization algorithms. Thus, it
is planned to produce more successful predictions
without getting stuck at local optimum points. Then,
fuzzy outputs from 3 different predictions were
analyzed within the scope of the ensemble learning
framework. This structure, which was developed
using different approaches together has produced
successful results in the classification of T-ALL, B-ALL
and T-LL malignancies. The F score, which is the
harmonic mean of the Precision and Sensitivity
criteria, was obtained as 87.5%, 66.6% and 100% for
T-ALL, B-ALL and T-LL malignancies, respectively.
According to the results, the F score for B-ALL
malignancy is lower than other malignancies. It is
thought that this situation is based that the number
of B-ALL data given to the model is less than for T-
ALL and T-LL malignancies. It is expected that the
prediction success will improve with the increase in
the number of input data.

As a result, the proposed approach has powerful
hierarchy and successful inference. It is thought that
this study will contribute to the literature as a
decision support system.

7. Conclusion

In this study, the molecular diagnosis is performed
using microarray datasets to differentiate T-ALL, B-
ALL and T-LL malignancies. In this context, firstly,
potential genes are selected from high-dimensional
microarray datasets with the whale optimization
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algorithm. Secondly, these selected genes are given
as input to the ANFIS structure. ANFIS is a method in
which the mining capability of the fuzzy logic
algorithm and the learning performance of the
artificial neural network are used together. But, it is
also aimed to improve the current performance of
the ANFIS structure. Therefore, the ANFIS structure
is retrained with ABC and PSO optimization
algorithms, respectively. As a result of the training,
3 different inferences are obtained for each sample.
Thirdly, all the obtained predictions are classified by
the logistic regression algorithm, which provides
smooth transitions to reduce the error value. As a
result of the classification, a success rate of %86.6 is
obtained. It is expected that this decision support
system, which was built to give ideas to doctors, will
find its place in the literature. In the future, it is
aimed the hybrid use with iterative neural networks
of fuzzy logic structure. It is thought that the output
to be produced will be successful.
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Abstract

Autistic Spectrum Disorder (ASD) is a neuro-developmental disorder that is congenital or manifests with
a delay in social relations and physiological development at an early age, and also causes problems in

Keywords communication. It is possible to reduce the effect of the disease on individuals with early diagnosis.
Autism Spectrum However, detecting ASD at an early age requires time and cost. In the studies conducted in recent years,
Disorder;Early itis seen that there is a serious increase in ASD cases. In order to prevent this increase, decision support
Diagnosis System; systems should be established for early diagnosis. It is important to develop decision support models
Random Forest; to diagnose ASD, especially for children aged 12-36 months. In this study, a model was developed that
Artificial Neural can help in detecting ASD with high accuracy for 12-36 months old children. The data set used in the
Network. created model was collected from the mobile application named ASDTests developed by Thabtah. In

the estimation phase, four different machine learning algorithms which are support vector machine,
Naive Bayes,Random Forest and Artificial Neural Network were used. In the classification process, high
success rate was obtained with artificial neural network, random forest classifier.

Otistik Spektrum Bozuklugunun Yapay Sinir Aglari ile Tespiti

Oz

Otistik Spektrum Bozuklugu (OSB), dogustan gelen yada yasamin ilk yaslarinda sosyal iligskilerde ve
fizyolojik gelisimde gecikme ile kendini gosteren ve ayni zamanda iletisimde sorunlara neden olan noro-
gelisimsel bir bozukluktur. Hastaligin bireyler izerinde etkisinin erken tani ile azaltilmasi miimkiindr.
Ancak OSB’yi erken yasta tespit etmek zaman ve maliyet gerektirmektedir. Son yillarda yapilan
¢alismalarda OSB vakalarinda ciddi bir artis oldugu gorilmektedir. Bu artisi dnlemek igin erken tani igin
karar destek sistemleri olusturulmahdir. Ozellikle 12-36 aylik ¢ocuklar i¢cin OSB tanisi koymak icin karar
destek modellerinin gelistirilmesi 6nem tasimaktadir. Bu ¢alismada 12-36 aylik ¢ocuklar igin yiksek
dogrulukta OSB tespitinde yardimci olabilecek bir model gelistirilmistir. Olusturulan modelde kullanilan
veri seti Thabtah tarafindan gelistirilen ASDTests isimli mobil uygulamadan toplanmistir. Tahminleme

Anahtar kelimeler
Otistik Spektrum
Bozuklugu; Erken Tani
Sistemi; Rasgele
Orman; Yapay Sinir
Aglar.

asamasinda destek vektor makinesi, Naive Bayes, rasgele orman , yapay sinir aglari olmak tzere dort
farkh makine 6grenimi algoritmasi kullaniimistir. Siniflandirma silirecinde yapay sinir aglari, rasgele
orman siniflandirici ile yiiksek basari orani elde edilmistir.

© Afyon Kocatepe Universitesi

The increase in ASD cases worldwide in recent years
reveals the need for effective and easy-to-use
Autistic Spectrum Disorder (ASD) is a neuro-  diagnostic methods. Among these diagnostic
developmental difference that occurs at birth or at ~ Methods, there is also the development of helpful
an early age. Research shows that early diagnosis decision support software that will assist specialists
and education will significantly reduce the problems ~ and reduce the time to clinical diagnosis for
to be experienced in the future. patients.

1. Introduction
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ASD is a developmental disability caused by
differences in the brain (Int Kyn. 1). There are many
situations that scientists have uncovered about
individuals with ASD. The exact cause is not yet
known. ASD begins to appear between the ages of
1-3. Over time, the disease begins to progress, and
they gradually lose their acquired abilities.

Human genes can be adversely affected by
environmental factors. There are some behaviors
that people with ASD show: not being able to make
eye contact, rocking movements, interest in rotating
objects (Mohanty et al. 2021). Diagnosing autism
takes a significant amount of time and cost. (Omar
etal. 2019)

Machine learning methods in the field of health are
used to detect many diseases due to their
advantages such as cost and time. It is aimed to take
faster results and early measures by using machine
learning methods in ASD detection. Zhao et al.
(2019) proposed a model using eye tracking data
obtained from face-to-face interviews. In this study,
four different machine learning techniques were
used. These are SVM, Linear Discrimination Analysis,
Decision Tree and Random Forest. As a result,
92.31% success rate was obtained with the SVM
classifier.

Vaishali et al. (2018) aimed to develop a prediction
model for ASD detection. In this study, a 21-feature
ASD dataset from UCI was used. This study claims
that machine learning models trained with minimal
behavioral data are more successful. A success rate
of 99.66% was obtained with the SVM and Multi
Layer Perceptron method.

Thabtah and Fadi (2018) proposed a new mobile
application by developing an autism spectrum
disorder detection tool called ASDTests. With the
application, 1452 samples were collected. It is
aimed to predict the disease using logistic
regression and naive bayes algorithm. In the study,
it was shown that logistic regression was the most
successful classification algorithm with a rate of
97.94% in the child category.

Erkan and Thanh (2019) developed a model for the
diagnosis of ASD in children, adolescents and adults
in their study. They used K-Nearest Neighbors
(KNN), SVM and Random Forest (RF) algorithms. In
terms of performance, the RF algorithm showed
100% success.

Baranwal et al. (2020) created a prediction model
for adults, children and adolescents. In this study,

they used the ASD scanning dataset. Artificial Neural
Networks (ANN), RF, Logistic Regression, Decision
Tree and SVM were used. ANN gave the best
accuracy rate about 98.15%.

Mohanty et al. (2021) analyzed all individual

categories of 2154 samples and 21 features from the
UCI ML repository and Kaggle. It has been stated
that using the Deep Neural Network (DNN) classifier
algorithm performed acceptable for all object
categories.

Metlek et al.(2020) used six different machine
learning methods as supervised and unsupervised in
their study. In the observed learning times used,
100% classification success rate was obtained in the
operation process with support vector machines.

Al-Diabat (2018) used fuzzy data mining methods for
ASD estimation. Fuzzy data mining classification
algorithms FURIA (Dahe et al. 2021), JRIP (Catania
2021), RIDOR (Negin et al. 2021) and PRISM (Hadi et
al. 2017) were used in the study. The FURIA
classification model performed better. The aim of
the study is to diagnose ASD in children aged 12-36
months.

Studies are aimed at diagnosing ASD in children. For
this purpose, an important contribution has been
made to the literature. First of all, there is a need for
data sets containing behavioral characteristics of
people diagnosed with ASD. Except for some
European countries, there is no comprehensive
dataset on the subject. Such datasets enable more
detailed analyzes to be made by increasing the
efficiency, sensitivity, specificity and performance
ratio of the software to be developed to shorten the
ASD diagnosis process. The data set provided by the
Manukau Institute of Technology, which provides
international source data, to researchers interested
in ASD, was used in this study. The dataset has 18
features. There are 10 questions about ASD in the
dataset. There is also a feature that includes the
score in return for the answers to these questions.
SVM, Naive Bayes, RF and ANN were used in the
study. This paper is organized as follows: Section 2
describes material and method. Section 3 shows the
experimental results. And finally conclusion part is
given.
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2. Material and Methods
2.1 ikinci dereceden baslik

In the application, 1054 records containing 18
different features presented by Manukau Institute
of Technology for the detection of autistic

such as ethnicity, kindship, score and age were
excluded from the dataset.

Table 2. The numeric data

spectrum disorder in infants (12-36 months) were Gender Have Family Who entered the
Jaoundice member data

used (Int Rfn. 3). A data set was created with the with ASD
answers to the questions prepared according to female 0 No 0 No 0 Healthcare 1
the last parameters accepted in the literature for Professional
the diagnosis of ASD. Table 1 shows the attibutes male 1 Yes 1 Yes 1 Others 2
of the dataset. - N S - Parent 3
Table 1. The attributes of the dataset

No Field Name Description

1 Questions 1 The situation where the child looks at you when called by his/her name

2 Questions 2 The situation of making eye contact with the child

3 Questions 3 The state of the child to point out when he wants something

4 Questions 4 The state of the child pointing out something that he or she finds interesting

5 Questions 5 The child's state of playing games that require imitation

6 Questions 6 The state of the child to follow the place where the other person is looking with his eyes

7 Questions 7 If someone in the family is unhappy, the child's reaction to the person concerned

8 Questions 8 How to identify the first word the child speaks

9 Questions 9 The child's use of simple body movements to communicate

10 Questions 10 Child's focus on one place for no reason

11 Age(Months) Age

12 Sex Male or Female

13 Ethnicity Ethnicities

14 Bom with jaundice Have jaundice

15 Family member with ASD Is there a family history of autistic spectrum disorder?

16 Who entered the data Family, health personel,etc.

(Family/Another)
17 Score The score obtained according to the answers given to the questions in the test
18 Class Ground truth

The answers were collected with the ASDTests app.
Among the attributes used as input in the data set
used, there are ten questions measuring the ASD as
well as information containing demographic
characteristics. The data set includes numeric and
categorical data types. Some samples in the dataset
have missing data. In the data set consisting of a
total of 18 features; 17 features were used as input
and 1 feature was used as output because it
contained the result. First, all attributes were
converted to numerical values In this study. These
values are shown in Table-2. In order to be able to
analyze the data set more effectively, data
preprocessing steps such as completing the missing
data and normalizing the data between 0 and 1

were carried out. The missing data on attributes

2.2. Performance Metrics

The results obtained in the estimations made with
the test data are expressed with the error matrix.
Table-3 shows the confusion matrix. The key metrics
used to evaluate the success of classifiers are F-
Measure, precision, and accuracy(Nishat et al,
2021).

Table 3. Confusion Matrix

Actual
ASD Not ASD
ASD TP(True FP(False
. Positive) Positive)
Predicted ot asD FN(False TN(True
Negative) Negative)
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They are defined as equation1,2 and 3 respectively:

TP+TN
TP+FP+FN+TN

accuracy = (1)
TP

TP+FN

(2)

sensitivity =

2+TP
F — measure = ———— (3)
(2¥TP+FP+FN)

2.3. Classification Algorithms

In this section, information about machine learning
methods will be given.

2.3.1 Support Vector Machine

SVM (Cortes et al. 1995) is a powerful machine
learning algorithm based on statistical theories.
Traditional Al algorithms require large amounts of
training data for learning. In addition, overfitting
problems are encountered. However, with the DVM
algorithm, successful results are obtained with
multidimensional and less data. The purpose of
SVMis is to find the separator plane with the highest
distance between classification algorithms, as
shown in Figure 1. x and y axes indicate points of
data. w; weight, x; input vector, b; represents the
amount of deviation. If the result of a new value is
less than 0, it will be closer to the dots on the right.
Conversely, if the result is greater than or equal to
0, it will be closer to the left dots. In this study, linear
SVM was used. The cost value for the SVM algorithm
was determined as 1 and the gamma value as 0.1.
While determining these values, cost and gamma
values were obtained by using k-cross validation
method, in which svm performed best.

4

y=wx+h

X

Figure 1. SVM Classifier (Linearly Separable Data)
(Cortes et al. 1995)

2.3.2 Naive Bayes

It is a simplified version of Bayes' theorem with
independent evaluation of properties. It works

based on Bayes’ Theorem, which provides a way
tocalculate the probability of hypothesis based on
our prior knowledge (Nayeem et al. 2021). The
posterior probability is computed as equation 4:

PY|X)P(X)

P(xIY) = 2

(4)
Laplace smoothing technique is used for the Naive
Bayes classifier which process the problem of zero
probability in Naive Bayes.

2.3.3 Random Forest

It is aimed to join the decisions of trees with many
variables, each of which is trained on a different
tree, instead of producing a single decision tree. The
success and accuracy of the result of different data
groups with a single classifier increases (Breiman
2001). Random forest is a collective learning
method in which more than one decision tree is
used. Collective methods are learning algorithms
that generate multiple classifiers instead of one, and
then classify new data with votes from their
predictions. It uses the decision tree structure while
performing the classification process. The number
of trees determined for the random forest classifier
is 400. The importance parameter is set to true in
order to use the importance levels of this algorithm
in the dataset.

2.3.3 Artificial Neual Networks (ANN)

It is a mathematical model which is revealed by the
human brain (NASSER et al. 2019). ANN relies on its
ability to adapt to changing situations by adjusting
its connections (weights) and learning from
experience. Artificial neurons are organized into
layers, as shown in Figure (2). Each layer consists of
a group of neurons that perform similar functions.
Input, output and hidden layers are type of the
layers. The hidden layer is optional. The input and
output layers are mandatory. In this study, multiple
layer perceptron (MLP) and deep neural network
(DNN) algorithms were used from the ANN family.
For DNN, predictions were made using a model with

two hidden layers of sizes (30, 3).
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Output

Layer

aa

Vo

Input Layer

Hidden
Layer

Figure 2. ANN Architecture

The flowchart of the study is depicted in Figure-3.

4 )

Fill missing

ASD Data Set

Convert
number data

((\(0

fna

Preprocressed
data

- /

Figure 3. The flowchart of the proposed model

3. Results and Discussion

After the preprocessing, the dataset is divided as
training and test. In order to obtain the most
successful result of the model, the dataset is divided
at different rates. Based on these ratios, the F-
measure, accuracy and sensitivity values were
calculated. Table 4 shows the accuracy, sensitivity
and F-measure values of the classification
algorithms.

As can be seen, SVM, random forest,DNN and MLP

algorithms are 100% successful in all cases.
Although the success rate of the Naive Bayes
algorithm is lower, it is also quite effective.

As a result, it was seen that DNN and MLP gave very
successful results in detecting ASD. The model that
can be used in the diagnosis of ASD has been
developed for children between 12-36 months. It

has been shown that faster and more successfull

i

detection of ASD can be achieved using DNN and
MLP.

When examining the results obtained in this study,
it is evident that high success rates were achieved
using ANN algorithms. The use of ANN algorithms
for ASD detection has been emphasized, as they
can demonstrate high performance even with
larger datasets

TRAIMING DATA

Build Model

Perform

TESTING DATA

Test
Classification
Model

4.Conclusion

Individuals with ASD need early diagnosis. The
earlier the disease is diagnosed, the slower the rate
of progression. With the development of
technology, many diseases can be diagnosed early.
Models created using data sets of individuals with
ASD are important for early diagnosis. Based on the
autism screening test data provided by the
Manukau Institute of Technology, various machine
learning algorithms were wused to find the
appropriate model. An artificial neural network and
classical machine learning algorithm models were
proposed for autism diagnosis. In the artificial
neural network, the input factors were obtained
from the dataset of an autism screening application,
representing detailed screening results of the users.
The ANN model was tested and achieved 100%
accuracy in the overall results. This study
demonstrated the capability of artificial neural
networks in diagnosing ASD.

Obtained results show that ANN, RF and SVM
methods give high success rates. Machine learning
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methods and artificial neural networks should be
applied by replicating the data and the results
should be re-evaluated. In future studies, The aim is
to utilize deep learning algorithms for autism
diagnosis using brain MRI images.

Table 4. Classification result for data set

Tests | Methods | Accuracy | Sensitivity | F-measure
NaiveBayes 94.47% 91.87% 91.02%
. Random Forest 100% 100% 100%
Train(50%)
Test(50%) SVM 100% 100% 100%
MLP 100% 99.72% 99.86%
DNN 100% 100% 100%
Naive Bayes 97.33% 94.44% 95.54%
Train(60%) Random Forest 100% 100% 100%
Test(40%) SVM 100% 100% 100%
MLP 100% 100% 100%
DNN 100% 100% 100%
Naive Bayes 98.6% 95.70% 97.26%
. Random Forest 100% 100% 100%
Train(70%)
Test(30%) SVM 100% 100% 100%
MLP 100% 100% 100%
DNN 100% 100% 100%
Naive Bayes 98.46% 96.72% 97.52%
Train(80%) Random Forest 100% 100% 100%
Test(20%) SVM 100% 100% 100%
MLP 100% 100% 100%
DNN 100% 100% 100%
Naive Bayes 100% 100% 100%
0, 0, 0,
Train(90%) Random Forest 100% 100% 100%
Test(10%) SVM 100% 100% 100%
MLP 100% 100% 100%
DNN 100% 100% 100%
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Mevcut enerji rezervlerinin azalmasi, fotovoltaik giines enerjili sistemleri popiler hale getirmistir.

Sistemin etkin bir sekilde isletilebilmesi igin etkin bir sekilde yonetilmesi ve isinimlarinin basarili sekilde
tahmin edilmesi gerekmektedir. Calisma; Afyon Kocatepe Universitesi biinyesinde saatlik olarak
Anahtar kelimeler Olctlms bir yillik glines 1sinim verisi (1*8760 boyutlu data seti) ve belirli saat araliklarla (05:00 ile 14:00)
Olgtlen bir yillik 1sinim, basing ve ortalama sicakhk degerlerini iceren 3*7310 boyutlu data seti

Isinim; Giines; Tahmin;
kullanilarak, Yapay Sinir Aglari temelli birden fazla modellerle gergeklestirilmistir. Birinci model; 1*8760

Yapay Sinir Aglari

(YSA); Modelleme veri boyutuna sahip bir yillik 1sinim verisiyle, ikinci ve iciincii model ise; glinlik 10’ar saatlik kayitlar

altina alinan farkl girdi degerlerinin kullanilmasiyla olusturulmustur. Ayni tarihlerde ayni bolge igin
alinan farkh 6lgim degerleri ile yapay sinir aglari egitilmis ve performanslari kiyaslanmistir.
Gergeklestirilen ¢alismada birinci modelin basari orani %87,78, ikinci modelde basari orani %73, tglinci
modelde ise %71’'dir. Calisma; girdi verilerinin, gizli katmanda kullanilacak néron sayisinin ve
kullanilacak egitim fonksiyonunun 6nemine dikkat ¢ekilmistir.

Effects of Artificial Different Neural Network Methods on
Experimentally Measured Solar Radiation Estimation

Abstract

The decrease in available energy reserves has made photovoltaic solar systems popular. In order for
the system to be operated effectively, it must be managed effectively and its radiations must be
predicted successfully. The study; A yearly solar radiation data (1*8760 size data set) measured hourly

within Afyon Kocatepe University and a 3*7310 size data containing the annual radiation, pressure and
average temperature values measured at certain hourly intervals (05:00 am - 02:00 pm). It has been
carried out with multiple models based on Artificial Neural Networks, using the set. First model; With a
one-year radiation data with a data size of 1¥8760, the second and third models; It was created by using
different input values recorded daily for 10 hours. Artificial neural networks were trained with different

Keywords
Radiation; Sun;
Prediction; Artificial
Neural Networks

(ANN); Modelling.
measurement values taken for the same region on the same dates and their performances were

compared. In the study carried out, the success rate of the first model was 87.78%, the success rate of
the second model was 73%, and the third model was 71%. Study; The importance of the input data, the
number of neurons to be used in the hidden layer and the training function to be used has been pointed
out.

© Afyon Kocatepe Universitesi
1. Giris petrol ve dogalgaz gibi yakitlardan karsilandig g6z
. . " onlne alindiginda vyenilenebilir enerji tlrlerine
Kiresel isinmanin artmasi, mevcut fosil enerji )
yapilacak olan vyatirmlarin daha da artacagina
isarettir (Jain et al 2011).

Yenilenebilir enerji arasinda glines enerjisinden

kaynak rezervlerinin azalmasi, yenilenebilir enerjiye
yonelmeyi zorunlu hale getirmistir. Ozellikle

Glkemizdeki mevcut enerjinin, rezervi sikintili olan ' o o o
elektrik enerjisine doénlsim icin tasarlanan



Farkli Yapay Sinir Adlari Yéntemlerini Deneysel Olarak Olgiilen Giines Isinim Tahminine Etkisi, Yildiz ve Serttas

sistemler, verimlilikleri dlstk olsa bile amortisman
siresi ve kullanim kolayhg bakimindan diger

sistemler ile karsilastirildiginda avantaj

saglamaktadir. Ulkemiz, giines kusag olarak
adlandirilan boélgede bulunmasi ve glines enerjisi
agisindan zengin bir konumda vyer almasiyla,
fotovoltaik gilines panellerinin  kullanimina son
sistemlerinin

derece elverislidir. Glines enerji

kullaniminin artisiyla  birlikte, ginimiz enerji

problemi, c¢evreye zarar vermeden c¢Oziime

yaklasacaktir (Angarita and Usaola, 2007).

Glines panellerinin dogru ve etkin kullanilabilmesi
onemli bir konudur. Gilines isinlarinin sagladig enerji
her bolgede ayni degildir. Panellerden elde edilen
enerjinin artirilabilmesi gelen isinimlar ile orantil bir
durumdur (Bakirci, 2009). Yenilenebilir Enerji Genel
Madirligi’nin yaptigl aciklamalara gore (ilkemizin
glnlik gines 15181 (glineslenme) siresi 7,2 saat
civarlarindadir.  Yeryliziine ulasan gilines enerji
potansiyellerinin tespit edilebilmesi fotovoltaik (FV)
sistemlerin verimliligi bakimindan olduk¢ca 6nemli
bir konudur (Glgli, 2020). Bir bolgenin enerji
tespit
cihazlarina, verilerin kaydedilebilmesi icin gerekli

potansiyelini edebilmek icin; gozlem
kayit cihazlarina, gozlem istasyonlarina vb. gibi
birgok ekipmanlara ihtiyag duyulmaktadir. Ekipman
maliyetleri ve islemlerin zorluklari giines i1sinim
tahminlemenin Onemini ortaya ¢ikarmaktadir (H.

Glahn and D. Lowry, 1972).

Tahminlemenin amaci, gelecek hakkinda bir fikir

olusumunu saglamaktir. Belirsizliklerin  dniine

gecerek, gelecege yonelik yatirmlarin saglhkli
olmasina yardimci olmaktir. Ancak tahminleme
modellerinin yanhs olusturulmasi istenilen bir
(Koken, 2022).

modelleri dogru olusturulmus yontemlerin dahi

durum degildir Tahminleme
dezavantajlari olabilmektedir. Yontem her ne kadar
dogru modelleme yapsa da gozlem disi bir deger
Uretmesi tahminlemenin bir dezavantajidir ve hata
payinin olmasi beklenen bir durumdur (Makridakis
and Wheelwright, 1989).
gecmis verileri isleyerek veya 6grenerek gelecekte

Tahmin yoOntemleri,

benzer kosullar altinda meydana gelebilecek

durumlar hakkinda basarili sonuglar elde etmektedir
(Prasad et al 2016).

Tahmin sonuglarinda hatanin en az seviyelerde
olmasi istenir. Oncelikle mevcut veriler icin yapay
sinir aglari (YSA) egitilir. Egitim sonucunda ve test
sonucunda YSA’nin yaptigi tahmin verilerine bakilr.
YSA’nin basari
gerceklestirilen yontem basarili kabul edilebilir ise

orani ylksek ise, yani YSA’'da

gelecek degerlere yonelik tahminleme ile devam

edilir. Ancak vyetersiz ise yeni bir modelin

tanimlanarak islemlerin tekrarlanmasi

gerekmektedir.

Yenilenebilir enerji sistemlerin kullanim alanlarinin
yayginlasmasi ve genislemesi nedeniyle, gines
radyasyonuyla ilgili daha dogru modelleme ve
tahmin yontemlerine ihtiya¢ artmaktadir. Diinya

ylzeyine ulasan glnes 1sinimi bircok cevresel

etkilere bagh oldugu icin tahminleme
glclesmektedir. Tahmin degerleri FV
uygulamalarinin  tasariminda  gereklidir.  Sabit

sicakliktaki glnes panelinde, glic Uretimi kiresel

radyasyona dogrudan bagimhidir ve gilnes
radyasyonunu tahmin etmek FV glcinld tahmin
etmekten neredeyse farksizdir (J. Cao and S. Cao,

2005).

Tahminleme yontemleri tahmin siresi ve girdi tipine
gore farklihk géstermektedir. Literatiirde bu konuda
gerceklestirilen bircok yontem ve arastirma
mevcuttur (Sekertekin, 2019). Bu c¢alisma, YSA ile
birden fazla ag kurularak gergeklestirilmis olunup,
isinimin tahmin edilirken farkh girdi verilerinin
kullaniimasiyla olusturulan modellerin
performanslari birbirleri ile karsilastiriimistir (Kara,

2019).

Gergeklestirilen galismada olusturulan Yapay Sinir
Aglari modellerinin tahminleme (izerine etkisi
arastirilmistir. Kullanilan birinci modelde kesintisiz
bir sekilde kayit altina alinan 24 saatlik 1sinim verisi
ile olusturulmus i1sinim verisi kullaniimistir. ikinci ve
Uglinci modelde ise belirli saatlerde kayit altina
alinan 1siInim, basing ve ortalama sicakhk degerini
iceren veri setleri kullanilmistir. Bu modellerin
karsilastirilmasindaki  amag¢  girdi  verilerinin
tirlerinin ve boyutunun Yapay Sinir Aglari modelleri
Uzerine etkilerinin arastiriimasidir. Olusturulan
modelleri  farkh egitim

Yapay Sinir Aglan
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fonksiyonlari ve farkli néron sayilariyla egitilerek,
olusturulan modellerde egitim fonksiyonlarinin ve
gizli katman néron sayilarinin etkisi gézlemlenmistir.
Modellerin olusturulmasi, verilerin kullaniimasi ve
elde edilen basari oranlarina makalenin diger
bolimlerinde daha ayrintili yer verilmistir.

Kullanilan  y6ntemler sayesinde  olusturulan
modeller igin en uygun egitim fonksiyonu ve en
dogru gizli katman ndron sayisi segilebilecektir.
Ayrica girdi verileri icerisinde basari oranina az
etkileyen data setlerinin ayiklanmasi olusturulan
daha hizli

modelin

modelin ¢alismasini  saglayacaktir.

Kullanilan dezavantaji ise  egitim
fonksiyonlarinin ve ndéron sayilarinin birden fazla

denenmesi modelin ¢alisma siresini artirmaktadir.

2. Materyal ve Metot

Yapay zeka yontemlerinden biri olan yapay sinir

aglari son zamanlarin popiller konusu haline
gelmistir. Sundugu imkanlar ve kullaniminin kolay
siklikla tercih

edilmektedir. Bu ¢alismada, dogrusal olmayan ve

olmasi sebebiyle bircok alanda
karmagsik glines 1sinim verileri, yapay sinir aglari

yardimiyla tahmin edilmektedir (Akarslan ve
Hocaoglu, 2018). Kullanilan degerler ayni tarihler
icin farkli ydntemler ile kaydedilmis, Afyonkarahisar
sehrine ait bir yillik 1sinim verileridir. Isinim verileri
bulutluluk, nem gibi veya bircok ongoriilemeyen
sebeplerden dolayr atmosfer disi 1sinima gore
bozulabilir. Dlzgilin bir dogrusallik gdstermemesi
sebebiyle glines i1sinim verilerinin tahmini normal
sartlarda mimkiin olamayacak kadar zordur. Ancak
yapay sinir aglarinin ve benzer bircok yéntemlerin
gelistirilmesi ile tahminlemeleri gergeklestirmek

kolaylagmaktadir (Louzazni M et al, 2022).

YSA, insan beyninin ¢calisma ilkesinden esinlenilerek
olusturulmus bir sistemdir. insan beynindeki sinir
hicrelerinin yapay olarak taklit edilmesini baz alarak
olusturulmustur ve karmasik problemleri ¢6zmek
amacliyla bilgisayar sistemlerine uygulanmaktadir
(Ceylan ve Bulkan, 2018). Mikemmel bir veri isleme
teknigi olarak kabul edilebilir. YSA kendisine verilen
ornek verileri kullanarak 6grenmektedir. Cok

karmasik ve  dogrusal olmayan verilerin

¢O6zlimlenmesinde blylk kolayliklar saglamaktadir
(Arslan, G. vd 2019).

YSA'nin yapay sinir hicrelerinden bir diger adiyla
YSA’nin
girisindeki verilere; girdiler denir. Girisindeki girdiler

noronlardan meydana gelmektedir.
YSA'nin kendi belirledigi agirliklar ile ¢arpimiyla gikt
degerleri olusmaktadir. Bu islemler aktivasyon
fonksiyonu ile gergeklestirilir. Sonucu olusturmak
icin aktivasyon fonksiyonunun etkisi yuksektir.
Ciktilar;

yapilarak alinir. Bir yapay sinir hiicresinin 6grenme

aktivasyon fonksiyonuna gore islem
yetenegi, secilen 0grenme algoritmasi icerisinde
agirhklarin uygun bir sekilde ayarlanmasina baglidir.
Sekil 1'de YSA'nin matematiksel olarak genel yapisi
gosterilmektedir. Sekilde aktivasyon fonksiyonu
kisminda, bu c¢alismada da kullanilan, sigmoid

fonksiyonu goziikmektedir (Sahan ve Okur 2016).

Her bir tabakay! birbirlerine baglayan ileri yayilimli
(Feedforward Propagation) ya da geriye yayilimli
(Feedback propagation) olmak Gzere iki tane
O0grenme (training) algoritmasi vardir.

Girdiler  Adirlikdar Toplama Istemi Aktivasyon fonksiyonu Cikis

Wy

W,

o)
" o =
\
; Y-S omrm) T wr —
=0 0.2
0.0l 2
o -10-5 0 5 10

Esik Degeni (Wo)

Sekil 1. YSA’nin Matematiksel Olarak Genel Yapisi

En iyi 68renme algoritmalarin basinda Levenberg-
Marquardt Ogrenme algoritmasi kullanan geri
yayilimli YSA oldugu gortlmektedir (Yildiz vd. 2023).

2.1 Modellerin Olusturulmasi

Bu calismada yapay sinir aglari farkl yontemlerle
kurulmustur. Tasarlanan ilk yapay sinir ag1 1¥*8760
veri boyutuna sahip bir yillik (01 Ocak 2011 - 31
Aralik 2011) isinim verisi ile kurulmustur. Kullanilan
bir yillik 1sinim verisi sekil 2’de gosterildigi gibidir.
Yapay sinir aginin tahmin yapabilmesi icin veri seti
girdi matrisi ve ¢ikti vektor olarak diizenlenmistir.
Girdi matrisi ve c¢ikti vektorl; YSA her 24 saatlik
egitimin sonunda bir sonraki 1sinim degerini tahmin
Girdi

edebilecek sekilde ayarlanmistir. matrisi
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8736*24 boyutunda bir matris ve c¢ikti vektori de
8736*1 seklinde olusmustur.

Isinim

1000

800

600

200

(o]
(o] 1000 2000 3000 4000 5000 6000 7000 8000 8760

Sekil 2. Bir Yillik (8760 Saatlik) Isinim Verisi

ikinci yéntemde, cikista belirli saatler icin (05:00 —
14:00) tahmin edilmesi istenen isinim degeri igin;
giriste belirli saatlerde alinan (05:00 — 14:00) isinim,
basing ve sicakhk degerleri kullanilmistir. Ugilincii
modelde ise 1sinim verilerinin tahmininde, ozellik
se¢iminin 6nemine dikkat edilebilmesi amaciyla giris
olarak sadece sicaklik ve basing verileri, ¢ikis ise
Isinim verisi olarak tasarlanmistir. Olusturulan 3
modelin performanslari birbirleri ile mukayese
edilmistir. Basari orani R kare ylizde basari olarak
verilmistir. Olusturulan modelde verilerin %80’
egitim icin %20'si ise test olarak kullaniimistir.

ilk olarak cikti verileri olan i1sinim miktarlari ayni
zamanda girdi vektori olarak da kullaniimis ve YSA
Elde edilen

basari

egitilmistir.
YSA'nin
Olusturulan modeller, farkh néron sayilari ve farkl

sonuglar kaydedilerek

sonuglari  degerlendirilmistir.
egitim fonksiyonlar ile egitilerek test edilmistir
(Ehmeind Maham and Akarslan, 2022).
Gergeklestirilen modellerde bir adet gizli katman
kullanilmistir.  Aktivasyon fonksiyonu olarak en
yaygin kullanilan aktivasyon fonksiyonu sigmoid
fonksiyon segilmistir (Momeni el all, 2014). Birden
fazla egitim fonksiyonu ile ayri ayri egitilen modeller
néron
farkh
denenmistir ve basari orani en yiksek ag modeli

tasarlanirken gizli katman saylsl da

algoritmalar yardimiyla degerlerde
tespit edilmistir. Olusturulan yapay sinir aglari

modeli Sekil 3’te gosterildigi gibidir.

Layer Layer

Sekil 3. Kullanilan YSA Modelinin Yapisi

Olugturulan modeller, 8 adet egitim fonksiyonu ile
ayri ayri egitilmistir. Kullanilan egitim fonksiyonlari
siraslyla; TrainLMLevenberg-Marquardt (TrainLM),
Conjugate gradient with Polak-Ribiére (TrainCGP),
Gradient descent with momentum and adaptive
learning rate (TrainGDX), Scaled conjugate gradient
(TrainSCG), Resilient
(Train0SS), Conjugate gradient with Fletcher -
Reeves Updates (TrainCGF)TrainCGF, BFGS quasi-
(TrainBFG)
Calismanin bundan sonraki boélimlerinde egitim
belirtilecektir.
dogruluk

(TrainRP), One-step secant

Newton egitim fonksiyonlandir.

fonksiyonlari kisaltmalariyla

Gergeklestirilen modellerin oranlari
performans degerlendirme kriterleri olan Ortalama
Kare Hatasi (Mean Squared Error — MSE), Ortalama
Mutlak Hata (MAE) ve Kok Ortalama Kare Hata
(RMSE) ile kontrol edilmistir (Gokce ve Sonugiir,
2015).

denklemler asagida verildigi gibidir.

Degerlendirme  performanslarina  ait

Ortalama Kare Hatasi (Mean Squared Error — MSE);

n 2

1
MSE=—-%, _ e (1)

Kok Ortalama Kare Hata (RMSE);

RMSE = |=37_, e? (2)

n&k=
Ortalama Mutlak Hata (MAE);
1
MAE = =37_y|e| (2)

Gergeklestirilien modelde test sonuglarina gore
performansi en iyi olan ag, ‘trainlm’ (Levenberg-
Marquardt) ve 'traincgf' (Fletcher-Powell Conjugate
Gradient) egitim fonksiyonu ile egitilen ag olmustur.
Olusturulan YSA modeline ait hata katsayilari ¢izelge
1’de verildigi gibidir. Cizelge test sonuglarina gore
siralanmis olup, basari orani en yliksekten en
dislige dogru siralanmistir. Néron sayilarinin etkisi
¢alismanin ilerleyen bolimlerinde agiklanmistir
(Yildiz vd. 2023).
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Egitim performanlari karsilastirildiginda Yapay Sinir
Ag modeli en iyi performansi TrainCGF ,TrainRP ve
TrainLM egitim fonksiyonlari ile egitildiginde elde
edilmistir. Ancak TrainCGP
egitilen agin egitim performansi diger aglara gore

egitim fonksiyonu ile

duslik gibi goziikirken, test performansinin yiksek
oldugu gorulmistir. Birinci modele ait en iyi test
performansi TrainLM egitim fonksiyonu kullanilarak
egitilen 15 noéronlu aga aittir ve modele ait
performans grafikleri Sekil 4’te gosterilmistir.

Olusturulan Yapay Sinir Ag modellerinin basarilari
farkh grafiklerle gosterilmistir. MSE-Epochs grafigi,
YSA'nin egitim orneklerine karsi ortalama karesel
hata (Mean Squared Error - MSE) degerlerinin,
degistigini
gostermektedir. Bu grafik, YSA modelinin basari

egitim sireci boyunca nasil
oraninin belirlenmesinde 6nemli bir gésterge olarak
kullanihr. MSE degeri ne kadar dulsik olursa,
modelin performansi o kadar yliksek olur.

Gradient - Epoch grafigi YSA'nin egitim sirasinda
gradient degerlerinin degisimini gostermektedir.

Gradient, agin egitim verilerine uyum saglamasini

kullanilan  bir
Bu grafikteki gradient
degerinin ne kadar dogru bir sekilde hesaplandigini

saglamak icin optimizasyon

algoritmasidir. degerler,

gosterir.
Validation Checks — Epoch grafigi ise YSA'nin egitim

sirasinda dogrulama setindeki basarisini

gostermektedir. Bu grafik, modelin dogrulama

verileri Uzerindeki performansini izlemek igin

kullanilir. Dogrulama seti, modelin

genellestirilmesini ve asiri uyuma (overfitting) karsi
korunmasini saglar.

§ Best Validation Performance is 0.000414 at epoch 283
o'

Gradient = 000042418, af epach 280

——Tain
= Validation
—Test

Best

Validation Checks = 6, at spoch 283

Mean Squared Error (mse)

o+ **
2t + L T |
. DT T T e e
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Sekil 4. Birinci YSA Modeline Ait Performans Grafikleri
(TrainLM ile Egitilen 15 N6ronlu Ag)

% 10 5
789 Epochs

Cizelge 1. Olusturulan Birinci Modele Ait YSA i¢in Hata Katsayilar

Egitim Test

Egitim Fonksiyonu Noron Basar1 Oram Basar1 Oram

Sayisi MAE MSE RMSE (%) MAE MSE RMSE (%)
Levenberg-Marquardt 15 0,1213 0,0421 0,2052 87,8670 0,1221 0,0435 0,2085 87,7853
(TrainLM)
Conjugate gradient with 14 0,1214 0,0422 0,2054 87,8572 0,1223 0,0437 0,2089 87,7666
Fletcher-Reeves Updates
(TrainCGF)
Resilient (TrainRP) 14 0,1218 0,0426 0,2064 87,8180 0,1223 0,0437 0,2089 87,7661
Conjugate gradient with 15 0,1216 0,0424 0,2060 87,8357 0,1224  0,0438 0,2092 87,7553
Polak-Ribiére (TrainCGP)
BFGS quasi-Newton 15 0,1214 0,0422 0,2054 87,8572 0,1225 0,0438 0,2092 87,7545
(TrainBFG)
One-step secant 20 0,1216 0,0424 0,2059 87,8397 0,1225 0,0438 0,2093 87,7516
(TrainOSS)
Conjugate gradient with 17 0,1216 0,0424 0,2059 87,8395 0,1225 0,0438 0,2093 87,7500
Polak-Ribiére (TrainCGP)
Scaled conjugate gradient 15 0,1216 0,0424 0,2059 87,8430 0,1227  0,0440 0,2097 87,7318
(TrainSCG)
Gradient descent with 17 0,1222 0,0428 0,2068 86,7952 0,1236  0,0458 0,2139 86,6925

momentum and adaptive

learning rate (TrainGDX)
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Levenberg-Marquardt 18 0,1206  0,0413  0,2033 87,9430 0,1235  0,0448  0,2117 87,6515
(TrainLIM)

Levenberg-Marquardt 19 0,1206  0,0414  0,2034 87,9426 0,1229  0,0442  0,2103 87,7095
(TrainLIM)

Conjugate gradient with 24 0,1211  0,0419  0,2047 87,8876 0,1227  0,0440  0,2099 87,7276
Fletcher - Reeves Updates

(TrainCGF)

Resilient (TrainRP) 22 0,1211  0,0419  0,2047 87,8871 0,1228  0,0441  0,2100 87,7209
Birinci modelin basari grafigi ise Sekil 5’te

gosterilmistir. Grafikteki dogrular, veri Giris verileri olarak 151nim, saat, ortalama sicaklik ve
yogunlugunun cok oldugu bélgelere isaret etmekte, basing degerleri kullaniimistir. Girdi matrisi 7310*13
uyusmayan veriler ise hata olarak kabul boyutundadir. Karsihiginda ise 7310*1 boyutunda

edilmektedir. Olusturulan ikinci modelde ise ayni
tarihler arasinda, belirli saatlerde o6lgllen isinim,

sicaklik ~ ve  basing  degerleri  kullanilarak

gerceklestirilmistir.

Training: R=0.99768

Validation: R=0.99801
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Test: R=0.99717

All: R=0.99766

Output ~= 0.99*Target + 0.0042

Output ~= 0.99*Target + 0.0029

0 o0z 04 06 08 1 0 02 04 06 08 1
Target Target

Sekil 5. Birinci YSA Modeline Ait Basari Grafigi (TrainLM
ile Egitilen 15 Noronlu Ag)

Isinim verilerinden meydana gelen ¢ikti vektori
kullanilmistir.

Gerceklestirilen ikinci modele ait hata katsayilari
Cizelge 2’de gosterilmistir. Cizelge test sonuglarina
gbre basari orani en yiksekten en az olana gore
dizilmigtir.

Egitim performanslari karsilastirildiginda, Yapay
Sinir Ag modeli en iyi performansini TrainLM egitim
fonksiyonu ile egitilen ag modelinde
gerceklestirmektedir. Ancak test verileri icin ise en
basarili ag TrainRP egitim fonksiyonu ile egitilen

modelde ortaya ¢ikmaktadir.

Cizelge 2. Olusturulan ikinci Modele Ait YSA icin Hata Katsayilari

Egitim Noron Egitim I¢cin Test icin
Fonksiyonu Sayisi Basari Basan
MAE MSE RMSE Oram (%0) MAE MSE RMSE Orami
(%)

TrainRP 22 0,2658 0,0977 0,3126 73,4225 0,2702 0,0985 0,3138 72,9791
TrainBFG 16 0,2661 0,0981 0,3132 73,3869 0,2709 0,0991 0,3148 72,9122
TrainLM 20 0,2645 0,0965 0,3106 73,5493 0,2711 0,0994 0,3152 72,8876
TrainLM 18 0,2657 0,0977 0,3125 73,4267 0,2712 0,0994 0,3153 72,8811
TrainBFG 24 0,2662 0,0981 0,3133 73,3802 0,2714 0,0996 0,3156 72,8630
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TrainLM 25 0,2651 0,0970 0,3115
TrainCGF 25 0,2656 0,0975 0,3123
TrainCGP 12 0,2668 0,0987 0,3142
TrainSCG 26 0,2654 0,0974 0,3120
TrainOSS 24 0,2675 0,0994 0,3153
TrainCGP 16 0,2657 0,0976 0,3124
TrainCGF 29 0,2649 0,0968 0,3112
TrainLM 23 0,2656 0,0976 0,3124
TrainGDX 10 0,2684 0,1004 0,3168

73,4928 0,2714 0,0997 0,3157 72,8568
73,4416 0,2716 0,0999 0,3160 72,8384
73,3223 0,2717 0,0999 0,3161 72,8331
73,4580 0,2718 0,1000 0,3163 72,8221
73,2538 0,2720 0,1002 0,3165 72,8048
73,4328 0,2722 0,1005 0,3170 72,7758
73,5133 0,2723 0,1006 0,3172 72,7660
73,4378 0,2724 0,1006 0,3172 72,7632
73,1585 0,2759 0,1041 0,3227 72,4102

Bunlarin disinda basarisiz olan aglarda mevcuttur.
Basari orani en kotl 4 yapay sinir ag modeli Cizelge
3’te verilmistir.

Olusturulan model igin basarisiz en kotu aglar
TrainGDX egitim fonksiyonu ile egitilen aglarda
ortaya cikmaktadir. Egitim fonksiyonunun ayni
olmasina ragmen farkli basari oranlarinin gériilmesi
modelde kullanilan ndéron sayilari ile alakahdir.
TrainGDX egitim fonksiyonu ile egitilen ag i¢in néron
sayisinin 10 olmasi durumunda basari orani %73’ln
Gzerindeyken, néron sayisinin 28 olmasi durumunda
basari orani %46 seviyelerine gerilemektedir. Néron
sayllarinin basari oranina olan etkisi iki gizelgede de
net bir sekilde gérilmektedir.

Degerler incelendiginde ndron sayilari ile basari
oraninin dogru orantili olmadigi gérilmektedir.

Gizelge 3. Olusturulan ikinci Modele Ait En Kétli Durumlar

Olusturulan ikinci modele ait en iyi test performansi
TrainRP egitim fonksiyonu kullanilarak egitilen 22
noronlu aga aittir ve modele ait performans
grafikleri Sekil 6’da gosterildigi gibidir.

Best Validation Performance Is 00080762 at epoch 108 "
! Gradient = 0.0040926, at epoch 114

Validation Checks = 6, at epoch 114

Mean Squared Error (mse)
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Sekil 6. ikinci YSA Modeline Ait Performans Grafikleri
(TrainRP ile Egitilen 22 N6ronlu )

Egitim Noron Egitim Test

Fonksiyonu Sayis1 Basari Basar1 Oram
MAE MSE RMSE Oram (%) MAE MSE RMSE (%)

TrainGDX 28 0,5336 0,3867 0,6218 46,6413 0,5367 0,3891 0,6238 46,3344

TrainGDX 29 0,4962 0,3706 0,6087 50,3812 0,5033 0,3718 0,6098 49,6694

TrainGDX 26 0,4161 0,2694 0,5190 58,3886 0,4242 0,2750 0,5244 57,5839

TrainGDX 30 0,4079 0,2696 0,5193 59,2072 0,4161 0,2740 0,5235 58,3850

Olusturulan model i¢in basarisiz en kot aglar
TrainGDX egitim fonksiyonu ile egitilen aglarda

ortaya c¢ikmaktadir. Egitim fonksiyonunun ayni

olmasina ragmen farkli basari oranlarinin goriilmesi
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modelde kullanilan néron sayilar ile alakaldir.
TrainGDX egitim fonksiyonu ile egitilen ag icin néron
sayisinin 10 olmasi durumunda basari orani %73’Un
Gzerindeyken, néron sayisinin 28 olmasi durumunda
basari orani %46 seviyelerine gerilemektedir. Néron
sayllarinin basari oranina olan etkisi iki ¢izelgede de
net bir sekilde gorilmektedir.  Degerler
incelendiginde noron sayilari ile basari oraninin
dogru orantili olmadigi gérilmektedir.

Olusturulan ikinci modele ait en iyi
TrainLM fonksiyonu

kullanilarak egitilen 25 néronlu aga aittir ve modele

egitim

performansi ise egitim

ait performans grafikleri Sekil 7’de gosterildigi
gibidir.

Best Validation Performance Is 0.0080762 at epoch 108

Gradient = 0.0040926, at epoch 114

gradient

Validation Checks = 6, at epoch 114

Mean Squared Error (mse)
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b DY

val fail

2
w . . "4
0 2 © 8 @ w
114 Epachs

Sekil 7. ikinci YSA Modeline Ait Performans Grafikleri
(TrainLM ile Egitilen 25 Néronlu Ag)
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ikinci modelin basar grafigi ise Sekil 8de
gosterilmistir. Olusturulan diger modelde ise yine
ayni tarihler arasinda, belirli saatlerde o6lcilen
isinim, sicaklik ve basing degerleri kullanilarak

gerceklestirilmistir.

Validation: R=0.9387

. _Training: R=0.94351

O Data| g

0.89*Target + 0.045

0 02 04 06 08
Target
All: R=0.94169

0.5 1
Target

Test: R=0.93528

Qutput ~= 0.89*Target + 0.04 Output ~=0.89*Target + 0.043

Output ~= 0.89*Target + 0.043 Output ~

0 02 04 06 08
Target Target

Sekil 8. ikinci YSA Modeline Ait Basari Grafigi (TrainRP ile
Egitilen 22 Noronlu Ag)

05 1

Ancak bu modelde giris verisi olarak saat, sicaklik ve
basing verileri kullanilmis, bu verilere dayanarak
Isinim verisi tahmin edilmistir. Olusturulan YSA
modeline ait hata katsayilari Cizelge 4’de verilmistir.
Olusturulan Gglinct modelin ikinci model ile farki
girdi verilerinin degistirilmesidir. ikinci modelde elde
edilen 1sinim verileri hem girdi hem ¢kt matrisi
olacak sekilde dizenlenirken Gglinci modelde
kaydedilen isinim verileri orijinal boyutuyla (7320*1)
sadece c¢ikti olarak kullanilmistir. Buna karsin girdi
matrisi saat bilgisi, basin¢ ve sicaklik verilerinden
meydana gelen bir matristen (7320*3) olusmaktadir
(Agbo G et al 2012).

Cizelge 4. Olusturulan Uciincii Modele Ait YSA igin Hata Katsayilari

Egitim Noron Egitim Test
Fonksiyonu Sayisi Basar1 Oram Basar1 Oram
MAE MSE RMSE (%) MAE MSE RMSE (%)

TrainLM 29 0,2856 0,1171 0,3422 71,4431 0,2881 0,1186 0,3444 71,1872
TrainRP 28 0,2883 0,1198 0,3462 71,1680 0,2883 0,1189 0,3448 71,1655
TrainBFG 22 0,2867 0,1182 0,3439 71,3275 0,2884 0,1189 0,3449 71,1574
TrainLM 11 0,2863 0,1178 0,3433 71,3686 0,2885 0,1190 0,3449 71,1550
TrainRP 26 0,2872 0,1187 0,3445 71,2812 0,2885 0,1191 0,3450 71,1452
TrainOSS 21 0,2875 0,1190 0,3449 71,2547 0,2890 0,1195 0,3457 71,0998
TrainCGF 14 0,2880 0,1195 0,3458 71,1969 0,2892 0,1197 0,3459 71,0846
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TrainBFG 23 0,2879 0,1194 0,3455 71,2146 02892  0,1197 0,3460 71,0760
TrainLM 11 0,2872 0,1187 0,3445 71,2820 02893  0,1198 0,3461 71,0746
TrainCGF 19 0,2875 0,1190 0,3450 71,2479 0,2804  0,1199 0,3462 71,0620
TrainSCG 15 0,2874 0,1189 0,3449 71,2577 0,2895  0,1200 0,3464 71,0498
TrainCGP 13 0,2879 0,1194 0,3456 71,2086 0,2896  0,1201 0,3465 71,0419
TrainCGP 17 0,2882 0,1197 0,3459 71,1841 02901  0,1206 0,3473 70,9925
TrainGDX 19 0,2883 0,1198 0,3461 71,1726 0,2901  0,1206 0,3473 70,9911
Olusturulan Uc¢linci modele ait en iyi test

performansi TrainLM egitim fonksiyonu kullanilarak
egitilen 29 noéronlu aga aittir ve modele ait
performans grafikleri sekil 7’de gosterildigi gibidir.

Best Validation Performance is 0.020533 at epoch 65
]

—

Gradient = 0.0012358, at epoch 71
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Validation Checks = 6, at epoch 71
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Sekil 8. Ugiincii YSA Modeline Ait Performans Grafikleri
(TrainLM ile Egitilen 29 Noronlu Ag)

Girdi degiskenlerinin degistirilmesi modelin basarini
oranini etkilemektedir. Ugiincii modelin basari
grafigi ise Sekil 8’de gosterilmistir.

Training: R=0.8343 Validation: R=0.8455

O Data

Output ~= 0.7*Target + 0.12
Output ~=0.71*Target + 0.1

0 02 04 06 08 0 02 04 06 08
Target Target

Test: R=0.81598 All: R=0.83329

O Data

Output ~= 0.68*Target + 0.12
Output ~= 0.7*Target + 0.11

: R L _ /R —
0 02 04 06 08 0 02 04 06 08
Target Target

Sekil 9. Uciincii YSA Modeline Ait Basari Grafigi (TrainLM
ile Egitilen 29 No6ronlu Ag)

3. Sonug ve Oneriler

Gergceklestirilen (ic modelde de ayni tarihe ait farkh
zaman araliklariyla alinan 1sinim verileri farkh

yontemlerle  tahmin  edilmeye  calisiimistir.
Modellerden elde edilen sonuclar incelendiginde
yapay sinir aglari icin egitim fonksiyonunun ve néron
sayisinin basari oranina etkisi goziikmektedir. N6ron
sayilarinin basari orani tzerinde etkili oldugu ancak
basari orani ile dogru bir orantiya sahip olmadigi

goralmektedir.

Isinim verileri birinci modeldeki gibi 24 saat boyunca

kayit altina alindiginda olusturulan modelin
performansinin daha ylksek oldugu goérilmektedir.
Ancak ikinci modeldeki gibi giris verileri (isinim,
sicaklik, basing ve saat bilgileri) sadece belirli saatler
basari

Ugiincii

araliginda  alinirsa oraninin  distigu

anlasiimaktadir. modelde ise giris
verilerinde 1sinim verilerinin kullanilmamasi basari

oranini daha da azaltmistir.

Giris verileri olusturulurken tahminleme ile alakah
verilerin kullanilmasi ve verilerin tam olmasi basari

oraninin  yiiksek olmasini  saglayacaktir. Bir
tahminleme vyapilirken girdi verilerinin, ¢ikti
verilerini etkileyebilecek alakali veriler olmasi

gerekmektedir.

Birinci model icin egitim sirasindaki en yiksek

basari; Levenberg-Marquardt (TrainLM) egitim
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fonksiyonunun kullaniimasiyla elde edilmistir.
Egitim sirasinda 19 adet noron kullaniimistir. Test
icin ise yine Levenberg-Marquardt (TrainLM) egitim
fonksiyonu ile olusturulan ve 15 adet gizli néron
kullanilan model daha basarili olmustur. Egitim
fonksiyonlarinin ve noéron sayilarinin olusturulan
modele uygun secilmesi modelin basari oraninin
artmasi i¢in 6nemli bir konudur. Yapay sinir aglar
modeli olustururken girdilerin, tahmin edilmesi
istenilen verilerle ilgisi ve boyutu da basari oraniigin

onemli bir husustur.
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Oz

Son yillarda ulagim araglarinda elektrik makinalarin hem itki hem de generator olarak kullaniimasi

Anahtar kelimeler
Anahtarlamali
reliktans motor;

gittikge yayginlasmaktadir. Ulagim aracinin &zel gereksinimleri ve galisma sartlari hangi elektrik

Anahtarlamali makinasinin kullanilmasinin uygun olacagini belirlemektedir. Zorlu ¢alisma sartlarinda, kullanilan

relilktans generatér; elektrik makinasinin performans analizi gergek ortam yerine bilgisayar ortaminda gergeklestirilmesi

Sonlu elemanlar prototip imalat giderlerinin azaltilmasi bakimindan gereklidir. Bu ¢alismada zorlu ¢alisma sartlarinin

oldugu ulagim araglarinda hata toleransi yiiksek olmasi, basit yapi ve yiiksek verime sahip olmasi

analizi; Elektrik
nedeniyle Anahtarlamali Reliiktans Makina ele alinmig ve fiziksel modeli Matlab Simscape Toolbox’da

makinalarinin

. modellenmistir. Sonlu Elemanlar Analizi'"den elde edilen veriler kullanilarak modellenen makina hem
Modellenmesi; Matlab

Simscape Toolbox. motor hem de generator olarak kontrol edilmis ve performans analizi gerceklestirilmistir. Benzetim

sonuglari ile 6nerilen yontemin dogrulugu ispatlanmistir.

Physical Model and Performance Analysis of Switched Reluctance
Machine

Abstract

In recent years, the use of electrical machines as both propulsion and generator in transportation

Keywords

Switched ruluctance vehicles has become increasingly common. The special requirements and operating conditions of the

motor; Switched
reluctance generator;
Finite Element
analysis; Modeling of
electrical machines;
Matlab Simscape
Toolbox.

transport vehicle determine which electrical machine is suitable to use. In harsh working conditions,
performing the performance analysis of the electrical machine used in the computer environment
instead of the real environment is necessary in order to reduce the prototype manufacturing costs. In
this study, a Switched Reluctance Machine has been discussed and its physical model has been modeled
in Matlab Simscape Toolbox, due to its high fault tolerance, simple structure and high efficiency in
transportation vehicles with difficult operating conditions. Using the data obtained from Finite Element
Analysis, the modeled machine was controlled as both engine and generator, and performance analysis

was carried out. The accuracy of the proposed method has been proven by the simulation results.

1. Giris

araglarinda  elektrik
makinalarinin kullanimi, fosil yakitlarin bitmeye

Son yillarda  ulasim

ylz tutmasi ve maliyetlerinin artmasi, karbon
salinimlarinin  neden oldugu kiresel 1sinma,
endistrideki otomatik sistemlerin yayginlasmasi
ve daha verimli sistemlerin kullanilma istegi
nedeniyle yayginlasmaktadir (Kocabey, 2018).
Elektrikli trenlerle baslayan bu egilim, elektrikli
otomobiller ve elektrikli hava araglari ile devam
etmektedir. Elektrikli tren ve otomobillerde

© Afyon Kocatepe Universitesi

kullanilan elektrik makinalari ile itme kuvveti elde
edildigi gibi yokus asagl inislerde rejeneratif
calisma ile kinetik enerjiden elektrik enerjisi de
elde edilip giic kaynagina aktarilabilir. insansiz
hava araglarinda itki dogrudan elektrik makinasina
baglanan pervanelerle saglanir (Elmas ve Alkan
2023). Yolcu ugaklarinda itkinin elektrik makinasi
ile elde edildigi ucaklar, deneme amacli yapilsalar
da, su an itibari ile jet yakitinin, batarya enerji
yogunluguna gore daha avantajli olmasi nedeniyle
yaygin olarak kullanilmamaktadir. Bu nedenle
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glinimizde ticari tasimacilikta kullanilan ucak
Uretici firmalar, sistemlerde mekanik, hidrolik,
pnomatik gliclin yerine elektrik glicinin daha
yaygin kullanildigi Boeing 787, Airbus 380 gibi
ucaklara ilgi duymaktadir.

Ulasim araglarinda yaygin olarak, yiksek verim,
yiksek glic yogunlugu, disik atalet gibi
Usttinliklerinden dolayi sabit miknatish senkron
makinalar tercih edilmektedir (Akar vd. 2021).
Ancak bu makinalarin rotorunda bulunan nadir
toprak elementlerinden yapilmis miknatislarin
zorlu galisma sartlarinda manyetik 6zelliklerinin
degismesi, sicakhk ve ters manyetik alan ile
manyetikligini yitirmesi, hammaddesinin belirli bir
Glkenin elinde bulunmasi gibi nedenlerle bilim
dinyasi ulasim aracglarinda farkh elektrik
makinalarinin kullanilmasina ilgi duymaktadir.
Aslinda her bir elektrik makinasinin kullanim yeri,
kullanim sekli, ¢ahstigl hiz, ¢alisma gerilimi gibi
etkenler goz 6niine alindiginda elektrik makinalari
arasinda birbirine rekabet edebilecek 6zellikleri 6n
plana ¢ikmaktadir. Anahtarlamali  reliiktans
makinalar (ARM’ler), basit yapisi, rotorunda sargi
veya miknatis bulunmamasi, yiksek hizlarda
¢alisabilme ozellikleri, diisiik atalet, verimlerinin
indiksiyon makinalara goére yiksek olmasi gibi
UstUnltkleri nedeniyle oOzellikle zorlu c¢alisma
sartlarinda tercih edilmektedir. ARM’ler Ozellikle
sicakligin yiksek oldugu, alan zayiflatma nedeniyle
miknatislarin  demanyetize olmasi ihtimalinin
yuksek oldugu havacilik uygulamalarinda hem
motor hem de generatoér olarak kullaniimaktadir.
Havacilik uygulamalarinin yani sira ARM’ler teker
ici otomobil tahrik sistemlerinde de 6nemli bir
Ustiinlik saglamaktadir (Oksiiztepe 2018). Ayrica
faz sargilarinin  birbirinden bagimsiz kontrol
edilmesinden dolayi, herhangi bir fazda meydana
gelen ariza durumlarinda, hatali fazin devre disi
birakilarak c¢alismasini strdirebilmesi, 6zellikle
havacilik uygulamalarinda hata toleransi yliksek
ARM'’lerin ¢ok blytk Gstlnltgidir. ARM’lerin en
onemli dezavantaji ise moment dalgalanmalarinin
fazla olmasidir, ancak buyik kitleli sistemlerde bu
moment dalgalanmalari sénliimlenebilmektedir.
Ayrica ARM'’lerin tasariminda ve kontrol

sistemlerinde moment dalgalanmalari belirli
oranda azaltilmaktadir (Onder vd. 2019).

ARM'’ler hem stator hem de rotorunda cikintilik
bulunan, manyetik devresindeki reliktans
degisiminden enetji donltsima yapan
makinalardir. Manyetik devreyi teskil eden
cekirdekteki doymalar, ARM’lerin performansinin
belirlenmesi icin yapilan modellerin akim degerine
ve rotor konumuna gore degismesine neden
olmaktadir. ARM’lerin yapisi geregi bu degisimler
dogrusal degildir ve modellenmesi zordur
(Bliylikbigakc1 ve  Boz  2021). ARM'’nin
endiktans degisimi bircok calismada bir fonksiyon
uydurularak modellenebilir. Makina akisinin veya
endiktanslarin degisimi icin yapay sinir aglari gibi
modeller de  kullanilabilmektedir.  Makina
manyetik akisinin veya endiktans degerlerinin
konuma gore degisimi kolaylikla laboratuvar test
dizenegi ile Olcgilebilir.  Ancak akinin veya
endiktansin konuma ve akima goére degisimini bir
test diizenegi ile elde etmek 6zellikle biylk glicli
makinalarda kolay degildir. Bliylk giclii ARM’nin
her bir konumunda sargilarindan 6zellikle yiksek
genlikli akimlari gegirmek, biylik momentlerin
olusmasina ve rotorun bu momentlerle
konumunun degismemesini saglayacak kilitli 6zel
mekanizmalara ihtiya¢c duyulmasina sebep olur.
Sonlu Elemanlar Analizi (SEA) ile makina
cekirdeginin manyetik ozellikleri tanimlanarak
rotorun her bir konumunda ve akim degerinde
makinanin manyetik akisi, sargli endiktansi ve
momenti ylksek dogrulukta hesaplanir (Yetgin
2021). SEA’dan alinan
indiktanslarinin degisimi, sargi manyetik akisinin

verilerle  sargi

degisimi ve moment degisimi belirlenir ve
modellenebilir.

ARM’ler igin yapilan tek bir matematiksel model ile
hem motor c¢alisma hem de generatdr calisma
saglanamaz. Bir ARM’nin zorlu galisma sartlari,
deneysel c¢alismalarda olusturulmasi ¢ok zor
oldugu gibi, cogu zaman da mimkin degildir.
Matlab Simulink‘de kullanilacak makinanin dort
calisma bolgesinde calistiriilmasinin  saglandigl
elektriksel modeller mevcut olmasina ragmen, bu
hazir modellerde manyetik doyma dikkate
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alinmayip, farkh kutup sayilarina, faz sayilarina ve
ARM'’ler icin
kullanilamamaktadir. Bu nedenle 6zel ARM’lerin

geometrilere sahip

hem motor hem de generatoér olarak calistirildigl,
zorlu sartlarin modellenebildigi model olusturmak
bir gereklilik olmaktadir.

Bu ¢alismada boyutlari optimize edilen, dis rotorlu
bir ARM’nin SEA’dan elde edilen veriler
kullanilarak Matlab Simscape’de fiziksel modeli
gelistirilmis ve hem motor hem de generator
olarak performans analizi gergeklestirilmistir.
Onerilen yéntem ile ¢ok farkli geometrilere sahip
tim ARM’ler modellenebilir ve makinanin
performans analizi gergeklestirilebilir.

2. Materyal ve Metot

ARM’nin modellenmesi igin dncelikle boyutlar
optimize edilmis veya bir firma tarafindan
Uretilmis makina cekirdek malzemesinin B-H
egrisi, boyutlarive sargilarinin sarim sayisi girilerek
her bir rotor konumu ve akim degeri icin Maxwell
Manyeto Statik SEA gerceklestirilir (Oztipak 2022).
Bu analizler ile akim ve rotor konumuna gore sargi
halkalanma akilari ve (retilen momentlerden
olusan bir veri kiimesi elde edilir. Bu veri kiimesi
ve makinanin matematiksel denklemleri de
kullanilarak ARM modellenir.

2.1 Dis rotorlu ARM’nin yapisi ve Matematiksel
Modeli

Ug fazl, dis rotorlu, 18 stator, 12 rotor kutup
sayisina sahip ARM’nin yapisi sekil 1'de verilmistir.
ARM’nin bir fazinda her biri 46 sarimdan olusmus
6 tane toplu sargl bulunmaktadir. ARM’lerde
toplu sargi kullanildigindan dolayi sargilarin ortak
endiktansi ihmal edilebilecek kadar kiiglik
olmaktadir. Stator ve rotor 0.5 mm M19 silisyumlu
celik saclarin preslenmesi ile olusturulmustur.

ARM'nin bir faz gerilim denklemi (1)’de verilmistir.

dAs(i.6r)
dt

Burada Ry bir faza ait sarginin direnci, /lf(if, 0,)
bir faz sargisina ait manyetik aki olup hem i, faz
akimina hem de 6, rotor konumuna gore

degismektedir. Manyetik akinin kismi integrali
alindiginda faz gerilimi (2) ile ifade edilir.

B | 0A; dif | 0d; db,
vr = Ry lf+azf at ' 06, dt

(2)

sogutma
kanallar

Sekil 1. ARM’nin yapisi

Rotor hizi w, (3)'de, bir faz endiktansi (4)'de
verilmigtir.

a6,

wr =" (3)
. _ dAg(is6y)

Ls(if, 6,) = T (4)

Arm’nin sargilarinda indlklenen gerilim, ey, (5)'de

verilmistir.
__ 0f .
ef - aer wT (5)

ARM’nin Urettigi moment, W, koenerjinin rotor
konumuna gore tilrevi olarak (6) ile elde edilir.

R (6)
Koeneriji, Sekil 2’de gorildigi gibi manyetizasyon
egrisinin altinda kalan alan olarak (7) ile
tanimlanip, akima gore kullanilan malzemede
olusan doymayla artmaktadir. Bu nedenle ARM’ler
manyetik doymanin olustugu sartlarda daha fazla
moment Uretmektedir.
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Manyetizasyon
Ag egrisi

Manyetik Alan
enerjisi

Koeneriji
W

\ 4

Sekil 2. ARM’nin manyetizasyon egrisi

We(if, 6,) = [/ 2 (ir, 6,) - di (7)

ARM’nin her bir sargisinin Urettigi moment (8) ile

ifade edilir.

, ir 0Ar(if,0r) .
Ty iy, 0,) = Jo/ =5 =+ diy (8)

F; faz sayisina sahip bir ARM’nin toplam Urettigi

moment (9) ile bulunur.
Te(if, 6,) = L2, Tr () (9)

ARM’nin mekanik denklemi (10)’da verilmistir.

dwm
]-7=T6—Ty—B-a)m (10)
Burada w,, rad/s olarak mekanik hiz, T, Nm olarak
ARM’nin (rettigi moment, T, yik momenti, B
surtinme katsayisi, J atalet momentidir (Sahin
2022).

2.2 ARM’nin Sonlu Elemanlar Analizi

Sonlu elemanlar analizi ile tasarlanan makinanin
herhangi bir konumda ve verilen akim
degerlerindeki halkalanma akilari, sargl
endlktanslari ve Uretilen moment kullanilan
malzemenin manyetik 6zelliklerine ve boyutlarina
gore hesaplanir (Omag et al. 2018). Ug fazli
ARM’nin manyeto statik analizi ile birer derece
rotor konum ve beser amper sargi akim araliklari
icin bir sargisinin aki degisimleri ve {retilen
momentler elde edilmistir. Rotor ve stator

kutuplarinin ¢akisik oldugu konum 0°, stator

kutbunun iki rotor kutbunun tam ortasinda oldugu
konum 15° olarak kabul edilmis ve bu
konumlardaki manyetik alan yogunluklari Sekil
3’de verilmistir. Sekil 3.a’da rotor ve stator
kutuplari gakisik rotor konumunda, 75A akimda
manyetik indiksiyon yogunlugunun 1.7 ile 2T
arasinda degistigi gorilmektedir. Rotor kutbu ile
stator kutbunun cakisik oldugu bu konumda a faz
sargisinin endiktansi maksimum seviyesindedir.

(b)

Sekil 3. ARM’nin manyetik alan yogunlugu

Rotor ve statorun Uretildigi sekil 4’de verilen M19
celiginin BH egrisinden hem stator hem de rotor
kutuplarinin doyuma girdigi gorulebilir. Sekil
3.b’de ise rotor ve stator kutuplarinin cakisik
olmadigi rotor konumunda ve A fazi sargilarindan
75A  akimin  gectigi durumdaki manyetik
indlksiyon dagilimi verilmistir. Sekilden stator
kutuplarindaki manyetik indiiksiyon degerinin
yaklasik 0.9 T degerinde oldugu, ancak rotor
kutuplarindaki manyetik indiiksiyon degerlerinin
daha dastk oldugu gorilmektedir. Rotor
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konumunun cakisik olmadigi bu konumda A faz
endiktansi ise minimum degerdedir. Her bir faz
sargisindan sirasiyla akimin ge¢mesiyle ¢alisan
ARM’nin enduktansinin hem rotor konumu hem
de sargi akimiyla degismesi, ARM’nin dogrusal
olmayan bir o6zellik kazanmasina neden
olmaktadir. Bu nedenle belirli adimlarla
degistirilen her bir rotor konumunda bir faz
sargisindan yine belirli adimlarla degistirilen her
bir akim degeri icin endiktansin hesaplanabildigi
Sonlu  Elemanlar Analizinden akilar elde
edilmelidir. Yapilan her bir Sonlu Elemanlar
Analizinden ARM'nin (irettigi moment degerleri de
elde edilmesi gerekir.

25

0.5 1

0 20 40 60 80 100 120 140
H (kA/m)

Sekil 4. M19 celigin BH egrisi

ARM’nin bir faz sargilarindan gecirilen 75A akimda
rotor konumuna goére endiktans ve moment
degisimi sonlu elemanlar manyeto statik analiz
sonuglari Sekil 5’de verilmistir. Bu sonuglara gore
A sargina ait endiktansin azaldigi konumlarda
negatif yonde bir moment Uretilirken, endiktansin
arttigr konumlarda pozitif yonde bir moment
Uretildigi gorulmektedir. Boylece ARM motor
olarak pozitif yénde calisiyorsa pozitif momentin
Uretildigi konumlarda, negatif yonde calisiyorsa
negatif momentin ({retildigi konumlarda sargi
enerjilendirilmelidir. ARM generator olarak pozitif
yonde donerken negatif momentin (retildigi
konumlarda, negatif yoénde doniyorsa pozitif
momentin

Uretildigi konumlarda sargl

uyartilmalidir.

0 5 10 15 20 25
Konum (derece)

Moment (Nm)

0 | ) . | |
0 5 10 15 20 25
Konum (derece)
Sekil 5. 75A’de rotor konumuna goére endiktans ve
moment degisimi

Bu ¢alismada (g fazh dis rotorlu ARM’nin sifirdan
baslayarak 30 dereceye kadar birer derece
araliklarla ve 5A’den baslayip 80A’e kadar 5A
araliklarla aki ve moment degisimleri elde edilmis
ve sonuclar Sekil 6’da verilmistir.

Agi (Derece) 0 o Akim (A)

E 2004
£
= 0+
£
S -200
=
-400
-600 >l
30
% . 80
10 40
20
Aci (Derece) 0 o Akim (A)

(b)

Sekil 6. ARM’nin akim ve rotor konumuna gore
manyetik aki ve moment degisimi
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Sekil 6’da verilen sonuglar tek bir faz icin elde
edilmistir ve ARM (g fazli oldugundan 10 derece
faz farki dikkate alinarak diger sargilara ait
moment, aki ve endiktans degerleri elde edilir.
Tasarlanan ARM’nin elektriksel ve mekanik
parametreleri Tablo 1'de verilmistir.

Cizelge 1. ARM’nin elektriksel ve mekanik
parametreleri

Parametre Deger
Faz sayist 3

Giig 25 Kw
Hiz 3000 dev/dk
Maksimum moment 500 Nm
Minimum endiiktans (75A igin) 7.94 mH
Maksimum endiiktans (75A igin) 26.7 mH
Bir faz sargi1 direnci 0.5Q
Siirtlinme katsayisi, B 0.01
Atalet momenti, J 0.9

Rotor dis ¢ap1 450 mm
Hava aralig1 0.5mm
Stator kutup ags1 12.30°
Rotor kutup agist 12.81°
Paket boyu 100 mm
Stator boyunduruk uzunlugu 82.31 mm
Rotor boyunduruk uzunlugu 19.94 mm
Bir faz toplam sarim sayisi 270

2.3. SEY verilerinin kullanildigi ARM modeli

18/12 kutup sayisina sahip dis rotorlu ARM’nin her
bir fazi i¢cin Matlab Simscape Toolbox’'da bulunan
bir  FEM-Parameterized = Rotary  Actuator
kullanilarak  modellenir.  Sekil 7'de FEM-
Parameterized Rotary Actuator gorseli ve blok
parametreleri verilmistir.

Blok parametrelerinde SEA’dan elde edilmis akim
vektoérd, aci vektori ve bunlara karsilik gelen aki ve
moment matrisleri, sargi direnci girilerek ARM’nin
bir fazi modellenir. Modellenmesi istenen
ARM’nin faz sayisi kadar FEM-Parameterized
Rotary Actuator kullanilir. FEM-Parameterized
Rotary  Actuator’un  pozitif ve  negatif
terminallerine  bir  gerilim  uygulandiginda
kaynaktan cekilen akima karsiik C terminaline
gore (Uretilen moment, a¢i ve hiz bilgileri R
portundan  alinabilir.  Ayni  zamanda R
terminalinden uygulanan bir mekanik enerji ile

pozitif negatif terminallerinden gerilim elde edilir.

O O |

L'!j Block Parameters: FEM-Parameterized Rotary Actuator X
Auto Apply @

FEM-Parameterized Rotary Actuator

Settings Description

Modeling option No thermal port v

v Magnetic Force

Electrical model Define in terms of Phi(i,theta) v
Current vector, i |akim ]A b
Angle vector, theta aci I deg b
Flux linkage matrix, Phi(i,theta) |A_aki ]Wb
Calculate torque matrix? No 7 }
Torque matrix, T(i,theta) jA_lork I N*'m v
Flux dependence on displacement Cyclic N ‘
Interpolation method Linear N :
Extrapolation method Linear v :
Winding resistance ;0‘5 thm bt
Magnetizing resistance |inf lohm v

Mechanical

Initial Targets

Nominal Values

(b)

Sekil 7. Simscape SEA parametreli donen aktuator

Ug fazh dis rotorlu ARM’nin Matlab Simscape
modeli Sekil 8’de verilmistir.

Simulink-PS

Converterl Inertia

Ideal Torque Source
o »1)

O HAN ia

Current Sensor
FEM-Parameterized
Rotary Actuator

Rotational Damper

A e oD :l:} —
O—Han! ib | . | sum Moment
8 . |
B : Hop—1J
Ideal Torque Sensor
O
B- o3 )
@ +A) ic e
{ ‘ 1 . oo—{5)
Ce A 2
. x w_rad/s
Ideal Rotational e
Motion Sensor o)
the_deg
&

MRRef
SRM

Sekil 8. ARM’nin Matlab Simscape modeli

978



Anahtarlamali reliiktans makinanin fiziksel modeli ve performans analizi, Oksiiztepe

Verilen makina modelinde, motor modda giris
olarak yik momenti, elektrik terminallerden
uygulanan gerilim iken, model c¢ikisi makinanin
cektigi faz akimlari, rotor hizi, rotor konumu
olmaktadir. Generatér modda makina calisirken
model girisi moment iken, ¢ikisi elektriksel
portlardan gerilim, rotor hizi ve konumu
olmaktadir. Makinaya /deal Torque Source yerine
Ideal Speed Angular Velocity Source baglayarak
makinaya giris olarak moment yerine agisal hiz da
verilebilir.

3. Bulgular

Matlab Simscape’de modellenen 18 stator, 12
rotor kutbuna sahip (g fazli dis rotorlu ARM, hem
motor modda hem de generator modda
¢ahstirilmasi igin, mutlaka bir siriclye ihtiyag
duyar. ARM’nin kontrolinde vyaygin olarak
kullanilan siricd, Sekil 9.a’da gosterilen H kopri
asimetrik konverter devresidir. ARM motor
modunda pozitif yénde dondigd durum igin
endiktans degeri ylkselen sargi enerjilendirilir. Bu
durum Sekil 9.b’de gosterilmistir. ARM’nin devir
yoni sargilardan gegen akimin yéniinden bagimsiz
olup, sargilarin uyartim sirasina gore degistirilir.
ARM generatér modda pozitif yonde doénerken
endiktans degeri diisen sargi uyartilir. Hem motor
modunda Uretilen moment hem de generatér
modunda retilen gilg, sargilara uygulanan
PWM’in gorev peryodu ile ayarlanir.

Afazimoment PWM_a
Kontroloru Generator

Hiz Kontrol

B fazi moment PWM_b
Kontroloru  Generator

C fazi moment PWM_c

1l
Y

Anahtarlama Komutasyonu

Kontroloru  Generator

Sekil 9. ARM’nin siirlict devresi ve akim kontrolii

Bu calismada modellenen ARM’nin performans
analizi motor mod ve generatdr mod igin ayri ayri
degerlendirilmistir.

3.1. ARM’nin motor olarak performans sonuglari

ARM’nin motor modunda c¢alistigi Matlab
Simscape modeli Sekil 10°da verilmistir. Verilen
referans hiz rotor hizi ile karsilastirilarak hata
sinyaline karsilik gelen referans akim degeri, Pl
kontroloriinden  olusmus  hiz  kontrolcisi
tarafindan elde edilir. Referans akim ile rotor
konumu, rotor hizi ve referans akima gore
komitasyon blogunun aktif ettigi faza ait gercek
akim karsilastirilir. Elde edilen akim hatasi PI'dan
olusan moment kontrolcisii tarafindan PWM
Gretimi icin gorev periyoduna donustiraltr. PWM
Ureteci, verilen gorev periyoduna gore ilgili faz
sargilarini enerjilendiren IGBT geyt sinyallerini
olusturur. ARM’nin her bir sargisi birbirinden
bagimsiz kontrol edildiginden dolayi, komiitasyon
blogu tarafindan aktif edilen faza ait moment
kontrol6rinin integralinin sifirlanmasi gerekir.

DC Gerilim Kaynagt

e

‘ < m—l-bmad the_deg

w_rad’s|

G6 c2 Torque
g -
rAslmetnk Kopru Konverter ARM

@
s
5

©
5

bikéd

Sekil 10. ARM’nin motor olarak ¢alistirildigi Matlab Simscape benzetimi
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ARM’nin besleme gerilimi 270V DC, PWM
anahtarlama frekansi 10 khz, benzetim 6rnekleme
zamani fixed time 1le-6 s olarak segilmistir.
ARM’nin motor ¢alisma modunda belirli hiz ve yik
momenti icin elde edilen Matlab Simscape
sonuglari Sekil 11’de verilmigtir. Sekil 11.a’da 0-2 s
araliginda 200 rpm, 2-2.4s araliginda 200 rpm’den
300 rpm’e hiz artisi, 2.4-4.4 s araliginda 300 rpm
sabit hiz, 4.4-4.8 s araliginda 300 rpm’den 200rpm
hiz azalmasi, 4.8-6 s araliginda ise 200 rpm sabit
referans hiz degisimi verilmistir. ARM’nin rotor
hizinin bu referans hizi takip ettigi Sekil 11.a’dan
gorilmektedir. Bu hiz senaryosu icin referans akim
ve faz akimlari Sekil 11.b’de verilmis ve faz
akimlarinin ~ referans  akimi  takip  ettigi
gorilmektedir. ARM’nin 6s sliren bu motor
calismasinda degisken hizla birlikte Sekil 11.c’de
verilen degisken yik momenti de ARM'’ye
uygulanmistir. ARM’ye baslangicta 25 Nm sabit
yuk uygulanirken, yiik momenti 2.9-3 s araliginda
25 Nm’den 100 Nm’ye gikarilmis, yilk momenti 4-
4.8 s araliginda tekrar 25 Nm’ye dustrilmastir.
ARM yik momentini karsilamak ve referans hizi
takip etmek igin DC gerilim kaynagindan gektigi faz
akimlarinin yiksek yik momentlerinde artigi, yik
momentinin azaltildiginda ise faz akimlarinin da
azaldigi Sekil 11.b’de goriilmektedir. Degisken yiik
momentlerinde ARM’nin referans hizi takip ettigi
Sekil 11.a’dan gorilmektedir. ARM’nin 6zellikle
yuksek yuk momentlerinde moment
dalgalanmalarinin daha fazla oldugu, Sekil 11.a’da
motora uygulanan 100 Nm yik momentindeki hiz
dalgalanmalarindan  anlasiimaktadir.  ARM’nin
ylizde olarak moment dalgaligi denklem 11 ile

hesaplanabilir.

T, = “memin 4 100 (11)

ort

Burada T; moment dalgahhgi, T4, maksimum
moment, T, mMinimum moment, T,,; ise
ortalama momenttir. Yapilan simiilasyonda 3.2s
ile 4s arasinda moment dalgalilhigi %0.26
hesaplanmistir. Bumoment dalgaliligi hizda %8.87
hiz dalgalanmasina neden olmaktadir. Bu aralikta
makinanin verimi %90.83 hesaplanmistir.

IS
=)
=]

E — ()
E 300 ref| |
= —_—
N r
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©
2 100
<
0 . | | | .
0 1 2 3 4 5 6
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2
]
= 0
0 1 2 3 4 5 6
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= 100 Te
: yiik
3
E 50 -
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0 1 2 3 4 5 6

zaman (s)

(c)
Sekil 11. ARM’nin motor ¢alisma benzetim sonuglari

Moment dalgalanmalari ARM’nin dezavantaji
olarak bilinir ve iki yaklasimla giderilmeye calisilr.
Birinci yaklasimda, 6zel tasarim optimizasyonlari
kullanilarak ~ ARM’nin  boyutlarinin  optimize
edilmesi sonucu moment dalgalanmalarinin
azaltilmasidir (Ye et al. 2015). ikinci yaklasimda ise
farkli  kontrol yontemleri ile anahtarlama
stratejilerinin  uygulandigi ARM’nin  moment
dalgalanmalarinin azaltilmasi yaklasimidir. (Sun et
al. 2021).

3.2. ARM’nin generatér olarak performans
sonuglari

ARM’nin generatér modda galismasi igin mekanik
enerji girisine ihtiya¢c duyulur. Bu mekanik enerji
bir ucakta jet motoru, otomobilde icten yanmali
motor olacagl gibi arag kiitlesinin kinetik enerjisi
ile de saglanabilir. Bu ¢alismada, bir jet motorunun
mekanik enerjiyi sagladigi disinilmis ve ARM’nin
istenen hizi yakalamasi icin gerekli momenti
Uretecek bir kontrolor vasitasiyla elde edilen
moment, ARM’nin mekanik moment girisine
ARM’nin generator mod
cahsmasinin agiklandigi blok diyagrami Sekil 12'de

uygulanmustir.

verilmistir.
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Elektriksel
Yiikler

Yakit
ik Kontrolorii

kontaktéri e Y4
B NH—> n
7AN

W

Batarya + Bara

270V o
I w 3

o

- Bara M
Batarya

kontaktori

Asimetrik H Koprii Konvertor

Sekil 12. ARM’nin generatér mod ¢alisma blok semasi

Qe AfaziGlg  PWM_a
Kontroloru Generator
O Plsy
s Gerilim
Gerifim Kontroloru
[vaa> B fazi Giig

Kontroloru  Generator

CfaziGig  PWM_c
Kontroloru  Generator

e o
i

[ et ol—»<ion1 |
vde

-.:w o=

Anahtarlama Komutasyonu

ARM generator olarak c¢alisabilmesi icin
baslangicta DC linke bagli bir kondansatériin en az
24V’da sarjli olmasi gereklidir. ARM sargilarinin bu
kondansatoér gerilimi ile uyartiimasi sonucu, giris
olarak verilen mekanik enerji elektrik enerjisine
donugturilerek istenen referans geriliminin elde
edilmesi saglanir. ARM’nin generator olarak
kontrol edildigi Matlab Simscape benzetim modeli
Sekil 13’de verilmistir.

ED—wn Pl

Wm_c Tm

Jet Motoru

Tm he_deo|REE)
o g Y wras| <)

G3 A
| G5 B1 o m
G2 ib) ——.
L o)
Toraue) -G

ARM

Sekil 13. ARM’nin generatér olarak ¢alistirildigi Matlab Simscape benzetimi

Generator olarak c¢alisan ARM’nin  benzetim
modelinde referans gerilimi ile gerilim sensori ile
Olcilen DC link gerilimi karsilastirilarak gerilim
hatasi elde edilir. Bu hata Pl'dan olusan gerilim
kontrolcisi tarafindan, istenen glci olusturacak
referans akim degeri belirlenir. Referans akim
degeri ile makinadan Olgulen akim degeri
arasindaki hataya gére PWM igin gérev periyodu
glc kontrolcisl tarafindan saglanir. Jet motoru
tarafindan pozitif yonde dondiriilen ARM’nin
hangi faz sargilarinin aktif edilecegi motor modda
oldugu gibi komiutasyon blogu tarafindan
belirlenir. Pozitif yonde dondirilen rotorun
konumuna gore komitasyon blogu sargilarinin
endiktans degisiminin negatif oldugu
konumlardaki fazi aktif eder. ARM’nin generatoér
olarak calistigi ve farkli yik akimlarinin oldugu
benzetim sonuglari Sekil 14’de verilmistir.

400 < 80
0} : 20
T 270 £'50 10
- -
£ v 2:40 % 4.005
£ 135 = vuf § - i
3 ©
o ee 5
0 S 0
1 2 3 4 5 6 = 1 2 3 4 5 6
zaman (s) zaman (s)
40 @) 150 (b)
E =
2% £ 100 p—eorm————————
£ 20 g
g N
S 10 £
=
0 0
1 2 3 4 5 6 1 2 3 4 5 6
zaman (s) zaman (s)
© 12 (d)
. 3000 T 10
g s
S 2250 g8
= Z 6
o 1500 ©
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© 750 32
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1 2 3 4 5 6 1 2 3 4 5 6
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(e) (U]

Sekil 14. ARM’nin generator ¢alisma benzetim sonuclari
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Benzetimde ARM’nin donis hizi, jet motorunun
Urettigi moment ile kontrol edilmekte olup, 100
rad/s olarak dusinilmistir. ARM’den Uretilen
gerilim, ucak sistemlerinde yaygin kullanilan 270 V
ylksek DC gerilim olarak secilmistir. ARM’nin hizi
100 rad/s’ye ulastiktan sonra generatér olarak
kontrol edilmis, daha oncesinde PWM gorev
periyotu sifir verilerek gecici yiksek akimlardan
korunulmus olur. Yapilan benzetimde 270 V
gerilim elde edildikten sonra, DC linke baglanan ve
Sekil 14.f'de verilen farkh yik akimlarina sahip,
elektrik yikleriyle ARM yilklenmistir. Bu senaryoya
gore ARM’nin performans analizi
gerceklestirilmistir. Sekil 14.a’da referans akim
kondansatoriin sarj gerilimi olan 24 V'dan 270 V'a
cikarildigi ve ARM’nin cikis geriliminin referans
gerilimi yakaladigi gorilmektedir. Generator
tarafindan beslenen elektrik yiiklerin ¢ektigi akima
gore cikis geriliminin 270 V'da sabit tutuldugu
gerilim  kontroliiniin ~ basarili  bir  kontrol
gerceklestirdigi anlamina gelmektedir. Sekil 14.b
generator sargilarindan gecgen akimi

gostermektedir. Bu sekilden generator
yuklendikge sargilardan gegen akimin arttig
gorilebilir. Ayni zamanda jet motorunun ARM’nin
hizini sekil 14.d’de goérildugiu gibi 100 rad/s’de
tutmak icin daha fazla moment Urettigi sekil
14.c’den gorilmektedir. Jet motorunun daha fazla
momenti elde etmesi icin daha fazla yakit sarf
edecegi unutulmamalidir. Mekanik agisal hiz ile
momentin ¢carpimi mekanik glic olup, Sekil 14.e’de
verilmistir. Alinan sonuglardan makinanin verimi,
2s ile 3s araliginda %86.30, 3s ile 5s araliginda
%86,93, 5s ile 6s araliginda %86.74 olarak
hesaplanmistir. Sekil 14.f'de bir direng ve
endiktanstan olusan elektriksel yuk
degisimlerinde ylkiin generatorden cektigi akim
verilmistir. Farkh yiik akimlarinda generator cikig
geriliminin 270 V'da sabit tutuldugu, yik akimi
arttikca jet motorunun daha fazla gic Urettigi bu
benzetimde ispatlanmis ve yapilan benzetimin

dogru oldugu dogrulanmistir.
4, Tartisma ve Sonug

Bu calismada dis rotorlu, 18 stator, 12 rotor
kutbuna sahip bir ARM’nin Matlab Simscape
Toolbox'da fiziksel sinyal benzetim modeli

gerceklestirilmistir.  Yapilan makina modeli
kullanilarak hem motor hem de generator olarak
ARM kontrol edilmistir. Yapilan benzetimin
dogrulugu sonuclarla gosterilmistir.  ARM’nin
yiksek yiuk akimlarinda veya yilksek yik
momentlerinde olusan moment dalgalanmalari,
anahtarlama acilarinin yik akimina veya vyik
momentine ve hiza gore uyarlamali olarak
degistirilmesi ile giderilebilir. Boylece daha diizgiin
momentin ve hizin alindigi sonuglar elde edilebilir.
Modellenen ARM’de  kullanilan  ¢ekirdegin
manyetik 6zellikleri ve doyma, yapilan SEA’dan
elde edilen verilerin kullaniimasi ile dikkate
veriminin

alinmistir. Ancak makinanin

hesaplanmasi icin kullanilan manyetik
malzemenin demir kayiplari dogrudan hesaba
katilmamistir. Bu calismada jet motoru tarafindan
sabit hiz sistemleri ile jet motorunun hizindan
daha disik bir hizda tahrik edildiginden, demir
kayiplarinin ¢ok distk oldugu ve bu nedenle
hesaba katilmadigi soylenebilir. Daha sonraki
cahsmalarda, demir kayiplarinin hesaba katildigi,
jet motorunun yakit sarfiyatinin tasarlanan makina

ile nasil degistigi bilgisayar ortaminda gorulebilir.

Tesekkiir
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Abstract

With the advantages of their self-healing, stimuli-response ability, water sorption capacity and shape

memory, hydrogels have been commonly utilized. However, new strategies have been developed to
enhance mechanical and thermal properties of hydrogels in addition to increase their water sorption.
In this study, stimuli-responsive acrylamide/sodium methacrylate based hydrogels were synthesized
with the optimization of sodium methacrylate amount by free radical polymerization. With the
incorporation of optimum amount of polyethylene glycol 400 (PEG-400) into the hydrogel network,

Keywords

Composite hydrogel;

Semi-interpenetrating; semi-interpenetrating polymer network (semi-IPN) hydrogels were prepared. With the addition of

swelling properties; kaolin, swelling properties of the semi-IPN composite hydrogels were investigated in water under the
’ effect of different pH and temperature. Maximum swelling percent of the semi-IPN composite
hydrogels was determined as 24214% at pH 7 and 25 °C. Fourier transform infrared spectroscopy (FTIR)

analyses revealed that hydrogel samples were successfully synthesized. Morphological structure of

Stimuli-responsive

hydrogel samples was examined by scanning electron microscopy (SEM) analyses. Both of the water
motion through the hydrogel layered structure and water diffusion into the pores made the semi-IPN
composite hydrogel more swollen material compared to the acrylamide/sodium methacrylate based
hydrogel.

Uyari-Cevap Akrilamid/Sodyum Metakrilat/Kaolin Yari-i¢ ice Gegmis
Polimer Ag Kompozit Hidrojellerinin Karakterizasyonu
Oz

Kendi kendini onarma, uyari-cevap yetenegi, su sorpsiyonu kapasitesi ve sekil hafizasi avantajlari ile

hidrojeller yaygin bir sekilde kullaniimaktadir. Ancak hidrojellerin su sorpsiyonuna ek olarak mekanik ve
termal ozelliklerini de gelistirmek amaciyla yeni stratejiler gelistirilmistir. Bu g¢alismada sodyum
Anahtar kelimeler metak'rllat mlktarlnln' opt.lmlza.\syonu yaplIa.\ra.k se.rbe%t rafilkal po'llmerlzas.yonu ile a.krl.lamlt/.sodyum
Kompozit hidrojel; temelli uyari-cevap hidrojelleri sentezlenmistir. Hidrojel agina optimum miktarda polietilen glikol 400
Yari-i¢ ice ge¢mis ag;

Sisme ozellikleri;

(PEG-400) eklenmesi ile yari-ig ice gegmis polimer ag (semi-IPN) hidrojelleri hazirlanmistir. Kaolin ilavesi
ile semi-IPN kompozit hidrojellerinin farkli pH ve sicaklik etkisi altinda sisme 6zellikleri incelenmistir.
Uyari-cevap Semi-IPN kompozit hidrojelinin pH 7 ve 25 °C’de maksimum sisme ylizdesi 24214% olarak belirlenmistir.
Fourier donusumlu kizilétesi spektroskopisi (FTIR) analizleri hidrojel 6rneklerinin basarili bir sekilde
sentezlendigini ortaya ¢ikarmistir. Hidrojel rneklerinin morfolojik yapisi taramali elektron mikroskobu
(SEM) analizleri ile incelenmistir. Hem hidrojelin tabakali yapisinda suyun ilerleyisi hem de suyun
gbzeneklere diflizyonu, semi-IPN kompozit hidrojelini akrilamit/sodyum metakrilat temelli hidrojel ile

karsilastirildiginda daha ¢ok sisen bir malzeme yapmistir.

© Afyon Kocatepe Universitesi
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1. Introduction

Hydrogels are defined as hydrophilic polymer
network which swells in water or various biological
fluids. Cross-linked structure of hydrogels provides
insolubility in aqueous media (Laftah et al. 2011).
Without using a cross-linker, physically cross-
linked hydrogels are synthesized by hydrogen
bonds, self-assembly of polymers, crystallization,
ionic interactions and protein interaction. Through
covalent bonding between polymer chains, energy
radiation and free radical polymerization,
chemically cross-linked hydrogels are synthesized
(Hennink and van Nostrum 2012). Depending on
preparation methods, hydrogels are separated
into four groups: homo-polymers, co-polymers,
semi-interpenetrating networks (semi-IPN) and
interpenetrating networks. Semi-IPN hydrogels
consist of one linear polymer penetrated into
another cross-linked structure. Semi-IPN make
hydrogels rapid responsive materials to various
stimuli (Ullah et al. 2015).

Stimuli-responsive  hydrogels are promising
materials for drug delivery, biotechnology and
biomedical applications (Hoffman 2012). Against
to physical stimuli (temperature, pressure,
mechanical stress, electrical and magnetic field)
and chemical stimuli (pH, chemical agents and
ionic parameters), stimuli-responsive hydrogels
can show changes including swelling, shrinkage or
discoloration.  Moreover, dual responsive
hydrogels which respond to two stimuli are
another smart hydrogels (Khan et al. 2016).

With the advantages of their self-healing, stimuli
response ability, water sorption capacity and shape
memory, hydrogels have been commonly utilized.
However, new strategies have been developed to
enhance mechanical and thermal properties of
hydrogels in addition to increase their water
sorption (Mahinroosta et al. 2018). Preparation of
composite hydrogels with the combination of
hydrogel network and filler including metals, metal
oxides, clays and carbon based materials is one of
the most effective strategies to obtain hydrogel
networks with better properties (Hu et al. 2022,
Sivakumar and Lee 2022). Composite hydrogels are

generally prepared by five methods: (1) hydrogel

synthesis in a filler suspension, (2) filler
impregnation into hydrogel network, (3) dual
synthesis of functional filler and hydrogel network,
(4) hydrogel synthesis in the presence of filler as
cross-linker and (5) hydrogel synthesis through
cross-linking of polymers, filler and other
precursors (Pereira et al. 2021).

Incorporation of clays such as montmorillonite,
bentonite, mica etc. into hydrogel structure is a
significant approach to improve mechanical
properties, thermal stability and swelling capacity
(Shirsath et al. 2013). Kaolin consisting of tetrahedral
silicon and octahedral alumina flakes is a cheap and
which

evaluated in ceramic, dye, paper industry and waste

abundant natural material is generally
treatment (Pourjavadi et al. 2007a, Sirousazar et al.
2012). Kaolin represents good surface activity which
provides easy surface modification or
functionalization (Huang et al. 2022).

This study focused on synthesis of stimuli-
responsive semi-IPN hydrogels including kaolin as a
the first

methacrylate based composite hydrogels were

filler. In stage, acrylamide/sodium
prepared by free radical polymerization. In the
second stage, swelling properties of the composite
hydrogels were examined in distilled water. At
different pH and temperature, their swelling percent
was also investigated to reveal stimuli response
properties of the composite hydrogels. Structural
and morphological characteristics of the composite

hydrogels were determined in the last stage.

2. Materials and Method

Kaolin (Al,Si,Os(OH)s) obtained from Industrial

Minerals Industry, Turkey was used as filler.

Acrylamide (monomer), sodium methacrylate
(monomer), N,N-methylenebisacrylamide (cross-
linker), N,N,N’,N’-tetramethylethylenediamine

(accelerator) and ammonium persulfate (initiator)
were purchased from Sigma-Aldrich. Polyethylene
glycol 400 (PEG-400) obtained from Sigma-Aldrich
was used in the formation of semi-IPN.

2.1 Preparation of semi-IPN composite hydrogels

Acrylamide/sodium methacrylate hydrogels were
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firstly synthesized using free radical
polymerization technique. Acrylamide solution
was mixed with sodium methacrylate (1, 5 and 10
wt%) at 40 °C. With the addition of 0.01 g cross-
linker, 0.01 g initiator and 100 uL accelerator, the
monomer solution was stirred under the reflux
condenser. Reaction between initiator and
accelerator results in the formation of sulfate and
hydroxyl radicals which initiate polymerization
(Dragan and Apopei 2011). Following to cross-
linking, gel formation was seen at approximately
50 °C. To remove impurities and unreacted
precursors, the gel was washed, and then dried
until the constant mass at 50 °C.

To synthesize acrylamide/sodium methacrylate
semi-IPN hydrogels, PEG-400 (0.45, 0.90 and 1.35
mL/g) was added to monomer solution and gel
was formed with the same method as mentioned
above.

With the incorporation of kaolin (0.01, 0.02 and
0.04 g) into

acrylamide/sodium

monomer solution,
methacrylate/kaolin
composite hydrogels were prepared with the
same method as mentioned above. Before the
kaolin addition into the monomer solution, kaolin
dispersion was provided in the 5 mL of distilled
water for 30 min using ultrasonic bath.

Lastly, acrylamide/sodium methacrylate/kaolin
semi-IPN composite hydrogels were prepared
with the combination of optimum amount of PEG-
400 (1.35 mL/g) and kaolin (0.04 g) with the same
method as mentioned above.

2.2 Characterization of semi-IPN composite
hydrogels

Fourier transform infrared spectroscopy (FTIR)
spectra (4000-400 cm™) were recorded by Bruker
Vertex 70 spectrometer. Scanning electron
microscopy (SEM) analyses of the thin gold layer
coated samples were conducted by SM Zeiss LS-10
equipment.

2.3 Swelling study of semi-IPN composite
hydrogels

Swelling properties of the samples were studied
with gravimetric method. Dried sample was
dipped in distilled water (about pH 7) at 25 °C.

Swollen sample was withdrawn from the water
and excess water on the sample surface was
removed using filter paper at certain time
intervals. After weighing the swollen sample,
swelling percent (S%) of the sample was calculated
by Eq. (1) (Sujan et al. 2020):

S (%) = =0 x 100 (1)

mo
where m; and mg shows the swollen and dry
sample mass, respectively.
Furthermore, the swelling capacity of the samples

was studied under the effect of different pH (2, 5
and 9) and temperature (40 and 60 °C).

3. Results and Discussion

Figure 1 shows swelling behaviour of the
hydrogels
depending on sodium methacrylate ratio. While

acrylamide/sodium  methacrylate
using low content of sodium methacrylate, lower
swelling percent of the hydrogel was observed.
With increasing amount of sodium acrylate,
synergistic effects on the swelling behaviour of the
hydrogels were determined. Maximum swelling
percent was 18165% in the presence of 10 wt%
sodium methacrylate. The ionic groups in the
sodium methacrylate (-COONa) led to the
formation of hydrophilic groups, which increases
both the swelling capacity and swelling rate of the
hydrogels. Moreover, an increase in the ionic
groups by the completely ionization of the salt
groups makes hydrogel chains flexible which are
effective in more water uptake (Murali Mohan et
al. 2005, Uziim and Karadag 2011).

Influence of PEG-400 on the water uptake of the
acrylamide/sodium methacrylate semi-IPN
hydrogels including 10 wt% sodium methacrylate
is shown in Figure 2. It was clear that the swelling
percent of the semi-IPN hydrogels reached to
approximately 32630% with the incorporation of
1.35 mL/g PEG-400 in 1440 min. An increase in the
swelling percent of the semi-IPN hydrogels was
contributed to acting of PEG-400 molecules like a
pore-forming agent. Formation of porous
structure of hydrogels provides easy water

diffusion into the hydrogel network which
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increases swelling capacity (Dogu and Okay 2006).
And also, hydrophilic groups of PEG-400 molecules
tend to combine with water molecules that affects
swelling behaviour of hydrogels positively (Xu et
al. 2016).
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Figure 1. Swelling of the acrylamide/sodium
methacrylate hydrogels as a function of
sodium methacrylate ratio
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Figure 2. Swelling of the

methacrylate semi-IPN hydrogels
including 10 wt% sodium methacrylate

depending on PEG-400 content

Swelling behaviour of the acrylamide/sodium
methacrylate composite hydrogels including 10
wit% sodium methacrylate was investigated as a
function of kaolin content (Figure 3). In case of
using higher kaolin content, higher swelling
percent of the composite hydrogels was specified.
Depending on kaolin content and hydrogel
structure, swelling behaviour of hydrogels can
change. Optimum amount of kaolin addition
generally increases swelling capacity of hydrogels

owing to functional groups of kaolin such as -OH
groups and its layered structure which facilitates
water diffusion (Dai and Huang 2017, Kasgoz et al.
2008). However, a decrease in swelling capacity of
hydrogels can be determined that is explained
with two reasons: (1) acting of kaolin as a cross-
linker and (2) restriction of polymer chain growth
(Pourjavadi et al. 2008, Pourjavadi et al. 2007b).
Kaolin incorporation into the hydrogel structure
improved water uptake of the composite hydrogel
in this study. The swelling percent of the
composite hydrogel including 0.04 g kaolin was
specified as about 36000%.
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Figure 3. Swelling of the acrylamide/sodium
methacrylate/kaolin composite hydrogels
including 10 wt% sodium methacrylate

depending on kaolin content

After optimizing amount of PEG-400 and kaolin,
swelling behaviour of the acrylamide/sodium
methacrylate/kaolin semi-IPN composite hydrogels
including 10wt% sodium methacrylate was
examined at different pH values. It was observed
that the swelling percent of the semi-IPN
composite hydrogels was lower at pH 2 than other
pH values (Figure 4). At low pH, polymer chains
connected each other by hydrogen bonding
inhibited water uptake. Moreover, no significant
impacts of -COOH groups in non-ionic form
belonged to the semi-IPN composite hydrogel
structure on the swelling capacity were specified.
At pH 7, the semi-IPN composite hydrogels
represented the highest swelling percent. An
increase in the swelling capacity from pH 2 to pH 7
was contributed to -COO" anionic groups originated
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from ionization of -COOH groups (Kalagasidis Krusic¢
et al. 2012). Electrostatic repulsion forces between
the -COO™ groups promoted relaxation of polymer
network leading high water diffusion into the
polymer network (Murali Mohan et al. 2006). It was
seen that swelling percent of the semi-IPN
composite hydrogels decreased at high pH values.
A decrease in the swelling percent of the semi-IPN
composite hydrogels resulted from weak hydrogen
bonding between polymer network and water
molecules that caused release of water (Mohan et
al. 2005).
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Figure 4. Swelling of the acrylamide/sodium

methacrylate/kaolin semi-IPN

composite hydrogels including 10 wt%
sodium methacrylate at different pH

Swelling behaviour of the acrylamide/sodium

methacrylate/kaolin semi-IPN composite
hydrogels including 10wt% sodium methacrylate
is shown at different temperature in Figure 5. An
increase in temperature caused adverse effects
on the swelling properties of the semi-IPN
composite hydrogels. The hydrophilicity of the
semi-IPN composite hydrogels may decrease with
increasing temperature, as a result of disruption
of hydrogen bonding (Boztepe et al. 2020).
Furthermore, water release generally tends to
prevail over water retention in case of high

temperature (Tanan et al. 2019).
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Figure 5. Swelling of the acrylamide/sodium
methacrylate/kaolin semi-IPN composite
hydrogels including 10 wt% sodium
methacrylate at different temperature
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Figure 6. FTIR spectra of hydrogel samples

shows FTIR
acrylamide/sodium

Figure 6 spectrum of the

methacrylate hydrogel
including 10 wt% sodium methacrylate and
acrylamide/sodium methacrylate/kaolin semi-IPN
composite hydrogel including 10 wt% sodium
methacrylate. The peaks at about 3600 cm™ and
3700 cm™ were contributed to -OH stretching
vibrations. The broad band with low intensity
centered at 3170 cm™ was associated with N-H
stretching vibrations. The peaks originated from C-
H asymmetric and symmetric stretching vibrations
were observed at 2920 cm™? and 2850 cm?,
respectively (Wang et al. 2022). The peak at 1741
cm™ was attributed to C=0 bonding of sodium
methacrylate. C=0 bonding belonged to
acrylamide resulted in formation of peak at 1653

cm™. The peaks at 1533 cm™ and 1439 cm™ were
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assigned to -COO" asymmetric and symmetric
stretching vibrations, respectively. The peaks
contributed to C-O stretching vibrations at 1103
cm™ and C-H bending vibrations at 673 cm™ were
determined (Uziim and Karadag 2012). Adsorption
of CO, molecules in the atmosphere caused a peak
appearance at 2347 cm™.

SEM
methacrylate hydrogel including 10 wt% sodium

images of the acrylamide/sodium

methacrylate and acrylamide/sodium
methacrylate/kaolin semi-IPN composite hydrogel
including 10 wt% sodium methacrylate are shown
in Figure 7. The acrylamide/sodium methacrylate
hydrogel had regular layered structure which
provides water uptake easily (Nie et al. 2015).
However, the semi-IPN composite hydrogel
consisted of porous structure as well as layers.
Porosity of the semi-IPN composite hydrogel due to
PEG molecules promoted higher water diffusion. In
other words, both of water motion through the
layers and water diffusion into the pores made the
semi-IPN composite hydrogel more swollen

material (Huang et al. 2013, Wang et al. 2012).

4. Conclusion

Acrylamide/sodium methacrylate hydrogels were
synthesized as a function of sodium methacrylate
ratio using free radical polymerization technique. In
case of 10 wt% sodium methacrylate, the swelling
percent was specified as 18165% in water at room
The

prepared with the

temperature. semi-IPN hydrogels were
incorporation of optimum
amount of PEG-400. The swelling percent of the
semi-IPN hydrogels including 1.35 mL/g PEG-400
reached to 32630%. Kaolin was used as a filler for
composite hydrogels and an increase in the water
uptake of the composite hydrogels were observed
with increasing amount of kaolin.
Stimuli-responsive properties of the semi-IPN
composite hydrogel were examined under the
influence of pH and temperature. Maximum
swelling percent of the semi-IPN composite
hydrogel was observed at pH 7. Moreover, the
swelling percent of the semi-IPN composite
hydrogel decreased with increasing temperature.

Characteristic chemical bonding of the samples was

investigated by the FTIR analyses. SEM images
supported higher swelling percent of the semi-IPN
hydrogel than that of the
acrylamide/sodium methacrylate

composite
hydrogel.
Combination of water motion through the hydrogel
layers and water diffusion into the hydrogel pores
improved swelling capacity of the semi-IPN
composite hydrogel.

The promising results showed that semi-IPN
hydrogels stimuli-responsive

composite were

materials and can be utilized in many engineering

fields and biomedical applications.
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Figure 7. SEM image of the a) acrylamide/sodium
and b) semi-IPN
composite hydrogel including 10 wt% sodium

methacrylate hydrogel

methacrylate
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0z
Bu g¢alisma kapsaminda ZrB,-SiC matris fazi igerisine karbon fiber kumas takviyesi yapilarak seramik

matris kompozit malzemeleri Giretilmistir. Kullanilan seramik malzemeler etanol ortaminda karistirilarak
bir seramik gamuru hazirlanmig ve bu gamur karbon fiber kumaslara basingsiz emdirme islemi yapilarak

Anahtar kelimeler uygulanmistir. Seramik malzemelerin kiitlece orani ZrB,-ag.%20SiC seklindedir. Baglayicinin etkisini

Karbon fiber; Seramik  4ractirmak amaciyla bazi kompozitler polivinil butiral (PVB) kullanilarak hazirlanmistir. Homojen bir
matris kompozitler; seramik camuru elde etmek amaciyla baslangig tozlari bir polietilen (PET) sise icerisine eklenmis ve SisN4

Spark plazma bilyeler kullanilarak bilyeli degirmende 24 saat boyunca karistirilmistir. Hazirlanan seramik camurunun

sinterleme; karbon fiber kumaslara uygulanma ve kurutma islemlerinin ardindan kompozit malzemeler Spark
Yogunlasma Plazma Sinterleme (SPS) islemine tabi tutulmuslardir. Sinterleme islemi tek asamali ve ¢ift asamali
olarak gergeklestirilmistir. Ulasilan maksimum sinterleme sicakhg 2000 °C ve maksimum sicaklikta
bekleme siiresi 30 dk seklindedir. Uygulanan maksimum basing ise 50 MPa’dir. Sinterleme siirecinin
ardindan gesitli karakterizasyon islemleri icin uygun boyutlarda kesilen numunelerin Arsimet Prensibi
ile yogunluk analizleri, X-1sin1 toz kirinimi yontemi ile faz analizleri, taramali elektron mikroskobu ile
mikro yapisal analizleri ve Instron cihazi ile 3 nokta egme testi analizleri gergeklestirilmistir. Elde edilen
sonuglara gore; sinterleme asamasinin gift asamada gergeklestiriimesi ve gamur hazirlama siirecinde
baglayici kullanilmasinin yapisal ve mekanik 6zellikler agisindan daha verimli oldugu saptanmistir.
Maksimum yogunluga (2,3972 g/cm3) ¢ift asamada sinterlenen ve baglayici kullanilan malzemede

ulasiimistir. Ayrica ayni malzeme 5,59 GPa’lik maksimum elastik modiili ile karakterize edilir.

Structural and Mechanical Properties of Carbon Fiber Fabric Reinforced
ZrB,-SiC Composites Produced by Spark Plasma Sintering Method

Keywords Abstract
Carbon fiber; Ceramic

matrix composites;
Spark plasma sintering;
Densification

Within the scope of this study, ceramic matrix composite materials were produced by reinforcing
carbon fiber fabric into the ZrB,-SiC matrix phase. A ceramic slurry was prepared by mixing the ceramic
materials used in the ethanol environment, and this ceramic slurry was impregnated with carbon fiber
fabrics by applying pressureless impregnation. The mass ratio of ceramic materials is ZrB,-20wt%SiC. In
order to investigate the effect of the binder, some composites were prepared using polyvinyl butyral
(PVB). In order to obtain a homogeneous ceramic slurry, the starting powders were added into a
polyethylene (PET) bottle and mixed for 24 hours in a ball mill using SisN4 balls. Composite materials
were subjected to Spark Plasma Sintering (SPS) process after the application of the prepared ceramic
slurry to carbon fiber fabrics and drying. The sintering process was carried out as single-stage and
double-stage. The maximum sintering temperature reached is 2000 °C and the waiting time at the
maximum temperature is 30 minutes. The maximum applied pressure is 50 MPa. After the sintering
process, density analysis with Archimedes Principle, phase analysis with X-ray powder diffraction
method, micro-structural analysis with scanning electron microscope and 3-point bending test analysis
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with Instron device were performed for the samples cut in suitable sizes for various characterization

processes. According to the results obtained; It has been determined that performing the sintering step

in double stages and using binders in the slurry preparation process are more efficient in terms of

structural and mechanical properties. The maximum density (2.3972 g/cm3) was reached in the sample

that was sintered in double stages and used binder. In addition, the same sample is characterized by a

maximum elastic modulus of 5.59 Gpa.

1. Giris

Zirkonyum diboriir (ZrB;) hipersonik hava
araglarinin keskin yizeylerinde kullanim igin tercih
edilen bir malzemedir. ZrB,;; yiksek ergime
sicakligindan dolay;, 1900-2500°C sicakliklara
dayanmasi gereken motor kaputu girisleri, kanat
on kenarlari ve burun bosluklari gibi kisimlarda
kullanilmaktadir.  ZrBy’ye SiC ilavesinin ise
oksitlenme direncini arttirdigi ve diborir tane
blylimesini  sinirlandirdigi  bilimsel  olarak
kanitlanmistir (Tang et al. 2007).

En sik kullanilan Ultra Yiksek Sicakhk Seramik
(UHTC) kompozisyonlarindan biri ZrB,-SiC'dir. ZrB,
gibi ergime sicakligi 3000°C'nin (zerinde olan
bilesikler  diger fazlarla (yani sinterleme
yardimcilari, katki maddeleri, oksitlenme arttiric
katki maddeleri, vb.) birlestirildiginde veya
safsizliklar mevcut oldugunda, 3000°C’nin altinda
da ergime veya sivi faz olusumu gozlenebilir.

ZrB>—SiC materyali gelistirilse de su an hala daha
bircok engelle karsi karsiyadir. Birincisi, glcli
kovalent baglari nedeniyle karmasik sekilli ve
yuksek yogunluklu pargalarin sekillendirilmesi,
Uretilmesi ve sinterlenmesi zordur. Karbon; ZrB,-
SiC sisteminin isil gerilme direncini gelistirmek igin
katki malzemesi olarak kullaniimaktadir ancak yine
de disuk kirillma dayanikhligi ve diisik termal sok
direnci  6zelliklerinin iyilestiriimesine ihtiyag
duyulmaktadir. Bu nedenle, ZrB,-SiC malzemesinin
kirilma toklugunu arttirmak, kabul edilebilir bir
termal gerilme seviyesine ulagsmasini saglamak ve
yogunlugunu azaltmak igin bir fiber takviye fazinin
kullanilmasindan faydalanilabilir. Karbon fiber,
3000 K'nin altinda ZrB,-SiC ile termodinamik
uyumlulugu, yiksek spesifik dayanimi ve sertligi,
2000 K'nin Gzerinde ise yiuksek sicaklik dayanimi
nedeniyle bu rol igin ilgi ¢ekici bir adaydir (Tang et
al. 2007).

© Afyon Kocatepe Universitesi

Literatlirde kompozit malzemelerle ilgili yapilan
¢ahismalara bakildiginda metalik bir matris yerine
¢ok daha disik bir asinma direnci gosteren
yumusak ve homojen bir polimer matrisin
kullaniimasi gerekliligi ortaya cikmistir. Matrise
seramik parcaciklarin eklenmesinin ise
malzemenin asinma katsayisini 50 kata kadar

azalttig1 gozlenmistir (Durand et al. 1995).

Karbon fiber katkili seramik matris kompozitlerin
Gretimi ile ilgili yapilan ¢alismalara bakildiginda;
farkh turlerdeki karbon fiberler (kisa karbon fiber,
dokuma olmayan karbon fiber kumaslar ve
dokuma karbon fiber kumaslar) kullanilarak, farkh
Uretim prosesleri (infiltrasyon, ©n infiltrasyon,
piroliz (PIP) vb.) uygulanarak, cesitli sinterleme
yontemlerinin (basingsiz sinterleme (PS), sicak
presle sinterleme (HP), spark plazma sinterleme
(SPS) vb.) kullanildigi ve elde edilen kompozit
numunelerde yiiksek bagil yogunluklarin (%98-99)
elde edildigi cesitli ¢calismalarda rapor edilmistir
(Ding et al. 2007, Hu et al. 2010, Nasiri et al. 2015,
Zoli ve Sciti 2017, Zimmermann et al. 2008,
Centeno et al. 2012, Ghasali et al. 2017, Shen et al.
2003).

Geleneksel sinterleme, sicak presleme ve spark
plazma sinterleme ydntemleri; seramik matris
kompozitlerin Uretiminde kullanilan sinterleme
yontemleri arasinda yer almaktadir. Sicak
Presleme (HP), seramik ve kompozitlerin imalati
icin geleneksel bir yéntemdir. Monolitik UHTC'ler
yliksek ergime noktasina sahip oldugundan ve
kendi  kendine difiizyon sabitleri  disiik
oldugundan vyiksek sinterleme sicakliklarina
(~2000°C) ihtiya¢ duymaktadir. Bu nedenle de
sicak presle sinterlenmeleri zordur. Karbon/UHTC
kompozitlerinin sicak pres yontemi ile Uretilmesi
icin genellikle katki maddesi olarak karbon fiberler
kullanilmaktadir (Arai et al. 2019). Ayrica sirekli
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karbon fiber destekli karmasik yapilardaki
UHTC'lerin sicak presleme yoluyla Uretilmesinin
zor oldugu ifade edilmistir (Guo 2013). Diger
yontemlerle  kiyaslandiginda  Spark  Plazma
Sinterleme (SPS) yontemi; seramik matris
kompozitlerin daha distk sicakliklarda ve daha
kisa surelerde  sinterlenmesini muimkin
kilmaktadir. SPS  tekniginde, icerisine toz
doldurulan grafit kaliba bir dogru akim
uygulanirken ayni anda kaliba tek eksenli bir
basing uygulanmaktadir. Boylelikle tane biyimesi,
hizli 1sitma orani sayesinde engellenebilmekte ve
daha yogun bir mikro yapiya ulasilabilmektedir.
Ayrica mikro yapi; daha hizli isitma hizlari ve daha
kisa islem siireleri yardimiyla kontrol altinda
tutulabilmektedir (Akin et al. 2009). SPS ile
sinterlenen SiC seramiklerinin sicak presle
sinterlenenlere kiyasla yogunlasma
mekanizmasinin ¢ok daha iyi sonuglar verdigi ve
disik sinterleme sicakliklari ve dislik bekleme
surelerinde SPS ile sinterlenen numunelerin sicak
presle sinterlenenlere kiyasla miikemmel mekanik
ozellikler sergiledigi bildirilmistir (Tamari et al.

1995).

Kisa karbon fiberlerle vyapilan ¢alismalara
bakildiginda; ZrB,-hacimce %20 SiC-hacimce %10
kisa karbon fiber bilesigi icin optimum Uretim
kosullarinin 1850°C sicaklik, 6 dakika bekleme
stresi ve 30 MPa basing oldugu bildirilmistir.
Optimum sinterleme kosullarinda 14,8 GPa'lik bir
sertlik ve 6,8 MPa.mY?lik bir kirilma toklugu
degerine sahip oldugu bildirilmistir (Asl 2017).
ZrBy-hacimce %20 SiC-hacimce %20 kisa karbon
fiber iceren bilesik ise 2000°C sicaklik ve 30 MPa
basing kosullarinda 1 saat boyunca sicak presleme
yontemi ile Uretilmistir. Uretilen kompozitlerde
%99'luk bir bagil yogunluga ulasiimis ve fibersiz
ZrB,  esash  kompozitlerin  hazirlanmasinda
kullanilan ile ayni oranda bagil yogunluk elde
edilmistir. Hacimce %20 kisa karbon fiber katkil
ZrB,-SiC seramiklerinde kisa karbon ilavesinin,
kinlma  toklugunu 4,25 MPa-m¥?den 6,56
MPa-mY?‘ye arttirdigi bulunmustur. Kisa karbon
fiber katkili  ZrB,-SiC  seramiklerinin  egme
dayaniminin 445 MPa oldugu ve fiber katkisiz
olanlara kiyasla %1 azaldigI gozlenmistir (Yang et

al. 2008-a, Yang et al. 2008-b, Yang et al. 2009).
SPS yontemi ile Uretilen hacimce %20 kisa karbon
fiber katkili SiC matris kompozitler igin ise
sinterleme kosullari  1550°C-1600°C araliginda
150°C/dk 1sitma hizi seklindedir. Uygulanan basing
800°C’ye kadar 25 MPa ve maksimum sicaklikta
bekleme siresi 3 dakika seklindedir. Mekanik
ozellikler incelendiginde artan sinterleme sicakhgi
ile malzemenin elastik modiili ve egilme gerilimi
degerlerinin artis gosterdigi gérilmustir (Ding et
al. 2007). Artan fiber katkisi ile kompozitlerin
termal iletkenliginin azaldigl ve artan fiber hacim
oraniyla da elektriksel direncin arttigi rapor
edilmistir (Guo 2013).

Surekli karbon fiberlerle yapilan ¢alismalara
bakildiginda ise karbon fiber takviyeli ZrB,-
hacimce %20 SiC iceren kompozite dagitici ve
baglayici olarak  kiitlece %2 oraninda
polietilenimin (PEI) ve kitlece %1 oraninda
polivinil butiral (PVB) ilave edilmistir. Sinterleme
kosullari 1300 °C’de 1 saat 6n isil islemin ardindan
vakum altinda 15°C/dk isitma hizi ile 1450°C
sicakhga cikma ve o sicaklikta 30 MPa basing
altinda 2 saat sicak presleme seklindedir. Elde
edilen sonuglara gore uretilen kompozitin kirilma
toklugu 4,47 + 0,15 MPa.m*? ve yogunlugu %90,6
olarak bulunmustur (Zhang et al. 2019). Yapilan bir
diger calismada ise siirekli karbon fiber katkili ZrB,
iceren kompozitler sicak presleme yontemi ile
Uretilmistir. Farkli tiirden fiberler kullaniimistir ve
yaplya ZrSi;, SisNs gibi farkh sinterleme
yardimcilari  eklenmistir. Sinterleme kosullari
1600-1800 °C ve uygulanan basing 20-40 MPa
araligindadir. Elde edilen kompozit numunelerin
yogunluk élgimleri yapilmistir (Sciti et al. 2015).

Bu calisma kapsaminda ise karbon fiber kumas
takviyeli ZrB,-SiC kompozitleri farkh Gretim
parametreleri (baglayici ilavesi ve sinterleme
adimlari)  kullanilarak  Gretilmis ve  bu
parametrelerin yogunlasma, mikro vyapi ve

mekanik 6zelliklere etkileri arastiriimistir.

2. Materyal ve Metot

2.1. Kompozit malzemelerin hazirlanmasi
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Kompozit malzemelerin Uretimi icin ilk asama;
seramik c¢amurlarinin  hazirlanma asamasidir.
Camur hazirlarken kullanilan baslangi¢ tozlar
beta-SiC (Alfa Aesar, 1 mikron, %99 saflik) ve ZrB,
(H.C. Starck, Grade A)’dir. Ayrica dagitici olarak
polietilenimin (PEI) ve baglayici olarak da polivinil
butiral (PVB) kullaniimistir.

ZrBy-kitlece %20 SiC oranina sahip seramik tozlari
hassas terazi araciligiyla tartilarak PET siselere
eklenmis ve SisNs bilye kullanilarak bilyeli
degirmende 24 saat boyunca etanol ortaminda
karigtiriimigtir. Toz bilye orani 1:1 seklindedir.
Seramik hazirlanma

¢camuru asamasi

tamamlandiktan sonra kompozit malzeme
hazirlanma asamasina gegilmistir.

Kompozit malzeme Uretimi icin ¢capraz dokuma
karbon fiber kumas (245 g/m? 3k twill)
kullanilmistir. Karbon fiber kumasglar 40 mm
capinda daireler seklinde kesilmistir. Kesilen
dairesel kumaslarin Gzerine hazirlanan seramik
¢amuru dokilerek basingsiz emdirme islemi
uygulanmistir. Ardindan kumaslar etiiv firininda

12 saat boyunca kurumaya birakilmistir.
2.2. Kompodzitlerin sinterlenmesi

Spark plazma sinterleme (SPS) firininda
kullanilacak grafit kaliplarin yanal ve alt Ust
yuzeyleri grafit folyo ile kaplanmistir. Ardindan
kurutulan dairesel kumaslar 24 kat olacak sekilde
40 mm capindaki grafit kaliplara yerlestirilmistir.

Tim Uretim asamasi vakum altinda (5 Pa) bir SPS

Cizelge 1. Sinterleme parametreleri

firin1 (FCT Systeme, GmbH, Almanya) kullanilarak
yapilmistir.

Sinterleme islemi tek asamali ve ¢ift asamali olarak
gerceklestirilmistir. Yine ayni sekilde baglayicinin
etkisini gozlemleyebilmek icin Uretilen
numunelerin bir kisminda baglayici kullanilirken,
bir  kisminda  kullanilmamistir.  Sinterleme
parametreleri Cizelge 1'de verilmistir. Tek asamali
basing,

maksimum sicakhk ve maksimum sicaklikta

sinterleme isleminde uygulanan
bekleme siiresi sirasiyla P1, T1 ve t; seklinde ifade
edilirken; cift asamali sinterlemede ilk basing,
sicaklik ve bekleme siiresi degerleri sirasiyla Py, Ty
ve t; seklinde ve ikinci asamada uygulanan basing,
maksimum sicakhk ve maksimum sicaklikta
bekleme siresi sirasiyla P, To ve t; seklinde
belirtilmistir. Sinterleme sonrasi elde edilen
malzemelere ait goruntiler Sekil 1'de vyer
almaktadir. Sinterleme isleminin ardindan elde
edilen numunelerin ¢aplari 4 cm ve kalinhklari ise
yaklasik olarak 3,5 mm’dir.

?‘” : 7 o]

Sekil 1. Sinterleme islemi sonrasi elde edilen kompozit
malzemelere ait gorintiler

Numune Adi Basing Sicakhk Bekleme Basing Sicakhk Bekleme Isitma Hizi Sogutma
Suresi Siiresi hizi
(P1) (T1) (t1) (P2) (12) (t2) (ec/dk) (2¢/dk)
Z5C-2000-30dk 50 MPa 2000 °C 30 dk 100°C/dk  kontrolsiiz
Z5C-2000~cift-30dk 30 MPa 1600 °C 5 dk 50 MPa 2000 °C 30 dk 100°C/dk  kontrolsiiz
Z5C-2000-¢ift-30dk-PVB 30 MPa 1600 °C 5 dk 50 MPa 2000 °C 30 dk 100°C/dk  kontrolsiiz
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Sinterleme sirecinin  ardindan elde edilen
kompozit malzemelerin ylzeyi grafit kagitla kapli
oldugundan numunelere Oncelikle ylizey ag¢ma
islemi uygulanmistir. Yizeyi acillan numunelerin
yogunluk analizlerini yapmak icin numuneler 120
dakika saf su icerisinde kaynatilmis ve kuru, yas ve
askidaki agirliklari Arsimet 6lglim kiti kullanilarak
hassas terazi ile Olcllmis ve kaydedilmistir.
Ardindan yogunluk hesaplamalari yapiimistir. Son
olarak numuneler yukarida bahsedilen cesitli
karakterizasyon islemleri icin uygun boyutlarda
kesilerek numune hazirlama islemlerine tabi
tutulmustur. Kesme islemi icin Struers marka
Secotom-10 model hassas kesme cihazindan
yararlanilmistir. Sinterleme sonrasi elde edilen
numunelerin faz analizlerinin tespitinde Rigaku
Miniflex marka masa st X-isinlari kirinim cihazi
(XRD) kullanilmistir. Numunelerin mikro yapisal
analizleri Zeiss marka Supra 50 VP™ model
taramali elektron mikroskobu (SEM) ile degisken
basing ortaminda, geri sacihmh elektron (BSE)
modu kullanilarak gergeklestirilmistir. 3 nokta
egme testi icin Instron 5581 cihazi kullaniimistir.
Olciimler oda sicakliginda vyapilmistir.  Test
numunesinin boyutlari yaklasik olarak 3 mm x 4
mm x 25 mm seklindedir. iki mesnet arasindaki
uzakhk 20 mm, uygulanan kuvvet 2 kN ve kuvvet
uygulama hizi 0,5 mm/dk seklindedir.

3. Bulgular
3.1. Faz analizleri

Bu c¢alismada kullanilan baglangig tozlarinin,
karbon fiber kumasin ve SPSile liretilen ZrB,-SiC-C¢
kompozitlerine ait X-isini kirinim (XRD) desenleri
Sekil 2’de gosterilmistir.  Desenlerden de
gorildugi gibi baslangic tozlarinda ve karbon fiber
kumasta sirasiyla sadece ZrB,, B-SiC ve karbona ait
pikler  gozlemlenmistir. Spark plazma ile
sinterlenen malzemelerde ise saf tozlarda
bulunamayan SiO,, ZrC ve BCs gibi az miktarda
safsizlik fazlarina rastlanmistir. Bu fazlarin
baslangi¢ tozlarinda bulunan safsizliklar nedeniyle
ve SPS islemi sirasinda olusan reaksiyonlar sonucu
olustugu dusinilmektedir.

Ayrica Asl et al. (2016) tarafindan rapor edilen
termodinamik ve mikro yapisal analizler, sicak
preslenmis ZrB,—SiC-C¢ kompozitlerinde ZrC
fazinin olusumunu dogrulamistir. ZrB, tabanl
kompozitlerde takviye fazlari olarak SiC, C; ve
ZrC'nin ayni anda varliginin, yogunlastirma, tane
blylmesi ve genel olarak sinterleme islemi ve
mikro yapi gelisimi tizerinde dnemli etkileri oldugu
bulunmustur.
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Sekil 2. (a) B-SiC (b) ZrB., (c) karbon fiber kumas ve (d)
SPS ile Uretilen ZrB2-SiC-Cr kompozitlerine ait X-isini
kirinim (XRD) desenleri

3.2. Yogunluk analizleri

Sinterlenmis kompozitlerin bulk yogunluklari (d)
ve acik porozite (A.P (%)) degerleri Denklem (1) ve
(2) kullanilarak hesaplanmistir (ASTM C 373-88
Standard 2006).

do_ W (1)
Wz _Wl
AP (%):M x100 (2)
3 _Wl

Burada d; g/cm® cinsinden kompozitlerin bulk
yogunlugunu, Ws;, W, ve W; sirasiyla gram
cinsinden kuru, yas ve askidaki agirliklari ifade
etmektedir. Hesaplanan bulk yogunluklari ve agik
porozite degerleri Cizelge 2’de verilmistir.

Cizelge 2. Spark plazma sinterleme ile lretilmis karbon
fiber kumas takviyeli ZrB>-SiC kompozitlerin
bulk yogunluklari ve acik porozite degerleri

Malzeme Olgiilen Yogunluk A.P

(g/em?) (%)
25C-2000-30 dk 1,9316 8,79
2SC-2000-Cift-30 dk 1,9603 6,93
2SC-2000-Cift-30 dk-PVB 2,3972 8,55

Kompozitlerin yogunluk analizlerinin sonuglari

incelendiginde; tek asamada sinterlenen
malzemenin en disik yogunluga sahip oldugu
acikca gortlmektedir. Ayrica malzeme hazirlanma
asamasinda baglayici olarak PVB kullanilan ve gift

asamada sinterlenen kompozitin ise en yiliksek

yogunluga sahip oldugu belirlenmistir. Bu sonuglar
kompozit yogunlugu acisindan analiz edildiginde

optimum Uretim parametrelerinin PVB

kullanilarak ve gift agamali sinterleme uygulanarak

elde edildigi sonucuna ulasiimistir.

3.3. Mikroyapi analizleri

Uretilen  kompozitlerin  500x ve  5000x

blayitmelerde  alinmis  taramali  elektron
mikroskobu goriintuleri sirasiyla Sekil 3 ve 4’te yer
almaktadir. Kompozitlerin  mikroyapilari
incelendiginde beklendigi gibi baglayici ihtiva eden
¢amur kullanilarak tiretilmis kompozit malzemenin
(25C-2000-Cift-30dk-PVB) en yogun yapiya sahip
oldugu gorilmektedir. Bu durum, Arsimet yontemi
ile belirlenen bulk yogunluk sonuclari ile de
dogrulanmistir. Ayrica PVB bulunan kompozitte
hem karbon fiberlerde hem de seramik
parcaciklarda  yogunlasma  oldugu  acikca

gorilmektedir.

Bununla birlikte tiim kompozitlerin mikroyapilari
g6z online alindiginda tiim yapi boyunca homojen
bir yogunluk elde edilemedigi ve fiberler arasina
toz parcgaciklarinin tam anlamiyla nifuz edemedigi
gozlemlenmistir. Mikroyapidan gorilecegi lizere
yer yer yogun bolgeler olmakla birlikte hala
fiberler arasinda bolgesel bosluklar oldugu da
gorilmektedir. Yogunlasmanin arttirilmasi igin
kompozitte kullanilan toz miktarinin arttiriimasi
gerektigi ve uygulama yonteminin gelistirilmesi
gerektigi distintilmektedir.
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Karbon
fiberler

Sekil 3. (a) ZSC-2000-30dk (b) ZSC-2000-¢ift-30dk ve (c)
ZSC-2000-¢ift-30dk-PVB  numunelerinin  500x
blylitmede alinmis SEM gorintileri

e

partikiller

porozite

Karbon
Seramik 4 2 - fiberler
partikiiller : 3

Sekil 4. (a) ZSC-2000-30dk (b) ZSC-2000-¢ift-30dk ve (c)
ZSC-2000-¢ift-30dk-PVB numunelerinin 5000x
blylitmede alinmis SEM goriintileri

3.4. U¢ nokta egme testi

Uretilen kompozitlerin mekanik 6zelliklerini analiz
etmek i¢in G¢ nokta egme testi yapilmistir. Bu
calisma kapsaminda Uretilen kompozitlerin (g
nokta egme testi sonucunda elde edilen sayisal
veriler Cizelge 3'te verilmektedir.

Mekanik  ozellikler  agisindan  kompozitleri
kiyasladigimizda en iyi mekanik ozellik sergileyen
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malzemenin ZSC-2000-¢ift-30dk-PVB oldugu tespit
edilmistir. Hem yogunluk hem de mikro yapi
agisindan en iyi Ozelliklere sahip olan bu

malzemede baglayici ilavesinin mekanik 6zellikleri
de iyilestirdigi sonucuna varilmistir.

Cizelge 3. U¢ nokta egme testi sonucunda elde edilen sayisal veriler

Numune Adi Maksimum egme Maksimum Elastik Kinlma anindaki Maksimum yiik Kirilma anindaki

yukii egme yiiki modiil kopma altindaki egme gerilimi

altinda egme gerinimi egme uzamasi
gerilimi

(kN) (MPa) (GPa) (mm/mm) (mm) (MPa)
ZSC-2000-30dk 0,034 26,985 3,10 0,14320 1,01483 5,34447
ZSC-2000-¢ift-30dk 0,045 28,799 4,07 0,11159 0,22175 5,74171
ZSC-2000-¢ift-30dk-PVB 0,060 39,951 5,59 0,10998 0,31097 4,56299

4. Tartisma ve Sonug

Bu calismada B-SiC ve ZrB; baslangi¢ tozlar ve 3k
filamentli capraz dokuma karbon fiber kumas
kullanilarak Spark Plazma Sinterleme yontemi ile
kompozit malzeme (retimi gercgeklestirilmis ve
yogunluk, mikro yapi, faz analizleri ve mekanik
Ozellikleri ayrintili olarak incelenmistir. Elde edilen
sonuglar 6zetlenecek olursa;

i.  Yogunlugu en yiksek olan malzemenin
ZS5C-2000-cift-30dk-PVB  oldugu tespit
edilmistir. Elde edilen bu sonuca goére tek
ve ¢ift asamali sinterleme sonucunda
Uretilen numuneler  birbirleri ile

kiyaslandiginda; c¢ift asamali sinterleme

isleminin  yogunlasma  mekanizmasi
Gzerine olumlu etki sagladigi gorilmistir.
Bununla birlikte baglayict kullanilarak
Uretilen kompozitlerin daha yogun bir yapi
sergiledigi sonucuna ulasiimistir.

ii. Mikroyapi analizleri incelendiginde

yogunluk analizlerinden elde edilen

sonuglarla  uyumlu olarak vyine ¢ift

asamada sinterlenmis olan ve baglayic

ihtiva eden numunelerin daha yogun bir

mikro yaplya sahip olduklari
gozlemlenmistir.

iii. Mekanik 6zellikler analiz edildiginde ise en
iyi ozelliklere sahip malzemenin yine ZSC-
2000-Cift-30dk-PVB oldugu tespit
edilmistir. En iyi mekanik ozellige sahip
olan bu malzemede baglayici olarak PVB

kullanilmistir.  Bu nedenle mekanik

ozelliklerde artis oldugu distnidlmektedir.
Baglayici ilave edilmeyen malzemelerin
mekanik dayanimlarinin da disik oldugu
sonucuna ulasiimigtir.

Sonu¢  olarak ultra  ylksek  sicakhk
seramiklerden biri olan ZrB,-SiC kompozitine
karbon fiber kumas ilave edilerek hazirlanan
kompozitlerin sinterleme asamasinin cift
asamada  gerceklestirilmesi ve  ¢amur
baglayici
kullaniimasinin bu ¢alisma kapsaminda yapilan

hazirlama surecinde ise
tiim analizler agisindan daha verimli olacagi
belirlenmistir.
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Abstract

In high-temperature applications, ferrous-based materials are important due to their excellent
combination of desirable mechanical properties, ease of production, corrosion resistance at room

temperature and cost-effectiveness. However, mechanical properties must be optimized against
environmental effects. Depending on the industrial applications, various corrosion types may also
occur. An approach to preserve the mechanical properties of the structural alloy being protected
against corrosion is the application of protective coatings to the surfaces. Diffusion coatings are an
effective method to obtain corrosion, oxidation and abrasion resistance against detrimental conditions

Keywords
of high temperature. According to the literature, the halide activated pack cementation method has

Surface modification;
. been widely used for ferrous-based materials for a long time. However, most studies concerned with
Pack cementation;

Thermo-Calc; DICTRA developing coating applications are based on experimental investigations that include microscopic,

chemical, and mechanical analyses. Limited studies have been conducted based on computational alloy
approaches. In this study, Cr coating of the AISI 316L steel by halide activated pack cementation method
was considered as a diffusional problem and the kinetics of the coating deposition process were
examined. The effect of process variables such as temperature, time and the compositions of coating
layers formed on the surfaces were investigated thermodynamically with Thermo-Calc software and
kinetically with DICTRA module. This approach provides insight into the dependence of solid-state
diffusions on the processing parameters, and a better understanding of the phases that form along the
coating and substrate material.

Halid Aktive Edilmis Kutu Sementasyon Yéntemi ile Paslanmaz Celigin
Yizey Modifikasyonunun Modellenmesi
0z
Yiksek sicaklik uygulamalarinda demir esasli malzemeler, beklenen mekanik 6zellikler, Gretim kolayligi,
oda sicakhgl korozyon direnci ve maliyet etkinliginin kombinasyonlarindan dolayi énemlidir. Fakat

mekanik ozellikler, cevresel etkilere karsi optimize edilmelidir. Endistriyel uygulamaya bagli olarak
cesitli korozyon turleri olusabilir. Korozyona karsi korunurken yapisal alasimin mekanik 6zelliklerinin de

Anahtar kelimeler

Yiizey modifikasyonu; korunmasina yonelik bir yaklasim, koruyucu kaplamalarin uygulanmasidir. Diflizyon kaplamalari, zararl

yuksek sicaklik kosullarina karsi korozyon, oksidasyon, asinma direncinin elde edilmesinde etkili bir
yéntemdir. Literatiirlere gore, halid aktive edilmis kutu sementasyon yontemi, demir esasli malzemeler

Kutu sementasyonu;

Thermo-Calc; DICTRA
icin uzun suredir yaygin olarak kullanilmaktadir. Bununla birlikte, kaplama uygulamalarinin gelistirilmesi

ile ilgili calismalarin gogu, mikroskobik, kimyasal ve mekanik analizleri igeren deneysel arastirmalara
dayanmaktadir. Hesaplamali alasim yaklagimlarina dayali sinirl galismalar yapilmistir. Bu ¢calismada, AlSI
316L geliginin halid aktive edilmis kutu sementasyonu ile Cr kaplanmasi bir difiizyonel problem olarak
ele alinmis olup, kaplama kinetigi simllasyon ¢alismalariile incelenmistir. Proses degiskenlerinin etkileri
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ve ylizeyde olusturacaklar kaplama tabaka bilesimleri termodinamik olarak Thermo-Calc ve kinetik

olarak DICTRA ile modellenmistir. Bu yaklasim kati hal diflizyonlarinin proses parametrelerine

bagimlihigini ve kaplama ve althk malzemesi boyunca olusan fazlarin daha iyi anlagiimasini saglar.

1. Introduction

The surfaces of steel parts such as heat exchangers,
welded parts, gears and molds must present good
wear resistance, corrosion resistance and high
temperature oxidation resistance to meet the
harsh
characterized by high speed, heavy load, high

increasing demand in environments
temperature, corrosive and oxidative environment
(Krauss 1992, Hu et al. 2019, Kong et al. 2012, Smith
et al. 2013, ASM Handbook 2003). When aggressive
forces reach the limits of the resistance of a
material, fracture, fatigue, wear and corrosion
failure at the surface occur. For these reasons,
surface modification and enhancement should be
applied to these materials (Krauss 1992).

Diffusion coatings formed by thermochemical
procedures are relatively simple and low cost
processes that produce high performance wear
and/or corrosion resistant layers. The coatings are
formed by the diffusion of protective elements into
a substrate at elevated temperatures (Casteletti et
al. 2009). The formation of the surface layers by
thermochemical process changes the chemical
composition, structure and properties of the
substrate allowing the modified surface to operate
under conditions which are impossible for the bulk

material (Krastev 2012, Bianco et al. 1991).

Halide activated pack cementation process is
essentially an in situ chemical vapor deposition
(CVD) coating process. A typical pack consists of four
components (Chen et al. 2012):

¢ substrate or parts to be coated,;

e master alloy (i.e. a powder of the element or
elements to accumulate on the surface of parts such
as Cr, Al, Si);

¢ a halide salt activator (NaCl, NaF, NH4Cl, etc.);

¢ inert filler powder (Al,Os, SiO; or SiC, etc.).

© Afyon Kocatepe Universitesi

Master alloy powder, halide salt activator and inert
filler are mixed thoroughly and the parts to be
coated are embedded in this mixture in a heat-
resistant retort. The sealed retort is heated to a
temperature of 750-1200 °C under an inert argon
atmosphere and held for a certain period of time. At
the elevated temperature, the master alloy reacts
with the halide salt activator to produce volatile
metal halides that diffuse through the gas phase of
the porous pack, such that they deposit and diffuse
into the substrate to be coated. The processing
temperature is so chosen that both adequate halide
vapor pressures are generated and solid-state
diffusion occurs (Bianco and Papp 1996, Ravi 2003,
Wierzba et al. 2014, Sahoo et al. 2017, Tian and Guo
2009). The diffusion elements modify the surface
chemical phase
transformations along the depth of the material
(Casteletti et al. 2009). Therefore, the coating
composition is

composition  resulting in

dependent on  processing
temperature, time, substrate composition, and

atmosphere (Chen et al. 2012).

The best-known types of pack cementation coating

processes are aluminizing, chromizing and
siliconizing. These processes are based on coating
the substrate with a single element, that is,

aluminum, chromium, or silicon respectively (Ravi

2003). Due to their different metallurgical
properties, each alloy requires special pack
chemistry to achieve the optimum coating

composition.

The aim of the present study is to investigate the
effect of
compositional profiles and phase fraction variation

processing parameters on the
during the diffusion of Cr element on the surface of
iron-based material by using the Thermo-Calc
DICTRA These
thermodynamic and kinetic calculations to be made

software and module.

prior to the experimental studies will provide
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information about the intermetallic compounds
that may occur between the coating and the
substrate material, as well as determine the suitable
processing parameters. The data obtained by
modeling coating processes caused by kinetic
conditions will direct the inter-diffusion layers that
will occur during the testing and development of
coating processes. In addition, the data obtained by
modeling will significantly reduce the experimental
effort required for alloy development, both in terms
of time and material cost.

2. Material and Method

The AISI 316L stainless steel is selected as the
substrate material for the coating process of iron-
based materials with the halide activated pack
cementation method. The chemical composition of
AISI  316L
thermodynamic and kinetic calculations is given in

stainless steel employed for the
Table 1. Common uses for type AISI 316L stainless

steel include in the construction of exhaust
manifolds, furnace parts, heat exchangers, jet
engine parts, valve and pump parts, chemical
processing equipment, tanks, evaporators and
proton exchange membrane fuel cell bipolar plates

(int. Kyn. 1, Dong et al. 2019, Cho et al. 2008).

Table 1. The chemical composition of the substrate
material (wt. %).

C Mn Si Cr Ni Mo Ti Fe

0.03 2 1 16-18 10-14 2-3 - Bal.

The study is carried out by using the thermodynamic
computational software Thermo-Calc and the

diffusion-controlled transformation module
DICTRA. More specifically, the phase diagrams and
the phases that are present in AISI 316L stainless
steel with respect to carbon and chromium content
at different
equilibrium conditions are calculated first using the
TCFE6

thermodynamic database for ferrous-based alloys.

processing temperatures under

Thermo-Calc software and the
Then the diffusion between the elements to be
coated and the substrate material is simulated with
the DICTRA software and the MOB2 mobility
database.

According to the coating process temperatures and
times in the literature, the temperatures at which
the thermodynamic and kinetic calculations will be
performed for the coating processes are
determined as 600, 800, and 1000 °C and the times
are 4, 8,10, and 12 hours.

While the formation of equilibrium phases gives
information about the microstructure formed under
equilibrium conditions at a certain temperature, the
microstructure is usually controlled by kinetic at
high temperature processes. The simulation of
transformations with diffusion control has been
known for a long time. Very good results have been
obtained by making some simplifications in
boundary conditions and assuming that the system
consists of only two components. However, in
reality there are multi-component systems in
materials. As the number of components increases,
it becomes difficult to obtain the values of mobility
and activation energy, which are parameters related
to diffusion. Therefore, modeling is not possible
without computer assistance. Calculations are
based on the modeling of diffusion transformations
in a system determined geometrically (e.g. plane,
cylinder or spherical planar, cylindrical and
spherical) (Souza et al. 2017, Li et al. 2019, Kudera
and Mazancova 2014, Borgenstam et al. 2012, T.C.
Software 2015, T.C. Software 2016). In the halide
activated pack cementation process, substrate
material and coating element (Cr) are embedded in
the powder mixture in a closed vessel and then
heated under a constant temperature. Series of
chemical reactions occur between the coating
element and system components during heating,
resulting in activations of the coating element
atoms. These atoms diffuse into the substrate. The
coating is formed at high temperatures by reactions
of metal halide vapors on the substrate surface,
followed by solid state diffusion between the
diffusion elements and the substrate. Process
atmosphere, composition, temperature and time
are the most important factors in such processes.
Considering the processing temperature, time and
solid-state diffusions of the elements during the
chromizing, it is planned to model how the elements
to be coated behave at the interfaces with a
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computer-calculated program. As with all diffusion
coatings, the microstructure is largely dependent on
the substrate material being coated.

1D multi-component diffusion simulations are
performed using the DICTRA module in Thermo-Calc
with the TCFE6 and MOB2 databases. During the
simulations it is assumed that the chromizing
process causes precipitation of carbides and other
phases in an austenitic matrix phase for AlSI 316L
stainless steel. Simulations are carried out at 600,
800, and 1000 °C isothermal process temperatures,
as previously mentioned, and the parameters
monitored are the compositional profiles and the
variation of the phase fractions. A single cell planar
geometry is employed, shown in Figure 1. A planar
geometry corresponds to an infinitely wide plate of
a certain thickness. This reflects the substrate
material geometry. The total cell size is taken equal
to 20 um after careful examination of its effect on
the diffusion kinetics.

To solve the diffusion equations numerically, the
matrix is discretized with a geometric grid of 90
points, so that the composition is calculated only at
the grid points and it is assumed to vary linearly
between the grid points. Geometric grid point
demonstrates a varying density of grid points in the
matrix. A geometrical factor larger than one and
equal to 1.11 is selected which yields a higher
density of grid points at the lower end of the cell.
For the Cr coating process of AISI 316L stainless steel
with halide activated pack cementation method, the
matrix is set austenite and the carbides that form
are set as spheroid phases dispersed in austenite
matrix. The dispersed phase model assumes that
diffusion takes place only in the matrix and the
dispersed phases act as point sinks or sources of
solute atoms; thereby the phase fraction and
composition are calculated from the average
node, assuming that

composition in each

equilibrium holds locally in each volume element.

To represent the impeding effect of dispersed
phases on the diffusivity of the matrix, a labyrinth
factor is introduced. In the present study, the
labyrinth factor is set as the volume fraction of the

matrix phase, while the initial volume fraction of the
dispersed phases is calculated according to the
equilibrium conditions. Note that the dispersed
phase model is appropriate for problems where
diffusion occurs mainly in a continuous matrix phase
and the volume fraction of dispersed phases is
significantly low.

For the chromizing process, it is assumed that Cr
diffuses continuously in the substrate material
through the lower interface of the cell. The
chromizing kinetics are controlled by the chromium
activity at the interface which usually takes values in
the range of 0.5-1. In this work, a value of 0.8 is
selected. Therefore, the boundary conditions set on
the lower interface of the cell are,

acr = 0.8 (1)
aCk

—-— =0,k+C 2
0x lx=0 um r @

. - . dacy .
where a., is the activity of chromium, and % is the

concentration gradient of element k (mol/m?). The
system is considered closed for all the elements
except chromium, since the fluxes J; (mol/m?s) are
equal to zero. The fluxes can be described by Fick-
Onsager law for a multicomponent system with n
elements,

n 9¢;

Jk = ?;kaja (3)

where D,?j is the diffusion coefficient matrix (m?/s).
For the upper interface, the system is considered
closed for all elements and the boundary conditions

are,

o =0 (4)

X lx=20 um
Lower Interface Upper Interface
ey = 0.8

o FCC w
bl =0,k =Cr ax |,

dx " *=20 pm

20 jum
x
0 pne 20 pm

Figure 1. Schematic illustration of the cell employed
in the DICTRA
chromizing processing.

simulations for the
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3. Discussion and Results

calculated with by Thermo-Calc for the chromizing
process is depicted was given in Figure 3.

The equilibrium phase diagram is given in Figure 2
depending on the carbon content calculated with
Thermo-Calc for AISI 316L stainless steel alloy.

1500

Temperature [°C)

WBCC_A2FTCALM2ICE

" 00 01

=\

Mass percent C

Figure 2. Equilibrium phase diagram calculated with
Thermo-Calc for AISI 316L stainless steel
alloy.

The phases in the AISI 316L alloy equilibrium phase
diagram provide information about phases that may
occur depending on the temperature during the
coatings process to be made by the halide activated
pack cementation method. Therefore, these phases
were used as input phases in the database during
Thermo-Calc calculations of coatings for AISI 316L
alloy. The phase diagram with respect to Cr content

Temperature [°C]

y/ ! \“ M:;s percen; Er
Figure 3. Calculated isopleth section by using
Thermo-Calc for the chromizing processing

in AISI 316L stainless steel alloy.

In this study, process temperatures were chosen as
600, 800 and 1000 °C. Therefore, in the diagram in
Figure 3, the phase fields at these temperatures
indicate the phases that may occur in the
chromizing process for AISI 316 L stainless steel
alloys. The phase fields that can occur in sequence,
depending on the increasing Cr content in the
processing temperatures from the diagram are
given in Table 2.

Table 2. Phase that can occur sequentially depending on the increasing Cr content at process temperatures.

Delta-ferrite+austenite+M-Cs,
Delta-ferrite+austenite+M;3Cs+M-Cs,
Delta-ferrite+austenite+M23Cs,
Delta-ferrite+austenite+M,3Ce+Sigma,

For 600 °C: 9 phase fields;

Delta-ferrite+austenite+M>3Ce+Sigma+Sigma#2,

FCC_A1#2+My3Cs+Sigma+Sigma#2,
Delta-ferrite+austenite+MasCe+Sigma + Sigma#?2,
Delta-ferrite+austenite+M,3Cs+Sigma,

Delta-ferrite+austenite+M3Cs.

Austenite,

Austenite+M3Cs,
Austenite+M;3Cs+Sigma
Austenite+M;3Ce+Sigma+Sigma#2,

For 800 °C: 6 phase fields;

Delta-ferrite+austenite+M,3Cs+Sigma,

Delta-ferrite+austenite+M3Cs.

For 1000 °C: 3 phase fields;

Austenite,
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Delta-ferrite+austenite,

Delta-ferrite+austenite+M-3Ce.

During the coating process, diffusion occurs in
alloying elements (C, Cr, Fe, Ni, Mn, Si, Mo)

depending on the process conditions. Figure 4

shows the compositional profiles of C, Cr, Fe, Ni, Mn,
Si and Mo obtained by DICTRA simulations of
diffusion for different processing times at 600, 800

and 1000 °C in the chromizing process for AISI 316L
stainless steel alloy.

316L

600 °C
alloy

800 °C

1000 °C
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Figure 4. Compositional profiles indicating the of alloy elements for different process times at 600, 800 and

1000 °C in the chromizing processing for AISI 316L stainless steel alloy.

A magnified region of the C compositional profile at
1000 °C in the chroming process for AISI 316L
stainless steel alloy are given in Figure 5. It is
observed that for the selected processing times

compositional profiles are almost identical.
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Figure 5. Compositional profile of Cat 1000 °Cin the

chromizing processing for AISI 316L

stainless steel alloy.

Evolution of integrated volume per volume (ivv) of
ferrite (BCC) at 1000 °C in the chroming process for
316L stainless steel alloy is given in Figure 6.
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Figure 6. Evolution of ferrite (BCC) of volume

fraction at 1000 °C in the chromizing
processing for 316L stainless steel alloy.

Comparison of compositional profiles of Cr and Fe
elements for different process times at 1000 °C in
the chroming processing for 316L stainless steel
alloy are given in Figure 7.

70
65 Fe Time 14400 sec.
60 Fe Time 28800 sec.
55 Fe Time 3600 sec.
£ 50 % —Fe Time 43200 sec.
5 oas Cr Time 14400 sec.
.‘:u’D 40 Cr Time 28800 sec.
g 35 Cr Time 36000 sec.
30 ===-Cr Time 43200 sec.
25
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Distance (pm)
Figure 7. DICTRA simulations of diffusion of Cr and
Fe elements at 1000 °C in the chromizing
processing for 316L stainless steel alloy.
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4. Conclusions

During the deposition of Cr on the substrate surface,
a chromium carbide (Cr,3Cg) is formed rapidly on the
surface depending on the carbon diffusion.
Chromium carbide was formed due to an outward
diffusion of carbon and the strong affinity of Cr
towards carbon. The formation of this type of
carbide layer blocks the diffusion of Cr from the
substrate surface and locally carries the carbon in
the steel content, causing decarburization in the

steel substrate material.

Presence of this layer shows that a chromization
induced ferrite layer was formed between the
coating and substrate material. The presence of this
ferrite layer is highest between the coating and the
substrate material. This layer decreases over time.

A sharp decrease of Cr concentration appeared in
the depth of 0.0005 um, while the intensity of Fe
increased rapidly at the same location, indicating
the interface between chromizing induced ferrite
layer and the substrate.
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Bu galismada, silisyum nitrir/silisyum karbir (SisN4/SiC) kompozit tozu, 2 adimli dinamik termokimyasal

Anahtar kelimeler

Silisyum nitriir; yéntem ile azot ve argon atmosferlerinde silisyum oksit ve karbonun reaksiyonuyla sentezlenmistir. Bu
Silisyum karb[.'lr" amagla farkl regeteler hazirlanmis olup nitriirlenme ve karbirlenme sicakliklari (1400, 1450 ve 1500°C)

Kompozit toz; ile islem siresi (1 ve 2 saat) Uzerine galismalar yapilmistir. Oncelikle farkli regeteler FactSage programi

yardimiyla termodinamik olarak incelenmistir. Uygun olabilecek regeteler belirlendikten sonra
hammadde karigimlari, SiO, ve karbon siyahi kullanilarak C/SiO, orani 2.25 ve 3 olacak sekilde
hazirlanmistir. Toz karigimlarindan elde edilen grandllere uygulanan termokimyasal islemler sonrasinda
kompozit toz Uretimi i¢in en optimum sonug, 1450°C’de 2 saat N, atmosferinde nitriirleme ve 1450°C’de
1 saat Ar atmosferinde karbiirleme islemleriyle 4 rom dénme hizinda saglanmistir. Uretilen tozlarin

Dinamik
termokimyasal
yontem;
FactSage

mikroyapi ve faz incelemeleri SEM-EDS ve XRD yontemleriyle gerceklestirilmistir.

Production of SisN4/SiC Composite Powder by Dynamic Thermochemical

Method
Abstract
In this study, silicon nitride/silicon carbide (SisN4/SiC) composite powder was synthesised via the
Keywords reaction of silicon oxide and carbon in nitrogen and argon atmospheres by 2-step dynamic
Silicon nitride; thermochemical method. For this purpose, different recipes were prepared and studies were carried
Silicon carbide; out on nitriding and carburizing temperatures (1400, 1450 and 1500°C) and processing time (1 and 2
Composite powder; hours). First of all, different recipes were examined thermodynamically with the help of FactSage
Dynamic program. After determining the suitable recipes, raw material mixtures were prepared using SiO; and
thermochemical carbon black with a C/SiO; ratio of 2.25 and 3. After the thermochemical processes applied to the
method; granules obtained from the powder mixtures, the optimum result for the production of composite
FactSage powder was obtained by nitriding in N, atmosphere for 2 hours at 1450°C and carburizing in Ar
atmosphere for 1 hour at 1450°C at a rotational speed of 4 rpm. Microstructure and phase
investigations of the produced powders were carried out by SEM-EDS and XRD methods.
© Afyon Kocatepe Universitesi
1. Giris sicakhk, oksitleyici atmosfer, asit ve alkali ortam gibi

zorlu kosullarda mikemmel mekanik o6zelliklere
sahip kararl yapida olmalari beklenir (Yilmaz ve Evci
2015). Seramikler, bahsedilen bu zorlu ortamlarda
her zaman metal ve iletken polimerlerden daha iyi
sonug verir (Liu et al. 2019). Bu yizden seramik
esasl kompozitler izerine ¢alismalar yapilmaktadir.
Ozellikle ileri teknolojik seramiklerden SisN, ve SiC,

Gelisen teknoloji ile birlikte bir malzemeden birden
fazla o6zellik beklenebilmektedir. Bu nedenle
kompozit malzemelere olan ilgi her gegen giin
artmaktadir. Bu malzemelerin ilgi gérdugl
alanlardan biri de savunma sektoriidiir. Savunma
sektériinde kullanilacak malzemelerden yiiksek
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ylksek termal ve kimyasal stabilite, diistik yogunluk,
yiksek mukavemet ve zorlu kosullarda yiksek
sertlik  Ozellikleri  sayesinde  bir¢ok yapisal
uygulamada yaygin olarak kullanilmaktadir (Real et
al. 2018). Bu ustlin ozellikleri nedeniyle seramik
esasli kompozitlerde de kullanilan SiC ve SisNa
seramik malzemelere ait bazi 6zellikler Cizelge 1'de
verilmistir.

Cizelgel. SisN4 ve SiC’'nin bazi 6zellikleri (Pierson 1997)

SizNg SiC
o B a B

Yogunluk (g/cm?®) 3.184 3.187 3211 3.214
Erime Noktas1 (°C) 1900 2545 2830°
Is1 kapasitesi (Cp, 75.7-98.2 27.69 28.63
J/mol.K)
Termal iletkenlik 25-36 41.0 255
(K,W/m.°C)
Elastik modiil 260-330 475 441
(GPa)
Sertlik (GPa) 16-18 24.5-28.2
Oksitlenme ~1350 ~500
Sicakligi (°C)

SisN4/SiC kompozit malzemeler, korozyon direnci,
asinma, ylksek termal sok direnci, diisik termal
iletkenlik, oksidasyon direnci, kimyasal kararlilik ve
yiksek mukavemet ozellikleri gibi ozellikleriyle
bilinir. Avantajli bu 06zelliklerinden dolayr da
havacilik-uzay, nikleer uygulamalar ve savunma
sanayi gibi bircok alanda ilgi goérmektedir
(Shahrestani 2021, Oztirk vd. 2019).

Literatlirde bu kompozit tozun lretimi lizerine genel

et al

olarak sinterleme (Shahrestani et al. 2020, Saleem
2019, Khajelakzay and Bakhshi 2017)
kendiliginden yanma sentezi (Khajelakzay and
Bakhshi 2017, Guo et al. 2012), mikrodalga destekli
yontemler (Han et al. 2018) ve farkl indirgeme

at al.

ajanlarinin kullanildigr indirgeme yéntemleri (Real et
al. 2018, Dong et al. 2019, Ortega et al. 2008)
kullanilmistir. Ekonomi ve verimlilik acisindan,
karbotermal indirgeme yontemi, kompozit tozu
sentezlemek icin en iyi yaklasimdir. Adindan da
anlasilacagi tizere karbotermal reaksiyon, karbonun
bir indirgeyici ajan ve bir reaktan olarak kullanildigi

ylksek sicaklik reaksiyonudur. Reaksiyonun normal

oksitleri daha disik oksitlere, metal oksitleri
metallere indirgemede olduk¢a etkili oldugu
bulunmustur. Karbotermal reaksiyon, karbonun

oksidasyonunu 6nlemek i¢in normal olarak inert bir
gaz atmosferinde (argon veya azot) gerceklestirilir
(Ortega et al. 2008, Weimer et al. 1997).

Literatirde yapilan ¢alismalar incelendiginde, Suri
and Shaw (2014) atik silika dumanindan mekanik ve
termal aktivasyon islemi kullanarak elde ettikleri
tozlara sirasiyla 700°C’de 2 saat karbon yakma ve HF
asit ile lic islemleri uygulamislardir. Bunun
sonucunda nano yapili agirlikca %93 a-SisN4s-%7 B-
SiC tozu elde etmisler ve bu tozlarin sivi faz
sinterlenmesini (LPS) incelemislerdir. Yaptiklari bu
calismada farklh miktarda sinterleme katkisi
(hacimce %5 ve %20), sinterleme sicakhigl (1700-
1800°C) ve siiresi (2 ve 4 saat) gibi parametreleri
incelemislerdir. Yogun SisN4/SiC nano kompozitler,
sinterleme katki maddeleri olarak hacimce %20
Al,O3 ve Y,03 kullanilarak azot atmosferi altinda
1700°C’de 2 saat sinterlenmistir. Sinterlenmis bu
Grinin yogunlugunun %98'den biyik oldugu,
sertliginin 12.1 GPa ve kirilma toklugunun 5.5
MPa.m?> oldugu raporlanmistir. Real et al. (2018),
yapmis olduklari ¢calismada 1450°C'de azot-argon
atmosferi altinda piring kabugunun karbotermal
SiC/SisNg4
Uretmislerdir. Bu calismada farkh C/SiO, oranlar,

indirgenmesiyle kompozitleri
farkli Ar/N, oranlarn arastiriimis ve elde edilen
UrGnlere XRD, SEM, FT-IR analizleri yapilmistir.
Baslangic hammaddesine uygulanan fosforik asit
islemi ile piring kabuguna piroliz islemine gerek
kalmadigini, islem basamaklarini kisalttigini ve
kalinti oksit fazi olmadan 1450°C’de farkh oranlarda
Ar/N, atmosferi kullanarak her oranda SiC/SisN4
kompozitlerinin karbotermal yontemle
Uretilebildigini raporlamislardir. Lan et al. (2021),
yapmis olduklari ¢alismada SiC/SisNs kompozitinin
sentezini iki asamali olarak gergeklestirmislerdir.
Hazirlanan SiO,, Si ve C karisimindan, karbotermal
indirgeme yontemi ile Ar atmosferi altinda
1500°C’de 2 saatte SiC ve 1300°C’de 2 saatte SiC/C
elde etmislerdir. ikinci asamada ise SiC/C kompoziti
ve SiO; ile olusturulan karisim 1500°C'de 2 saat
boyunca azot atmosferinde
SiC/SizNg4
sonuglarina gére SiC/SisNs kompozitinin iki asamali

islem gbrmis ve

kompoziti elde edilmistir.  Analiz
bir islemle Uretilebilir oldugu ve elektromanyetik

dalga absorpsiyonu, elektromanyetik girisim
korumasi, ylksek sicaklik direnci, dusik yogunluk
gibi benzersiz 6zellikler sergiledigi raporlanmistir.

Bu calismada, karbotermal indirgeme-nitrirleme ve

karbirleme yontemlerinin esas alindigi, reaksiyon
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boyunca baslangi¢ karisiminin firin icerisinde sirekli
olarak hareket halinde oldugu dinamik bir sistem
ile  SisN4/SiC
gerceklestirilmistir.
Bunun igin farkh regetelerin, Gretim sicaklklarinin
(1400, 1450 ve 1500°C) ve islem siresinin (1 ve 2
saat)

icerisinde termokimyasal islemler

kompozit tozunun (retimi

etkileri incelenerek optimum kosullar
belirlenmistir. Bu sayede ekonomik bir hammadde
olan SiO,’den katma degeri yliksek kompozit bir
tozun (retimi gerceklestirilmistir. Genel olarak,
SisN4/SiC kompozit tozu Uretimi ile ilgili calismalar
statik sistemlerde gergeklestirilmektedir. Bu ¢alisma
sayesinde literatlire dinamik sistemde kompozit toz

Uretimi ile ilgili katki saglanmis olacaktir.

2. Materyal ve Metot
2.1 Kullanilan Hammaddeler

Deneysel ¢alismalarda EGE Kimya A.S.’ye ait 14 um
tane boyutuna ve %99 safliga sahip silika tozu (VN2)
baslangic
indirgeme amaciyla karbon kaynagi olarak Korfez

hammaddesi olarak  kullaniimustir.
Petro Kimya’'ya ait 20 nm tane boyutuna sahip
karbon karasi (ISAF N-220) kullaniimistir. Nitrirleme
ve karbirleme islemleri icin Artok Gaz Ltd. Sti ‘den
alinan yiksek safiyette (%99.99) Azot gazi ve saf
Argon gazi kullanilmistir. Uretim sirasinda gaz akisi
60 L/sa olacak sekilde ayarlanmistir. Kompozit toz
Sekil 1'de

Uretim islemine ait akim semasi

gorilmektedir.

Oksit indirgeyici
Hammadde Hammadde
(5i02) ©)

N 7

Hammadde
Karigmm

.

Granilleme islemi
(%S Gliserol+ Alkol)

!

Dinamik
Termokimyasal
islem

!

Hafif Ogiitme

}

Karakterizasyon

Sekil 1. Kompozit toz tretiminin akim semasi

2.2 Karisim Hazirlama ve Graniilleme islemleri

Si3sN4/SiC kompozit tozunun dinamik termokimyasal
yontem ile sentezine ait deneysel calismalarda
kullanilan reaksiyon Reak. (1)'de gorilmektedir.
Olusmasi beklenen reaksiyona goére C/SiO, orani
2.25tir. Dolayisiyla Uretim icin bu stokiyometrik
oran esas alinarak C/Si0,=2.25 ve bir miktar daha
fazla C ilavesiyle C/SiO>=3 olacak sekilde iki farkli
recete olusturulmustur. Bu recetelere uygun
hammaddeler kuru olarak polipropilen bir kabin
icinde bilya/toz orani 5 olacak sekilde aliimina
bilyalar ile karistirilmistir. Hazirlanan toz karisimlari
hacimce %5’lik gliserol-saf alkol ¢6zeltisiyle manuel
olarak granillenmistir. Elde edilen granillerin 1-3
mm’lik eleklerden gecirilmesiyle elek alti grandller
dinamik termokimyasal islemlere tabi tutulmustur.
Kompozit toz sentezi amaciyla elde edilen
granillerin islem dncesindeki makro goriintisu Sekil

2’'de gorilmektedir.

4Si0,+9C+2Ny+Ar > SisNs+SiC+8CO+Ar (1)

Sekil 2. Hazirlanan SiO>+C karisimindan elde edilen
graniller

2.3. Dinamik Termokimyasal islemler

SisN4/SiC kompozit toz lUretiminde DC servo motor
ve disli bir sistem ile tlpl donebilir hale getirilmis
olan Protherm marka yatay tip atmosfer kontrolll
bir firin kullanilmistir. Toz Uretimi icin belirlenen
recetelere gore elde edilen grandller, grafit bir
reaktorlin icerisine yliklenmis ve bu reaktor firinin
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doner hale getirilmis olan aliimina tlpl icerisine
yerlestirilmistir.  Firn ve  granillerin iginde
bulundugu reaksiyonun gerceklestigi grafit reaktor
Sekil 3(a) ve (b)’de verilmistir. Disli carklar vasitasiyla
firinin aliimina tlplinin déndiridlmesi neticesinde
silindirik formda hazirlanmis olan grafit reaktor de
tlpln icinde donmektedir. Termokimyasal islemler
sirasinda kullanilan N; ve Ar gazlarinin akis
debilerinin ayari, firin ekipmanina bagh bulunan
bilgisayar kontrollt kitle akis metre cihazi (MFC) ile

ayarlanmaktadir.

Sekil 4’de deneysel ¢alismalarda kullanilan dinamik
termokimyasal islemlerin gerceklestirildigi firin ve
ona ait ekipmanlar sematik olarak gosterilmistir.

(a) (b)
Sekil 3. (a) Toz Uretim islemlerinin gergeklestirildigi
dinamik firin, (b) Kullanilan grafit reaktor

Kompozit toz lretimi icin belirlenen recetelere gore
hazirlanan grandiller grafit reaktoriin icerisinde farkh
sicaklik ve strelerde dinamik termokimyasal isleme
tabi tutulmustur. Bu islem iki basamakli olarak
gerceklestiriimektedir. ilk adimda sistemden azot
gazi akisi saglanirken ikinci adimda ise sistem
icerisinde argon gazi kullaniimaktadir. Uretim
islemlerinde Oncelikle firin igerisindeki oksijenin
uzaklastirimasi icin 60 L/sa’lik akisla N, gazi
verilmistir. Sonrasinda gaz akisi 30 L/sa’e dustrultp
kadar

temasinin kesilmesi icin sabit tutulmustur. Sicaklik

reaksiyon baslama sicakhigina oksijen
900°C'ye ulastiginda gaz akisi 60 L/sa olarak
ayarlanmis ve ilk adim gergeklesene kadar bu
miktarda devam edilmistir. ilk adim tamamlandiktan
sonra silisyum karburlerin olusabilmesii¢in FactSage
programi ve literatiire gore SiC olusum sicakliklari
gbz Online alinarak belirlenen sicakhklarda ve
siirede sisteme 60 L/sa Ar gazi verilmistir. islem
suresi bittikten sonra firin sogurken 1000°C'ye
geldiginde Ar gazi akisi 20 L/sa’e ayarlanmis ve islem

bitene kadar Ar gazi akisi sabit tutulmustur. islemler

sirasinda gaz akisinin azaltilmasi ile gaz kullanim

sarfiyatinin  engellenmesi  amaglanmistir. ki
kademede gerceklesen termokimyasal islemin
sicaklik ¢evirimi Sekil 5’de verilmistir. Burada

gorilen islemler 1450°C'de 2 saat N, atmosferinde
nitrirleme ve 1450°C'de 1 saat Ar atmosferinde
karbirleme islemine aittir.

Sicaklik Cevirimi

1600

1400 N, gazi Ar gazi
1200 altinda altinda
E 1000 / \
= \
= s "
vl
O 500
v

400
200

0o 1 2 3 4 5 & 7 8 9 10 11 12 13 14
Sire (saat)

Sekil 5. Termokimyasal islemin sicaklik cevirimi

islem sonrasinda elde edilen graniillerin
karakterizasyonu icin, agat havan icinde hafif
o0gutme islemi uygulanarak granillerin toz haline
getirilmesi saglanmistir. Dinamik termokimyasal
islemlerde elde edilen graniiller ve sonrasinda agat
havanda 6gutilerek toz haline getirilen Grin Sekil

6’da verilmistir.

Sekil 6. Dinamik termokimyasal islem sonrasinda elde
edilen (a) graniiller ve (b) tozlar

Dinamik termokimyasal islem sonrasinda elde

edilen tozlarin faz analizleri ve mikroyapi
incelemeleri icin X-isin1 difraksiyonu (XRD) (Rigaku
D/Max-2200/PC) ve taramali elektron mikroskobu
(SEM) (JEOL JSM 6060 LV) analizleri uygulanmis ve

kompozit tozlar karakterize edilmistir.

3. Bulgular ve Tartisma

1013



Si3N./SiC Kompozit Tozunun Uretilmesi, Canikoglu vd.

Uretimi amaclanan SisN4/SiC  kompozit tozun

sentezlenebilmesi icin uygun deney sartlarinin
belirlenebilmesinde termodinamik bir similasyon
programi olan FactSage 7.0 yazilimi kullanilmistir.
FactSage, hidrometalurji, pirometalurji, malzeme
bilimi, elektrometalurji, korozyon, seramik, cam
teknolojisi gibi konularda c¢ok fazla endistriyel,
akademik ve resmi kullaniciya sahip lisansiistl ve
alanlarinda
Bu

veri

uluslararasi arastirma ve egitim

kullanilabilen termodinamik bir yazilimdir.

program ile bilesiklerin termodinamik

tabanlarina erisim saglanmakta ve gilncel
hesaplamalara ulasilabilmektedir. Bu sayede Gibbs
Enerji hesaplamalari ve karmasik modellemeler
kullanilarak, degisik tlirdeki ¢ok fazli, ¢cok bilesenli
malzemeler igin cesitli grafik ve tablo modlari
sunmaktadir. FactSage programi ile bulunan
termodinamik veriler, diinyadaki organik olmayan
sistemler icin en genis bicimde degerlendirilmis ve
en iyi sonuc¢ veren termodinamik veri tabanlarini
olusturur (Erken 2023). Bu program, kimyasal
Servo-motor

Grafit reaktor

Y

reaksiyonlar neticesinde olusabilecek muhtemel
Grlnleri, bu reaksiyonlarin serbest enerjilerini ve
drdnlerin sicakliklarini

olusacak reaksiyon

belirleyebilmektedir.

Sekil 7’de SisN4/SiC kompozit toz Uretimi igin
kullanilan silika tozunun farkh stokiyometrik oranda
Cile gerceklestirmesi muhtemel olan reaksiyonlarin
FactSage ile olusturulmus mol-sicaklik grafikleri
verilmistir. Grafiklerde sadece C oraninin degistigi ve
olusum sicakhklari agisindan iki grafigin benzer
oldugu gorilmektedir. Grafikte SiO;’'nin yaklasik
olarak 575°C ve 870°Clerde faz
gozikmektedir. Artan sicakhkla birlikte SiO,, karbon

degisimleri

ve azot gazinin varliginda 6ncelikle 1200-1350°C
sicakhk araliginda SizsNs olustugu goézlenmistir. Ayni
1350°C  lzerinde  SiC
Sicakhk  1480°C’ye
sistemde var olan SiO; bir faz degisimi daha

zamanda olusmaya

baslamaktadir. geldiginde

gecirmektedir. 1500°C civarinda ise SiO; sistemden
SiO gazi haline donismektedir.

Bilgisayar
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Sekil 4. Dinamik termokimyasal islemlerin gerceklestirildigi firin ve ekipmanlarin sematik gésterimi
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Sekil 7. SisN4/SiC kompozit toz Uretimi icin farkli C/SiO2 oranlarinda FactSage programindan elde edilen Mol-Sicaklik

grafikleri (a) C/SiO2 = 2.25 ve (b) C/SiO2=3

Bu calismada dinamik termokimyasal yontem ile
SisN4/SiC kompozit tozunun Uretilebilmesi igin ilk
Once FactSage yazilimi ile olusturulan grafiklerin
proses
Oncelikle C/SiO, orani 2.25 olarak hazirlanan toz
karisimina 1400, 1450 ve 1500°C sicakliklarda 1’er
saat N

yardimiyla sicakliklari  belirlenmistir.

atmosferinde nitrirleme ve 1500°C
sicaklikta 1 saat Ar gazi atmosferinde karbirleme
islemleri 4 rpm dénme hizinda uygulanmis ve
sentezlenen tozlara ait XRD sonugclari Sekil 8'de
verilmistir. Daha 6nce yapilan benzer tozlarin (TiN,
ZrN) Uretiminde dénme hizinin belirlenmesiyle ilgili
calismalarda en iyi sonucun 4 rpm olarak
belirlenmesinden dolayi (Ozdemir 2019, Canikoglu
et al. 2018) bu c¢alismanin hepsinde firinin dénme
hizi 4 rpm olacak sekilde ayarlanmistir. Bu grafikten
gorildugi gibi yapi icerisinde a-SisNa4, B-SisN4 ve SiC
bulunmaktadir. Bu sonuglara gore, birinci islem

basamagindaki artan sicaklikla birlikte SisNg
donidsimiinin arttigi soylenebilir.
S S: SiC
a: a- SizNg
b: B- Si;N;
s
5 . b S
§ 1:00°Ca‘a b 2 ba k Ab
2 14s0°C A %
1400°C ‘k A
10 20 30 40 50 60 70 80

20

Sekil 8. Farkl sicakliklarda (1400, 1450 ve 1500°C) 1 saat
N2 ve 1500°C’ de 1 saat Ar atmosferinde 4 rpm
dénme hizinda dinamik termokimyasal islem
sonrasinda elde edilen Uriinlerin XRD analizleri

Stokiyometrik oranda SiO,+C toz
1450°C'de  farkh
atmosferinde 4rpm dénme hiziyla nitrirleme islemi

karisimindan
nitrirleme sirelerinde N,
ve 1500°C sicaklikta 1 saat Ar atmosferinde 4 rpm
dénme hiziyla karbirleme islemi sonucunda elde
edilen Grlinlere ait XRD sonuglari grafik olarak Sekil
9’da verilmistir. Burada amacg ilk islem basamaginin
sdresinin etkisini gérmektir. Bu grafige gore artan
nitriirleme siresi ile yapi icerisinde SiC fazinin
yaninda a-SisNs ve B-SisNs fazlarinin da olustugu
gorilmektedir. Dolayisiyla 1. basamakta 1450°C’de

1 saatlik islem siiresi yetersiz kalmistir. Yapilan bir
arastirmada, SiO,+C karisimindan azot atmosferinde
yapilan karbotermal indirgeme islemleri sonrasinda
1400-1500°C’lerde  SisNse  tam
gerceklestigi raporlanmistir (Wang et al. 2021). Bir
baska calismada ise yine karbotermal yontemle,

dontslimin

organik esasli karbon kaynagi ile SiO, karisimindan
azot atmosferinde 2 saatte 1450°C ve Uizeri sicaklikta
SisNs donlisiminin gergeklestigi belirtilmistir (Li et
al. 2019).
S S: SiC
2 a-Si;N;
b: B-Si:N,

1450 'C-2sa S

AL
10 20 30 -IKO 5

0 60 70
20

Sekil 9. 1450°C’'de 1, 2 saat N2 ve 1500°C’'de 1 saat Ar
atmosferinde 4 rpm dénme hizinda dinamik

BAGIL SIDDET
»
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»
o
s
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1450 C-1sa

80

termokimyasal islem sonrasinda elde edilen
Urlnlerin XRD analizleri

Sekil 10’da
karisimindan ilk islem basamagi 1450°C’'de 2 saat N,

stokiyometrik oranda SiO,+C toz

atmosferinde ve ikinci islem basamagi 1450 ve
1500°C sicakliklarda 1 saat Ar atmosferinde olmak
tzere, 4 rpom doénme hiziyla dinamik termokimyasal
islem sonucunda elde edilen uriinlerin XRD analizi
sonuglari grafik olarak gérilmektedir. Burada amacg,
SisN4/SiC kompozit tozunun Uretilebilmesi icin iki
kademede gergeklesen dinamik termokimyasal
olan SiC

sicakliginin etkisi incelenmesidir. Bu grafige gore

prosesin ikinci kademesi reaksiyon
karbiirleme sicakliginin yikselmesi (1500°C) yapi
icerisinde bulunan a ve B-SisN4 fazlarinin azalmasini
ve SiC olusumunun artmasini saglamistir. ikinci islem
1450°C olmasiyla ilk

kademede elde edilen SizN,4 fazlarinin korundugu ve

basamaginin sicakliginin
ayni zamanda SiC fazinin da meydana geldigi
gorilmektedir. Buradan hareketle, ikinci kademe
islem sicakhginin 1450°C olmasinin uygun oldugu
disintlmektedir. Dolayisiyla SisN4/SiC kompozit toz
dretimi

icin dinamik termokimyasal islem ile
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optimum proses parametrelerinin, 1450°C’de 2 saat
1450°C'de 1 saat Ar

donme hizi oldugu
belirlenmistir. Literatirde yapilan bir calismada SiO;

N, atmosferinde ve
atmosferinde 4 rpm

ve grafen karisimindan mikrodalga sinterleme islemi
ile SiC nano cubuklar elde edildigi raporlanmis ve bu
1500°C’nin
gerceklestigi

calismaya  gore Uzerinde  tam

dontsimiin belirtilmistir.  Ayrica
literatiirde SiOx'nin C ile indirgenmesi sonucu
2100°C lizerinde a-SiC ve 1500-1600°C sicakliklari
arasinda B-SiC Uretilebilecegi belirtilmistir (Pierson
1997, Qin et al. 2022). Literatlrde yapilan bir
calismada SisN4/SiC kompozit tozunun Uretimi bu
sekilde ki

gerceklestirilmis ancak toz Uretimi 1450°C’de 4 saat

calismaya  benzer kademede
ve 1500°C’'de 4 saat olmak lizere uzun islem sireleri

sonrasinda elde edilmistir (Caliskan et al. 2017).

S: SiC
a: o- SizN;
1500°C b: B- Si;N;
=2 S
2 . S
e
= a absl Jl b.
Z 1450 °C b

20

Sekil 10. 1450°C’de 2 saat N2 ve farkli sicakliklarda (1450
ve 1500 °C) 1 saat Ar atmosferinde 4 rpom dénme
hiziyla dinamik termokimyasal islem sonrasinda
elde edilen rinlerin XRD analizleri

Sekil 11’de farkli oranda SiO,+C toz karisimindan
1450°C’de 2 saat N, atmosferinde nitriirleme islemi
ve 1450°C'de 1 saat Ar atmosferinde karbirleme
islemi ile 4 dinamik

rom dénme hiziyla

termokimyasal islemler sonrasinda elde edilen
Urlinlere ait XRD analiz sonuglari verilmistir. Burada
C/SiO, orani 2.25 olacak sekilde stokiyometrik
olarak hazirlanan karisim ve karbon oraninin
artmasinin etkisinin gézlenebilmesi igin C/SiO; orani
3 olacak sekilde iki regete hazirlanmistir. XRD analiz
sonuglarina bakildiginda her iki recetede de yapi
icerisinde SiC, a-SisNs ve B-SisNs fazlarinin varlig
karbon oraninin artmasi

gorilmastir. Ayrica

silisyum karbir pik siddetlerinde az miktarda artisa

sebep olmustur. Dolayisiyla stokiyometrik oranin
2.25 olmasi halinde istenilen Si3N4/SiC kompozit
olusumu elde edilebilmis ve bu oran bu g¢alisma igin
en iyi sonug olarak belirlenmistir.

BAGIL §iDDEI

Sekil 11. C/SiO2 orami 2.25 ve 3 olan karisimlarin
1450°C'de 2 saat N2 atmosferinde ve
1450°C'de 1 saat Ar atmosferinde 4 rpm
dénme hiziyla dinamik termokimyasal islem
sonrasi elde edilen Griinlerin XRD analizleri

Sekil 12’de C/Si0,=2.25 olan stokiyometrik orana
gore hazirlanan karisimin 1450°C'de 2 saat N;
atmosferinde ve 1450°C’de 1saat Ar atmosferinde 4
rom donme hiziyla gergeklestirilen dinamik
termokimyasal islem sonucu elde edilen {riiniin
SEM gorintist  verilmistir. Burada, es eksenli
fiber

gorilmektedir. Yapinin oldukga ince tane boyutuna

taneler ve seklinde c¢ubuksu vyapilar

sahip oldugu ve yaklasik 100 pim ¢apa sahip gubuksu
tanelerin olustugu soylenebilir. Olusan ¢ubuksu
yapilarin B-SisNs ve SiC fazlarina ait oldugu, es
eksenli tanelerin ise a-SisNs fazina ait oldugu
(2014)'nin  yaptigl
¢alismada, 1450°C’de Uretilen SisN4 Urlnlerin hem

disinilmektedir. Ji et al

fiber hem de mikro yapili kristallerden olustugu
raporlanmistir. Tashgukur (2010)'un c¢alismasinda
elde edilen SisN4/SiC kompozitlerde a-SisNs tane
yapisi es eksenli iken, B-SisNs uzamis tane yapisina
sahip oldugu belirtilmistir. Sahin (2009)'in yaptigi
¢alismada da SisNs matriksli SiC kompozitlerde ince
uzun vyapidaki B-SisNs tanelerin olustugu rapor
edilmistir.

1016



Si3N./SiC Kompozit Tozunun Uretilmesi, Canikoglu vd.

Sekil 12. 1450°C’'de 2 saat N2 atmosferinde ve 1450°C’'de
1saat Ar atmosferinde 4 rpm donme hiziyla
dinamik termokimyasal islem sonrasinda elde
edilen Griiniin SEM goriintisi

1450°C'de 2 saat N, ve 1450°C'de 1 saat Ar
atmosferinde 4 rpm donme hiziyla dinamik

termokimyasal islem sonrasinda elde edilen
kompozit tozun EDS analizi Sekil 13’de verilmistir.
Genel gorintiden alinan analiz sonuglarina gore
azot, silisyum ve karbon elementleri belirlenmis,
bunun yaninda doénlismemis oksijen kalintisina
rastlanmamigtir. Burada elde edilen veriler $Sekil
10’da gorilen XRD

analiz sonucunu

desteklemektedir.

L ]
15kU a8 063 hy
o Ly,

Sekil 13. 1450°C’'de 2 saat N2 ve 1450°C'de 1 saat Ar
atmosferinde 4 rpm dénme hiziyla dinamik
termokimyasal islem ile elde edilen toza ait
EDS analizi

I“

4. Sonuglar

Bu calismada, SisN4/SiC kompozit tozu, 2 adiml
dinamik termokimyasal yoéntem ile SiO, ve C
karisimindan Gretilmis ve bazi islem parametreleri
incelenmistir. Hazirlanan karisimlardan elde edilen

granillere uygulanan dinamik termokimyasal
islemler sonrasinda en iyi sonug, C/SiO; orani 2.25
olan karisimla, 1450°C'de 2 saat N, atmosferinde
nitrirleme ve 1450°C'de 1 saat Ar atmosferinde
karbiirleme islemleriyle 4 rpom dénme hizinda elde
edilmistir. Bu sartlarda, oldukga ince tane boyutuna
sahip yaklasik 100 um g¢apa sahip gubuksu taneler
elde edilmistir. Yapilan XRD ve EDS analizi
sonuglarina  gore oksit

kalmadigl ve yapinin tamamen SisNs ve SiC'den

yapida doénldsmemis

meydana geldigi gortlmustir.
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Polimer malzemeler, diinya ekonomisinin gesitli alanlarinda yaygin olarak kullaniimakta ve 6zellikleri

hizla gelismektedir. Eklemeli imalat (Ei) gibi yeni teknolojilerin ortaya cikisi, polimer malzemeler ve
kompozitler i¢in daha yiliksek performans ve islevsellik gibi ihtiyaglar dogurmustur. Polimer toz
malzemeler, Ei teknolojilerinde en ¢ok kullanilan sarf malzemelerindendir ve agirlikli olarak segici lazer
sinterleme (SLS) teknolojisinde kullanilir. SLS, birbirini izleyen toz hammadde katmanlarini 3 boyutlu
(3B) bilgisayar destekli tasarim modeline gore segici olarak sinterleyerek 3B kati bilesenleri tUreten bir
Anabhtar kelimeler toz yataginda flzyon islemidir. Bu calismada; Poliamid 12 (PA12), fiber eritme yontemi kullanilarak toz
SLS; Eklemeli imalat; halinde iretilmis ve masaiistii SLS sistemlerde kullaniimak {izere optimize edilmistir. Yapilan calismada
PA12; Fiber eritme PA12, eriyik egirme cihazinda farkl ¢aplarda fiber iplikler haline getirilmistir. Elde edilen fiber iplikler
kesilerek isiticili balon karistirici iginde Polietilen Oksit (PEO) ile termal isleme tabi tutulmus ve kiresel
forma yakin tozlar elde edilmistir. Kurutma ve eleme islemlerinden gegirilen bu tozlarla, agik
parametreye sahip bir SLS (Segici lazer sinterleme) 3B yazicida baski alinmistir. Toz numunelerine
diferansiyel taramali kalorimetri (DSC), taramal elektron mikroskobisi (SEM) ve elek analizi yapilmistir.
Baski numunelerine ise; cekme, sertlik, darbe, yogunluk, ergime akis indeksi (EAI), vicat yumusama
sicakligr testleri yapilmistir ve numunelerin mikroyapi incelemesi i¢in SEM analizi kullaniimistir.
Numunelerin testlerin sonuglari incelenerek ticari ve tretilen PA12'nin 6zellikleri karsilagtiriimistir.

Comparison of Morphological, Thermal and Mechanical Properties of
PA12 Produced by Filament Melting Method and Commercial PA12

Abstract

Polymer materials are widely used in various fields of the world economy and their properties are
developing rapidly. The emergence of new technologies such as additive manufacturing (AM) has

created needs such as higher performance and functionality for polymer materials and composites.
Polymer powder materials are one of the most used consumables in El technologies and are mainly
used in selective laser sintering (SLS) technology. SLS is a powder bed fusion process that produces 3D
solid components by selectively sintering successive layers of powder raw materials according to a 3D
Keywords (3D) computer aided design model. In this study, Polyamide 12 (PA12) pellets were pulverized by fiber
SLS; Additive melting method and optimized for use in desktop SLS systems. In the study, PA12 was turned into fiber
manufacturing; PA12;  vyarns of different diameters in the melt spinning device. The fiber yarns obtained were cut and
fiber melting subjected to thermal treatment with Polyethylene Oxide (PEO) in a heated balloon mixer and powders
close to spherical form were obtained. These powders, which have undergone drying and sieving
processes, were printed on an SLS (Selective laser sintering) 3D printer with open parameter.
Differential scanning calorimetry (DSC), scanning electron microscopy (SEM) and sieve analysis were
performed on powder samples. For printing samples; tensile, hardness, impact, density, melt flow index
(EALI), vicat softening temperature tests were performed and SEM analysis was used for microstructural
examination of the samples. The results of the tests of the samples were examined and the properties
of commercial and produced PA12 were compared.
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1. Giris

Son 30 yilda artan kaliteli ve diisik maliyetli Griinlere
olan talep, endistride ©6nemli degisiklikleri
beraberinde getirmistir. Bu durum tretici firmalarin
daha kaliteli, daha hizli ve daha disiik maliyetli Girlin
retime ihtiyacini dogurmustur. Uriinlerin pazara
¢ikis stiresini kisaltan hizli prototipleme glinimizde
kademeli olarak eklemeli imalata kaydirilirken,
birkac yil dncesine kadar sadece disutk adetli 6zel
parcalarin Uretiminde uygulanmaktaydi. Havacilik,
uzay, denizcilik, kalip imalati ve taki imalati gibi
hemen hemen tim uygulamalarda fonksiyonel
parcalari hizl Gretmeye yarayan hizli prototipleme
sistemlerinde kullanilan malzeme bigimleri sivi bazli,
kati bazli ve toz bazli olabilir (Caulfield vd. 2007,
Chaudhari ve Patil 2016, Schmidta vd. 2015, Wang
vd. 2020, Yuan vd. 2019).

Hizli prototipleme sistemlerinden biri olan SLS,
katmanli ve toz bazh bir lazer Uretim yontemi
kullanarak bilgisayarh 3B tasarimlari fiziksel
nesnelere donustirmek icin kullanilir (Gomes vd.
2022, Schmid vd. 2015, Feng vd. 2019). Enjeksiyon
kaliplama gibi geleneksel yontemlere kiyasla SLS
islemi tasarimdan Gretime kisa ¢cevrim siiresi, yiksek
geometrik ozglirlik, 6zellestirilmis bilesenler ve az
saylda parganin ucuz Uretimi gibi bircok avantaja
2014). SLS gibi toz yatakh

eklemeli imalat sistemleri, erime ve kristalizasyon

sahiptir (Salazar vd.
sicakliklari arasinda yiksek sicakhk farki olan
polimerler gerektirmektedir. Ayrica SLS yontemi ile
Uretilen parcalarin rengi, kullanilan malzemenin
rengi

oldugundan ve islem sirasinda yalnizca

homojen toz (veya toz kompozitler)

kullanilabileceginden  ¢ok renkli  prototipler
yapilamaz. Prototip pargalar ¢esitli termoplastik,
metal kompozit ve seramik kompozit tozlari
kullanilarak Uretilebilir (Salazar vd. 2014, Wiliams ve
Deckard 1998, Floersheim vd. 2009, Ming ve Gibson
1999). Poliamidler ve poliamid bazli termoplastik
kompozitler, SLS basta lzere toz yatakl eklemeli
imalat sistemlerine 6zgl malzeme pazarinin %95'ini
olusturmaktadir (Goodridge vd. 2012). PA12 diger
termoplastiklere ve hatta diger poliamidlere
kiyasla ¢ok yiksek tokluga, yiksek kimyasal dirence,
ylksek yorulma direncine ve iyi tribolojik 6zelliklere

sahiptir. SLS Uretim sistemi icin olduk¢a uygun bir

hammadde olan PA12 toz kalitesini iyilestirme ve
isleme kosullarini optimize etme cabalariyla birlikte
Ozellikle havacilik ve otomotiv endistrisinde nihai
Urln haline gelmistir (Goodridge vd. 2012, Salmoria
vd. 2011, Salmoria vd. 2012, Bai ve Li 2011, Obsta
vd. 2018). PA12'nin sahip oldugu genis sinterleme
Bu da
parcalarin bozulmasina neden olabilecek artik

penceresi, yavas¢a sogumasini saglar.

gerilimlerin  birikmesini 6nlemek igin yeniden

kristallesmesinin ~ gecikmesine ve en aza
indirilmesine neden olur. Poliamid bazh tozlarin
hazirlanmasi icin emiilsiyon polimerizasyonu,
mekanik ezme ve solvent ¢oktliirmeden olusan (g
farkh Literatlirdeki

¢alismalar hazirlama

yontem  bulunmaktadir.
incelendiginde bu toz
yontemlerinin  ylksek sicaklhk, yiksek basing
kosullari, Gretim sonrasi dar ve plrizli parcacik
geometrisi ve ylksek maliyet gibi dezavantajlara
sahip oldugu gorilmustir (Kleijnen vd. 2019,
Fanselow vd. 2016, Yuan vd. 2019, Wang vd. 2015).
Toz malzemelere dayali bu Ei tekniginin verimli
uygulanmasini kisitlayan en énemli sorunlardan biri,
iyi akiskanliga ve genis sinterleme penceresine sahip
toz malzemelerin hazirlanmasinda disik maliyetli
ve uygulamasi kolay ideal bir yontemin olmamasidir.
Boyutlari kontrol edilebilen kiresele yakin polimer
tozlari hazirlamak igin yliksek verimlilige sahip bir
yontemin kullanilmasi ve bunun masaisti SLS 3B
yazicilara uygun hale getirilmesi gerekliligi ile bu tez
calismasina baslanmistir.

Yapilmis olan bir calismada; SLS yontemi ile Gretilen
PA12'nin kisa ve diizensiz cam elyaf (agirlikga %25)
takviyesi sonucunda yorulma ¢atlak bliyiimesi
davranisini gelistirmek hedeflenmistir (Salazar vd.
2014). Oda sicakhginda (23°C) ve disuk sicakliklarda
(-50 °C) yapilan testlerin sonuglarinda lif ilavesinin,
ilerlemesi sirasinda  c¢atlak

yorulma c¢atlag

olusumunu  bastirdigini  gézlemlenmis, dusik
sicaklikta gorilen yiksek yorulma direncinin, lifler
ve matris arasindaki farkli termal genlesmeden
kaynaklandigi tespit edilmistir (Salazar vd. 2014).

Bir baska calismada; eriyik egirme yontemi ile
hazirlanan PA12 lifleri PEO matrisinde isitilarak elde
yapili tozlar, SLS

morfolojiye sahip hale getirilmis, toz yapisinin

edilen kiresel icin uygun

belirlenmesinde termal islem sicakhiginin termal
islem slresine kiyasla daha etkili oldugu ortaya
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2020). Buna gore lifleri
yaklasik 1 dk sireyle 220°C sicakliga eritmek ve

koyulmustur (Zhou vd.

ardindan daha disik bir sicaklikta tutmak, yizey
dalgalanmalarinin  hizh  bir sekilde baslamasina
sebep olur ve liflerin donlsiim sirecini biyuk 6l¢lide
hizlandirabilir (Zhou vd. 2020).

Bu calismada; PA12 tozunun hazirlanmasi icin yeni
ve verimli bir yonteme duyulan ihtiyaci gidermek
amaciyla fiber eritme yontemi kullaniimistir ve
masalistii  SLS sistemlerinde kullanilmak Uzere
optimize edilmistir. Yapilan ¢alismada PA12, eriyik
egirme cihazinda farkli ¢aplarda fiber iplikler haline
getirilmistir ve kesilerek isiticili balon karistirici
icinde PEO ile termal isleme tabi tutulmustur.
Uygulanan termal islem sonucunda kesilen
ipliklerden kiresel forma yakin sekilde tozlar elde
edilmistir. Diyot lazerin yaydigi (700 nm-6000 nm)
dalgalar, beyaz ve renksiz plastikler tarafindan iyi
emilemez. Bu nedenle dalga absorbsiyonunu
artirmak icin tozlar infrared absorbans 6zelligi sunan
boyar madde ile boyanmistir. Bu islem igin kurutma
ve eleme islemlerinden gecirilen tozlar 2-[2-[2-
chloro-3-[2-(1,3-dihydro-1,1,3-trimethyl-2H-
benz[elindol-2-ylidene)ethylidene]-1-cylohexen-1-
yl]-ethenyl]-1,1,3-trimethyl-1H-benz[e]indolium 4-
(ADS830AT)

boyar madde ile karistiriimistir. Kullanima hazir hale

methylbenzenesulfonate ismindeki
gelen tozlar agik parametreye sahip bir SLS 3B
yazicida baskiya alinmistir. Toz numunelerine DSC,
SEM ve elek analizi yapilmistir. Baski numunelerine
ise; cekme, sertlik, darbe, yogunluk, EAI, Vicat
yumusama sicakhgl  testleri  yapilmistir ve
numunelerin mikroyapi incelemesi igin SEM analizi
kullanilmistir.  Numunelerin  testlerin  sonuglari
incelenerek ticari ve Uretilen PA12'nin Ozellikleri

karsilastirilmistir.

2. Materyal ve Metot

2.1 Kullanilan Malzemeler

Yapilan ¢alismada kullanilan Ticari PA12 tozu Sinterit
(Polonya) firmasindan temin edilmistir. Bu tozun
granillerine ulasamadigimiz igin muadili PA12
granilleri Arkema firmasi (Rilsamid AMNO P40TLD
NATURAL) ve EMS-GRIVORY firmasi (Grilamid
L25W20Y) tarafindan temin edilmistir. Ticari PA12
tozunun yogunlugu 0,92 g/cm3, erime sicaklig
185°C’dir. Ayrica Dupont firmasindan temin edilen
Polietilen Oksit (kati, Mw: 50000 g/mol) (POLYOX™
WSR N10) polimerlere ¢oziicl bir ortam olusturmak
amaciyla kullanilmistir. Diyot lazerin yaydigi (700 nm
- 6000 nm) dalgalarin polimer tarafindan absorbe
edilmesini saglayan ADS830AT ticari isimli boyar
madde American Dye Source firmasindan temin
edilmistir.

2.2 Eriyik egirme cihazinda farkh ¢aplarda PA12
liflerinin iiretilmesi

Poliamid, yapisinda nem tutma ozelligine sahip
oldugundan dolayi, grandller lif Gretiminden 6nce
24 saat boyunca 100°C sicaklikta kurutulmustur.
Polimer lif Gretiminde kullanilan eriyik egirme cihazi
icin en uygun EAI degeri 25-30 cm3/10dk olarak
verilmistir. Bu sebeple ideal viskozite degerine
ulasmak igin farkli firmalardan temin edilen PA12
granilleri 1:1 oraninda ilk olarak Patterson marka
bir karnistiricida 15 dakika boyunca karistiriimistir.
Elde edilen karisimda EAI degeri 27 cm®/10dk olarak
Eriyik
pompasinin hacim akis hizi ve sarim hizinda
¢aplarda
gerceklestirilmistir. Eriyik egirme cihazina ait Uretim

Olgtlmastar. egirme cihazinda 6l¢iim

degisiklik yapilarak farkli lif Gretimi
bilgileri Cizelge 2.1’de verilmistir. Kullanilan cihazin
vida ¢capi 20 mm ve uzunluk/cap orani 30’dur. Ayrica
iplik Gretimi 240°C sicaklikta gergeklestirilmistir.

Cizelge 2.1 Eriyik egirme isleminde pompa ve sarim hizina bagl lif capi degisimi

Metalik pompa hizi ve 14/430 18/300 22/250 24/150 28/110 30/100
sarim hizi (rpm)
Lif cap1 (mikron ) 22 42 51 60 72 95
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2.3 PA12 liflerinin termal islemi ve toz iiretimi

Lif Gretiminin ardindan farkli caplardaki PA12 lifleri
bir makas yardimiyla 1-5 mm uzunluklarinda
kesilmigtir. Nemi uzaklastirmak icin kesilen lifler 6
saat boyunca 100°C sicaklkta, PEO ise 2 saat
boyunca 40°C sicaklikta etlivde kurutulmustur.
Kesilen pargalari toz haline getirmek amaciyla PEO
ve PA12 lifi agirlikga 100:1 oraninda 1000 ml’lik bir
balon joje igerisinde manyetik karistiricida
isitilmistir. Karisim, ilk olarak PEO’yu eritmek igin
160°C'ye i1sitilarak 20 dakika boyunca bu sicaklikta
karistirlmistir. Daha sonra karisim 30 dakika
boyunca 220°C sicakhga kadar kademeli olarak
isitilmistir. Termal islem sirasinda, erimis liflerin
Plateau-Rayleigh instabilitesi yoluyla PA12 kiresel
tozlari elde edilmistir. Oda sicakligina kadar
sogutma yapilmasinin ardindan saf su ile ortam
seyreltilerek PA12 tozlan ¢oktirmistir. Elde
edilen PA12 tozlari, 80°C sicaklikta 24 saat
boyunca etiivde kurutulmustur. SLS 3B yazicida
kullanilabilmesi icin PA12 tozlart bir elek
yardimiyla boyutlari 100 mikrondan kicik olacak
sekilde elenmistir. Kullanilan SLS 3B yazicidaki 808
nm’lik diyot lazerin yaydig kizilétesi dalgalarin
PA12 tozlari tarafindan en verimli sekilde
emilebilmesi icin 10 gr ADS830AT, 350 ml metil
alkol icinde ¢ozlinerek 2 kg toz ile karistirilmistir.
Daha sonra metil alkolli ucurmak amaciyla 100°C
sicakliktaki ettivde 2 saat boyunca isitilmistir.

2.4 3B baski ile test numunelerinin iiretimi ve test
yoéntemleri

Ticari PA12 ve deneyler sonucunda dretilen
PA12’e ait test numunelerinin Uretimi icin Sinterit
Lisa SLS 3B vazicl
penceresi, polimerin erime baslangici sicakligi ile
baslangici

bolgedir. Aslinda bu alan kati ve sivi olmak Uzere

kullanilmistir.  Sinterleme

kristallesme sicakligi  arasindaki
iki fazin bir arada bulundugu bir alandir ve SLS
isleminin en glvenli yapildigi sicakhk araligidir.
Genis  sinterleme  penceresi, sinterlenmis
parcalarin dogrulugunu artirabilir ve c¢arpilma
deformasyonunu azaltabilir. Bu sebeple baski
parametreleri ayarlanabilir olan bu yazicida en
uygun sicakligi bulmak icin DSC analizi yapilmistir.

DSC sonuglar Cizelge 2.2’de ve analiz grafigi ise

Sekil 2.1'de verilmistir. Grafiklerde vyesil ile
gosterilen 1sitma egrisi, mavi ile gosterilen ise
sogutma egrisidir. Uretilen PA12'nin erime
baslangic sicakligi  173,1°C ve kristallesme

baslangic sicakligi 153,4°C olarak ol¢lilmistur.
Ticari PA12'nin erime baslangi¢ sicakhgi 179,7°C ve
kristallesme baslangi¢c sicakhgl 159,6°C olarak
Olgllmuistir. Buna gore (retilen PA12 igin
sinterleme penceresi genisligi 19,7°C iken ticari

PA12 i¢in 20,1°C bulunmustur.

Cizelge 2.2 PA12 tozlarina ait DSC analiz sonuglari

Ornek Tm (°C) Tm bagsl. (°C) Tc (°C) Tc basl. (°C) Sinterleme penceresi (°C)
Ticari PA12 185,4 179,7 156,2 159,6 20,1
Uretilen PA12 179,6 173,1 149,5 153,4 19,7
o i) | ™
| exo 'eak: 173.6 °C Lexo
i I
/ 2 \
2 / /
| 5 1 [
1 \ / \\y ‘
) S — 6l 7 ) — =t
0 _\/ . \_/
-

40 60 80 100 120 140 160 180 200 220
Temperature I°C

40 60 80 100 120 140 160 180 200 220
Temperature /°C

Sekil 2.1 PA12 tozlarina ait DSC grafigi
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SLS 3B yazici ile Gretilen ve ticari PA12 numuneleri
icin cekme testleri; Zwick Z010 markal cihaz
kullanilarak ASTM D638 Tip 1 standardina uygun
olarak vyapilmistir. Bes numunenin ortalamasi
alinarak yapilan testlerde ¢ekme hizi 50 mm/dk
olarak ayarlanmistir ve test sonuglarina gore
polimerlerin max. cekme mukavemeti ve elastiklik
moduli edilmistir.

degerleri  elde Yapilan

calismalarda kullanilan darbe testi numuneleri
80x10x4 mm boyutlarinda bir model tasarlanarak
Uretilmistir. Centiksiz olarak yapilan lzod darbe
testinde 5,4 kj’luk sarkag kullaniimistir ve test ASTM
D256 standardina gére Zwick marka test cihazinda
yapilmistir. ASTM D-1706-67 standardina gore
yapilan sertlik testinde batma derinligine bagl
olarak polimerin Shore sertlik degeri belirlenmistir.
Polimerlerin akisi
saglayan EAI testi ISO 1133 standardina gére Zwick
marka test cihazinda 2.16 kg yilik altinda 235°C
sicaklikta yapilmistir ve test sonuglari (i¢ adet

hakkinda yorum yapmamizi

numunenin ortalamasi

alinarak hesaplanmistir.

Uretilen PA12 numunelerinin termal 6zelliklerini
belirlemek icin HDT ve Vicat testleri sirayla ISO 75 ve
ISO 306 standartlarina gére Devotrans marka test
cihazinda vyapilmistir. Tane boyutu dagilimini
saptamak icin yapilan elek analizi testinde Retsch AS
200 marka test cihazi kullanilarak numuneler, farkli
mesh numaralarindan olusan elek diizeneginde 15
dk boyunca sabit hizda titresime maruz birakilmistir.
Numunelerin yogunluk tayini ISO 2781 standardina
uygun olarak yapilmistir. Elek analizi igin 100°C
sicaklikta 2 saat boyunca etlivde kurutulan PA12
tozlarindan ilk olarak 100 gr tartilmistir. Ardindan
90-38 mikron farkli

blykliklerine sahip olan elek analizi cihazinda 15

tozlar araliginda mesh
dk boyunca 60 rpm hizinda titresime maruz
birakilmigtir.  Yapilan g¢alismada kullanilan PA12
tozlarinin Gretimi ve 3B baskisina ait Gretim semasi

Sekil 2.2’de verilmistir.

3B yazicl baski asamalari

Sekil 2.2 Uretim asamalari
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3. Bulgular

Yapilan test sonuclarina gore ticari ve Uretilen
PA12’ye ait bazi ozellikler Sekil 3.1'de verilmistir.
Sekil 3.1A’daki cekme testi sonuclarindan elde
edilen elastiklik moduli degerleri incelendiginde
Uretilen PA12'nin ticari PA12'ye kiyasla daha
ylksek elastiklik modili degerine sahip oldugu
gortlmustiir. Verilen degerlere gore Uretilen
PA12'nin elastiklik modiliiniin ticari PA12’den
yaklasik %19 oraninda daha yiksek oldugu
saptanmistir.  Maksimum ¢ekme mukavemeti
malzemelerin maksimum dayanabilecegi
mukavemet degerini ifade etmektedir. Sekil
3.1B’de verilen maksimum c¢ekme mukavemeti
degerleri incelendiginde Uretilen PA12’nin 52,5
MPa, ticari PA12’nin 40,1 MPa mukavemete sahip
oldugu goriulmustiir. Verilen degerlere gore
Uretilen PA12'nin

mukavemetinin ticari PA12'ye kiyasla yaklasik %30

maksimum cekme

oraninda daha vyiksek oldugu saptanmistir.
Malzemelerin  akiskanligi  hakkinda  yorum
yapmamiza imkan saglayan EAI testi sonuglari
Sekil 3.1C’de verilmistir. Yapilan test sonuglari
incelendiginde Uretilen PA12’nin daha akiskan
dzellige sahip oldugu gorilmustiir. Uretilen PA’ye
kiyasla daha viskoz yapiya sahip olan ticari
PA12’nin EAI degeri 17,8 g/10dk olarak
hesaplanmistir. Malzemenin yumusamaya
basladigl sicakligl ifade eden termal ozellikleri
belirmede kullanilan vicat yumusama sicakligina
ait degerler Sekil 3.1D’de verilmistir. Test sonuglari
incelendiginde Uretilen PA12 ve ticari PA12’nin
vicat yumusama sicakligl arasinda kayda deger bir
fark gorilmemistir. Her iki PA12 arasinda yaklagik
%0,8 oraninda bir fark bulunmaktadir. Poliamid
numunelerine blinyesinde tutabilecegi nem
miktarini  belirlemek i¢in nem tayini testi
yapilmistir.  Yapilan test sonuglarina iliskin
3.1E'deki  grafik

incelendiginde Uretilen PA12'nin %1,36 oraninda,

gorselleri  iceren  Sekil

ticari PA12'nin %1,23 oraninda nem c¢ekme
kapasitesine sahip oldugu gortlmustiir. Nemin
polimerlerin mekanik ozelliklerinde olumsuz
etkiye sahip oldugu disundldiginde, Uretilen

PA12’nin ticari PAl12’ye kiyasla nem tutma
acisindan dezavantaja sahip oldugu
gorilmektedir. Numune zerine uygulanan ani bir
kuvvet sonucunda absorbe edebilecegi yiik
miktarini hesaplamak igin yapilan darbe testi
sonuglari Sekil 3.1F'de verilmistir. Verilen grafik
inceldiginde Uretilen PA12'nin darbe mukavemeti
degerinin ticari PA12’ye kiyasla yaklasik %103
oraninda daha ylksek oldugu gorilmdstir. Sekil
3.1G'de  verilen sertlik testi  sonuglari
incelendiginde uretilen PA12 ve ticari PA12’'nin
sertlik degerleri arasinda kayda deger bir degisiklik
gorilmemistir. Her iki polimer arasinda yaklasik
%0,2 oraninda bir fark gorilmektedir. Sekil
3.1H’de verilen yogunluk degerleri incelendiginde
Uretilen PA12'nin ticari PA12'ye kiyasla daha
ylksek yogunluga sahip oldugu ve her iki polimer
arasinda vyaklasikk %7 oraninda bir artis
gorilmektedir. Yapilan ¢alismada SLS 3B yazici ile
numune Uretimi igin kullanilan PA12 tozlarinin
partikiil boyutlarini belirleyen elek analizine ait
sonuglar Sekil 3.2’de verilmistir. Ortalama partikiil
boyutunu belirlemek amaciyla her iki PA12 igin
100 gram toz referans olarak alinmistir. Ticari
PA12 tozu; %1 oraninda 179-90 um araliginda,
%52 oraninda 89-63 um araliginda, %17 oraninda
62-53 um araliginda, %15,5 oraninda 52-45 um
araliginda, %8 oraninda 44-38 um araliginda ve
%6,5 oraninda 38> um araliginda bulunan
partikiillerden olusmaktadir. Uretilen PA12 ise; %9
oraninda 179-90 um araliginda, %22,5 oraninda
89-63 pm araliginda, %12,5 oraninda 62-53 um
araliginda, %28,5 oraninda 52-45 um araliginda,
%25,5 oraninda 44-38 um arali§inda ve %2
oraninda 38> um  araliginda  bulunan
partikiillerden olusmaktadir. Uretilen ve ticari
PA12 numunelerine ait SEM gorintaleri Sekil
3.3’te verilmistir. Termal islem goérmiis PA12
elyaflari diistk sicakliklarda araytizey geriliminden
kaynakh olarak sekillerini biyilk 6l¢iide korurlar.
Termal islem sirasinda, erimis PA12 liflerinin ara
ylzey enerjisini en aza indirmek ig¢in Plateau-
Rayleigh kararsizligl tarafindan yonlendirilen
kiiresele yakin plriizstiiz ylizeye sahip mikro
kirelere donlstugi gortlmistir. Ticari PA12'nin
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Sekil 3.2 PA12 tozlarinin elek analizi sonuglari
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4, Tartisma ve Sonug

SLS 3B yazicida baski igin eriyik egirme yontemi ile
Uretilen ve ticari PA12 tozlarinin o&zelliklerinin
kiyaslandigi bu calismada; ¢ekme, sertlik, darbe,
vicat yumusama sicakligi, EAl, DSC, nem orani tayini,
yogunluk testleri, partikal buyukliklerini belirmek
icin elek analizi, mikroyapi &zelliklerini belirlemek
Yapilan calismalara
iliskin sonuclar asagida verilmistir. SLS 3B baski
yonteminde toz boyut

dagihmi ve tozun geometrisi malzemenin mekanik

icin SEM analizi yapilmistir.

ylzeyinin purizliluga,

ozellikleri tGizerinde biylk etkiye sahiptir. SLS islemi
sirasinda daha eriyik forma gegen tozlar heterojen
bir dagilima sahip ise kiiglik partikiller blyuk
partiklllerin arasina vyerlesecegi icin daha siki
istiflenirler ve buna bagl olarak malzemenin

mekanik Ozellikleri artis gosterir. Elek analizi
sonuglari ve SEM goriintileri yapilan bu yorumu
dogrulamaktadir, baska bir deyisle Uretilen PA12
tozlar ticari PA12 tozlarina kiyasla daha heterojen
bir boyut dagilimina sahiptir. Bu calismada ortalama

toz caplari 89, 62, 52, 44 um olan Uretilen PA12'ye

Ticari PA12
Sekil 3.3 Uretilen ve Ticari PA12 numunelerine ait SEM gériintiileri

ait yogunluk degeri 1,0042 g/cm® olarak
bulunmustur. Cekme testi sonuglari incelendiginde,
fiber eritme yontemi sonucunda iretilen PA12
mukavemetinde %30,
elastiklik moddilinde %19 oraninda bir artis
saglamistir. EAI 23,29 g/10dk olan iretilen PA12

numuneleri ticari PA12’ye kiyasla daha akiskan bir

numunelerine  ¢ekme

yaplya sahiptir. EAi sonuclari, fiber eritme yéntemi
ile hazirlanan tozlarin yuvarlama, ekleme gibi ekstra
bir son isleme ihtiya¢ duyulmadan daha akiskan ve
kiiresel bir yapiya sahip oldugunu dogrulamaktadir.
Toz (Uretimi esnasinda termal islemler, liflerin
morfolojik doénlsiimiini etkiledigi igin kademeli
Isitma yapilmistir. Yapilan tim testler SLS PA12
tozlarinin hazirlanmasinda fiber eritme yonteminin
ve liflere uygulanan kademeli isitmanin uygun ve
verimli bir yontem oldugunu dogrulanmistir.
Sonuglar Uretilen tozlarin, basarili bir SLS islemesi
icin uygun olan Ustlin bir morfolojiye, akiskanlhga ve

termal 6zelliklere sahip oldugunu gosterilmistir.
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Oz

Salda Golu dogal giizelligi ve stramatolit olusumlari ile diinyadaki ender alkali géllerden birisidir. Salda

GolU'nln beslenimi gol ylzeyine ve alt havza geneline digen yagislar, mevsimlik ve stirekli akan dereler
ile yeraltisuyu akimi ile saglanmaktadir. Salda G6li igin yagistan beslenim miktari 21.95 x 106 m3/yil’dir.
Golin bosalimi ise sadece buharlagma ile gerceklesmekte olup gél alanindan buharlagsma miktari 51.96
x10® m3/yil olarak hesaplanmistir. Salda Goli su seviyesinin Eyliil-2015’den itibaren strekli distigu ve
Ocak-2022’'ye kadar disiim miktarinin 3.17 m oldugu belirlenmistir. Salda Golu ¢evresinde golu
besleyen ¢ok sayida su kaynagi bulunmaktadir. Bu kaynaklarda Mayis 2021-2022 arasinda yapilan debi
Slgtimlerine gore, gole ortalama 0.286 m3/s beslenim olacagi éngoérilmektedir. Salda Gélu havzasinda
en 6nemli akifer allivyon olup bu birimde agiimis ¢cok sayida sondaj kuyusu bulunmaktadir. Subat-2021

Anahtar kelimeler
Salda Goéli, Hidroloji,
GOl Su Seviyesi,

Kavramsal Model ve Ekim-2022 tarihleri arasinda kuyulardan seviye olgiimleri yapilmistir. Havzada statik seviye Salda

koyu cevresinde 0.5-4.85 m ve Yesilova’da 13.27-21.15 m olarak tespit edilmistir. Havzada yeraltisuyu
akim yonu Salda Goli'ne dogrudur. Salda Golu g¢evresinde genis alanlarda ylizeyleyen Marmaris
peridotiti birimlerinden de ylzeyalti akisi ile gole yeraltisuyu beslenimi gerceklesmektedir. Bu beslenim
Salda Goli suyunun hidrojeokimyasal ézelliklerini denetleyen en 6nemli unsurdur. Bu ¢alismada, gol
seviye degisimini denetleyen hidrolojik parametreler ve bunlarin etkileri irdelenmistir. Salda Golu
gevresinde bulunan meteoroloji istasyonlarindan alinan yilhik yagis verileri ile gol seviyesindeki
dalgalanmalar incelendiginde yagis miktarinin Salda Goli seviye degisimini denetleyen en 6nemli
parametre oldugunu gérilmektedir. Buharlagma etkisi ise daha azdir.

Evaluation of Salda Lake Hydrology Parameters
Abstract

Salda Lake is one of the rare alkaline lakes in the world with its natural beauty and stramatolite
formations. The recharge of Salda Lake is provided by precipitation falling on the lake surface and in the

lower basin, seasonal and continuously flowing streams and groundwater flow. The amount of rainfall
recharge for the Salda Lake is 21.95 x 105 m3/year. The discharge of the lake takes place only by
evaporation and the amount of evaporation from the lake area was calculated as 51.96 x10° m3/year.
It has been determined that the water level of the Salda Lake has decreased continuously since
September-2015 and the decrease amount was 3.17 m until January-2022. There are many water
springs feeding the lake around Salda Lake. According to the flow measurements made between May
2021 and 2022 in these springs, it is predicted that there will be an average of 0.286 m3/s recharge to
the lake. The most important aquifer in the Salda Lake basin is alluvial and there are many boreholes
drilled in this unit. Level measurements were made from the wells between February-2021 and
October-2022. The static level in the basin was determined as 0.5-4.85 m around Salda village and
13.27-21.15 m in Yesilova. Groundwater flow direction in the basin is towards the Salda Lake.
Groundwater is recharged to the lake by subsurface flow from Marmaris peridotite units, which crop

Keywords
Salda Lake, Hydrology,
Lake Water Level,
Conceptual Model

out in large areas around the Salda Lake. This recharge is the most important factor controlling the
hydrogeochemical properties of the Salda Lake water. In this study, the hydrological parameters
controlling the lake level change and their effects were examined. When the annual precipitation data
from the meteorology stations around the Salda Lake and the fluctuations in the lake level are
examined, it is seen that the precipitation amount is the most important parameter controlling the level
change in the Salda Lake. Evaporation effect is less.
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1. Giris

Ozellikle son yillarda etkilerini artirarak varligini
hissettiren Kiiresel iklim Degisikligi su potansiyelini
dogrudan etkileyen en 6nemli faktordir. iklim
degisikliginden en ¢ok etkilenecek bolgelerin
basinda Akdeniz cevresindeki Ulkeler gelmektedir.
GUnumuzde havzalarda karsilasilan mevcut duruma
bakildiginda

yeraltisuyu ve ylizeysuyu potansiyellerinde bir

iklim degisikligi ile genel olarak

azalma ve buna bagh olarak da kalitede
olumsuzluklar gbzlenmektedir.
Goller kiresel su donglstinin bir parcasi

oldugundan vyagis, buharlasma, yeraltisuyu veya
ylzey suyu akislarindan etkilenirler. Gol seviyeleri
iklimsel ve hidrolojik faktorlere tepki olarak dogal
dalgalanmalar gosterebilir. Ancak, bu dogal siirecin
antropojenik

dengesi iklim anomalileri veya

faktorler gibi dis kuvvetler nedeniyle
bozulabilmektedir. Bir gol, havzasinin yansimasidir.
Havza, belirli bir su yoluna veya gole dogru akan tiim
"sistemi",

kara ve su alanlaridir. Gol havzasi

etkilesim halindeki biyo-fiziksel, kimyasal ve
antropojenik bilesenlere sahip isleyen bir birimdir.
Her gbl ve havzasi benzersiz bir sistemdir. Maalesef
Ulkemizde ve dinyada gol seviyelerinde ve su
kalite
yasandigi cok sayida gol bulunmaktadir (Davraz et

al. 2019a, Dursun 2010, Caliskan 2008, Han et al.

miktarinda azalma ile bozulmalarinin

2022, Desta et al. 2015, Wei et al. 2020,
Dehghanipour et al. 2020). Ulkemizde yiizey
sularinin kalite ve miktar agisindan

surdirdlebilirliginin saglanmasi ve korunabilmesi
icin tim yuzey sularina ait iyi bir koruma-kullanma
planina gereksinim duyulmaktadir. Su kaynaklarinin
kullanimini onemli

dogrudan etkileyen en

parametre kullanilabilir su bltcesindeki
degisimlerdir. Goéllerin sirdirilebilir yonetiminin
saglanmasi goli etkileyen hidroloji parametrelerinin
dogru bir sekilde

ve hidrolojik sireglerin

tanimlanmasi ile mimkinddr.

Salda Goli temiz ve derin sulari, gol kiyisinda ve
icinde gbzlenen stramatolit olusumlari ile diinyanin
sayilli 6zel gollerinden biridir. Son yillarda golin

© Afyon Kocatepe Universitesi

turizm kapasitesinin artirilmasina yonelik havza ve
gol kiyisinda vyapilan dizenlemeler ile tanitim
faaliyetleri golin popdlerligini artirmistir. Go6lin
seviye degisimini denetleyen hidroloji
parametrelerinin miktar ve etkisinin bilinmesi gélin
surdurdlebilir ~ kullanimi, g6l  ekosisteminin
surdirdlebilirligi ve su yonetimi agisindan gerekli ve
onemlidir. Bu calismada, Salda Goli hidroloji
parametreleri irdelenerek gol seviyesi lzerindeki
etkileri tartisiimistir. Ayrica, Salda Golu havzasi
hidrojeolojik 6zellikleri ve hidroloji parametreleri ile
birlikte degerlendirilerek goliin kavramsal modeli

tanimlanmistir.

2. Materyal ve Metot
2.1 Calisma Alani

Burdur Goli kapali havzasi igerisinde bulunan Salda
Goli Tirkiye’nin uluslararasi 6neme sahip sulak
alanlarindan birisidir (Sekil 1). Salda Goli 1139 m
kotunda, yaklasik olarak 9.186 km uzunlugunda, 6.8
km genisliginde ve 184 m’lik maksimum derinligi ile
Tirkiye’nin en derin géllerinden birisidir. ilk olarak
1989 yilinda “I. Derece Dogal Sit Alan1” olarak ilan
edilen Salda Goli 2019 yilinda “Ozel Cevre Koruma
Bolgesi” ilan edilmistir. GOl icin belirlenen “1. Derece
Dogal Sit Alan1” 1992 yilinda 12 hektar iken bu alan
2019 yilinda 570 dekara genisletilmistir.

Goliin dogal glizelligi ve temiz suyunun yani sira 6n
plana ¢ikmasini saglayan en 6nemli unsur, gol
cevresinde gobzlenen stramatolit olusumlaridir.
Salda GoOli stromatolitlerinin olusumuna yonelik
modeller dnerilmistir (Braithwaite and Zedef 1996;
Russell et al. 1999, Shirokova et al. 2013). Bu
modellerde ortak goris stromatolitlerin
olusumunda siyanobakterilerin etkin oldugudur.
Stramatolitlerin gelisiminde golin kimyasal yapisini
denetleyen su-kayag etkilesimi ile iklimsel kosullarin
ana denetleyici kontrol mekanizmasi olduklari da

belirtilmistir.
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Sekil 1. Salda Golu yer bulduru ve hidroloji haritasi (Ekoiz,

Modeller, sularinin

ofiyolitik kayaglar ve ultramafik kodkenli kayaglarin

genellikle yagis ve vyeralti

kirintilarindan olusan allivyal ortamdan sizilerek
Mg’un yikanmasi ve yiksek pH degerlerine sahip
Mg*? ve HCOs’ca zengin sularin gdle ulasmasi
stromatolit

sonrasinda biyolojik faaliyetler ile

olusumunun  gerceklesmesini  tanimlamaktadir
(Balcr vd. 2018). Salda Gold

hidromanyezit stromatolitlerinin ¢aplari 10-30 cm

icinde olusan

arasinda degismekte olup yukseklikleri ise birkag
metre olarak kaydedilmistir (Braithwaite and Zedef
1996).

2.2 Arastirma yéntemi ve arazi ¢alismalari

Salda Goli
degerlendirme ve yorumlanmasinda, Salda Goli

hidroloji parametrelerinin
havzasi icerisinde ve gevresinde bulunan Denizli,
Burdur, Acipayam ve Tefenni Devlet Meteoroloji
istasyonlarinda 6l¢llen yagis, sicaklik ve buharlagsma
verileri kullanilmistir. Bu istasyonlarda 1990-2020

2022)

yillari arasinda o6l¢ilmis yillik toplam yagis verileri
ile ortalama yagis degerleri hesaplanmis ve bolgede
iklim  degisim  egiliminin  tespitine  yonelik

degerlendirmeler icin eklenik sapma grafikleri
hazirlanmistir. Yagis ve buharlasma verileri 1998-
2022 vyillari arasinda yapilan Salda Goli su seviye
Olcimleri karsilastirilarak su seviyesi Uzerindeki
etkileri yorumlanmistir. Salda Golu ¢evresinde golii
besleyen 7 adet kaynak tespit edilerek Mayis-2021
ve Ekim-2022 arasinda 8 dénem periyodik debi
Olciimleri yapilmistir. Ayrica, Salda Go6lu havzasi
akifer birimleri ve bu akifer birimlerin géle etkilerini
irdelemek icin havzada bulunan jeolojik birimlerin
hidrojeolojik  6zellikleri belirlenmistir. Havzada
yeraltisuyu dinamigini aciklamak amaciyla Subat-
2021 Ekim-2022 tarih

yapilabilen 7 adet kuyuda vyeraltisuyu

ve araliginda Olgiim
seviye
Olglimleri gerceklestirilmistir. Elde edilen veriler
daha 6nceki arastirmalar ile birlestirilerek kavramsal

model (izerinde degerlendirmeler yapiimistir.
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2.3 Salda Gélii Havzasi Hidrojeolojisi

Tutturulmamis cakil, kum, kil ve silt diizeylerinden

olusan allivyon, havzada VYesilova ilcesi ile
Doganbaba ve Salda Koyleri civarlarinda genis
alanlarda ve dere yataklarinda ylzeylemektedir
(Sekil 2). Birim icerisindeki ¢akil ve kum seviyeleri
gozenekli yapilari nedeniyle iyi bir akiferdir. Yesilova
icerisinde acilan kuyularda akifer kalinhginin 100
m'ye ulastigl tespit edilmistir. Havzada genis
alanlarda ylizeyleyen Kuvaterner allivyon ve yamag
molozu “Taneli ortam akiferi” olarak tanimlanmistir.
Bolgede karstik akifer ozelligi tasiyabilecek olan

Dutdere kirectas! Kayadibi Koyu civarinda Kale Tepe

(1472 m)'de ve Yesilova lilgesi gilineyinde kigiik
alanlarda ylzeylemektedir. Dutdere kirectasi birimi
“Erimeli ¢atlakli kaya ortam akiferini” temisil
etmektedir. Havzanin glineyinde kigik bir alanda
gbzlemlenen gakiltasi, kumtasi, kiltasi, killi kirectasi,
marn, konglomera vb., kaya tilirlerinden olusan
Cameli formasyonu ise “Akitard ortam 1” olarak
ayirtlanmistir. Doganbaba koylu kuzeydogusunda
oldukga kiiclk bir alanda ylizeyleyen bazik volkanit,
radyolarit, ¢ort, seyl ara dizeyli ¢ortli mikrit ve
dolomitik

kirectaslarindan  olusan

“Akitard

Orhaniye

formasyonu ortam-2" olarak
Y

siniflandiriimustir.
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Sekil 2. Salda Go6lu havzasi hidrojeoloji haritasi, kaynak ve kuyu konumlari, Ekim-2021 yeraltisuyu kotu ve
Haziran-2015 kimyasal analiz sonuglari (mek/I) (Varol vd. 2017’den degistirilerek)

Havzada c¢ok genis alanlara gozlenen peridotit ve
dunit birimleri genel olarak gecirimsiz kabul edilse
de kirik catlak sikhgina bagh olarak yeraltisuyu
Salda  Goli

icerebilmektedirler. havzasinda

Marmaris peridotiti biriminin kirik ve catlaklari ile
iliskili
nedenle, Marmaris peridotiti ve dunit birimleri
“Akitard ortam-3”
Bolgede

kaynak bosalimlari tespit edilmistir. Bu

hidrojeolojik agidan olarak

degerlendirilmistir. kiicik alanlarda
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ylizeyleyen Kizilcadag ofiyolitli melanji ile igdir
“Akifuj
ortam” olarak ayirtlanmistir. (Varol vd. 2017).

metamorfitleri gecirimsiz birimler olup

3. Bulgular

3.1 Salda Gélii Hidroloji Parametreleri

Salda Go6li havzasinin hidrojeolojik 6zellikleri ve
Salda Goli'nilin hidrolojik
degerlendirildiginde,  goliin
ylzeyine ve cevresine disen yagislar, slrekli ve

durumu
besleniminin  gol

mevsimlik akan dereler, kaynak sulari ve yeraltisuyu
akimiile saglandigi belirlenmistir. Golin bosalimi ise
sadece buharlasma ile gerceklesmektedir (Sekil 3).

Gol yuzeyine diisen yagis

Peridotitler ve kiregtaslariile iliskili
yeraltisuyu akimi ile beslenim

| Gole ulasan kaynak sularindan beslenim

|

‘ Kaynak sularindan buharlasma kaybi

Yiizeyalti (AlGvyon akiferden)
akimiile beslenim
|

| Havzada yeraltisuyu ¢ekimi |

Yiuzeysel akistan beslenim (Dereler) |

l

Yuzeysel akistan sulama suyu kullanimi
ve buharlagma kaybi

| Gol ylizeyinden buharlasmaile su kaybi |

Sekil 3. Salda Goli ilksel kavramsal modeli

Salda Goli'niin beslenim-bosalim iliskisine bagl
Salda Goli
gdzlenmektedir. DSIi

olarak seviyesinde
XVIIl. Bolge

tarafindan 1998-2022 vyillari arasinda yapilan gol

degisiklikler
MidarlGga

seviye Olcumleri kullanilarak Salda Goliu seviye
degisimleri (Sekil 4).
araliginda en vyuksek su seviyesi Eylil-2015'de
1137.61 m’dir. 2015 yilindan 6nceki yiksek deger
Agustos-2004’de 1136.97 m olarak kaydedilmistir.
2004 yilindan 2009 vyilina kadar Salda Golu su
kotunda diisis meydana gelmis ve Subat-2009'da

irdelenmistir Bu olglim

1134.86 m olarak ol¢tilmistir. 2009 yilindan 2015
yilina kadar su kotunda yikselme gozlenmektedir.
2015 yihindan itibaren de Salda Go6lu su kotunda
strekli bir disim yasanmaktadir. 2022 yili Ocak
ayinda olgiilen su kotu 1134.44 m’dir. DSI XVIII.
Bolge Midirligl tarafindan bu kottaki gol alani
43.03 km? ve hacmi 2512.10 hm?3
belirlenmistir (Sekil 5).

olarak
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Sekil 5. Zamana bagl gél hacim degisimleri (DSI XVIII.

3.1.1. Yagis

Salda Golu Havzasi igerisinde ve gevresinde Denizli,
Burdur, Acipayam ve Tefenni Devlet Meteoroloji
istasyonlari bulunmaktadir. Bu istasyonlarda 1990-
2020 vyillart arasinda olgtlmus yillik toplam yagis
verileri Sekil 6'da gosterilmistir. Grafikte en yiksek
yagis DMi’'de olgiildiigi
gorilmektedir. 1990-2020 yillari arasinda ortalama
yillik yagis miktari Denizli istasyonunda 567.25 mm,
Burdur

degerlerinin  Denizli

istasyonunda 427.54 mm, Acipayam
istasyonunda 511.10 mm ve Tefenni istasyonunda

554.51 mm olarak belirlenmistir.

Bolge Mudurlugi verileri)

Goliin beslenimini saglayan en 6nemli parametre
olan vyagis arasindaki iliskiyi
inceleyebilmek icin Salda Goliu havzasinda bulunan
meteoroloji istasyonlarinda ol¢lilmis yagis verileri
irdelenmistir. Salda Goli’'ne en yakin meteoroloji
istasyonlari

ile gol seviyesi

olan Tefenni

Burdur, Denizli, ve
Acipayam istasyonlarinda yagislarin uzun dénem
trendlerinin  yorumlanmasi icin eklenik sapma

grafikleri kullanilmistir (Sekil 7).
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Sekil 7. Yagis istasyonlarina ait eklenik sapma grafikleri ve Salda Golu seviye degisimleri

Grafiklerde Denizli DMi’de 2015, Burdur DMi’de
2006, Acipayam DMi’de 2015 vyillarindan sonra
kurak dénem goézlenmistir. Acipayam DMi’de ise
2008-2020 yillan
belirlenmistir. Yapilan incelemelere gore, Salda Golu

arasi kararli donem oldugu

havzasi ve c¢evresinde bulunan vyagis gozlem

istasyonlarinin  benzer iklim 6zelliklerine sahip

bolgelerde bulunmasi nedeniyle 6lgiim yapilan yillar
icin benzer yagis periyodlari belirlenmistir.

Salda Goli’'nlin en 6nemli beslenim elemani yagistir.
Yagistan beslenim hem gol ylzey alanina dogrudan
beslenim hem de golii besleyen ylizey sularinda artis
seklinde gerceklesmektedir. Yagis miktarinin artisi
bolgede yeraltisuyu seviyelerinde de artisa neden
olmakta ve gole ulasan yeraltisuyu akim miktarinin
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da artmasina fayda saglamaktadir. Genel olarak
Salda Goli’'nde en yiksek kotun olglldtgi 2015
yilindan itibaren bolgeye diisen yagislarda azalma
oldugu tespit edilmistir. Salda Goli su kotunda 2015
yilindan itibaren yasanan distsin yagisin azalmasi
ile dogrudan iliskili oldugu gorilmektedir (Sekil 6, 7).
Bu degerlendirmeler yagis miktarinin Salda Goli
seviye degisimini denetleyen en 6nemli parametre
oldugunu gostermektedir.

3.1.2. Sicaklik

Denizli, Burdur, Acipayam, Tefenni ve Yesilova
Devlet Meteoroloji istasyonlarinda olgiilen aylk

gosterilmistir (Sekil 8). Grafikte en yiksek sicakhk
degerlerinin DMi’de
gorilmektedir. 1990-2020 yillari arasinda Denizli
DMi’de yillik ortalama sicaklik degeri 16.87 °C,
Burdur DMi’de 13.54 °C, Acipayam DMi’de 13.34 °C
ve Tefenni DMi’de 12.14 °C olarak él¢tlmustir. En
disuk
kaydedilmistir.

Denizli olglldugi

Tefenni
2013-2020
arasinda olctlen yillik ortalama sicaklik degeri ise
12.42 °C'dir.
istasyonlarinda dalgalanmalar olsa da genel olarak

sicaklik  degeri istasyonunda

Yesilova’'da yillari

Burdur, Denizli ve Acipayam

2007 yihindan itibaren sicaklik verilerinin arttigi
gorilmektedir.
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Sekil 8. Denizli, Burdur, Acipayam, Tefenni, Yesilova DMi yillik ortalama sicaklik grafigi

3.1.3. Buharlasma

Denizli ve Burdur Devlet Meteoroloji istasyonlarinda
1990-2020
istasyonunda 1990-2011 yillari arasinda Class A Pan

yillart  arasinda ve  Acipayam
tava ile tespit edilen yillik toplam acik yiizey
buharlasma degerleri Sekil 9'da gosterilmistir. Yillik
ortalama acik ylizey buharlasma degeri Denizli
DMi’de 1120.34, Burdur DMi’de 1255.12 ve
Acipayam DMi’de 1192.64 mm olarak tespit
edilmistir. En yiksek buharlasma Burdur DMi’de

kaydedilmistir. Salda Goli’nden en énemli su kaybi

Gol
ylzeyinden buharlasma miktari 1973-2000 vyillari
arasinda DSI XVIIIl. Bélge Mudirltgi tarafindan
Burdur-Yesilova-Bedirli istasyonunda o&lctlmustir
(Sekil 10). Acipayam DMi’de 2011 yilindan sonra
buharlagsma 6l¢limleri yapilmamistir. Bu nedenle,

buharlasma  yoluyla gerceklesmektedir.

buharlasmaya yonelik degerlendirmeler Burdur DM
dlglimleriile yorumlanmistir. Burdur DMi’de élgiilen
buharlasma degerlerine bakildiginda dalgalanmalar
da 2007 vyilindan
degerlerinde artis oldugu gorilmektedir.

olsa itibaren buharlasma
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Sekil 10. Yesilova-Bedirli istasyonu buharlasma degerleri acik ylizey buharlasma grafigi

3.1.4. Yiizeysel akis

Salda GoOlU’'ni besleyen 6nemli ylizey sulari Salda
Deresi, Zahra Dere ve Degirmendere’dir. Zahra Dere
1997
Doganbaba Goleti, Degirmendere (izerinde ise 2006

menbasinda yiinda isletmeye acilan

yilinda isletmeye acilan Yesilova-Degirmendere
Goleti bulunmaktadir. Goletler yapildiktan sonra
iliskili
yapilan c¢alismalarda

derelere birakilan su miktari ile
Onceki

yagis miktarinin arttigi yillarin bazi aylarinda bu

Olglim
bulunmamaktadir.

derelere su birakildigl gozlenmistir (Varol vd. 2017).

Ancak, Subat 2021-Ekim 2022 yillari arasinda yapilan
arazi calismalarinda Degirmendere ve Zahra Dere’de
akisa rastlanmamistir. Salda Dere’si Beyaz adalar
civarinda Salda Go6li’'ne bosalmaktadir. Ancak, dere
sulari drenaj kanallari vasitasiyla Salda Koyl ovalik
alanin bir kismina yayilmakta ve bolgede sulama
suyu amagli olarak kullanilmaktadir. Salda Deresi’nin
gble bosalim noktasinda 10-1014 nolu Akim Gozlem
istasyonu (AGI) istasyonunda siirekli &l¢iim
yapilmaktadir. Bu AGi’de 2012-2019 yillari arasinda
Olcllen ortalama yillik toplam akim degeri 10.53
m3/s’dir.
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3.1.5. Kaynaklar

Salda GoOll ¢evresinde golu besleyen ¢ok sayida su
kaynagi bulunmaktadir. Kayadibi — Doganbaba yolu
tizeri, Niyazlar Kéyi ve Yesilova ilgesinde bulunan
bazi kaynaklardan igme-kullanma suyu olarak da
yararlanilmaktadir. Marmaris peridotiti ve dunit
Gyesinin  kirkk ve catlaklarindan bosalan bu
kaynaklarin Mayis-2021 ve Ekim-2022 arasinda
periyodik debi dlctimleri yapiimistir. Yapilan izleme
neticesinde gole ulasabilen su kaynaklarinin
debilerinin Salda Koy civarinda 0.14-3.02 |/s ve
Doganbaba civarinda 0.018-1.107 I/s oldugu tespit
edilmistir. Havzada Niyazlar civarinda 0.03-0.087 |/s
ve havzanin dogusunda Isiklar Koy civarinda 0.055-
0.315 I/s oldugu belirlenmistir.

Bu ¢alisma kapsaminda izleme galismasi yapilan bazi
kaynaklarin debilerinde, Salda Goli havzasinda

2015-2017 wyillar arasinda yaptigimiz arastirma
kapsaminda gozlemledigimiz debilere goére bariz
dislimler oldugu goriilmektedir. Bunlardan en
belirgin olani Salda Go6lu kuzeyinde bulunan Piynar
cesmedir. Kaynagin Haziran-2015 yilindaki fotografi
ile Temmuz-2022'de ¢ekilmis fotografi Sekil 11’'de
gosterilmistir. Piynar ¢esmenin debisi Haziran-
2015’de yaklasik olarak 0.65 |/s civarinda iken bu
calismada Ekim-2021 ve Temmuz-Ekim-2022
tarihlerinde kuru oldugu tespit edilmistir. Bu
kullaniminin  olmamasi ve debisini
hicbir
nedeniyle debi degerindeki diisimin tamamen

kaynagin

etkileyen insan faktorid bulunmamasi
yagis miktari ile denetlendigi soylenebilir. 2015
yilinda Salda Géli'ne en yakin Tefenni DMi’de
Olcllen yillik toplam yagis miktari 499.1 mm’dir.
Ayni istasyonda 2020 yili yagis miktari 368.8 mm
olup glinimiiz ortalama yagis miktari 377 mm olarak

verilmistir (int. Kyn.1).

Sekil 11. Piynar cesme Haziran-2015 ve Temmuz-2022 gérinimleri

Salda Goli gevresinde goli dogrudan veya dolayli

olarak besleyen kaynaklar bulunmaktadir. Bu

kaynaklardan ylksek debi ve dogrudan gole
bosalimi olmasi nedeniyle en 6nemlisi Yesilova-
Salda 738341/4154904

koordinatlarinda bulunan Sultanpinari Kaynagi'dir

karayolu Uzerinde
(Sekil 12). S6z konusu kaynak Marmaris peridotiti
biriminden bir dizlem Ulzerinde yaklasik 8-10 ayri
noktadan bosalimi olan bir kaynaktir. Kaynak Salda
Golu kenarinda olup herhangi diizenli bir kullanimi

bulunmamaktadir. Yapilan arazi calismalari sirasinda
ortalama kaynak debisi yaklasik 2.364 |/s olarak
belirlenmistir. Kaynak sulari diizensiz ve yilksek
kayip orani ile gole ulasmaktadir. Sultanpinari
Kaynagi’'nin kaptajinin yeniden yapilarak bosalim
diizlemi boyunca su kayiplarinin en aza indirilmesi
ve kaynaktan bosalan sularin kontrol altina alinarak
Salda
beslenimi agisindan biylik 6nem tasimaktadir.

Goli'ne ulagsmasinin  saglanmasi  golin
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Sekil 12. Sultanpinari kaynaginin uydu goériintusi tizerindeki konumu ve kaynak ¢ikis lokasyonu

3.1.6. Yeraltisuyu beslenimi

Salda GoOlu havzasinda 16 adet resmi kurumlara ait
ve 123 adet belgeli sahis kuyusu bulunmaktadir. Bu
kuyularda allivyon akifer altinda Kizilcadag ofiyoliti
ve Marmaris peridotiti kesilmistir. Kuyulardan
alivyon akiferden yeraltisuyu alinmaktadir. Resmi
kuyularin debileri 0.5-38.35 |/s arasinda ve statik
seviyeleri 1.80-21.50 m arasinda degismektedir.
Kuyu derinlikleri ise 66-123 m arasindadir. Aliivyon
akiferi temsil edecek sekilde secilen kuyularda
Subat-2021 ve Ekim-2022 tarih araliginda kurak ve
yagish donemlerde 8 ayri kuyuda statik seviye
Olcimleri gerceklestirilmistir. Yeraltisuyu seviyesi
Salda Koyl cevresinde 0.5-4.85 m ve Yesilova'da
13.27-21.15 m olarak tespit edilmistir. Havzada

yeraltisuyu akim yéni Salda Goéli'ne dogrudur.

Ayrica, Salda Gélii havzasinda aylik rasat 6l¢limi DSi
18. Bolge Mudirlugi tarafindan Yesilova-Kayadibi
koyiunde bulunan 42423 nolu kuyuda yapilmaktadir.
Bu kuyuda 2016-2020 vyillari
(Manuel) 6lcim sonuglari degerlendirildiginde 2016
yilinda 3.5 m, 2017 yilinda 1.89 m ve 2018 yilinda
1.15 m seviye dislimleri tespit edilmistir. Genel
anlamda bakildiginda 2016-2018 yillari arasinda YAS
seviye duslmleri

arasi Limnigraf

gozlenmis olmasina ragmen
diisim oraninin giderek azaldigi gorilmektedir.
2018 yili Aralik ayindan itibaren YAS seviyesinde
artis baslamistir. 2019 yili YAS seviye yiikselimi 1.09
m’dir. 2019 yilinda baslayan YAS seviye ylikselimi

2020-Haziran ayina kadar devam etmistir. 2020-

Temmuz ayindan itibaren 0.22 m’lik disiim
gerceklesmistir. 42423 nolu rasat kuyu verisi ile
Kasim-2015 ve Aralk-2020 yagis degerleri ayni
grafik Gzerinde gosterilmistir. Bu grafikte yagisa
bagl olarak  YAS degisim

gozlenmektedir (Sekil 13).

degerlerinde

Salda Goli kiyisinda Doganbaba-Kayadibi yolu
boyunca ve Salda Deresi bosalim noktasinin
dogusunda pek ¢ok alandan kirectaslari ve peridotit
birimleri icerisinden siiziilen yagis sulari yeraltisuyu
beslenimleri seklinde Salda Go6li’'ne ulasmaktadir
(Sekil 14). S6z konusu yeraltisuyu ¢ikis alanlari gol
seviyesinin dismesi ile gorinlr hale gelmistir.
Debileri

cikislarinin yagish dénem sonunda debilerinin arttig

mevsimsel olarak degisen vyeraltisuyu

ve yaz aylarinda bazilarinin kurudugu gorilmastir.

3.2.Kavramsal model

Salda Golii havzasinda yapilan jeolojik, hidrojeolojik
ve hidrolojik arastirmalar dikkate alinarak, havzada
sisteminin ve Salda

yeraltisuyu aydinlatiimasi

Goli'nlin beslenim-bosalim sureclerinin
tanimlanmasi igin havzayl temsil edecek sekilde
hidrolojik
degerlendirilerek kavramsal model olusturulmustur

(Sekil 15).

jeoloji, hidrojeoloji ve ozellikler
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Sekil

B SV %
14. Doganbaba-Kaya

dibi yolu a

Havzanin blylik bir Marmaris
peridotiti ve Dunit Gyesi ylizeylemekte olup Kayadibi
civarinda Dutdere kiregtaslari, Yesilova gilineyinde
ise Kizilcadag ofiyolit ve melanji ile ova alanlarinda
ve dere vyataklarinda allivyon gozlenmektedir.
Havzada allivyon birim igerisinde agiimis yaklasik 85

adet sondaj kuyusundan yeraltisuyu alinmakta ve

¢ogunlugunda

sulama amagh kullaniimaktadir. Ayrica, Kayadibi
koyu civarinda ylizeyleyen kiregtasi birimi ile gol
etrafinda genis alanlarda Marmaris
peridotiti birimlerinden de yiizeyalti akisi ile Salda

bulunan

Golii'ne yeraltisuyu beslenimi s6zkonusudur.

It1 gble ulasan yeraltisuyu cikislari

Salda GoOli havzasinda ylizey ve yeraltisuyu
kaynaklarinin hidrojeokimyasal yapisi daha onceki
¢alismalar dikkate

kavramsal model izerinde tanimlanmustir.

alinarak yorumlanmis ve

Buna gore inceleme alaninda vyeralti ve dere
sularinin IAH siniflamasina gére Mg-HCO;, Mg-Ca-
HCOs ve Ca-Mg-HCOs'l sular sinifinda oldugu, gol
sularinda baskin su tipinin ise Mg-CO3-HCO; oldugu
belirlenmistir (Varol vd. 2017, Davraz et al. 2019b).
Salda GOlU havzasinda genis alanlarda ylzeyleyen
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peridotit birimi, magnezyum ve demir agisindan
zengin olivin mineralini bulundurmaktadir. Ayrica,
Marmaris peridoditi birimi icerisinde yaygin olarak
gbzlenen harzburjit de ¢ogunlukla olivin ve dislik
kalsiyumlu piroksenden (ortopiroksen) olusan bir
peridotit cesididir (Bodinier and Godard 2014).
Salda GoOlU havzasinda yapilan farkli bir ¢alismada
sismik arastirma sonugclarina gére gol tabaninda

olasi peridotit ¢6ziinme bdlgeleri tespit edilmistir.
Bu calismada birka¢ noktada belirlenen peridotit
tortu
analizlerinde yiiksek Mg*? ve Fe*? icerikleri tespit
edilmistir (Caldirak and Kurtulus 2018). Salda Goli
sularindaki yiksek Mg*? icerigi bazik ve ultrabazik

¢6zlinme noktalarindan alinan su ve

kayac topluluklari (harzburijit, peridotit) ile iliskilidir.

Yeraltisuyu Beslenimi
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Sekil 15.Salda Golu kavramsal modeli

Ayrica, daha onceki yapilan arastirmalarda havza
genelindeki su kaynaklarinda baskin anyonun HCO;
oldugu belirlenmistir (Davraz et al. 2019b, Caldirak
and Kurtulus 2018). Suyun pH’I 8.2’ nin Uzerinde
oldugunda COs? iyonlari artmaktadir. pH degerinin
disistine bagh olarak HCOs iyonu egemen iyon
olmaktadir (Sahinci 1991, Yiiksel 2007). Salda Goélii
havzasindaki ylizey ve yeraltisuyu orneklerinde de
boyle bir iliskinin varligi dikkati cekmektedir (Varol
vd. 2017).

Bu calisma kapsaminda yapilan arazi galismalari
sirasinda g6l kiyisinda ¢ok sayida yeraltisuyu

beslenimi oldugu tespit edilmistir. Bu lokasyonlar

gbl seviyesinin dismesi ile daha gortnir hale
gelmistir. Caldirak ve Kurtulus (2018) tarafindan
yapilan calismada Salda Go6li’'nde derinlige bagli
olarak sicaklik ve elektriksel iletkenlik degerleri
irdelenmis ve 15 m derinlikte 6zellikle Zahra Dere
altvyonlarindan beslenim oldugu tespit edilmistir.

Salda Goli beslenimi yagis, ylzeysel akis, kaynak

bosalimlari ve yeraltisuyu akimi ile

gerceklesmektedir. Salda GoOlU Havzasi igin es yagis
(izohyet) egrileri ydntemi
ortalama yillik yagis miktari 510.14 mm olarak

ile havzaya disen

hesaplanmigtir. 2022 yili Ocak ayinda tespit edilen
Salda Gé&li alani 43.03 km? olup, bu alan dikkate
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alinarak Salda GOl icin yagistan beslenim miktari
21.95 x 10° m3/yil olarak hesaplanmstir. Kapali bir
havza olan Salda G6lu havzasinda bulunan siirekli ve
mevsimsel dereler Salda goliine bosalmaktadir.
Surekli derelerden sadece Salda Deresi’'nde 2012-
2019 yillari arasinda olgilen ortalama yillik toplam
akim degeri 10.53 m3/s’dir.

Salda Golii cevresinde gole 6nemli kayiplar ile ulasan
kaynak bosalimlari bulunmaktadir. Goéle ulasan
kaynaklarda Mayis- 2021 ve Mayis-2022 arasinda
yapilan debi olglimlerine gore yaklasik olarak
ortalama 0.286 m3/s (8.15 m3/yil) beslenim olacagi
ongorilmektedir. Ancak, bu 6l¢lilen debi miktarinda
akis yolu boyunca siiziilme, su kullanimi vb. kayiplar
hesaplanamamistir. Salda Goli etrafinda bulunan
yeraltisuyu  beslenimleri ile ilgili  6l¢lim
bulunmamaktadir. Géliin en 6nemli ve tek bosalim
elemani  buharlasmadir. Burdur-Yesilova-Bedirli
istasyonunda 1973-2000 yillari arasinda olgilen
ortalama gol ylizeyinden buharlasma miktari 1725.3
mm’dir. Bu deger 0.7 tava dizeltme katsayisi ile
carpildiktan sonra g6l alanindan gergeklesen

buharlasma miktari 51.96 x10° m3/yil olarak

hesaplanmistir.

4, Tartisma ve Sonug

Salda GolG havzasinin jeolojik, hidrojeolojik ve
dikkate
besleniminin gol aynasina ve alt havza geneline

hidrolojik  kosullari alindiginda goliin
diisen yagislar, stirekli ve mevsimlik akan dereler,
kaynak sulari ve yeraltisuyu akimi ile saglandigi
gorulmektedir. Bu durumda havza genelinde ylizey
ve yeralti sulari ile ilgili herhangi bir degisim Salda
Goli sularini hem miktar hem de kalite agisindan
dogrudan etkileyecektir. Goliin en dnemli beslenim
elemani yagis olsa da goéle ulasan dere, kaynak ve
seviye degisimini

yeraltisuyu akimi goélin su

denetleyen unsurlardir.

DSi XVIII. Bdélge Midiirliigi tarafindan 1998-2022
yillari arasinda Salda Goli su seviye olglimleri
yapilmaktadir. 2022 yili ocak ayinda olgiilen su kotu
1134.44 m’dir. Bu kottaki gél alani 43.03 km? ve
hacmi 2512.10 hm?3 olarak belirlenmistir. Salda Gélii

su seviye 6lciimlerine gore 2015 yilindan itibaren su
kotunda sirekli bir dislim yasandigi gértilmektedir.

Salda Goll Havzasi icerisinde ve ¢evresinde bulunan

Denizli, Burdur, Acipayam ve Tefenni Devlet
Meteoroloji istasyonlarinda kaydedilen yagis verileri
irdelenmistir. Salda GOIlU icin yagistan beslenim
miktari 21.95 x 10° m3/yil olarak hesaplanmistir.
Genel olarak Salda Goli'nde en yiksek kotun
Olclldigd 2015 yilindan itibaren bolgeye disen
yagislarda azalma oldugu tespit edilmistir. Salda
Goli su kotunda 2015 yilindan itibaren yasanan
diistslin yagisin azalmasi ile dogrudan iliskili oldugu
yagis
miktarinin Salda Golu seviye degisimini denetleyen

gorilmektedir. Bu  degerlendirmeler

en 6nemli parametre oldugunu gostermektedir.

Burdur, Denizli ve Acipayam istasyonlarinda
dalgalanmalar olsa da genel olarak 2007 yilindan
itibaren sicakhk verilerinin arttigi goérilmektedir.
Salda Goli’'nden en 6nemli su kaybi buharlasma
yoluyla gerceklesmektedir. Salda GolG alanindan
gerceklesen buharlasma miktari 51.96 x10°® m3/yil

olarak hesaplanmistir.

Salda Goli’'nli besleyen 6nemli derelerden ikisi olan
Degirmendere (izerinde ve Zahra Dere (zerinde
gobletler bulunmaktadir. Ginimizde bu derelerden
gole yiln bitin aylarinda beslenim olmadig
gorulmektedir. Bu dere sularinin géle ulasmamasi
Salda Go6li su miktariicin 6nemli bir kayiptir. Sadece
Salda Deresi’'nde 2012-2019 yillari arasinda 6lgiilen
ortalama yillik toplam akim degeri 10.53 m3/s olarak
hesaplanmistir.

hacmindeki

Salda Goli su

engellenebilmesi ve azaltilabilmesi icin havzada goli

diisimiin

besleyen dereler {izerine mevcutlar disinda golet
yapiminda izin verilmemesi ve bu goletlerden de
mumkiin oldugu kadar can suyunun dere yataklarina
2018
tamamlanan Kayadibi Goleti'ne su tutturulmamis

birakilmasi gerekmektedir. yilinda

olmasi ve Salda Goleti yapiminin da durdurulmus
olmasi Salda Goli igin dnemli kazanimlardir.

Salda Golii cevresinde gole dnemli kayiplarile ulasan
kaynak bosalimlari bulunmaktadir. Goéle ulasan
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kaynaklarda Mayis- 2021 ve Mayis-2022 arasinda
yapilan debi olglimlerine gore vyaklasik olarak
ortalama 0.286 m3/s (8.15 m3/yil) beslenim olacagi
ongorilmektedir.

Salda Goli havzasinda yeraltisuyu bulunduran en
onemli akifer birim alvyondur. Alivyon havzada
Yesilova, Doganbaba ve Salda Koyl civarlarinda
genis alanlarda, dere yataklarinda ve Salda Goli
cevresinde ince bir serit halinde ylizeylemektedir.
Bolgede allivyon akiferde agilmis ¢ok sayida sondaj
kuyusu bulunmaktadir. Havzada yeraltisuyu akim
yonl Salda Goéli'ne dogrudur. Bu kuyulardan su
cekilmesi aliivyon akiferden Salda Goli'ne ulasan
Bu nedenle

yeraltisuyu miktarini azaltacaktir.

havzada vyeni sondaj kuyusu acilmasina izin

verilmemeli ve  kullanimlari  kontrol altina
alinmahdir. Cekilen su miktarinin azaltilmasi igin
damlama sulama yontemi gibi sulama suyu
kayiplarini azaltan yoéntemlerin kullanilmasi ve
ekilen bitki deseninin az su kullanan tirler olacak
sekilde halkin bilinglendirilmesi ve tesvik edilmesi

gereklidir.

Salda Goli havzasinda ylzey ve yeralti sulari akim
yoninin goble olmasi nedeniyle havzada bulunan
kirleticilerin olumsuz etkisi gol kalitesini de
etkileyecektir. Havzada goli etkileyen en 6nemli
kirletici parametre nifusun gecim kaynagl olan
tarimsal faaliyetler ile iliskilidir. Bitkinin ihtiyacindan
fazla kullanilabilen tarim ilaglarinin yeraltisuyu ve
yuzey sularina tasimimi ile Kkirlilik olusmaktadir.
Tarimsal  faaliyetler  sonucu  yeraltisularinda
gozlemlenebilecek 6nemli kirletici maddeler azot

tlrevleri ve pestisitlerdir.

Salda Go6liu’'niin beslenimine katki saglayan énemli
unsurlardan biri de gole ulasan kaynak sularidir. Bu
kaynaklardan en 6nemlisi olan Sultanpinari Kaynagi
sulari dlzensiz ve vylksek kayip orani ile gole
ulasmaktadir. Sultanpinari Kaynaginin kaptajinin
yeniden vyapilarak bosalim diizlemi boyunca su
kayiplarinin en aza indirilmesi ve kaynaktan bosalan
sularin  kontrol altina alinarak Salda Goli’ne
ulagsmasinin saglanmasi goliin beslenimi agisindan

bliyik 6nem tasimaktadir.

Salda
tanitiminin yogun sekilde yapilmasinin hem avantaj

Goli’'nin  son wyillarda turizm amacgh
hem de dezavantaji bulunmaktadir. Dezavantaji
goble gelen ziyaretci sayisinin artisi ile gerekli koruma
ve kontrol ¢alismalarinin zorlagsmasidir. Avantaji ise
koruma ve dizenleme cgalismalarinin artirilarak
devam etmesidir. Turizm amacgli ziyaretgilerin artis
veya azalisi Salda Goli sularinin miktari Gzerinde
onemli bir etki olusturmasi olasi goriilmemektedir.
Ancak, kurallara uyulmamasi ve gerekli kontrollerin
saglanamamasi durumunda ziyaretgi artisi su
kalitesinde, ekolojik yapida ve 6zellikle stramatolit
olusum siirecinin devaminda énemli olumsuzluklara

neden olacaktir.
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Abstract

The interaction of agricultural activities with the land starts with soil in the production part and
continues until the consumption stage. Sustainable agricultural land for their use, a database regarding
their current potential should be created and the land prepared based on this database should be
evaluated by considering the use planning. The suitability of Ankara province lands for agricultural use
by making use of the Geographical Information System analysis was carried out. To determine the
suitability for agricultural use; Major Soil Groups, Land Use Capability Classes, soil depth, degree of
erosion, elevation, slope, aspect, precipitation, and temperature criteria were used. This was done with
selection; Geographic  the Best-Worst method, which is one of the multi-criteria decision-making approaches. It was ensured
Information System that the best and worst of the nine factors were determined by the decision makers. In the last layer,
because of the analyzes made for the province of Ankara, the most appropriate land use map was
created based on the natural abilities and capabilities of the lands. It has been determined that the
most affecting criterion is Large Soil Groups, and Ankara's Kizilcahamam, Cankaya and Mamak districts

are not very suitable for agricultural use, but other districts are generally suitable for use.

Keywords
Land quality; Best-
Worst Method; Site

Best-Worst Yontemi ile Arazilerin Tarimsal Kullanima Uygunluklarinin

Belirlenmesi
0Oz
Tarimsal faaliyetlerin arazi ile olan etkilesimi Uretim kisminda toprak ile baslamakta ve tlketim
asamasina kadar devam etmektedir. Tarim topraklarinin sirdirilebilir kullanimlari igin, mevcut
potansiyellerine iliskin veri tabaninin olusturulmasi ve bu veri tabanina gore hazirlanacak arazi kullanim
planlamasi dikkate alinarak degerlendirilmesi gerekmektedir. Bu ¢alismada, Ankara ilindeki arazilerin
Anahtar kelimeler

Cografi Bilgi Sistemi’nden yararlanarak tarimsal kullanima uygunluk analizi gergeklestirilmistir. Tarimsal
kullanima uygunluklarin belirlenmesi icin Blylk Toprak Gruplari, Arazi Kullanim Kabiliyet Siniflari,
toprak derinligi, erozyon derecesi, ylkseklik, egim, baki, yagis ve sicaklk kriterleri kullanilmigtir. Bu

Arazi kalitesi; Best-

Worst Yontemi; Yer

sec¢imi; Cografi bilgi
sistemi

kriterlerin etki dereceleri, ¢ok kriterli karar verme yaklasimlarindan biri olan Best-Worst Yontemi ile
yapilmistir. Etken olan 9 kriterden en iyilerinin ve en kotilerinin karar vericiler tarafindan belirlenmesi
saglanmistir. Son asamada Ankara ili icin yapilan analizler sonucunda arazilerin dogal yetenek ve
kabiliyetleri baz alinarak en uygun arazi kullanim haritasi olusturulmustur. En fazla etkileyen kriterin
Blylk Toprak Gruplari oldugu, Ankara’nin Kizilcahamam, Cankaya ve Mamak ilgelerinin tarimsal
kullanima ¢ok uygun olmadigi ancak diger ilgelerin genelinin kullanima uygun oldugu tespit edilmistir.
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1. Introduction

Agriculture which one of the most important
economic activities on earth is closely related to the
soil that one of the sources of life. The interaction of
agricultural studies with the land is an ongoing
process from production to consumption. Perform
of agricultural works on the land is factors which
affect the land cover. For instance, the production
of an agricultural work in unsuitable land conditions
causes a decrease in yield (Alevkayal and Tagll
2020).

When examining the qualification of the land, it is
an important element to predict the predisposition
of the land in order to ensure a more sustainable
and efficient use without damaging the land (Turan
2019).
agriculture, the use of agricultural technologies that

and Dengiz In order to sustainable
do not cause damage to the region is as important
as the protection of resources in the long-term use
of natural resources. Synthetic production products
are used uncontrolled in our country as well as in
many developed countries of the world. Agricultural
production is continued without taking into account
the production techniques and the results caused by
technology (Turhan 2005).

Natural resources are faced with an extraordinary
use due to rapid population growth in all countries
of the world, increasing regional consumption as a
result, easy access to resources, industrialization
and urbanization. While these situations expose the
lands to misuse; it brings such as erosion, decrease
in soil fertility and migration from rural areas to
cities (Dagh 2016). Unconscious use of resources is
a risk to the agricultural sector which is the building
block of sustainable rural development. In order to
prevent risks in sectors such as agriculture, forestry,
industry, transportation and settlement, it is
necessary to determine the qualities and capacities
of the lands and to make the most efficient use plan
and map (Saykili et al. 2017). The well-maintained
and controlled use of the lands within a plan will
enable us to make optimum use of the existing

potentials of the spaces and natural

environment (Demir et al. 2011).

living

The best use of soils according to their suitability
greatly helps the farmer (Vasu et al. 2018). In our
country, there are no legal studies for the selection
of suitable sites in the agriculture and livestock
sector, and there is no clear regulation regarding
this. As a result of this deficiency, enterprises carry
out location selection in accordance with their own
decisions and face some problems as a result of this.
Conditions that are not suitable for enterprise such
as soil type, weather conditions, distance to natural
resources are some of these problems (Mercan et
al. 2017).

Geographic Information System (GIS) is one of the
methods that facilitates conformity assessment in
data collection. In order to obtain the data which
transferred to the system quickly and reliably the
Geographical Information System is used. The
cultural and natural capacities of the lands are
evaluated correctly and their correct use ensures
sustainable rural development (Demir et al. 2011).
Topic of land suitability assessments which many
applications in the literature GIS has been used
(Albaji et al. 2017, Elbeih 2021, Ustaoglu et al. 2021).
It is observed that different approaches are used in
the studies that create of land suitability maps.
Wang used the artificial neural networks method in
his land suitability assessment study in 1994. In
another study, fuzzy modelling was used and the
land suitability was estimated with a weighted
average (Kurtener et al. 2008).

Multi-Criteria Decision Analysis (MCDA) methods
are widely used in spatial applied studies with GIS
(Al-Ghobari and Dewidar 2021, Yegizaw and Ejegu
2021). The Best-Worst Method (BWM) which is one
of the MCDA methods is a method used in
applications such as rainwater, determination of
agricultural plans, relocation of wheat storage
facilities and risk determination in agricultural
production (Aghaloo and Chiu 2020, Smith et al.
2021, Atta and Micheels 2020 ). In spatial applied
studies result maps can be obtained with BWM and
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GIS integration (Yousefi-Babadi et al. 2021, Minaei
et al. 2021, Everest et al. 2022). There are not many
studies on the spatial suitability of agricultural areas
with the BWM method. For this reason, the BWM
method was used in the study to determine the
suitability of agricultural areas.

In this study, it is aimed to analyse the suitability of
Ankara province lands for agricultural use by using
GIS. For this reason, criteria that large soil groups,
land use capability classes, soil depth, degree of
erosion, elevation, slope, aspect, precipitation and
temperature were determined. In the province of
Ankara, suitable areas for agricultural use were
determined by using the Best Worst Method (BWM)
to determine the suitability of agricultural lands.

2. Material and Method
2.1 Study Area

The study area is Ankara province which is located
in the middle of 39-57' north latitude and 32-53'
east longitude and it has a total area of 25.632 km2
(Figure 1). Ankara which is the capital of Turkey is
also the second most populous city. It is surrounded
by Kirikkale in the east, Eskisehir in the west, Konya
in the south, Cankiri in the northeast, Bolu in the
northwest, Kirsehir and Aksaray in the southeast.

It has a terrestrial climate. More than half of the
lands of Ankara province are used as agricultural
land. Barley, wheat, sugar beet are the most
abundant field products. In addition, pears, apples,
onions, melons, watermelons, carrots, tomatoes,
cherries and grapes are also field products.

Figure 1. Study area

2.2 The criteria for the suitability of lands for
agricultural use

GIS are defined as whole systems involving the
combined use of computer hardware and software,
personnel, and geographical data for the purposes
of gathering positional data from various sources
updating,
managing, and presenting them in a computer

and storing, processing, analysing,

environment.

The study is to determine the suitability of Ankara
province lands for agricultural use. The criteria in
Table 1 were used to determine their suitability for
agricultural use.

Table 1. Agricultural suitability criteria that used in the

study

Criteria Criteria no

Large Soil Groups T1

Land Use Capability Classes T2

Soil Depth T3

Erosion Degree T4

Elevation T5

Slope T6

Aspect T7

Precipitation T8

Temperature T9

Agricultural Land Evaluation and Information System
(TAD Portal) is the management automation of non-
agricultural demands and Turkey's soil database that
performs non-agricultural field controls of the large
plains to be protected. It contains all the detailed data
catalogs related to the soil texture. Large Soil Groups
(LSG), Land Use Capability Classes (LUCC), Soil Depth,
Erosion Degree data used in the study were obtained
from TAD Portal (Tarim ve Orman Bakanligi, 2020).

The United States Geological Survey USGS is an
information gathering and research organization that
studies natural resources. Elevation, slope, aspect data
were obtained from the USGS site (USGS, 2022).

Climate Data is a site where data from thousands of
weather stations around the world are analyzed, and
information and statistics are updated from time to time.
Precipitation and temperature data were obtained from
Climate Data 'Climate Data for Cities Worldwide'
(WorldClim, 2021).

2.2.1 Large Soil Groups (LSG)
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Different soil classifications that differ according to
the region you are in helps to use the areas more
efficiently, the compatibility of the soil and the
environment with each other and to keep the
criteria up to date (Anonymous 2005). Knowing
which major soil group the soil has makes it easy to
predict the performance of the soil. Large Soil
Groups (LSG) should be determined in determining
the suitability of land for agricultural use. Soil groups
that are alluvial soils, chestnut soils, brown soils,
brown forest soils, non-calcareous brown forest
soils, non-calcareous brown soils, reddish brown
soils, coluvial soils in Ankara province.

2.2.2 Land Use Capability Classes (LUCC)

According to their land use capabilities, soils are
examined in eight classes. While the first class lands
are the most economical and highest quality lands,
the areas that are not suitable for agricultural use
and are not used even as pasture and forest areas
constitute the eighth class (Anonymous 2005). For
the suitability of the production of products, it is
necessary to look at the land use capability classes.
Study area has from . class to VIII of the land.

2.2.3 Soil Depth

Soil depth is the distance from the bottom of the
roots that meet the water and nutrient needs of the
plants. In order to get the maximum vyield from
plants, soil
development is required (Anonymous 2005). Soil
depth is of great importance
production. The increase in depth indicates that the

depth which ensures good root
in agricultural

land is suitable for agriculture.

2.2.4 Degree of erosion

Lands which has a sloping surface and poor
vegetation wear relatively more. Uncontrolled
grazing of animals, increase in precipitation per m?
and unconscious land use increase erosion. In
addition, eroding lands are exposed to mineral loss.
(Anonymous 2005). Erosion causes degradation of
fertile soils. Therefore, lands with low erosion are
preferred for the suitability of agriculture.

2.2.5 Elevation
Temperature changes due to altitude cause
differences in vegetation in the regions (Akinci et al.
2015). Increase in altitude causes decrease in

relative humidity and temperature. This means that

the lands with low altitude are suitable for
agricultural use.

2.2.6 Slope

One of the most important factors affecting wear is
the slope. Increasing the slope rises erosion. On the
other hand, if the slope is low or the land has no
slope, it may have a negative effect on the drainage.
Reasons such as the adaptation of plants and the
protection of the land are among the factors
affecting the slope. Damaged areas where the
elevation is too high increase the wear. At the same
time, there is difficulty in form, which reduces the
quality of the land (Anonymous 2005).

2.2.7 Aspect

It can be said that aspect causes differences in
agricultural production due to reasons such as
sunbathing and exposure to wind between the
north and south-facing slopes of an area. Plants
need the sun for agricultural production. In this
case, it requires the use of aspect as a criterion.
2.2.8 Precipitation

The amount of precipitation, the time of
precipitation and the form of precipitation are of
great importance in growing plants. During the
development of plants, not only the water taken
from the soil, but also the amount of water the plant
contains is important (Kapluhan 2013). Precipitation
is also a criterion used for suitability for agricultural
use.

2.2.9 Temperature

Temperature is one of the most basic elements for
growing plants and for efficient agriculture.

The decomposition of rocks and natural wastes
occurs with the factor of precipitation and
temperature. As a result of these decompositions,
changes occur in the soil. While the rate of
decomposition is directly proportional to the
temperature, the organic matter accumulation is
inversely proportional (Anonymous 2005).

It should be the right temperature for the plants. If
the appropriate value is below or above, there will
be difficulty in plant development, and this will
damage the plant.

2.3 Best-Worst Method

Decision making is defined as the determination of
one among various alternatives. Some criteria are

determined for this definition. This decision making
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process is called multi-criteria decision making
(MCDM). MCDM methods began to be developed in
the 1960s, when a number of methods were
deemed necessary to facilitate the decision-making
process in a situation where there are many criteria.
It has been used primarily in decision theory and
operations research, and then it also used in
financial and economic fields (Cengiz 2012). The
Best-Worst Method (BWM) used in the study is one
of the MCDM methods.

Compared to other multi-criteria decision making
methods, BWM has fewer pairwise comparisons.
Decision makers are not required to make pairwise
comparisons between all criteria. The calculation
process is easy compared to other MCDM methods.
The Best-Worst Method is a method that is based on
determining the preference of the most important
criterion over other criteria and the preference of
other criteria over the least important criterion and
determines the criterion weights accordingly. It is
carried out by determining the best and worst
criteria and comparing the best and worst criteria
with other criteria (Ertunc and Uyan 2022).

The steps of the Best-Worst Method are as follows:

Step 1: Determination of decision-making criteria
{Cy, Cy, ..., Gl

Step 2: Determination of best and worst criteria.
Step 3: The decision-maker gives their preferences
of the best criterion over all the other criteria using
a number (e.g. 1 to 9) from the importance scale of
Saaty (Table 2). As a result of this step, the vector
called Best-Others (AB) which determines the
preference from the best to the others is obtained.
This vector looks like this; Ag = (as1, gz, «ov.eee.. agn)

Table 2. Importance degree scale (Saaty, 1987)

Importance Definition
Degree

1 Equally important

3 A little more important (less
superiority)

5 Quite important (too superior)

7 Very important (absolute
superiority

9 Highly important

2,6and 8 Intermediate values

In vector AB, agj represents the preference of the
best criterion B over criterion j.

Step 4: By using a number from the importance
scale, the decision maker determines the
preference rate of other criteria over the preferred
bad criterion. In this step, the vector showing the
preference from the others according to the worst
v anw)T

ajw in the AW vector indicates the preference of the

criterion is as follows; Aw = (aiw, azw, .....

j criterion over the worst criterion.
Step 5: Determining the weights of the criteria (1).

(W1, W2') e W),

(52) - ana [G2) -] )

The expression that minimizes the maximum of the

differences is converted into the linear
optimization/programming below (2-3).
ming&
w .
|(Wl]g) —agy| <€, Vj (2)
174} .
|(W_W) - a]W| <€,V (3)

wji=1,w;20,V]j

Step 6: After the optimization process is performed,
weights and & value are obtained. The & value is
checked to check whether the criteria weights
obtained are consistent. (Table 3). The consistency
ratio (CR) is obtained by dividing & by the
consistency index value (Cl). The fact that the
consistency ratio moves away from zero indicates
that the consistency decreases.

Table 3. Consistency index value

aBw 1 2 3 4 5 6 7 8 9

TE 0.000.441.001.632.303.003.734.475.23

2.4 Preparation of data and determination of
weights

In order to determine the suitability of Ankara
province lands for agricultural use, criteria and the
weights of these criteria should be determined. By
using decision-making methods, it is stated how
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important the criteria are for agricultural use. As a
method, weights were calculated with the Best-
Worst Method and maps were created with the
Scoring Method. Comparisons are made between
the importance values of the criteria. These criteria
used in the study were evaluated by experts
(consisting of 3 Agricultural and 5 Survey Engineers).
Then, maps were created for 9 criteria with the
Scoring Method. As a result, a map indicating its
suitability for agricultural use was prepared.

The steps taken to determine the suitability of
Ankara province lands for agricultural use are listed
as follows;

Collection of data related to the study area,
Determination of criteria determining the
suitability of lands for agricultural use for
multiple decision making,
3. Obtaining expert opinions according to the
Best-Worst Method,
4. Creating matrices and determining weights
with the Best-Worst Method,
5. Obtaining the maps of the study area for each
criterion by the Scoring Method,
6. Production of suitability for agricultural use
map which is the final map
7.
it was aimed to determine the most appropriate
area by determining the importance levels with
BWM in determining the suitability of agricultural
land for agricultural use in Ankara province.
It was ensured that the best and worst of the 9
criteria, which were effective in determining the
suitability of agricultural lands for agricultural use,
were determined by the decision makers. As a result
of the determination of the best and worst criteria,
firstly, it was ensured to determine the importance
levels from the best to the others, with the
evaluation matrix rated from 1 to 9, then from the
others to the worst, the importance levels were
determined by the evaluation matrix. The criteria
used in the study are shown in Table 1.
After the criteria were determined, the best and
worst criteria were determined by taking expert
opinions. Then, the preference of the best criterion
according to the other criteria, followed by the
preference of the other criteria according to the

worst criterion was evaluated. Table 4 includes the
evaluations. After the evaluation made by the

decision makers, a linear programming was

established using the MS Excel solver add-on.
Weights were determined (Table 5).

After the weights were determined, the consistency
index was calculated according to the dominance
ratio of the best criterion to the worst criterion to
calculate the consistency ratio. For this, land use
capability (T2), which is the best criterion, is 8 times
more important than the worst criterion (T9) (Table
5). Accordingly, the consistency index value is
determined as 4.47. The consistency ratio was
calculated by dividing the & value by the consistency
index value (4).

CR= &/Cland CR=0.08/4.47 =0.018 (4)
Consistency Rate: CR, Consistency Index Value: Cl

Table 4. Evaluation by decision makers

Best—Worst Step 2: Determining Best and Worst Criteria

The Best Criteria T2 The Worst Criteria T9

Best—Worst Step 3: Best to Other Evaluation ( Finding Ag
vector)

T1 72 T3 T4 T5 T6 T7 T8 T9

From the

Best 2 1 3 5 5 5 4 7 8
Criterion

(T2), The

Preference

Ratio

According

to Other

Criteria

Best—Worst Step 4: Worst Rating From Other Criteria (Finding
Aw vector)

T1 T2 T3 T4 T5 T6 T7 T8 T9

Preference

Rate 8 9 7 6 4 4 5 3 1
According

to the

Worst (T9)

Criterion

from Other

Criteria

Table 5. Optimal weight values of the criteria

KRITERLER KRITER
AGIRLIKLARI
T1 Large Soil Groups 0.187
T2 Land Use Capability Classes 0.292
T3 Soil Depth 0.125
T4 Erosion Degree 0.075
T5 Elevation 0.075
T6 Slope 0.075
T7 Aspect 0.093
T8 Precipitation 0.053
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T9 Temperature 0.026 degree maps were produced by using soil maps with

ArcMap 10.5 for the application. Then, the Digital
Elevation Model of the study area was created. In
3. Results this context, slope, aspect and elevation maps were
created. Finally, temperature and precipitation
Within the scope of the study, 1/25 000 scaled maps were created using climate data. Maps in
digital base maps obtained from the General vector format were first converted to raster format
Directorate of Maps was used. Large Soil Groups, and classified between 0-100 (Table 6).
Land Use Capability Classes, soil depth and erosion
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In this last layer, a map of suitability for agricultural
use was produced (Figure 3). In other words,
suitability for agricultural use map has been reached
by using the weights of the criteria affecting the
suitability for agricultural use and the scores
assigned to the criteria by the Scoring Method. The
resulting map was prepared using four sub classes.
These were determined as very suitable (4), suitable
(3), not suitable (2), and not suitable at all (1). We
can say that the most influencing criterion is the
Large Soil Groups. We can see that Kizilcahamam,
Cankaya and Mamak districts of Ankara are not very
suitable for agricultural use, but the other districts
are generally suitable for agricultural use.
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Figure 2. Maps of the criteria used in the study; a)
Large soil groups map b) Land use capability classes
map c) soil depth map d) erosion degree map e)
Elevation map f) Slope map g) Aspect map h)
Precipitation map i) Temperature map
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Table 6. Weights of study criteria and scores of sub-criteria

CRITERIA W SUB CRITERIA PUAN CRITERIA W SUB CRITERIA PUAN
Alluvial and Colluvial Soil 100 Straight (%0-2) 100
(T1) 0.187 Brown and Brown Forest Soils 80 Light (%2-6) 80
Reddish Brown and Limeless Brown 70 (Te) 0.075 Middle (%6-12) 60
Limeless Brown and Forest Soils 60 Steep (%12-20) 40
Chestnut Soils 40 Very Steep (%20-30) 20
Precipitous (>%30) 10
1,11, 100 Straight 100
niv 80 South, Southeast, 80
(T2) 0292 vvI 40 (17) 0.093 Southwest 60
VI, 20 East, 40
Vil 10 West 20
Northeast,
Northwest North
Deep (90+ cm) 100 510.1-557.8 mm 100
Medium Deep (50-90 cm) 80 470.1-510 mm 80
(T3) 0.125 Shallow (20-50 cm) 60 (T8) 0.053 430.01-470 mm 60
Very Shallow (0-20 cm) 40 390.1-430 mm 40
Lithosolic 20 351-390 mm 20
Light 100 12.1-13.3CO 100
Middle 80 11.1-12C° 90
(T4) 0.075 Severe 40 (T9) 0.026 10.1-11C° 80
Very Severe 20 9.01-10C° 70
8.5-9CO 60
240-500 m 100
500-1000 m 80
(T5) 0.075 1000-1500 m 60
1500-2000 m 40
>2500 m 20

Table 7. Values of suitability for agricultural use in terms

of area
Suitability Value Area(ha)
1 454797.33
2 864434.63
3 290903.55
4 941518.33

A literature review about the study was made and
the studies were examined. It has been seen that
successful results will be obtained with the land use
plan made to determine the areas suitable for
agriculture. It proves that doing this with expert
opinions will increase the success for efficient land
use. The criteria used in the studies differ according
to the regions examined. As indicated in Table 7, the
province of Ankara has a large area suitable for
agricultural use.

4. Discussion and conclusion
GIS is actually a combination of a wide variety of

By
transferring the data used in the study to the

technologies, processes and methods.

Geographic Information System, information

pollution is minimized. Thus, access to information
becomes even easier.

The decision of location selection is of great
importance in a long-term investment project of an
enterprise. Site selection for the use of lands has
become difficult nowadays. Appropriate site
selection is a complex structure in which many
criteria must be evaluated. In order to make a
correct analysis, it is necessary to investigate the
work to be done in detail and to determine the
affecting criteria correctly. In such studies, the
quality, data type and scale of the spatial data
The

location-based criteria discussed in this study come

belonging to the criteria are important.
from different data sources; It was obtained as
raster, vector and position-based feature data.
Raster and vector maps were arranged on the
provincial border of Ankara, which is the study area,
and data were obtained from the most appropriate
scales.

The Best-Worst Method, which is in the multi-
criteria decision-making approach, is one of the
methods used to make these analyzes. The use of
agricultural suitability analysis together with the GIS
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enables us to reach real values more reliably and
quickly. In addition, a database system is created,
and old information is accessed. Necessary inquiries
are made. Analysis of developments in the region
can be carried out. When people want to invest in
land, they can reliably buy it. In the study, a
database is created by transferring soil properties to
the computer environment with GIS. Thus, access to
information becomes easier and healthier.

As a result of the analyzes made for the province of
Ankara, the most suitable land use map was created
based on the natural abilities and capabilities of the
lands. In this study, nine criteria were examined and
studied with the Best-Worst Method. In the
resulting map, it has been determined that the
northern and northwestern parts of Ankara and the
central region are not very suitable for agricultural
use. By determining the suitability of agricultural
lands for use, natural resources are protected,
agricultural productivity and quality increase. Such
studies ensure the sustainable use of agricultural
resources.

In order to deal with the study in more detail,
verification can be made from the land (appropriate
use of agricultural land) based on the most suitable
land use map. In addition it can be helped to keep
agricultural activities or urban areas under control
by working on larger-scale maps by increasing the
criteria with the opinions of the experts of the
region.
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Abstract

The total concentration of elements in the Inci stream sediments on the drainage network of chromite

deposits was determined to evaluate the level of contamination by natural background, the average of
ultramafic and mafic rocks in this study. The average concentration shows that toxic heavy metals
originated from mineraliszing in the Inci stream sediments that have a controlling influence on

Keywords accumulation and transportation both lithologically and anthropogenically. The metal enrichment
Contaminant factor; factors of Pb, As, Ni, Sr, and Ba, and geoaccumulation factor values (Igeo) of Pb, As, Sr, Ba, and Rb
Enrichment factor; indicated that these values are higher than background values and heavily contaminated. The highest
Geoaccumulation metal concentrations and assessments of contaminants were obtained from ultramafic rock
index; Guleman normalization. Enrichment factor (EF), contamination factor (CF), and Igeo values indicate that primary
chromite deposit; ore metals are represented by Pb, Cu, Mn, Ni, and Cr. Cr's enrichment factor (EF) is moderate
Stream sediments contamination due to the high Cr concentration in the host rock. However, Cr is extremely

contaminated according to the Earth's average in the stream sediments around the chromites deposit.
The calculated Cu, Ni, and Cr threshold values are higher than the probable effect level (PEL) and
threshold effect level (TEL). That is why these regions should be evaluated for relationships between
human health and geochemistry in further multidisciplinary studies and considered important in terms
of potential Cr, Cu, Mn, Ni, Pb and Zn mineralization.

Guleman Kromit Yatagi Cevresindeki inci Cayi Sedimentlerindeki Metal
Kirliliginin Temel Deger ve Ortalama Yerkabugu Degerleri Tarafindan
Degerlendirilmesi (Alacakaya-Elazig), Tiirkiye

0z

Bu calismada, kromit yataginin drenaj agi (zerindeki inci Cayi ¢okellerindeki toplam element

Anahtar kelimeler konsantrasyonu, temel degere gore, ultramafik ve mafik kayaglarin ortalamasini gore kirlilik dizeyi
Kirletici faktor; degerlendirilmistir. Ortalama konsantrasyon, zehirli agir metallerin, hem litolojik hem de antropojenik
Zenginlestirme faktérii; olarak birikim ve tasima Uzerinde kontrol edici bir etkiye sahip olan inci Cayl ¢okellerindeki
Jeobirikim indeksi; minerallesmeden kaynaklandigini géstermektedir. Pb, As, Ni, Sr ve Ba'nin metal zenginlestirme faktori
Guleman kromit yatagi; ve Pb, As, Sr, Ba ve Rb'nin jeoakiimilasyon faktéri degerleri (Igeo), bu degerlerin temel degerlerden
Dere sedimanlari daha yiksek oldugunu ve yogun sekilde kontamine oldugunu gostermistir. En yiksek metal
konsantrasyonlari ve kirleticilerin degerlendirilmesi ultramafik kaya¢ normalizasyonundan elde

edilmistir. Zenginlestirme faktora (EF), kirlilik faktori (CF) ve Igeo degerleri, birincil cevher metallerinin

Pb, Cu, Mn, Ni ve Cr ile temsil edildigini gostermektedir. Cr'nin zenginlestirme faktéri (EF), ana kayadaki

yuksek Cr konsantrasyonundan dolayi orta derecede kirletilmistir. Ancak kromit yataginin etrafindaki

akarsu g¢okellerinde Cr toprak ortalamasina gore asiri derecede kirlenmistir. Hesaplanan Cu, Ni ve Cr

esik degerleri olasi etki seviyesinden (PEL) ve esik etki seviyesinden (TEL) daha ytiksektir. Bu nedenle bu
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bolgeler insan saghgi ve jeokimya arasindaki iliskiler agisindan, daha ileri multidisipliner ¢alismalarda

degerlendirilmeli ve potansiyel Cr, Cu, Mn, Ni, Pb ve Zn mineralizasyonu agisindan énemli kabul

edilmelidir.

1. Introduction

This study includes an assessment of metal
contamination in stream sediments of Alpin Type
chromite deposit, which is the largest chromite
deposit in Turkiye (Fig. 1). The chromite ores
occurred in Upper Cretaceous Guleman Ophiolites
in Alacakaya (Fig. 2). Guleman ophiolite consists of
two main units, both tectonites and cumulates.
Other components of the ophiolite include basic
volcanites, cumulates including dunites, webhrlite,
clinopyroxenite, gabbros, diabase dykes, and
sheetdyke complex. Tectonites are composed of
chromite- and dunite-bearing harzburgites. In the
study area were determined 500 chromite
mineralizations were conducted by different
researchers who were a distance from one
centimetre to hundred meters, such as lens shape
(Helke 1962, Engin 1985, Usiimezsoy 1990, Cakir
1994). The chromite formation occurs either in
tectonites or cumulates, but the Cr,0s tenor in
tectonites is higher than in cumulates. The
chromite ores are observed as usually
disseminated and lens shape. Another unit
outcropping in the study area is the Maden Group
(Fig. 2). Maden Complex consists of ophiolitic
rocks, sedimentary rocks, and some volcanic rocks
(Aktas and Robertson 1984). Some researchers
called Maden Complex the Maden Group (Yilmaz
etal. 1987, Yigitbas etal. 1993). Ertiirk et al.
(2018) studied the Maden lithological units and
observed, from bottom to top, pelagic limestone,
mudstone within lower volcano-sedimentary
units, and diabase, pyroclastic rocks, andesites,
and basalt within upper volcanic units. Upper
Maastrichtian-Middle Eocene Caspian Group and
Lower Miocene Lice Formation are the other units
in the surroundings of the study area (Ozkan
1983).

There are a lot of stream sediment studies around
mafic and ultramafic host rock environments. The
studies reveal the behaviour of Cr and Ni etc., toxic

© Afyon Kocatepe Universitesi

metals and also calculated assessment index
values show the contamination level with
numerical values. Some of these studies are
summarised below to explain the study's
hypothesis. Also, why was such a stream sediment
contamination assessment done next to the
chromite deposit? The river bedload at the
contaminated site contains sizable amounts of
trace metals as well. However, the concentrations
of Niand Cr in the bedload are lower than those in
the bed material. These trace elements are
therefore largely stationary (Rhoads and Cahill
1999). Kalender (2012) studied waste and water
contamination. Groundwater element content
was correlated to the natural water content, and
Al, Cd, Co, Cu, Mg, Nd, Fe, Ni, and Mn values are
higher than the natural water chemical
composition. The high metal concentration in
samples indicated that the source of
contamination should be due to surface
weathering of the lithological units (harzburgite,
dunite, pyroxenite, and alteration vyield
serpentinite) and by leaching of wastes. The study
in waters has compelled research to detect metal
content in the stream sediments and their
environmental impact assessment.
Stream sediment contamination by trace
elements is a significant issue on a global scale,
mainly due to mineralization and mining activities.
Moreover tailings and waste may have serious
impacts on the environment for decades (Cook et
al. 1990, Singh et al. 1997, Varol 2011, Kalender
2012, Romero et al. 2013). Chromite-bearing
ultramafic rocks are caused by the toxic elements
enrichment in the Munzur and Pilimur streams.
Metal and metalloid concentrations were
normalized to the upper crust average values were
observed enrichments in Cr, Ni, Co, Cs, W, Pb, As,
Sb, Au, Hg and Cr, Ni, Co, W for studied stream
sediments. The calculated Igeo index values
indicate Cr, Ni, As, Hg, Cd, and Cr, Ni, As in the
Munzur and Pilimir streams due to the
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ultramafic host rocks and mineralization products
(Cimen et al. 2015). In order to investigate the
function of TOC in the distribution of heavy metal
pollution and assessment of contamination levels,
Bakshe and Jugade (2021) evaluated the spatial
distribution of potentially toxic heavy metals (Ni,
Co, Cr, Hg, Cd, Pb, Cu, and Zn) and pH. (total
organic carbon). Niis related to pH, and chromium
behaves according to pH and TOC values.

The study focuses on the contamination
index values, which will be estimated according to
the background values content of elements in the
stream sediments in the sampling locations. The
results are compared with the calculated
contamination index values using the average
ultramafic and mafic rock values. Considering the
lithological characteristics, the effect of natural
lithological units on contamination index values
will be explained.
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Figure 2. Sample sites on the geology map (Ozkan 1983).

2. Material and Methods
2.1. Climatically

Maximum flow occurs from February through
April. However, the minimum flow occurs from
August to October. The annual mean rainfall
during that period was 372 mm. Moreover, air
temperature varied between 15.21°C (Elazig) and
34.00 °C between 1992 and 2001 (Data were taken

from reports of the Elazig Meteorology
Department).
2.2. Sampling

In this study, according to previous studies
(Kalender and Bolicek 2004, 2007, Kalender
2012), 20 stream sediment samples (from G1 to
G20) were collected from the Stream
sediments (Fig. 2). Sampling site locations are

Inci

given in Table 1.

Table 1. UTM ED 50 coordinates of the Guleman stream
sediment samples.

Sample

no Y X

Gl 565965.63 4261695.84
G2 565945.56 4261648.1
G3 565923.9 4261596.16
G4 565920.1 4261535.11
G5 565947 4261447.85
G6 566017.6  4261396.75
G7 565936 4261379.27
G8 566073.13 4261658.47
G9 566074.28 4261605.59
G10 566098.42 4261497.52
G11 566111.98 4261431.54
G12 566160.29 4261433.41
G13 566399.81 4261719.96
Gl4 566428.39 4261648.13
G15 566501.97 4261579.14
G16 566523.81 4261505.56
G17 566611.41 4261373.13
G18 566718.69 4261613.81
G19 566734.97 4261453.06
G20 566972.47 4261355.83
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When the water flow rate was low in September,
samples were taken. Samples were elemineted
using a sieve with a 2 mm-diameter aperture
(BS10 mesh). These stream sediments with a
weight of 2 kg taken at 50-100 m intervals along
the stream shore sediments were used in
polyethylene bags. They were then given numbers
and allowed to dry at room temperature.
Kurutulduktan sonra analize uygun partikdl
boyutu fraksiyonlarinin (35, - 35 + 80, - 80 + 140, -
140 + 200, - 200 mes) belirlenmesi icin farkh elek
boyutlarina elenmistir. Fine sand (75 m), silt, and
clay (20 m) grain sizes exhibit significant
concentrations of heavy metals in investigations of
heavy metal pollution in sediments (Ackerman
1980, Kalender and Bollicek 2004, 2007, Kalender
2012). The 75-m fraction in the current study was
utilized to represent medium-fine sand to silt.
Mechanical wet sifting was used to separate the
bulk samples from the 75 m sediment fraction.
Using 15 grams, each sample was freeze-dried for
8 to 9 hours. The sieved fraction was dried at room
temperature.

2.3. Chemical analysis

Acme Analytical Laboratories Ltd. (Canada) used
ICP-OES to analyze the samples, which were
collected at 0.5 gr. 0.5 gr samples were leached
with 90 ml HCI- HNOs- HF at 95 °C for one hour,
diluted 150 ml and then analyzed by ICP-OES.
Standard DS5 was used in the sediment analyses.
The results are given in Table 2.
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Table 2. Chemical analysis results of the Inci stream sediments. *=%; the other values are given in ppm.

Fle G1 G2 G3 G4 G5 G6 G7 G8 G9 G10 G11 G12 G13 Gl4 G15 G16 G17 G18 G19 G20
ments

Mo 0.13 0.12 0.01 0.13 0.18 0.14 015 0.27 0.12 0.36 0.16 0.09 0.15 0.06 0.12 0.12 0.16 0.09 0.07 0.05
Cu 14.64 10.87 11.34 8.91 1546 5095 459 19.25 10.65 19.21 43.52 4351 1238 6.2 11 10.25 10.68 10.57 8.9 22.14
Pb 3.07 1.99 209 2.59 5.8 3.07 171 8.68 7.4 9.26 3.35 2.96 11.65 341 7.42 8.72 1.05 0.73 6.95 0.85
Zn 33.2 28.2 317 296 39.5 38 26.2 47 35 61.4 39.4 36.2 42.5 19.3 38.6 413 10.3 11 35.1 15.5
Ni 2358.8 21155 2156 1983.4 2393.3 383.3 931 1793.5 15815 2371 3304 3185 22185 2029 2268 2007.4 1347.6 1607.4 2099 836.6
Mn 1101 904 960 859 1190 690 651 1259 939 1464 852 809 1087 787 986 951 373 423 925 466
Fe* 6.79 6.27 6.31 6.04 7.24 5.14 582 6.97 6.28 8.5 4.56 4.47 6.4 5.47 6.43 6.04 2.55 2.7 6.05 2.9
As 1.5 0.7 1.7 11 1.6 2.7 1.5 2.9 1.4 2.7 3 2.3 1.8 1 1 2.5 1.2 1 2.7 1.3
Th 0.4 0.3 0.3 0.4 0.8 0.7 0.2 1.5 0.9 1.6 0.8 0.7 0.7 0.2 0.5 0.6 0.1 0.1 0.4 0.2
Sr 4.5 3.6 2 4.3 6.5 245 84 12.5 7.7 14 44.1 40.8 6.8 3.7 6.2 7.9 9.3 12.5 6.5 25.5
Cr 1533 1721 150.8 160.3 153.1 3747 403 179.1 187.2 207.5 330 306.2 911 83.1 77.7 83.4 298.8  229.2 87.2 214.5
Ba 8.2 9.2 5.1 8.1 17.6 217 141 252 17.2 41.6 31.6 35.5 16.4 7.5 13.6 17.4 3.9 4.6 14.5 10.7
Ti* 0.005 0.004 0.005 0.004 0.005 0.061 0.01 0.011 0.011 0.014 0.049 0.04 0.006 0.003 0.01 0.007 0.006 0.005 0.006 0.016
Ga 0.9 0.8 0.8 0.9 1.4 5.7 2.7 2.8 1.9 3 7.5 7.1 1.2 0.6 0.9 1.1 1 1 1 3.1
Rb 1.7 1.6 1.4 1.7 33 2.6 1 7.2 4.4 8.3 3.7 2.8 2.9 1 2.5 2.7 0.4 0.4 2 0.7
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3. Results and Discussion

3.1. Assessment of sediment contamination

In the interpretation of geochemical data, it is
important to compare concentrations between
contaminated stream sediment and
uncontaminated rock. Because stream sediments
can contaminate both mineralization and
weathering of rocks, principal component analysis
orfactoring (according to correlation matrix)
techniques can be used to identify the source of
metals in stream sediments. Stream sediments
were determined using multivariate statistical
techniques and pollution indicators and presented
a wide range of metal contaminants. The data
obtained from the study area were evaluated by
the contamination assessment methods below.
These values have been estimated using
uncontaminated background values and the
average content of ultramafic and mafic rocks due
to outcropping ophiolites and volcano-
sedimentary rocks in the study area. Background
values were taken from Baspinar (2006), and the
average values were calculated from the content
of trace elements in harzburgite, dunite,
pyroxenite, gabbros, diabase, and basalts.

3.1. Contaminant factor (CF)

The CF is the ratio obtained by dividing the
concentration of each metal in the sediment by
the background value .

CF = C heavy metal /C backgraund

CF values were interpreted as sug gested by
Hakanson (1980), where: CF<1 indicates low
contamination; 1<CF<3 is moderate
contamination; 3<CF<6 is considerable
contamination; and CF>6 is very high

contamination (Hakanson 1980).

3.2. Pollution load index (PLI)
PLI has been determined as the nth root of the
product of the n CF:

PLI = v/(CF1 x CF2 x CF3 .....x CFn)

When PLI> 1, it means that pollution exists;
otherwise, if PLI< 1, there is no metal pollution
(Tomlinson et al. 1980).

3.3. Geoaccumulation index (Igeo)
The geoaccumulation index (lgeo) is defined by
the following equation:

Igeo = Log2(Cn)/1.5(Nn)

Cn, Bn and 1.5 value, respectively, is the
concentration of metals examined in sediment
samples, the metal's geochemical background
concentration, and the background matrix
correction factor due to lithospheric effects.
According to Muller (1981), the geoaccumulation
index consists of seven classes. These were Igeos<
0 indicates practically unpolluted; 0< Igeo< 1 is
unpolluted to moderately polluted; 1< Igeo< 2 is
moderately polluted; 2< Igeo< 3 is moderate to
heavy polluted; 3< Igeo< 4 is heavily polluted; 4<
Igeo< 5 is heavy to extremely polluted; 5>Igeo is
extremely polluted (Buhiyan 2010, Varol 2011,
Kalender and Cigek Ugar 2013).

3.4. Enrichment factor (EF)

The enrichment factor (EF) is essential for
determining the extent of heavy metal
contamination deposition in river sediments
(Sakan et al. 2009).

The relationship shown below is used to

calculate the EF:

x Cx
EF = [ T
(Cref) sediment/ (Cref) backgraund

Where Cx is the concentration of element x,
and Cref and background values (uncontaminated
regional host rock) are the concentrations of the
reference element in sediment (s) and mafic and
ultramafic rocks on the Earth's crust, respectively.
The reference elements are those whose
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concentration in the sample medium is only
affected by crustal sources, meaning they are
unaffected by anthropogenic activity and have
little occurrence variability. Ti, Ce, Sc, Mn, Zr, and
Hf have all been utilized for this project (Romero
2013). Al and Fe are the most often utilized
reference elements (Sterckeman et al. 2006,
Sutherland 2000).

EF values were calculated using Al as a
reference element and normalising the local
background proposed by Sagiroglu et al. (2009).

Iron (Fe) was used in this work as a reference
for  conservative  element's  geochemical
normalization because of its relationship with fine
solid surfaces, similar geochemistry to that of
numerous trace elements, and tendency for
uniform natural concentration (Buhiyan et al.
2010). Sakan et al. (2009) stated that the following
was the interpretation of the EF values: EF 1 stands
for minimal enrichment, 3, moderate enrichment,
5, moderately severe enrichment, 10, severe
enrichment, 25, and > 50, extremely severe
enrichment.

3.5. Sediment quality guidelines

The significance of screening for sediment

contamination by comparing sediment
concentration with the relevant quality standard is
emphasized by sediment quality assessment
guidelines (SQGs) (Swartz 1999, Mac Donald et al.
2000).

Persuad et al. (2000) and Mac Donald et al.
(2000) discuss the reliability of the threshold
effect level (TEL), probable effect level (PEL),
lowest effect level (LEL), minimal effect threshold
(MET), threshold effect concentration (TEC), and
probable effect concentration (PEC) for assessing
sediment quality conditions (1993).

The result of the chemical analysis of the Inci
stream sediment samples is shown in Table 2.
Table 3 shows the correlation matrix for each
element. The elements' correlation coefficient
results show a positive relation between Mo and

Zn, Th, and Rb (r> 0.74). The highest negative

relation is shown between Cu and Ni (r=-0. 83) but
the positive correlation coefficients between Cu
and Sr (r= 0.75), Cr (r= 0.84), Ti (r= -0.86), Ga
(r=0.88) are shown in the studied sediments.
There are positive correlation relation between Ni
and Mn (r=0.57), Fe (r= 0.62); between Cr and Ti
(r= 0.68), Ga (r=0.69); between Mn and Fe
(r=0.93); between Th and Ba (r=0.82), Rb (r=0.99);
between Sr and Ti (r=0.85), Ga (r=0.95); between
Ba and Ga (r=0.73), Rb (r=0.79), As (r=0.75), Zn (r=
0.77); between Ti and Ga (r=0.93). Th and Rb
results indicate the effect on metal enrichments of
crustal contamination. Between Cu and Ni
negative relation shows that these two metals
behave differently in an agueous environment due
to their ionic potential values (Cul*=1.041;
Ni**=2.89). Therefore, Cu and Ni can't precipitate
together in the stream sediments. Between Cu
and Sr, Ti and Ga relationship indicates the source
rock is in mafic composition. Ni and Mn ionic radii
are very close to each other (Ni 2*; r= 0.69 A; Ni **;
r= 0.62A-Mn 2" r= 0.80 A; Mn * r= 0.60 A) that is
considered the metals may be concentrated in the
same minerals from volcano-sedimentary units
just like Fe and Mn; Th, As, Ba, Ga, Rb, Zn; Sr, Ti,
and Ga. High Ga indicates these elements are
associated with clay minerals in the studied
stream sediments. According to Clay minerals and
Fe-oxy-hydroxide coated films function as element
adsorbers, according to Alexakis (2011). Iron gave
both anthropogenic and natural sources of
resources some thought. Fe-oxides and
hydroxides can form thin coating films on clays
and other minerals, acting as carriers of elemental
pollutants (Lazzari et al. 2004, Galan et al. 2003).
Cr mineralizations are dominant in the area,
but Ni and Ti enrichment may be considered to
originate from the Maden Group's basaltic and
andesitic source rocks in the study area. The
average Cr value is nine times higher than the
Earth's crustal average; the average Ni value is
eight times higher than the Earth's crustal
average. However, the average Cr value is lower
than the background values, and the average Ni
value is 1.78 times higher than the background
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values. This case explains the importance of
regional lithological features when determining
metal contaminations. For this reason, three
different rock averages (background values,
ultramafic and mafic rocks) and the median values
of the studied sediment samples were used while
calculating the pollution indices. The results of
contamination factors (CFs, Igeo, and EF) values
are present in Table 4. Table 4 summarises the
calculated values of EF, Igeo, and EF for elements
in the studied stream sediments according to the
three different rock compositions. Among the
studied metals, Mn>Ba>Th>Pb>Rb reported the
highest ecological risk based on the calculations
according to the ultramafic rock averages. The CF
values (1<CF<3) for Cu, Zn, Ni, Cr, and Mn when
based on background values, Cu, Zn, and Cr based
on ultramafic rock average, and Ba based on mafic
rock average, which denotes "moderate
contamination"; the CF values >3 for As and Ga
based on both background and the average of
ultramafic rock compositions, and As base on the
average.
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Table 3. Correlation matrix of elements in the Inci stream sediment.

Element | Mo

Cu 0.14 Cu

Pb 0.49 -0.24 Pb

Zn 0.64 0.17 0.77 Zn

Ni 0.15 -0.83 0.46 0.23 Ni

Mn 0.58 -0.17 0.74 0.89 0.57 Mn

Fe 0.48 -0.17 0.65 0.81 0.62 0.93 Fe

As 0.42 0.48 0.44 0.67 -0.3 0.4 0.25 As

Th 0.8 0.17 0.69 0.87 0.09 0.77 0.62 0.67 Th

Sr 0.06 0.75 -0.19 0.1 -0.84 -0.22 -0.41 0.51 0.22 Sr

Cr 0.17 0.84 -0.52 -0.17 -0.82 -0.44 -0.41 0.21 -0.02 0.61 Cr

Ba 0.63 0.54 0.45 0.77 -0.31 0.51 0.35 0.75 0.82 0.63 0.29 Ba

Ti 0.08 0.86 -0.16 0.22 -0.82 -0.15 -0.23 0.58 0.26 0.85 0.68 0.58 Ti

Ga 0.18 0.88 -0.12 0.27 -0.84 -0.07 -0.21 0.61 0.36 0.95 0.69 0.73 0.93 Ga
Rb 0.82 0.11 0.69 0.86 0.15 0.78 0.64 0.63 0.99 0.16 -0.05 0.79 0.18 0.29 Rb

Note: (p< 0.01)
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Table 4. Statistical, CF, Igeo and EF values and some sediment quality standards for analysing Guleman Inci stream sediment samples. Background values (natural rocks/ Guleman
Ophiolites and Maden Group); ** Clark values of the ultramafic rocks and mafic rock values were taken from Bagpinar 2006," Ertiirk et al. 2018, Mason 1966, Turekian and

Wedepohl 1961, respectively.

Mo Cu Pb Zn Ni Cr Mn Fe (%) As Th Sr Ba Ti (%) Rb Ga
Arithmetic
Mean 0.134 1934 4.64 32.95 1656.49 68.07 883.8 5.65 1.78 0.57 12.56 16.185 0.014 2.62 2.27
Minimum 0.01 6.2 0.73 10.3 318.5 37.9 373 2.55 0.7 0.1 2 3.9 <0.1 0.4 0.6
Maximum 0.36 50.95 11.65 61.4 2393.3 165 1464 8.5 3 1.6 44.1 41.6 0.06 8.3 7.5
Standard dev. 0.08 14.27 3.29 12.35 716.38 35.56 275.46 1.54 0.74 0.42 11.98 10.46 0.02 2.07 2.12
Threshold val. 0.29 47.88 11.21 57.64 3089.26 143.87 1434.72 8.74 3.26 14 36.53 37.1 0.05 6.76 6.5
Median 0.185 2858  6.19 35.85 1355.9 101.45 918.5 5.525 1.85 0.85 23.05 22.75 0.03 4.35 4.05
Background v.

. 1.4 14.5 0.6 <0,1; 0.6;15.54* 16.2;17,9*

Ultramafic 33 926;76,41* 100;190* 900; 1158* 0.16 0.6 3;283* 1.7;115.38* 0.073;0.43*

0.2 10 0.1 1.27¢ 0.2 1.5
rock av.

. 30 75 100 0.5 9.85 0.5 0.004 10 0.05 0.03
Maficrockav. 1.5 90 7 32.72 342.4
115 130 23.5 0.15 8.63 2 1.18 342 0.15 8.63
Assessment indices were calculated based on background values
CF 0.13 1.97 10.32 1.09 2.26 1.01 1.2 34.53 3.08 7.68 13.38 0.19 7.25 4.05
Igeo -1.16 0.23 2.93 0.02 0.01 0.045 0.003 11.27 0.98 1.09 1.88 -0.85 2.36 1.34
EF 0.14 1.97 10.31 1.11 2.26 0.93 0.026 Reference 3.08 7.68 143 0.005 7.26 4.05
Assessment indices were calculated based on average ultramafic rock values
CF 0.925 2.86 61.9 1.195 18.07 1.02 6123.3 0.56 3.7 212,5 7.68 1082 11.1 21.75 7.56
Igeo -8.11 0.32 17.53 0.11 0.09 0.04 43.75 0.17 1.18  -39,08 1.09 14.6 -35.25 7.07 1.56
EF 1.65 5.09 110.36 2.13 2.26 1.01 10916.71 Reference 3.08 378.85 4.11 1079.46 11.07 38.78 7.54
Assessment indices were calculated based on average mafic rock values

CF 0.12 0.32 0.88 0.31 10.43 0.6 6123.33 0.64 093 0.72 0.07 2.28 0.24 0.13 0.65
Igeo 1 08 0.04 0.25 0.03 0.05 0.03 43.75 0.19 0.3 -0.13 0.01 0.03 -0.77 0.04 0.13
EF o '19 0.5 1.38 0.49 16.29 0.52 9564.59 Reference 144 113 0.11 1.99 0.21 0.21 0.57
PEL ' 108* 91 315 42.80* 160.4* - - 17 - - - - - -
TEL - 18.7* 35 123 15.9* 52.3* - - 5.9 - - - - - -
PEC - 32 36 120 23 - - - 33 - - - - - -
TEC

- 150 130 460 49 - - - 9.8 - - - - - -
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PEL= Probable effect level (Smith et al. 1996). TEL= Threshould effect level (Smith et al. 1996). PEC= Probable effect concentrations (from Mac Donald et al. 2000). TEC=Threshold effect concentrations (from Mac Donald et al.
2000). PEL*= Probable effect level (Essien et al. 2009). TEL*= Threshould effect level (Essien et al. 2009).
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of mafic rock composition, which denotes
"considerable contamination"; the CF values>6 for
Pb, Fe, Sr, Ba, and Rb based on background values,
Pb, Ni, Mn, Th, Sr, Ba, Ti, Rb, Ga base on the
average of ultramafic rock composition, and Ni
and Mn base on the average of mafic rock
composition which indicates a considerable risk.
The Igeo values show that Ba, Sr, and Ga were
"moderately to heavy polluted"; Rb and Pb were
"heavily polluted"; Fe was "extremely polluted"
for sediment according to base on background
values. Mn, Pb, Ba, and Rb were the highest
ecological risk according to base on the average of
the ultramafic rock composition, and also Mn was
a considerable risk due to the average of the mafic
rock composition. EF values indicate that Ga was
moderate enrichment, Rb and Sr were moderate-
severe enrichment, and Pb and Ba were severe
enrichment based on the background. Cu was
moderate enrichment; Ti and Ga were severe
enrichment; Rb was severe enrichment; Ba, Mn,
Pb and Th were extremely enriched based on the
ultramafic rock composition. Ni and Mn were
extremely enrichment based on the mafic rock
composition. Ni and Mn are important metals in
the studied stream sediments. Many sample sites
in the Middle Eocene Maden Group consist of
basaltic and andesitic volcano-sedimentary rock.
Calculated EF values show that Ni and Mn may be
indicator metals in the studied stream sediments
as Pb. Calculated threshold values according to Ni
and Cr values are indicated that the calculated
threshold values of Ni and Cr are higher than 72,
0.89 times PEL values, and 194; 2.57 times TEL
values, respectively. The threshold value of Cu is
2.26 times higher than TEL and 1.49 times PEC as
Pb and Zn threshold values are below PEL, TEL,
PEC, and TEC values. The threshold values indicate
that Ni, Cr, and Cu may be both ecotoxicological
risks to the studied sediments and indicators for a
new exploration mineral source. Giesy and Hoke
(1990) determined that As > 8 and Cu > 50 "heavily
polluted"”, and Cr; 25-75 "moderately polluted". In
addition to As, Cu, and Cr median values (1.85, 28,
and 240.5, respectively) in the Inci stream,

sediment was heavily polluted only in terms of Cr.
Sediment quality assessment guidelines (SQGs)
are an important and useful parameter for
sediment pollution for determination and
interpretation (Swartz 1999, Mac Donald et al.
2000). Extensive  anthropogenic activities
characterise chromite mining in the Guleman
region since 1936. This is shown that the stream
sediment has the highest metal concentrations,
both natural and anthropogenic. Primary
mineralization is chromites. There are many
secondary minerals, pentlandite, magnetite,
hematite, and ilmenite, around the Guleman
chromite mining area (Baspinar 2006, Ozek et al.
2017). At this moment, Cr and Ni enrichments
were determined in the Inci stream area due to
weathering of the chromites and pentlandite,
millerite (nickel sulfide minerals), and the other Cr
and Ni minerals. The higher Ti and Fe values are by
weathering of the ilmenites. The high Cr, Mn, Ni,
and Zn contents have been stated by the presence
of montmorillonite in stream sediments by
Alexakis (2011). This study is shown that
lithological features and mineralization are
effective on stream sediment metal
concentrations. It is well-known that low mobility
elements in flow direction and mechanically
enrichment next to the source can be used as
path-finder elements. In contrast, in locations
away from the source, more mobile elements
have low ionic potential values (<3) and are
enriched in fine-grained sediments. They consider
average ophiolite concentration a lithogenic
source, especially observed Cr and Ni
concentrations. " High Cr and Ni concentrations in
the stream sediments of East Attica represent a
case of pollution that occurs naturally", and As
content is both natural and anthropogenic
(Forstner and Mdller 1981, Alexakis 2011). It was
determined that the enrichment factor value was
not expected when compared to the background
(basic value) values. It has been determined that
this situation is due to the high Cr concentration in
the basement rocks in the region.
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4, Conclusion

The study summarizes the discussion of the
normalization values in the equations of the
assessment  pollution index. Hereby, the
background values were selected from the
average of regional ophiolitic and basaltic rocks
and used the average of the Earth's crust
ultramafic and mafic rocks. The assessment of
contamination values was calculated in three
stages. Due to many sample sites in mafic
lithology, the highest contamination values in the
Inci stream sediments were obtained from
calculations by the average ultramafic rock
compositions. Also, Guleman ophiolites are an
important factor in the source of metals. Different
ionic properties of metals and possible
mineralizations have been the cause of
contamination or high concentration in the Inci
Stream sediments. Between Niand Mn, Fe; Cu and
Cr; Pb and Zn, Mn, Fe, Th, and Rb, positive
correlation relationships suggest that they were
transported from the same source. EF, CF, and
Igeo values indicate that Pb represents primary
ore metals; Cu, Mn, Ni, and Cr accompany the
accessory elements such as Rb, Sr, Ba, Ga, Ti, and
Th. All these elements have a high concentration
to create an atoxic effect on the Inci stream
sediments' ecosystem. The calculated Cu, Ni, and
Cr threshold values are higher than PEL and TEL.
These data suggest that Cu, Ni, and Cr are
characteristic elements in terms of the
background influences and ecotoxicological risks.
There is a lot of factor on metal concentrations
through drainage systems. Both lithologically
anthropogenically and mineralizingly produced
hazardous heavy metals in stream sediment are
transported and accumulated under the control of
the stream sediments. Of course, contamination is
not an obstacle to mineral exploration. A possible
Cu, Pb-Zn, Mn, Ni, and Cr mineralization may be
explored. More multidisciplinary studies involving
biologists, biochemists, and geologists are
required in light of the growing understanding of
the connections between human health and
geochemistry in order to comprehend the
biogeochemical cycle of specific metals and

evaluate the effects of urbanization on the
sediments of these streams.
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Oz

Bu calismada, Kitahya Emet Espey Konsantrator Tesisinde Uretilen, ancak tendriniin diisiik olmasi

nedeniyle, sektorde ve/veya bor rafine tGriinii borik asit tretiminde kullanilamayan -3 + 0 mm tane boyut
dagihmina sahip, %32 - 38 B,03 tendrli kolemanit konsantresinin hidrosiklon ile bor igeriginin
yukseltilmesi amaglanmistir. Beslenen malzemenin yaklasik %5’ini olusturan diisiik tendrli Griin, stok

Anahtar kelimeler sahalarinda yaklasik 500.000 ton birikmis durumda olup, tesisin tasarimi geregi halen de iretiimeye
Bor; Kolemanit; devam edilmektedir. -3 + 0 mm tane fraksiyonunda olan bu disiik tenérli Griiniin kullanilabilir tendr
Hidrosiklon; Emet; olan en az %42 B,0; igerigine yiikseltiimesi amaciyla yapilan galismaya kil agma/dagitma islemi ile
Kil baslanmistir. Yapilan elek analizi sonuglari ile 1 mm tane boyutu tizerinde kalan ve malzemenin agirlikga

%31’ini olusturan kisminin %46,26 B,0s igerigine sahip oldugu tespit edilmistir. 1 mm tane boyutu
altinda kalan malzeme ile yapilan hidrosiklon galismalarinda ise, en uygun sonuglara %10 kati/sivi
oraninda, 8 mm vortex - 6,4 mm apex ¢ikis ¢aplarinda ve 1 bar besleme basincinda ulasiimistir. Elde
edilen kullanilabilir konsantre tendrinin %44,73 B,0s3;, veriminin ise %98,44 B,0s3 oldugu tespit
edilmistir.

Increasing Boron Content of Low Grade Colemanite Concentrate at Emet
Espey Concentrator Plant by Hydrocyclone

Abstract

In this study, it was aimed to upgrade the boron content of 32-38% B,03 colemanite concentrate with

-3 + 0 mm grain size distribution, which is produced in Kiitahya Emet Espey Concentrator Facility, but
cannot be used in the industry and/or in the production of boric acid, a boron refined product due to
its low grade, by hydrocyclone. The low grade product, which constitutes approximately 5% of the fed

Keywords material, has accumulated approximately 500,000 tons in the stock areas and is still being produced
Boron; Colemanite; due to the design of the facility. The work carried out in order to increase this low grade product, which
Hydrocyclone; Emet; has a grain fraction of -3 + 0 mm, to a usable grade of at least 42% B,03, started with the clay dispersing
Clay process. With the results of the sieve analysis, it has been determined that the part above 1 mm grain

size and constituting 31% by weight of the material has a B,O3 grade of 46.26%. In hydrocyclone studies
carried out with material which a particle size of less than 1 mm, the most suitable results were obtained
at 10% solid/liquid ratio, 8 mm vortex - 6.4 mm apex outlet diameters and 1 bar feed pressure. It was
determined that the usable concentrate grade obtained was 44.73% B,0s, and the yield was 98.44%
Ban.
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Emet Espey konsantratér tesisi diisiik tendrlii kolemanit konsantresinin hidrosiklon ile bor igeridinin yiikseltilmesi, Sayin vd.

1. Giris

Bor mineralleri, evaporasyon yoluyla olusmakta,
iceriklerinde sodyum, kalsiyum veya magnezyum
elementleri bulunmaktadir. Dogada 150’den fazla
bor minerali olmasina ragmen ekonomik deger
tinkal,
Deterjandan silah sekt6riine, uzay sanayiinden

tasiyanlar kolemanit ve (leksittir.
nikleer alana, fotografcilik, boya ve kagit sektori
gibi hemen hemen her alanda bor mineralleri
kullanilmaktadir. Gerek ¢ikarilan bor minerallerinin
kalitesi gerekse c¢ikarma kosullarinin uygunlugu
nedeniyle bor, Tirkiye icin blylk bir ekonomik
kaynaktir (Yigitbasioglu 2004). Bor, rezerv agisindan
degerlendirildiginde ise Dinya bor rezervlerinin
%73’line
yataklarindan tinkal, Kirka/Eskisehir’'de, kolemanit

sahip olan Tirkiye’de; onemli bor
ise Emet/Kutahya, Bigadi¢/Balikesir ve
Kestelek/Bursa’da bulunmaktadir (int. Kyn. 1).
Turkiye’de rezerv acisindan en c¢ok bulunan bor
mineralleri kolemanit (2Ca0.3B,03.5H,0) ve tinkal
(NazB407.10H,0)’dir. Ayrica, Balikesir — Bigadig’te
Uleksit rezervi mevcuttur ve Bursa — Kestelek’te ise
zaman zaman (leksit yan driin olarak elde
edilmektedir (int. Kyn. 1).

Bor minerallerinin, 6zelinde galismaya konu olan

kolemanitin konsantrator tesislerinde
zenginlestirilmesi sirecinde bir miktar kolemanit
kayip olarak atik barajlarina gonderilirken, tretimin
yaklasik %5’ini olusturan ve yaklasik 500.000 ton
stoklarda birikmis olan, 0-3 mm tane boyutundaki
distk tenorlt yikanmis Griin sektérde ve/veya borik
asit Uretiminde kullanilamamaktadir. Bor’'un diinya
Gzerindeki 6nemine istinaden, arastirmacilar bor
Uretimindeki kayiplari geri kazanmak amaciyla gesitli
arastirmalar yapmis ve yapmaktadirlar (Senséz vd.
2021, Ucar ve Yargan 2009, Erkan vd. 2004, Yamik
vd. 2004, Bentli vd. 2004, Erkan vd. 2003, S6nmez

vd. 1997, Aytekin vd. 1988, Yarar 1973).

Bor mineralleri kil icerigi nedeniyle laboratuvarda
zenginlestirme calismalari esnasinda iri atiklari suda
bekletme, mekanik karistiricida agma/dagitma ve
son olarak da siniflandirma yontemi ile kil icerikli
slamin uzaklastiriimasi ve kili uzaklastirilmis bor ile
calisilmasi gerektigi

cesitli arastirmalarda

vurgulanmistir (Erkan vd. 2004, Erkan vd. 2003,
Aytekin vd. 1988, Yarar 1973).

Gravite ve merkezka¢ kuvvetinden yararlanarak,

ozellikle ince tane boyutunda siniflandirma
konusunda cok etkili olan hidrosiklon, tanecikleri
olarak

boyutlarina ve yogunluklarina bagh

ayirabilen, siniflandirma,  zenginlestirme ve
kivamlastirma amaciyla kullanilan bir cihazdir. Klasik
hidrosiklon ¢alisma prensibinde, hidrosiklon icindeki
akis yoriingesinde partikiiller c¢epere dogru bir
merkezka¢ kuvvet ve merkeze dogru bir direng
kuvvetinin etkisi altinda kalmaktadir. Meydana
gelen merkezka¢ kuvvet partikillerin ¢okelme
boylece

hidrosiklonun yapisina bagli olarak hacim veya 6zgul

hizlarint  arttirmaktadir ve taneler

agirhklarina gore ayrilmaktadirlar. Hizh ¢oken
partikuller (iri/agir taneler) siklon duvarina dogru
itilirler ve bu kisimda akis az oldugundan partikdller
alt cikis yoniinde hareket ederler. Yavas ¢oken
taneler (ince/hafif taneler) ise diren¢ kuvveti
nedeniyle siklon merkezi civarindaki disiik basing
zonundan Ust cikis borusuna dogru hareket ederek
ortamdan ayrilirlar (Yildiz 2010, Emrullahoglu 1985).
Konik boélgenin en kigik kesitli kismi hidrosiklon alt
(apex)
ayarlanabilir capta imal edilmektedir. Girdap bulucu

cikis  acikhgini olusturmaktadir  ve
ise ayirma mekanizmasinda etkindir capi biylduikge
(vortex) Ust akim tane boyutu irilesmektedir. Siklon
govdesi capl, besleme borusu gapi, Ust ve alt ¢ikis
caplari hidrosiklon ile calismada etkindir.

Calismada, kolemanit cevherinin konsantrator tesisi
¢ikisinda ayrilan, 3 mm tane boyutu altinda kalan
yikanmis, %32-38 B,0; araligindaki disik tenorli
Grindndn  kilinden

ayrilarak  bor igeriginin

yukseltilebilirligi arastiriimistir.

2. Materyal ve Metot

Deneysel calismalarda kullanilan numune, Eti
Maden Emet Bor isletmesi Espey Konsantrator tesisi
¢ikisinda yer alan Unitelerden -3 mm tane boyutuna
ve %32-38 B,0s igerigine sahip stogun Ust ve yan
ylzeylerinden mimkiin oldugunca stogu temisil
edecek bir sistematik dahilinde, bir ¢ok farkh

noktadan tarama yontemi ile, izerindeki atmosferle
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temas eden tabaka 10 cm kadar siyrildiktan sonra
acilan yeni yizeylerden alinmistir. Alinan 200 kg
numune (Sekil 1) harmanlanarak 65 °Cye ayarl
dolabinda
uzaklastinimstir.

kurutma kurutularak ylzey nemi
Numune bdlme ve azaltma
islemlerinde konileme-dortleme ve Jones Riffle Tip
numune béliicl kullaniimistir. Tesis icerisindeki stok

alani Sekil 2’de konturlanarak verilmistir.

Sekil 1. Deneysel calismada kullanilan disiuk tenérla
kolemanit numunesi.

W
7
[

s

A >

Sekil 2. Tesis icerisinde stok alani (int. Kyn. 2).

Deneysel calismalarda, ilk olarak numunelere farkli
kati oranlarinda ve karistirma hizinda mekanik
asindirma-dagitma islemleri uygulanmistir. Daha
sonra distik tenorli Grinin tane boyut farkina gore
zenginlestirilmesi hedeflenmistir. Zenginlestirme

parametreleri  tenér ve verim  agisindan

incelenmistir. Uriinde safsizlik olarak yer alan demir
ve arsenik, kolemanitten borik asit tretimiisleminde
teskil ¢alismada
incelenmemistir.

sorun etmediginden  bu

Karakterizasyon ¢alismalarinda, Afyon Kocatepe

Universitesi Teknoloji Uygulama ve Arastirma

Merkezi (TUAM)’nde X-isini difraksiyonu yontemi ile
XRD c¢ekimi ve analizi yaptinlmistir. Analiz
sonucunda numunenin igeriginin kolemanit oldugu

belirlenmistir (Sekil 3).

5.70
3.15

14.25

20 CuKa
Sekil 3. Numunenin XRD analiz grafigi.

Maden
Laboratuvarlarina

Kimyasal numuneler, Eti

isletmeleri

analiz igin
Ankara  Analiz
gonderilmistir. Numunelere ait kimyasal analiz
sonucu Cizelge 1'de verilmistir. Cizelgedeki veriler
incelendiginde  disik tendrli  konsantrenin
(Besleme Mali, BM) ortalama %37,20 B,0s tenériine
sahip oldugu gorilmektedir.
Numune icerisinde kil, topaklar halinde ve
kolemanit ylizeyine sivanmis durumda oldugundan
zenginlestirme Oncesinde, mekanik karistiricida
numune icerisindeki kile agma/dagitma isleminin
yapilmasi 6nem arz etmektedir. Kil agma c¢alismasi
%50 kati/sivi oraninda en uygun sonucu vermistir.
Calisma kosullarinin diizenlenmesinde, karistirici
hizi ve karistirma siresinin kilin agilmasina etkisi
elek analizleri ile gozlemlenmis ve kademeli hiz ayari
ile ¢ahsilmasina karar verilmigtir. Tiim hidrosiklon
¢alismalarinda, toplam 30 dk olan

karistiricida agma/dagitma suresinin; ilk 10 dk’si

mekanik
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1100 dev/dk’da, devam eden 15 dk boyunca 1250
dev/dk ve son 5 dk ise 1400 dev/dk olarak
ayarlanmustir.

Cizelge 1. Numunenin kimyasal bilesimi.

Bilesen Birim Sonug
B203 % 37,200
F % 0,273
Na20 % 0,061
MgO % 3,990
Al203 % 3,590
SiO2 % 11,600
P20s % 0,061
SOs % 0,171
K20 % 1,330
Cao % 21,800
TiO2 % 0,175
MnO % 0,044
Fe203 % 1,780
NiO % 0,009
Zn0 % 0,007
As203 % 0,289
Rb20 % 0,034
SrO % 1,450
Cs20 % 0,060
Kizdirma Kaybi % 16,000

Kil agma calismalari sonrasi malzemenin tane boyut
dagihmini ve tenér dagihmini tespit etmek igin yas
elek analizi yapilmistir. Analiz sonucu elde edilen
tane fraksiyonlari susuzlandirilip, etiivde 65°C'de
kurutulmustur. Cizelge 2’de numunenin bor oksit
analizi sonuglari, Sekil 4’'de +2 ve -2+1 mm tane
fraksiyonlarina ait Uriinlerin gorseli verilmektedir.
Analiz sonuglarindan ve gorsellerden kolemanit
kristallerinin yogun olarak bu fraksiyonlarda biriktigi
gozlenmektedir. Elde edilen verilerden hidrosiklon
¢alismalarinda kullanilacak malzemenin, numunenin
belirlenen sartlarda hazirlanarak elenmesi ile 1 mm
tane boyutu altinda kalan kismi olmasina karar
verilmistir.

elenmis malzemelerin goérseli.

Cizelge 2. Numunenin bor oksit analizi sonuglari.

Tane Boyutu Agirhk Tenor Dagilim
(mm) % %B,03 % B,03
+1 30,95 46,26 37,77
-140,5 21,39 47,33 26,71
-0,5+0,212 16,09 45,93 19,49
-0,212+0,125 9,60 45,84 11,61
-0,125+0,063 1,65 37,99 1,65
-0,063+0,045 0,66 35,48 0,62
-0,045 19,66 2,69 1,40
BM Hesapla 100,00 37,62
BM Analizle 37,91

-1 mm’ye elenerek %10 kati/sivi oraninda hazirlanan

malzeme, 44 mm govde c¢apli Mozley tip
hidrosiklona beslenerek, 5 dk

beklendikten sonra alt ve Gst akimdan es zamanli

rejime girmesi

numuneler alinmistir. Hidrosiklon g¢ikis caplarinin
belirlenmesi amaciyla yapilan birinci grup galisma
kati/sivi
belirlenmesi amaciyla yapilan ikinci grup calisma

parametreleri Cizelge 3’de, oraninin

parametreleri ise Cizelge 4’de verilmistir.

Cizelge 3’deki parametrelerin tamamlanmasi ile

elde edilen drinlerin tendr ve verimleri

degerlendirilmistir ve Cizelge 4’de belirlenen apex
ve vortex ¢aplari kullaniimistir.

Cizelge 3. Hidrosiklonda birinci grup ¢alisma
parametreleri.
Kati/Sivi Besleme Apex, Vortex,
Orani, % Basinci, bar mm mm
1 4,5
6,4 8
2 4,5
6,4
1 4,5
10 6,4 11,1
2 4,5
6,4
1
> 6,4 14,3

Hidrosiklon calismalarinda giris basing ayari 1 ve 2
bar olarak tercih edilmistir. Hidrosiklon alt cikis
(apex capi; 4,5 ve 6,4 mm) ve Ust ¢ikis (vortex capi;
8, 11,1 ve 14,3 mm)
ayarlanabilir 6zellikte olan gikislar kullaniimistir. Bu

caplari  degistirilerek

caplar degistikce alinan drinlerin icerikleri de
degisir. En iyi verimi almak icin en uygun cikis
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caplarinin  belirlenmesi gerekmektedir. Deney
calismalarinin gorseli Sekil 5’de verilmistir.
Cizelge 4. Hidrosiklonda ikinci grup ¢alisma
parametreleri.
Besleme Apex, Vortex, Kati/Sivi
Basinci, bar mm mm Orani, %
5
111 10
1 6,4 1>
5
8 10
15

Sekil 5. a. Hidrosiklon Diizenegi, b. Genel Goriintiisi, c.
Alt Cikig (Apex) d. Ust Cikig (Vortex) Pargalari

Calismada tercih edilen deney parametreleri, 6n
calismalar ile elde edilen 6rneklerin kil ve kolemanit
gorsel
belirlenmistir. Hidrosiklonda yapilacak her bir deney

iceriklerinin olarak degerlendirilmesiyle

icin yaklasik 3’er kg kati numune kullaniimistir.

3. Bulgular

Mekanik karistiricida agma ve devaminda yapilan
elek analizi calismalari incelendiginde, numunenin 1
mm tane boyutu Uzerinin %46,26 B,0s tendriine
sahip oldugu ve ana malzemenin agirlikca %31’ini
olusturdugu tespit edilmistir. Bu tespite istinaden
calisma tane boyutunun 1mm altinda olmasina, 1
mm tane boyutu Ustiinde kalan malzemenin ise
kullanilabilir Griin olarak baslangicta elenerek
ayirilmasina karar verilmistir. Yapilan eleme ve
analizler sonucunda tane

%B,0;

kimyasal boyutu

kiiculdikce tenoriniin  azaldigl tespit

edilmistir. 1 mm tane boyutu altinda kalan yaklasik
%33,75 B,0; tendrine sahip %69 oranindaki
malzeme hazirlanarak belirlenen parametrelerde
hidrosiklona beslenmistir.

3.1 Birinci grup deney parametreleri ile calisma
8 mm Vortex - 4,5 mm Apex Cikislarinda;

%10 kati/sivi oraninda hazirlanan numune, 8 mm
vortex - 4,5 mm apex cikislari ile ayarlanan
hidrosiklona 1 ve 2 bar giris basinclarinda ayri ayri
beslenmistir. 1 bar basingta yapilan ¢alismanin
%43,35 B,0s3 tendr ve %82,34 B,Os; verim ile en
uygun sonucu verdigi tespit edilmistir. 2 bar basingta
ise %39,68 B,0s; tenorlii malzeme %80,14 B,0;
verimi ile elde edilmistir (Sekil 6).

8 mm vortex - 6,4 mm apex ¢ikislarinda;

%10 kati/sivi oraninda hazirlanan numune, 8 mm
vortex - 6,4 mm apex cikislari ile ayarlanan
hidrosiklona 1 ve 2 bar giris basinglarinda ayri ayri
beslenmistir. 1 bar basingta yapilan ¢alismanin
%45,96 B,03 tendr ve %97,73 B,0Os verimi ile en
uygun sonucu verdigi tespit edilmistir. 2 bar basincta
yapilan ¢alismada ise %38,95 B,05 tenorli malzeme
%93,37 B,0O3 verimi ile elde edilmistir (Sekil 6).

11,1 mm vortex - 4,5 mm apex ¢ikislarinda;

%10 kati/sivi oraninda hazirlanan numune, 11 mm
vortex - 4,5 mm apex cikislar ile ayarlanan
hidrosiklona 1 ve 2 bar giris basinglarinda ayri ayri
beslenmistir. 1 bar basingta yapilan ¢alismanin
%45,42 B,05; tendr ve %65,43 B,0s3 verimi ile en
uygun sonucu verdigi tespit edilmistir. 2 bar basingta
yapilan ¢alismada ise %46,33 B,03 tendrlii malzeme
%28,07 B,0Os verimi ile elde edilmistir (Sekil 6).

11,1 mm vortex - 6,4 mm apex ¢ikislarinda;

%10 kati/sivi oraninda hazirlanan numune, 11,1 mm
vortex - 6,4 mm apex cikislari ile hazirlanan
hidrosiklona 1 ve 2 bar giris basinglarinda ayri ayri
beslenmistir. 1 bar basingta yapilan ¢alismanin
%45,86 B,03; tendr ve %96,92 B,0s3 verimi ile en
uygun sonucu verdigi tespit edilmistir. 2 bar basincta
yapilan galismada ise %42,27 B,0s tendrli malzeme
%95,57 B,0Os verim ile elde edilmistir (Sekil 6).

1076



Emet Espey konsantratér tesisi diisiik tendrlii kolemanit konsantresinin hidrosiklon ile bor igeridinin yiikseltilmesi, Sayin vd.

14,3 mm vortex - 6,4 mm apex ¢ikislarinda;

%10 kati sivi oraninda hazirlanan numune, 14,3 mm
vortex - 6,4 mm apex cikislari ile ayarlanan
hidrosiklona 1 ve 2 bar giris basinclarinda ayri ayri
beslenmigstir. 1 bar basingta yapilan ¢alismanin
%46,44 B,03 tendr ve %63,27 B,0s3 verimi ile en
uygun sonucu verdigi tespit edilmistir. 2 bar basingta
yapilan calismada ise %36,00 B,Os tenorlii malzeme

%57,19 B,05 verimi ile elde edilmistir (Sekil 6).

%10 kati/sivi oraninda tamamlanan g¢alismalar ile en
iyi sonuglarin 1 bar basin¢ta elde edildigi tespit
edilmistir. Sekil 6'da 1 ve 2 bar basingta yapilmis
olan ¢alismalardan elde edilen konsantrelerin tenor
ve verim degerleri karsilastirmali olarak verilmistir.

100 100
90 90
80 80
70 70
&0 &0

o

S so soZ

™~ m

# a0 403
30 30
20 20
10 10

) )
8-45 56,4 11,145 11164 14364

Vortex - Apex mm

BN 1 Bar - %Verim
—&—1 Bar- %B203

2 Bar - %Verim
—&—2 Bar - %B203

Sekil 6. 1 ve 2 bar basingta vortex - apex degisimleri
sonucu konsantrelerin tenor — verim grafigi.

1 bar besleme basincinda, hidrosiklon alt akim
cikisini saglayan apex ¢api daraldikga kolemanit
minerallerinin Ust ¢ikisa yonlendigi ve dolayisiyle alt
¢ikis Grininin verimini dustrdigi 8 - 4,5 mm ve 8 -
6,4 mmile 11,1 -4,5 mmve 11,1 - 6,4 mm vortex ve
apex cikis caplarinin kullanildigi calismalardan takip
edilebilmektedir. 6,4 mm ¢apli apex ¢ikisinda, st
akim gikislarini saglayan vortex ¢apinin artmasi ise iri
Griin olan kolemanitin 8 ve 11,1 mm caplarinda
kalitesinin etkilenmedigi, 14,3 mm (st ¢ikis capinda
ise kolemanit tanelerinin kile karisarak st ¢ikistan
gelmesi nedeniyle verimin diismesine neden oldugu
tespit edilmistir. Hidrosiklon besleme basincinin 2
bar’a etkin  bir

ylkseltilmesinde ise ayrim

saglanamamistir.

Sekil 7’7de 8 mm vortex - 6,4 mm apex ¢ikislarinda, 1
bar basin¢ta yapilan calisma ile elde edilen Uriinlerin
kurutulduktan sonraki alt (AA, konsantre, B,Os) ve
ust (UA, atik, killi
verilmektedir. Sekil 8’de apex degisimlerine yonelik
1 ve 2 bar yapilan
calismalardan elde edilen UGrlnlerin alt akim

kissm) akim gorselleri
besleme basinglarinda

gorselleri karsilastirmali olarak verilmektedir.

r

Sekil 7. 8 mm vortex - 6,4 mm apex, 1 bar AA ve UA
gorselleri.

8-4,5 1 bar AA

8-4,5 2 bar AA

8-6,4 1 bar AA

Sekil 8. 8 mm vortex ile 45 ve 6,4 mm apex
degisimlerinde 1 ve 2 bar’in karsilagtirmali AA
gorselleri.

Kolemanit minerali, beyaz ve grinin tonlarindaki

gang
minerali olarak bulunan kil tdrlerinin ise yesilin

renklere sahip bir mineral oldugundan,

tonlarinda renklere sahip olmasi kolemanit
mineralinin zenginlestirilmesinde oldukga iyi bir
ayirma oOzelligi olusturmaktadir. Bu o6zellik goz ile
ayirt edilebilmektedir. Gorseller 8 mm vortex - 6,4
mm apex cikislarinda elde edilen UGrlinlerde ki

olumlu durumu ifade etmektedir.

Grafik ve ornek gorseller incelendiginde en iyi
sonuglarin 11,1 - 6,4 mm (%45,86 B,03; tendri ve
%96,92 B,0s3 verimi) ve 8 - 6,4 mm (%45,96 B,03
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tendri ve %97,73 B,0Os verimi) vortex ve apex ¢aplari
ile alindig1 tespit edilmistir.

3.2 ikinci grup deney parametreleri ile ¢calisma

%10 kati/sivi oraninda tamamlanan birinci grup
¢alismalar ile en iyi sonuglarin 1 bar besleme
basincinda 8 - 6,4 mm ve 11,1 - 6,4 mm vortex ve
apex caplar ile alindig tespit edildikten sonra
kosullari optimize edebilmek amaciyla farkh kati/sivi
oranlarinin c¢alismaya etkisi incelenmistir. 1 bar
10 ve 15 kati/sivi
oranlarinda deneyler yapilmistir.

besleme basincinda, %5,

8 mm vortex ve 6,4 mm apex cikis caplarinda %10
kati/sivi oraninda yapilan calismanin %45,96 B,0s;
tendr ve %97,73 B,03 verimi ile en uygun sonucu
verdigi tespit edilmistir. %5 kati sivi oraninda yapilan
¢alismada %40,40 B,0s3 tenérli malzeme %99,30
B,Os verim ile elde edilirken %15 kati sivi oraninda
yapilan calismada %45,07 B,0; tendrli malzeme
%96,91 B,03 verim ile elde edilmistir (Sekil 9).

100 P o m — e . 100
- 90
@0 80
- 70
- 60

50 50
40 — 40

30 30

HB203
WILID {0,

20 |
— @ —%Verim
10
—— %6203
o
5% 10% 15%
%Katt'Srv1 Oram

Sekil 9. 8 mm vortex — 6,4 mm apex c¢ikislarinda kati sivi
oranina bagl konsantrelerin tendr — verim
grafigi.

11,1 mm vortex ve 6,4 mm apex ¢ikis ¢aplarinda %10
kati/sivi oraninda yapilan ¢alismanin %45,86 B,0s;
tendr ve %96,92 B,0s3 verimi ile en uygun sonucu
verdigi tespit edilmistir. %5 kati sivi oraninda yapilan
¢alismada %44,25 B,0s3 tendérli malzeme %98,57
B,0s verim ile elde edilirken %15 kati/sivi oraninda
yapilan ¢alismada %46,04 B,0s; tenorli malzeme
%82,07 B,0s verim ile elde edilmistir (Sekil 10).
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Sekil 10. 11 mm vortex — 6,4 mm apex ¢ikislarinda
kati/sivi degisimlerine bagh konsantrelerin
tenor — verim grafigi.

%5, %10 ve %15 kati/sivi orani degisimlerinin tenor
ve verim Uzerine etkisinin incelendigi calismalarda
her iki ¢ikis ayarlari icin de en iyi sonuglar %10
kati/sivi oraninda elde edilmistir (Sekil 11). Grafik
6,4 mm apex
¢ikislarinda daha iyi sonuclarin elde edildigi tespit

incelendiginde 8 mm vortex

edilmistir.
100 100
®---_____
——— e
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Vortex - Apex. mm

Sekil 11. 8 ve 11,1 mm vortex degisimlerine gore
konsantrelerin tenor verim grafigi.

Sonuglar Grindn kullanilabilirligi, tesis kapasitesi,
calisma sartlari olmak Uzere karsilastirmal olarak
incelendiginde en uygun kosullarin; %10 kati/sivi
oraninda, 1 bar besleme basincinda, 8 mm vortex -
6,4 mm apex ¢ikish hidrosiklon ile elde edildigi tespit
edilmistir.  Bu c¢alisma sonucu elde edilen
konsantrenin %45,96 B,0s; tendr ve %97,73 B,0s3
verim degerine ulastigl analiz ve hesap edilmistir.
Sekil 12’de ise ¢alismaya ait gorseller verilmektedir.

1078



Emet Espey konsantratér tesisi diisiik tendrlii kolemanit konsantresinin hidrosiklon ile bor igeridinin yiikseltilmesi, Sayin vd.

B4 b “bio s AR |

8-bt b LI0E-S A

K5 AN

By oo “bT ks CA T-bt Vor s

r“v

Sekil 12. 8 mm vortex - 6,4 mm apex %5, 10, 15 kati/sivi
oranlarinda UA ve AA gérselleri.

Hidrosiklon gikisi Griin gorsellerinden alt akimlarin
daha beyaz-gri renklerde ve taneli yapida oldugu,
Gst akimlarin ise daha yesil renklerde ve kil
formunda oldugu goriilmektedir dolayisiyle bir
zenginlestirmenin oldugunu ifade etmektedir.
Ayrica alt akimlardan elde edilen %10 kati/sivi
oranindaki Urinin beyaz renge en yakin oldugu,
yani bor igeriginin en yiksek oldugunu gorsel olarak

da ispat edilmektedir.

4. Tartisma ve Sonuglar

Mekanik karistiricida %50 kati/sivi oraninda yapilan
kil agma/dagitma calismasi ve ardindan yapilan elek
analizi ile numunenin +1 mm tane boyutunda
%46,26 B,0s; tendriine sahip oldugu ve ana
malzemenin agirhk¢a %31’'ini olusturdugu tespit
edilmistir. Imm tane boyutu altinda kalan, yaklasik
%33,75 B,0s tendriine sahip kisim ise hidrosiklon ile
calisilarak degerlendirilmistir.

%10 kati/sivi oraninda gerceklestirilen 1. grup
hidrosiklon uygun
sonuglara; 1 bar giris basincinda yapilan, 8 - 6,4 mm

deney calismalari ile en

ve 11,1 - 6,4 mm vortex ve apex degerleri ile
ulasiimistir. 8 mm vortex - 6,4 mm apex cikislari ile
hazirlanan hidrosiklon galismasindan %45,96 B,Os;
tendr ve %97,73 B,0s verim ile konsantre elde
edilmistir. 11,1 mm vortex - 6,4 mm apex cikislari ile
hazirlanan hidrosiklon g¢alismasindan ise %45,86
B,Os tenorli konsantre %96,92 B,0s verimi ile elde
edilmistir.

Calismanin ikinci asamasinda en uygun sonuglara
%5, 10 ve 15 kati/sivi oranlarinin etkisi incelenmis ve
elde edilen sonuglar degismeyerek her iki cikis
acikhigiicin %10 kati/sivi oraninin en uygun sonuglari
verdigi tespit edilmistir. Bununla birlikte 8 mm
vortex - 6,4 mm apex ¢lkis ¢aplarinda hazirlanan
hidrosiklon ¢alismasinda 1 bar basingta %15 kati/sivi
orani ile elde edilen %45,07 B,0s tenor ve %96,91
B,0s verimli konsantrenin de kullanilabilir degerde
oldugu tespit edilmistir.

Sonuglar Grinin kullanilabilirligi, tesis kapasitesi,
¢alisma kosullari olmak Gzere karsilastirmali olarak
incelendiginde en uygun calisma kosullarinin %10
kati/sivi oraninda, 1 bar besleme basincinda, 8 mm
vortex - 6,4 mm apex hidrosiklon cikislarinda oldugu
tespit edilmistir. Bu veriler ile %45,96 B,Os tendr ve
%97,73 B,03 verimli konsantre elde edilmistir.
Boylece 3 mm tane boyutu altinda kalan, %32-38
B,0s tendr araligindaki yikanmis Grin kullanilabilir
tendre (en az %42 B,0s) getirilerek katma degeri
olan bir Griin elde edilmistir. 1 mm tane boyutu
agirlikca %31'ini
olusturdugu kisim %46,26 B,0s tenorli kullanilabilir
Grin olarak elde edilmistir. 1 mm tane boyutu

Gzerinde kalan malzemenin

altinda kalan %69 agirlik oranindaki numune ile
yapilan hidrosiklon ¢alismalarindan ise %45,96 B,0s
tendrlt Grin %50 agirlik oraniyla konsantre olarak
elde edilmistir.

%32-38 B,0s; tendr
araligindaki yikanmis Griin eleme ve hidrosiklon
sonucu, %46 B,0s3
%81’lik  kismi

formunda elde edilmistir. Elde edilen bu sonuglar ile

Sonug¢ olarak, baslangicta

¢alismasi tenorii ile ana

malzemenin kullanilabilir ~ Grin
yillardir bekleyen ve sirekli olarak da tesise giren
tivenan cevher miktarinin %5’i kadar stogun
Uzerine ilave olan, -3 mm duslik tenorli konsantre
cevherler, borik asit tretiminde kullanilabilecek ve
ekonomiye ciddi katkilar saglanmis olacaktir.

Diger taraftan, depolama sahalarinda yaklasik
500.000 ton birikmis olan yikanmis Griin yaklasik
23.000 m? alani kaplamakta olup, degerlendirilmesi
ile stoklama ve ¢evre sorunlarinin dniline gegcilecek
ve stoklama alanlarinda yaklasik %81’lik alan

tasarrufu saglanarak katkida bulunulmus olacaktir.
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