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Tunahan PAMUKCU*(, Nilhan URKMEZ TASKIN?
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Makale Kiinye Bilgisi: Pamukeu, T., Urkmez Tagkin, N. (2024). AA5754 ve AAT075 Alagimlarmin Kimyasal
Asindirma ile Islenmesinde Asindirma Siiresi ile Yiizey Piirtizliiligi Iliskisinin Incelenmesi, Trakya Universitesi

Research Article / Arastirma Makalesi
DOI: 10.59314/tujes.1494833

Miihendislik Bilimleri Dergisi. 25(2), 65-75.

One Cikanlar

» AA5754 ve AA7075 aliiminyum alasim yiizeylerde kimyasal agindirma yontemi ile zamana bagli
olarak kontrollii bir sekilde yiizey piiriizliligii degisimi saglanmustir.

» AA5754 ve AAT075 alasimlarinin iki farkli kimyasal igerige sahip ¢ozelti kullanilarak kimyasal
asinma hizlari tespit edilmistir.

> AA5754 ve AAT075 alagim yiizeylerinde ¢alismada kullanilan kimyasal ¢ozeltiler ile elde edilebilecek
en yiiksek ve en diisiik yiizey piiriizliiliik degerleri belirlenmistir.

Makale Bilgileri Oz

Makale Tarihcesi: Bu ¢alismada endiistride yaygin olarak kullanilan AA5754 ve AA7075 aliiminyum
Gelis: alagimlarinda iki farkli kimyasal daglayici (A: HF, HCI, HNOs, H20) (B: HF, H,O»,
3 Haziran 2024 H20) kullanilarak farkli siirelerde yiizey piiriizliiliigi (Ra) ve kimyasal asinma hizi
Kabul: degisimi incelenmistir. Kullanilan kimyasal ¢ozeltilerin bu malzemelerin yiizey
22 Ekim 2024 ozellikleri iizerindeki etkinin incelenmesi amaglanmustir. Her iki alasim icin de en

Anahtar Kelimeler:
Kimyasal Asindirma;
Aliiminyum;

Yiizey Piriizluligi;

Malzeme isleme Hizi.

yiiksek ylizey purizliliigi artis1 B ¢ozeltisi igerisinde 20 dk asindirma siiresinde elde
edilirken, en yiiksek kimyasal asinma hizi degeri B ¢ozeltisi icerisinde 10 dk
asindirma siiresinde elde edilmistir. Kimyasal asindirma metodunun aliiminyum
yiizeylerin agindirilmasinda etkili bir yontem oldugu ve isleme siireleri ile numuneler

tizerinde olusan yapilarin ve gézenek boyutlarinin kontrol edilebilecegi goriilmiistiir.

Investigation of the Relationship Between Etching Duration and Surface Roughness in
Chemical Machining of AA5754 and AA7075 Alloys

Article Info

Abstract

Avrticle History:
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Keywords:
Chemical Etching;
Aluminum;

Surface Roughness;
Material Wear Rate

In this study, surface roughness (Ra) and chemical wear rate changes were
investigated in AA5754 and AA7075 aluminium alloys, which are widely used in
industry, by using two different chemical etchants (A: HF, HCI, HNO3, H20) (B:
HF, H202, H20) at different times. It is aimed to investigate the effect of the
chemical solutions used on the surface properties of these materials. For both alloys,
the highest surface roughness increase was obtained at 20 min etching time in B
solution, while the highest chemical etching rate value was obtained at 10 min etching
time in B solution. It was seen that chemical etching method is an effective method
for etching aluminium surfaces and the structures and pore sizes formed on the

samples can be controlled with the processing times.
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1. Giris

Cok sayida kimyasal siiregte rol oynayan miihendislik
yiizeylerinin anlagilmasi ve kontrol edilmesi elektrik,
elektronik, enerji, triboloji, optik, biyoloji ve
biyomimetik gibi birgok ileri teknoloji alanindaki
Ozellikle

teknolojik

gelismelerin -~ temelini  teskil  eder.

mikrofabrikasyon = alaminda  biiyiik
gelismelerle birlikte minyatiirlesmeye egilimin artmasi
fonksiyonel mikro/nano yiizey iiretimine ve kontroliine
olanak saglayan teknolojilerin gelisimini beraberinde

getirmektedir.

Yiizeyler ¢ok sayida fiziksel, kimyasal, mekanik,
termal vb. olgunun meydana geldigi ara yiizii temsil
eder. Islevsellik yiizeyin hem morfolojisi hem de
kimyasal bilesimi ile belirlendiginden boyutlar
kiiciildiikge yiizey uygulamalari igin gerekli farkli
yiizey Ozelliklerinden yararlamilabilir veya belirli bir
yizey Ozelligi farkli ylizey uygulamalari i¢in temel
gereksinim olabilir. Ornegin iki yiizeyin birbiri ile
yapigma kabiliyeti; yiizeylerin 1slanabilirligi, yiizey
serbest enerjisi, pirtzlilik ve birbirine mekanik

baglanma 6zellikleri ile kontrol edilir.

Yiizey morfolojisi ve bununla iliskili olarak yiizey
puriizlilligic malzemenin; kilcallik, 1slanma, yansitma,
151k absorbsiyonu, kirmim gibi fiziksel ve optik
Ozelliklerini,  biyolojik adsorblama ve termal
Ozelliklerini, sertlik, malzeme yorulmasi, siirtiinme
asimma ¢ibi mekanik ve tribolojik 6zelliklerini makro

ve mikro olgekte kontrol eden yiizey parametresidir.

Bir yiizeyde bu parametreleri kontrol ederek veya

mikro/nano  yapilar olusturularak; Ornegin  bir
malzemeye iyi yapisma, enerji depolama, dayanim, sivi
veya gaz bariyer katmanlar1 olusturma, korozyon
sorunlarimt azaltma, Kir, mikroorganizma, buz ve don
olusumunu engelleme, alev geciktirilmesi gibi farkli

islevler kazandirilabilir.

T. Pamukeu, N. Urkmez Tagskin

Yiizey yapilandirma ile yiizeye fonksiyon kazandirma
ile ilgili ilk ¢alismalar Barthlott ve Neinhuis tarafindan
Lotus yapraklarinin kendini temizleme etkisinin (lotus
etkisi) kesfedilmesi ve siiperhidrofobik yiizeylerin
farkli malzemeler iizerinde olusturulma gabalaridir.
Daha sonra farkli yontemlerle olusturulan yiizeylerin
sivilar tarafindan islatilabilme O6zellikleri teorik ve
deneysel
(Barthlott ve Neinhuis, 1997; Lipowsky, vd., 2000;
Yang, vd., 2006). Islanmaya benzer sekilde yapigma,

olarak bircok c¢aligmada incelenmistir.

temas halindeki cisimler arasinda uygulanan molekiiler
cekimden kaynaklanan bir etkidir ve yiizey mikro
geometrileri yapisal yapistiricilar yoluyla yapilan
baglantilarin  dayanimin eder
(Bruzzone, vd,, 2003; Cognard, vd., 2006; Lonardo,

vd., 1989) Yiizeylerin en énemli optik 6zelliklerinden

dogrudan kontrol

biri yansimadir. Bu parametre her malzeme igin tipiktir
ve yansitict yiizeyin piriizliliginden etkilenir.
(Bennet, vd., 1961) Konvektif 1s1 transferi, dogal veya
zorlanmis olabilen kiitle transferini ifade eder ve
konvektif 1s1 transferi, mikro yapili yiizeylerin temel
oneme sahip oldugu ¢ok aktif bir arastirma alanim
temsil etmektedir. Yiizeylerin mekanik ozellikleri,
yiizey Ozelliklerinin yiizey tarafindan sinirlanan
parcanin direnci {izerindeki etkisini igerir. Temas
mekanigi, piriizlerin destekledigi yiikii ve gercek
temas alanin1 dikkate alir. Bu hususlar, kayan yiizeyler
(tribolojide) ve yiikii statik olarak ileten yiizeyler igin
temel 6neme sahiptir ve Greenwood ve Williamson'in
(1996) calismasiyla kapsamli olarak ele alinmigtir .
Yorulma, miihendislik uygulamalari i¢in bir diger
o6nemli olgudur. Yizeyin Kalitesi, yiizey mikro
geometrisi, kusurlar vb. sertligi ve artik gerilimin
yorulma davramiginda birincil bir role sahip oldugu

kabul edilir (Yahata, 1987) (Yahata, 1982).

ileri yiizey uygulamalari igin tercih edilen ve ézellikle

digiik yogunluk ve kabul edilebilir mukavemet
degerlerinden dolayi, agirlik azaltiminin bir zorunluluk

oldugu havacilik ve otomobil endiistrilerinde kullanilan
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baglica metallerden bir tanesi aliiminyumdur.
Aliminyum, magnezyumdan sonra yogunlugu en
diisiik ikinci metaldir. Hafiflik, kolay islenebilirlik,
iletkenlik gibi

ozellikleri nedeniyle , ugak ve otomotiv endiistrisi, yap1

mukavemet, termal ve elektriksel
malzemeleri, ambalaj endiistrisi, elektrik ve elektronik
sektorii gibi bir¢ok alanda genis bir kullanim alanina
sahiptir. Ayrica, pasiflesebilen bir metal olmasi
aliminyumun ¢ok yiiksek bir korozyon direncine sahip
olmasina neden olmaktadir. Diinya’da demir ¢elikten
sonra en ¢ok iiretilen ikinci metal ve demir-dis1 metaller
arasinda ise en ¢ok tretilen metaldir (yaklagik 100
milyon ton / yil). Yiiksek geri doniisiim oranina sahip
bir malzeme olarak ilerleyen yillarda Onemini
korumaya devam edecegi, aliiminyuma olan talebin her
gecen yil giderek artacagi ongoriilmektedir. (BTYPK,

2021) (TALSAD, 2023).

5xxx serisi aliiminyum alagimlar1 korozyon direnci, iyi
islenebilirligi ve yiiksek kaynak Kabiliyetleri ile
denizcilik, ulasim ve otomotiv sektorlerinde (Casalino
vd., 2014), 7xxx serisi aliiminyum alagimlar1 ise yiiksek
mukavemet ve hafiflik avantajlar1 sayesinde havacilik
sektoriinde ¢esitli ugak gdvdelerinde, uzay araglarinda,
parcalarinda  siklikla
kullanilmaktadir (Cavaliere vd., 2006). (Hamed, 2017)

(Kasman ve Yenier, 2014).

pervanelerde ve  motor

Korozif (deniz suyu, asidik ortam, nemli ortam vb.)
ortamlarda da kullanilabilen bu iki alagimin; gelisen
teknolojiyle

birlikte yiiksek hassasiyetli isleme

gerektiren parcalarin  kullamildigi ileri teknoloji
sistemlerinde, ¢esitli fonksiyonel yiizeylerde, metal
kaplamalar, organik kaplamalar, kompozit kaplamalar
vb. gibi yeni uygulama alanlarinda 6nemi giderek
artmaktadir. Metal yiizeylerin iglenmesinde ya da
yiizeyde mikro/nano yapilarim olusturulmasinda farkls
enerjileri  kullanan (mekanik, kimyasal, termal
elektrokimyasal, vb.) cok sayida ileri imalat yontemi
gelistirilmistir.

Kimyasal asindirma uygulamalar

giinliimiizde bu imalat yontemlerinden biri olarak dikkat
cekici gelismeler gostermistir. Bu yontem, malzemenin
uygun bir kimyasal ¢ozelti igerisinde kontrollii olarak

agindirilmas:  olarak tanimlanabilir  (Anusree ve

Puthumana, 2014). Yontemde kullanilacak kimyasal

¢ozelti, piiskiirtme veya daldirma yontemiyle

malzemeye niifuz ettirilebilmektedir.

Yiizeyin kontrolli bir sekilde asindirilmasi ile iglenen
malzeme istenilen sekil ve boyutlara getirilebilmekte

ve yiizeyde istenilen yiizey yapilari

Hemen hemen biitiin
uygun

olarak

olusturulabilmektedir.

mithendislik ~ malzemeleri kimyasallar

kullamlarak  kimyasal islenebilmektedir.
Malzeme mekanik 6zelliklerinin kimyasal asinma ye
etkisi olmamasi, malzemenin 1s1l ve dinamik etkilere
maruz kalmamasi, dar bir tolerans araliginda hassas
parga farkli

malzemelere uygulanabilirligi ve maliyetinin diisiik

islenebilmesi, c¢apak olugmamasi,
olmas1 bu yontemin en 6nemli avantajlaridir (Cakir vd.,

2007).

Ayrica islenecek malzemenin kimyasal bilesenlerine ve
bu bilesenlerin yiizey yapilanmalarma bagli olarak
kullanilacak ¢ozeltilerle segici kimyasal asindirma
yapilarak mikro ve nano oOlgekte yiizey yapilart
olusturulabilir ve bu yapilar rastgele, diizensiz,
karmagik geometrik (fractal) diizenler olusturabilir.
Bazi islevsel yiizey uygulamalarinda (yapisma ve
stiperhidrofobik yiizey olusturma) diizensizlik istenen
bir 6zelliktir. Ornegin diisiik enerjili yiizeylerde yiizeyi
olusturan malzeme bilesimleri homojen olmadiginda,
yiizeylerin farkli mikro 6l¢ekli bolgelerinde kimyasal
agindirma oranlar1 egit olmaz, mikro 6lgekli yapilarin
esit olmayan dagilimi, yiizeylerde mevcut rastgele
plriizliligin ~ ve  stperhidrofobik  6zelliklerin
olusmasina yol agar (Taskin, 2021). Sekil 1’de
kontrollii  kimyasal

asindirma ile diizensiz yap1

olusturulmus  siiperhidrofobik  ¢elik  yiizeylerin

kesitlerinden alinmig SEM gorintiileri verilmistir.
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Superhydrophobic Top Surface

(a)

Sekil 1. Kimyasal isleme ile piriizlendirilmisg
stiperhidrofobik bir yiizeylerin kesit SEM goriintiileri

(a) 200 pm, (b) and (c) 20 um (Taskin, 2021)

Benzer sekilde, Dong ve arkadaslar1 (2011) bakir
tizerinde lazer agimdirma yontemi ile mikro oSlgekli
diizenli yapilar ve segici kimyasal asindirma yontemi
kullanarak rastgele yapilar olusturarak yaptiklari
¢aligmada diizenli ylizeylerde daha diisiik temas agisi
elde etmislerdir. Onda ve arkadaslar1 (1996) suyun ve
farkl1 konsantrasyonlardaki g¢esitli sulu ¢ozeltilerin
temas acilarini incelemek icin diiz ve fraktal yiizeyleri
alt tabaka olarak kullanmis fraktal yiizeydeki temas
acilar1 daha yiiksek (stiperhidrofobik; 174°), diizenli
yiizeylerde daha diisiik temas acilar1 (hidrofobik;
maksimum 109°) go6zlemislerdir. Akpinar (2024),
AA2024

birlestirilen baglantilarinin - mukavemetini arttirmak

aliminyum alagimlarinin  yapistirilarak

icin ¢esitli degisken parametreler kullanmustir.
Bunlardan biri de malzeme yiizeylerinin kimyasal
asindirma

yontemi ile ylizey piriizliligiinin

arttirtlmasidir. Yiizey  pirizliligi  arttirilan
numunelerin baglantisinda hasar yiikii degerinin arttig
gbzlenmistir. Bu durum, yiizey pirizliliginin
artmasiyla birlikte yapiskan ile yapistirilan numune
yiizeylerinin arasindaki tutunmanin da artmasiyla
actklanmustir.  Kimyasal —asindirma  yontemi ile
aliminyumun yiizey piirlizliligiiniin ve morfolojisinin
kontrollii olarak degistirildigi yiizey miihendisligi
uygulamalarinda agindirma sicakligi (Burokas, 2008),

agindirma siiresi (Sarkar, 2008), kimyasal ¢ozelti tiirii
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(Wu, 2012) (Cakir, 2019) ve konsantrasyonu (Abbas,
2018) baslica degiskenlerdir.

Bu galismada AA5754 ve AA7075 alasim yiizeylerinin
kimyasal islenmesinde iki farkl ¢6zelti iginde ve farkli
agindirma siireleri i¢in malzeme asindirma hizlar1 ve
yizey plrlzliliklerinin (Ra) zamana bagli olarak
degisimleri incelenmistir. endiistride
siklikla  kullanilan  bu  iki

fonksiyonel

Caligmanin,

aliminyum alagimin
yiizey uygulamalar1 igin kimyasal
islenmeleri ile ilgili yapilacak galismalar i¢in literatiire

katki saglanmasi hedeflenmistir.
2. Materyal ve Yontem

2.1. Malzeme ve Deney Diizenegi

Calismada AA5754 ve AA7075 aliiminyum alagimlari
ve daglayici olarak 2 farkli ¢ozelti (A ve B ¢ozeltileri)
kullanilmistir. Aliminyum alagimlarinin ve ¢dzeltilerin
kimyasal icerigi sirasiyla Cizelge 1 ve Cizelge 2’de

verilmigtir.

Cizelge 1. Aliminyum alagimlarinin kimyasal igerigi

Elementler AA5754 AAT075
Si 0.40 0.40
Fe 0,40 0,50
Cu 0,10 1,2-2,0
Mn 0,50 0,30
Mg 2,6-3,6 2,1-2,9
Cr 0,30 0,18-0,28
Zn 0,20 5,1-6,1
Ti 0,15 0,20
Diger 0,15 0,15
Al Kalan Kalan
Numunelerin  kimyasal iglenmesi igin tasarlanan

diizenek Sekil 2°de verilmistir. Numunelerin kimyasal

cozelti icerisine es zamanli olarak daldirip
cikarilabilmesi igin yiikseklik ayar1 yapilabilen bir
diizenek tasarlanmustir. Asindirma siiresinin takip
edilebilmesi igin kronometre kullanilmig, numunelerin
¢ozelti kabmin tabanina degmeyip sivi i¢inde askida

durmast i¢in aski tertibati kullanilmistir.
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Cizelge 2. Kimyasal ¢ozeltilerin igerigi

Kimyasal i¢erik Miktar (ml)
_Hidroflorik asit (HF) 5,0
-Z  Hidroklorik asit (HCI) 7,5
< 8 Nitrik asit (HNO3) 12,5
‘8. Saf su (H20) 475
‘g Hidroflorik asit (HF) 1,10
o @ Hidrojen peroksit (H202) 0,43
§ Saf su (H.0) 23,8

Yiikseklik 1
ayar i:00)

Sekil 2. Deney diizenegi sematik gosterimi

Kronometre

Numuneler

2.2. Deneysel Calismalar
2.2.1. Numune Hazirlama

AA5754 ve AAT075 alasimlarindan 10 x 20 x 3 mm
boyutlarinda her durum ig¢in 6 yliziinden Ol¢iim
yapilabilecek sekilde 20 adet numune hazirlanmistir.
Numune vyiizeyleri N5 kalitesinde hazirlannmig ve
kimyasal asindirma Oncesinde kir ve  oksit
tabakalarindan arindirmak i¢in etanol ve saf su ile

temizlenmistir.

Kimyasal asindirma islemi Oncesinde ve sonrasinda
numunelerin yiizey puriizlilik ve kiitle degerleri
Oletilmiistiir. Yiizey piirtizliliigi degeri Taylor Hobson
Precision Surtronic 25 profilometre ile 0.01 pm
belirsizlikle &lgiilmiistiir. Olgiimlerin tiimiinde Ra
(ortalama ylizey plirtizliligi) parametresi
kullanilmistir. Kimyasal agindirma sonrasi malzeme
yiizeylerinde meydana gelen piiriizliilik degisiminin

incelenmesi amaciyla numuneler kimyasal asindirma

Oncesi ve sonrasinda optik mikroskopta incelenmistir.
Kiitle ol¢limlerinde 0,0001g belirsizlik ile 6l¢iim

yapabilen Mettler Toledo terazi kullanilmastir.
2.2.2. Kimyasal isleme

Asamalar1 ve degiskenleri sematik olarak Sekil 3’te

Ozetlenen kimyasal asindirma i¢in literatiirdeki

uygulamalar esas alinarak 2 farkli (A ve B) ¢ozelti

hazirlanmistir.

Numuneler  Numuneler
(AA5754) (AA7075)

N

Yiizey Temizleme

Y

S
o

Etil alkol ve saf su

(10 dk) Kurutma

* Kimyasal Isleme Oncesi
Agirhk Olgiimii

+ Kimyasal Isleme Oncesi
Yiizey Plrdziiligd Olciimd

Kimyasal Isleme

A Cézeltisi
(20-25-30-35-40 dk)

B Cozeltisi
(5-10-15-20-25-30 dk)

N

Yiizeyi Kimyasaldan Arindirma

Saf su

Kurutma

+ Kimyasal Tsleme Sonrast
Agiritk Olgiiméi

+ Kimyasal Tsleme Sonrast
Yiizey Piiriizliligii Olgiimii

v Malzeme Isleme Hizinin Belirlenmesi

v Yiizey PiriizlilGgi Degigiminin Hesaplanmasi

Sekil 3. Deney asamalar1 ve islem parametreleri

On calismalar dikkate alinarak numuneler A c¢ozeltisi
icerisinde sirasiyla 20-25-30-35-40 dk boyunca, B.
cozeltisi igerisinde ise 5-10-15-20-25-30 dk boyunca
bekletilmis ve siire sonunda numuneler saf su igine
sona erdirilmistir.

alinarak  kimyasal reaksiyon
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Kimyasal islem 6ncesi ve sonrasi kiitle farki agindirma
stiresine boliinerek “g/dk” cinsinden agindirma hizlari

belirlenmistir.

3. Bulgular ve Tartisma

AA5754 ve AAT075 alasimi numunelere iki farkli
kimyasal ¢ozelti igerisinde farkli siirelerde kimyasal
asindirma uygulanarak zamana bagli olarak yiizey
puriizlilligi degisimi ve malzeme agindirma hizlan

karsilagtirmali olarak degerlendirilmistir.

3.1. Isleme Siiresinin Yiizey Piiriizliiliigiine EtKisi

AA5754 ve AAT7075 alasimi numuneler A ve B
¢ozeltileri i¢inde daldirilarak farkl: siirelerde kimyasal
agindirmaya tabi tutulmustur. Yiizey piriizliliiklerinin
degisimi ve asindirma hizlar1 Cizelge 2’de verilen
¢alismanin islem siireleri on ¢alismalardan elde edilen
sonuglara gore belirlenmistir. A ¢ozeltisi ile asindirma

tabii tutulan her iki alasimda da kimyasal asinma hizi

Trakya University Journal of Engineering Sciences, 25(2):65-75, 2024
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Numuneler A ¢ozeltisi iginde 20 dk islem siiresinden
baglatilarak 5’er dakika arayla, B ¢ozeltisinde ise
kimyasal kimyasal asinma hizinin daha yiiksek oldugu
g6z oniine aliarak numuneler ilk 5. dakikadan itibaren
yine 5 er dakika arayla kimyasal asindirma tabi

tutulmustur.

AA5754

Kimyasal Agindirma
Sonras1 Yiizey

Kimyasal Agindirma
Oncesi Yiizey

A Cozeltisi
Asindirma siiresi: 40 dk

B Cozeltisi

Asindirma ssiiresi: 30 dk

ilk 15 dakikada 0,0001g/dk’dan az olarak gergeklesmis (@)
ve ortalama olarak ~0,035 pm/dk yiizey piiriizliiliik | AA7075 |
degisimi meydana gelmistir. Kimyasal Asindirma | Kimyasal Asindirma
Oncesi Yiizey Sonrasi Yiizey
Cizelge 2: AA5754 ve AA7075 numunelerinin yiizey g e
piiriizliiliikleri ve asindirma hizlari z =
" O £
;Zieer:i Yiizey piiriizliiliigii Isleme hizi :3- é
(k) (Ra, um) (MRR, g/dk) < ”§
A Cozeltisi <
AA5754 AAT7075 AA5754 AAT7Q75 x
- 023£021  022+0,18 - - 2 2
20 0,98+0,03 0,99+0,10 2,0x10* 5,7x107° 7[31 g
25 | 1,310,015  1,13t0,16  3,0x10%  54x10% O g
30 | 1,64+0,14  1,14%0,15  2,0x10*  50x10? R e
35 1,9040,20 1,18+0,17 2,0x10* 4,7 x10°° <
40 2,23+0,24 1,37+0,18 3,0x10* 4,7 x10°°
B Cizeltisi
AA5754 AA7075 AA5754 AA7075 Sekil 4 . Kimyasal islenmis numunelere ait optik
0,58+0.14 0,48+0,20 = - . et
2 2 2 mikrosko tilleri (a) AA5754 (b) AA7075
5 | 250052  458:140  15x102 22 x10 P gorintiiler () (b)
10 4,08+0,82 6,80+1,22 1,0 x102 3,3 x10
15 | 471071 6,92+1,43 8.0 x103 18x10- Cizelge 1’de A ve B gozeltileri ile yapilan islemlerde
20 | 6,68<1,78 8,95+1,67 6,6 x10°  1,4x10° her iki alasim igin asindirma siiresi arttikga ortalama
25 5,76+1,43 7,56+2,94 56 x10° 1.2 x10 lize urizliliklerinde enel olarak art
30 | 526+185  805+285  51x10°  1ixio Yy P g ¥

gozlenmistir. Ancak, yiizey piriizlilikleri yiizeyin



AA5754 ve AA7075 Alagimlarinin Kimya;al Aszndnfma ile Islenmesinde 71
Asindirma Siiresi ile Yiizey Puiriizliiliigii lliskisinin Incelenmesi

farkli bolgelerinde degiskenlik gosterdigi i¢in ortalama
degerlerin standart sapmalar1 ortalamanin %10’
civarinda degismistir. Yiizey pirizliligi olusum
mekanizmasinin siirece bagli dogasi ve ilgili olgular
etkileyen ¢ok sayida kontrol edilemeyen faktor
nedeniyle pirizlilik degisimi belirli bir aralikta
kontrol edilebilmektedir. Yiizeylerin gozle
incelemesinde tiim yiizeylerde homojen dagilmis ~20-
300 pum Dboyutlarinda  ¢ukurcuklar  olustugu
gozlenmistir. Bu yapilar Sekil 4.2 ve 4.b de islem
Oncesi ve sonrasi olarak verilmistir. Sekil 5° te ise islem
sonrast olusan go6zenekli ylizeyin daha ayrintili

goriildiigi SEM  goriintiisiinde  ylizey morfolojisi

ayrintili goriilmektedir.

52X Date :20 Aug 2024

ﬂum :zﬂ::?z 15.00 kv Sl A= SEL Time :11:41:20 =
Sekil 5 . B ¢ozeltisi ile islem gérmis AA7075

numunesine ait bir SEM goriintiisii

Kimyasal asindirma elektrokimyasal bir olgu
oldugundan metallerin daglanmasi ile benzer fiziksel
davranis sergilemektedir. Ozellikle ¢ok fazli metallerin
daglanmasinda oldugu gibi farkl fazlar ve tane sinirlar
farkli hizlarda asimir. Bu sebeple yiizeyde bazi

bolgelerde gozlenen lineer ¢o6ziilme artist  bazi

bolgelerde gorilmez ve zamanla ¢oziinen bolgeler
degisir. Istenen yiizey piiriizliiliigii degerlerini elde
etmek i¢in kimyasal asindirma siiresinin yiizey
malzemesinin tiiriine gore nasil degistigini ortaya

koyan ¢alismalardan biri de Qu ve arkadaslarimin

(2007) metal yiizeyde kimyasal agindirma ile yilizey

puiriizliiliigii olugturmak amaci ile yaptiklari galigmadir.

Yiizey piriizliliginde meydana gelen degisim
kimyasal islemin siiresine baglidir ve ¢ok fazh
metallerin daglama ve asir1 daglama mekanizmalari ile
aciklanabilir. Bu siireg, agindirma reaktifinin aktivitesi
devam ettigi siirece tekrarli olarak devam eder ve
sonunda asimptotik bant araliginda bir dizi dalgali
purtizliillik degerleri gozlenir. Bu olgu Kozak ve
Zybura-Skrabalak'm (2016) bir baska calismasinda
matematiksel bir modelle agiklanmigtir. Kimyasal ve
elektrokimyasal asindirma etkisi altinda ¢ok fazli yapili
alagimlarin  yiizey profillerinin  degisimini simiile
ettikten sonra, asindirma isleminin ilk asamasinda

yiizey pilirlizliliiginiin azaldigim1 daha sonra tekrar

arttigini ve bu siirecin tekrarladigini bildirmislerdir.

Bu c¢alismada da benzer siire¢ olusarak kullanilan
reaktifler ve c¢ozeltilerin derisimine bagli olarak
malzeme yiizeylerinde se¢ici ¢oziinme gergeklesmistir.
Olusan mikro gukurcuklar asindirma siiresinin artmasi

ile ncelikle derinlegsmis ve genislemistir.

3.2. isleme Siiresinin isleme Hizina Etkisi

AA5754 ve AAT075 alagimlarinin A ve B ¢ozeltileri ile
asimndirma hizlar1 Cizelge 1’de verilmistir. Sekil 6’da
ise iki aliiminyum alagimi i¢in iki farkli daglayici
¢ozelti ile farkli siirelerde elde edilen kimyasal aginma

hiz1 degerleri karsilastirmali olarak verilmistir.

Her iki alasim igin asindirma hizlar1 reaktif ¢ozelti

tiirline ve malzemeye bagli olarak degismistir.

A ¢ozeltisi ile yapilan islemde AA5754 alagiminin
kimyasal asinma hiz1 2 x10“ g/dk ile 3 x10* g/dk olarak
stabil degerler almistir. AA7075 alagimimin Kimyasal
asmma hiz1 ise ilk 20 dakika da lineer olarak artms ve
4-6 x10° g/dk arahiginda sabit hiza ulasmstir. B
cozeltisi i¢inde kimyasal asinmanin her iki alasim

icinde A ¢ozeltisine oranla daha hizli oldugu, bir
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maksimum degere ulastiktan sonra diismeye basladigi
ve bir deger araliginda sabitleme egilimi oldugu
gozlenmistir. AA7075 alagimi i¢in ilk 10 dakikada
maksimum deger olan 3,3 x102 g/dk degerine
ulastiktan sonra diismeye baslamus ve 1-2 x102 g/dk
araliginda kalma egilimi gostermistir. AA5754 alagimi
icin kimyasal aginma hizi bu ¢ozeltide de daha diisiik
olarak gerceklesmistir. Ilk 10 dk da 1,5 x102 g/dk

T. Pamukeu, N. Urkmez Tagskin

degerine gikip daha sonra 5-6 x103g/dk hiz araliginda

kalma egilimi gostermistir.

En yiiksek kimyasal asinma hizi B ¢ozeltisi igerisinde
AA7075 numunesinde, en diisiik kimyasal asinma hizi
ise A ¢ozeltisi igerisinde AA5754 numunesinde elde

edilmistir.

3.4E-02
3.2E-02

3.0E-02

2.8E-02

2.6E-02

2.4E-02

2.2E-02

2.0E-02

1.8E-02

1.6E-02

1.4E-02

1.2E-02

1.0E-02

8.0E-03

6.0E-03

4.0E-03
2.0E-03

0.0E+00 pé===
0 5 10 15

Malzeme isleme Hizi (g/dk)

—e— 7075 (B Cozeltisi)
——te— 5754 (B Cozeltisi)

5754 (A Cozeltisi)
= => =+ 7075 (A Gozeltisi)

20 25 30 35 40
Sure (dk)

Sekil 6. AA5754 ve AAT075 alagimlarimin A ve B kimyasal ¢ozeltileri igerisindeki zamana bagh kimyasal

asinma hiz1 degerleri

4. Sonuglar

AA5754 ve AAT075 aliminyum alagimlarindan

hazirlanan numuneler iki farkli kimyasal c¢ozelti
icerisinde farkl: siirelerde igleme tabi tutularak yiizey
morfolojilerindeki ve yiizey piiriizliiliklerindeki

degisim incelenmis elde edilen sonuglar sunulmustur.

e AA7075 ve AA5754 alagimlarinin asindirma
hizlar1 iki daglayici ¢ozelti (A ¢ozeltisi: HF, HCI,
HNO3, H20) (B ¢ozeltisi: HF, H202, H20) igin
tespit edilmis ve ¢aligmada belirlenen oranlar ile
aliminyum alagimlarmim kontrollii  kimyasal

asindirilmasinda kullanilabilecegi goriilmiistir.

. Hazirlanan ¢ozelti ¢esidi ¢Ozelti oranlart igin
AAT7Q075 alasimi yiizeylerinde AA5754 alasimi
yiizeylerine gore daha yiiksek kimyasal aginma

hiz1 gbzlenmistir.

Sonu¢ olarak, kimyasal agindirma metodunun

aliminyum yiizeylerin asindirilmasinda etkili bir
yontem oldugu goézlenmistir. Boylece cesitli yiizey
uygulamalarinda istenen yiizey piiriizliilik degerlerinin
ve vyiizey morfolojisinin kontrolli olarak elde
edilebilecegi sdylenebilir. Isleme siireleri ile numuneler
iizerinde olusan yapilarin ve goézenek boyutlarinin
edilebilir olmasi da bu

kontrol calismadaki

uygulamanin  dzellikle gozenekli

ylizeyde yapi
olusturmak istenen uygulamalar i¢in uygun oldugunu

gostermektedir.
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1. Giris

Fonksiyonel derecelendirilmis malzemeler (FDM),
kompozit yapidaki malzemelerdir ve belirli bir
dogrultuda malzeme bilesiminin veya yapisinin siirekli
olarak degistigi malzemelerdir. Bu tiir malzemeler,
genellikle iki veya daha fazla farkli malzemenin
ozelliklerini bir araya getirerek, her iki malzemenin de
avantajlarin1  sunmayr amaglar. FDM'ler, termal
bariyerler, yapisal bilesenler ve yiiksek performanslt

uygulamalarda kullanilir.

Yiiksek sicakliga maruz kalan yap1 elemanlarinda sik¢a
kullanilan fonksiyonel derecelendirilmis malzemeler
genellikle metal-seramik karisimlarindan olusur. Bu
malzemeler, metallerin dayanikliligini  artirmak
amaciyla seramik kaplama ile korunur ve malzeme
hatalarim

2021).

azaltmak icin derecelendirilirler (Asik,

Fonksiyonel derecelendirilmis malzemeler (FDM),

sirekli ve siireksiz olmak tizere iki kategoride
smiflandirilir.  Siirekli FDM, homojen bir yapiya
sahiptir ve belirli bir 6zellik veya islev igin kesintisiz
bir degisim saglar. Ornegin, termal veya elektriksel
iletkenlik  gibi  Ozelliklerde siirekli  gradyanlar
bulunabilir ve karmagsik yapilar i¢in tercih edilir.
Siireksiz FDM ise, belirli bolgelerde veya noktalarda
ozelliklerin farklilagmasina dayanir. Ornegin, belirli bir
bolgenin termal olarak yalitilmasi gibi. En basit
FDM'lerde, malzeme bilesenleri kademeli bir gecisle
tirde ise basamakli  bir

degisirken,  diger

derecelendirme gosterirler (Alwan, 2017).

Fonksiyonel Derecelendirilmis  Sandvi¢  Yapilar

(FDSY), yiizey tabakalari ve 6z tabakadan olusur. Oz
tabaka sertlik saglarken, dis tabaka koruyucu ve
dayaniklidir. Ara yiizey tabakalari ise yapiya biitiinliik
kazandirir. (Al-Itb1, 2023)

Fonksiyonel derecelendirilmis gozenekli malzemeler

(FDGM), igerdikleri go6zeneklerin boyutu, sekli,

dagilimi ve yogunlugunun belirli bir yonde degistigi

C. Solar, V.Taskin

malzemelerdir. Oz tabaka hafif ve diisiik
yogunlukludur, yiizey tabakalar ise dayaniklidir. Yiizey

tabakalar1 yapiya biitiinliik saglar. (Chopan, 2023)

1.1. Literatiir Ozeti

Literatiirde, FD gozenekli ve gozeneksiz sandvig
kirislere ait birgok ¢alisma mevcuttur. Alwan (2017),
fonksiyonel derecelendirilmis malzemelerden olusan
kirisin, dort farkl teori kullanarak serbest titresimini
incelemigtir. Al-Itb1 (2023), diizgiin yayili yitkke maruz
kalan fonksiyonel derecelendirilmis gézenekli sandvig
kiriglerin statik davranigint sonlu elemanlar yontemini
kullanarak incelemistir. Chopan (2023), elastik ve
teorik

viskoelastik zorlanmis titresim davranigini

olarak  fonksiyonel derecelendirilmis  gbzenekli

malzemeden yapilmis sandvi¢ kiriglerin iizerinde

incelemistir. Ozmen (2021), fonksiyonel

derecelendirilmis  kiriglerin ~ statik ve dinamik

analizlerini deneysel, hesaplamali ve analitik yontemler
ile incelemistir. Asik (2021), yaptigi ¢alismada
fonksiyonel derecelendirilmis malzemelerden (FDM)
olusan sandvi¢c kirisin serbest titresim analizini

(2016),

derecelendirilmis 6z veya ylizey tabakalarindan olusan

incelemistir. Demirhan fonksiyonel
sandvig kiris ve plaklar i¢in titresim ve egilme analizini
dort degiskenli kayma deformasyon teorisi kullanarak
yapmustir. Filiz (2010), eksenel derecelendirilmis
cubuk ve kirigleri siirekli veya parcali siirekli formda
ele alarak serbest titresim analizini ger¢eklestirmistir.
(2016),

derecelendirilmis kirisi ele alarak Timoshenko kirig

Altindz calismasinda fonksiyonel
teorisini kullanmustir. Demirhan ve Taskin (2017),
calismasinda dort degiskenli plaka teorisine dayali
olarak iki karsilikli basit mesnetli kenara sahip
gozenekli fonksiyonel derecelendirilmis (FD) plakanin
serbest titresim ve egilme Ozelliklerini arastirmistir.
Aydogdu ve Taskin (2007), basit destekli fonksiyonel
derecelendirilmis kirigsin serbest titresim analizini
Taskin  (2020),

gerceklestirmistir.  Demirhan  ve

calismasinda fonksiyonel derecelendirilmis kiriglerin
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serbest titresim analizini gergeklestirmistir. Njim vd.
(2021),

dikdortgen sandvi¢ plakalarin dogal frekanslarini

gozenekli fonksiyonel derecelendirilmis
degerlendirmek i¢in serbest titresim analizinin yeni
yaklasik analitik ¢6ziimiinii ele almistir. Benferhat vd.
(2021), destekli

derecelendirilmis sandvi¢ plakalarin dinamik analizi

calismasinda basit fonksiyonel

tizerindeki  gozeneklilik etkisini, enine kayma

deformasyon etkilerini hesaba katan yeni gelistirilmis
bir kayma deformasyon teorisini  kullanarak
incelemistir. Hadji ve Avcar (2021), calismasinda
fonksiyonel

derecelendirilmis  gdzenekli

ylizey
tabaklarina ve izotropik homojen 6ze sahip kare
sandvi¢ plakanin serbest titresim analizini farkli sinir
sartlar1 altinda gergeklestirmistir. Slimane vd. (2021),
caligmasinda dort degiskenli yiiksek dereceli kayma
deformasyon  teorisi  kullanilarak  fonksiyonel
derecelendirilmis sandvi¢ plakalarin statik egilme
analizi i¢in analitik ¢oziimler sunmustur. Kareem ve
(2022),

derecelendirilmis

Noori caligmasinda fonksiyonel

gozenekli  sandvig  kirislerde
gozeneklilik yapisinin dogal frekanslar {izerindeki
(2022),

caligmasinda gézenekli fonksiyonel derecelendirilmis

etkisini incelemistir. Karakoti ve ark.

malzemelerden (FGM) yapilmig sandvi¢ plaka ve
kabuk panellerin, patlama yiikii ve termal etkiler
altindaki  dogrusal olmayan

gecici  davranigini

incelemek igin bir sonlu elemanlar modeli
geligtirmistir. Adhikari ve ark. (2020), c¢alismasinda
gozeneklilik  kusurlarimin FGM

cesitli sandvig

plakalarinin burkulma ozelliklerine etkisini
modellemis ve analiz etmistir. Fu ve ark. (2018),
gbzenekli malzeme ile doldurulmus oluklu ¢ekirdekli
FGM sandvi¢ plakalarin ses iletim kaybini analiz
etmeyi amaglamistir. Farkli FGM yapilar1 kullanarak
ses dalgast yayillimini incelemis ve teorik model,
onceki sayisal sonuglarla karsilagtirarak dogrulamistir.
Nguyen ve ark. (2024), ¢ok yonlii fonksiyonel
derecelendirilmis malzemelerden yapilmis gozenekli

sandvi¢ plakalarin dogrusal olmayan serbest titresim

79

davranigint incelemistir. Dis tabakalar1 ii¢ yonlii ve
cekirdek tabakasi iki yonli FGM'den olusan bu
yapilarin, malzeme gradyan indeksleri ve gozeneklilik
dagilminin titresim frekansi tizerindeki etkilerini
aragtirmistir. Amir ve ark. (2023), ¢alismada kesikli
sogutma plaklarmin dogal frekans analizi {izerine bir
inceleme yaparak, kesiklerin islevsel derecelendirilmis
gbzenekli nasil

plakalarin titresim  davranigini

etkiledigini aragtirmistir.

2. Temel Bilgiler ve Denklemler

Fonksiyonel derecelendirilmis yiizeylere sahip ve 6zii
izotropik olan kirisin boyutlar;; L, uzunlugu, h,
hg, hy, hy, hs,
dogrultusunda tabaka uzunluklarimi temsil edecek
sekilde Sekil 1’de

kalinligi; b, genisligi; z eksen

tanimlanmustir. fonksiyonel
derecelendirilmis gozenekli kirigin koordinat takimi ve

geometrisi verilmistir.

y
e —_ 7
hs 7
“ Py
b hy /
W=~ XU
hy
| b
1
L

W

Sekil 1. FD kirisin koordinat takimi ve geometrisi

Etkin  malzeme Ozellikleri Denklem 1 ile
tanimlanmigtir.
P(z) = ByVi + BV (1)

Burada B, ve P, sirasiyla metal ve seramik malzemenin
etkin ozelliklerini, 1}, ve V; sirasiyla metal ve seramik
malzemenin hacim oran fonksiyonunu temsil
etmektedir. Calismada Tipl ve Tip2 olmak {iizere 2

farkli gozenek tipi tanmimlanmistir. Tipl igin etkin
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malzeme Ozellikleri Denklem 2 ile, Tip2 i¢in etkin

malzeme Ozellikleri Denklem 3 ile tanimlanmustir.

P(2) = Py + (P = P)V(2) = (P = Py) (2)

P(2) = Put+ (A= P)Vi(@) =S (B = B [1 - (22)] )

Kirisin yiizeyleri fonksiyonel derecelendirilmis olup
izotropik 6ze sahiptir. Gozenekli sandvig¢ Kkirisin
seramik hacim oran fonksiyonu, V,), z’ye bagli olmak
tizere Denklem 4 ile tanimlanmustir.

ASIOE (ﬁ)p, hy <z < hy, (FD alt yiizey)

@) =1 h, <z < hy, (Seramik 6z)

W@ = (Z22), hy <2 < hy, (FD st yiizey) (4)

Sekil 2°de 6 farkl tabaka i¢in E(z)’nin z/h oranlariyla

farkli p Gstellerindeki degisimleri verilmistir.

05 Tabaka: 1-1-1 Tabaka: 1-2-1

05
m;h .
=
05 A“'!
380 70 380
E@) E@)

h

o
z/h

o

05 Tabaka: 2-1-2 Tabaka: 2-1-1

2h
o

Tabaka: 1-8-1

=

zlh
o

Sekil 2. Kuvvet kanunu iistellerine bagli olarak E(z)
degisimi

C. Solar, V.Taskin

2.1. Teorik Formiilasyondaki Varsayimlar

FD gozenekli sandvi¢ kirisin teorik formiilasyonu
asagidaki varsayimlara dayanmaktadir.

o Eksenel yer degistirme ve uzama bileseni,
egilme bileseni ve kesme bileseninden olusur.

e Mevcut teori eksenel yer degistirmenin
hiperbolik bir dagilimin1 hesaba katarken
enine yer degistirme kalinlik boyunca sabittir.

e FEnine normal deformasyonlarin etkileri
(e, = 0) ihmal edilir.

e Kirisin kesitindeki hi¢bir noktada y yoniinde
bagil hareket olmadigindan; gerilmeleri elde
etmek ig¢in tek eksenli Hooke kanunu
kullanilir.

e Teori, kiris kalinligi boyunca enine kesme
gerilmesinin hiperbolik kosiniis dagilimim

Verir.

3. Hiperbolik Kayma Deformasyon Teorisi

Yapilan ¢aligmada kullanilan hiperbolik kayma
deformasyon kiris teorisinin yer degigtirme alani

Denklem 5 ile tanimlanmustir.

zdwg

o 1 fpx)

u(x, z) = ug(x) —

w(x) = wo(x) )

Denklem 5°te ifade edilen ugy,wy sirastyla, kirigin
tarafsiz ekseni lizerindeki bir noktanin x ve z yoniindeki
yer degistirmeleridir. Sekil fonksiyonu f, kirigin
kalinligi boyunca enine kayma gerilmesi dagilimina
gore z 'nin bir fonksiyonu olarak varsayillmistir, yani

kirigin st ve alt ylizeylerinde sifirdir.

Hiperbolik kayma deformasyon kiris teorisinde kirisin
herhangi bir noktasindaki yalnizca sifir olmayan
normal ve kayma gerilmeleri, &2,k2, kS, y2, nin
bilinmeyen yer degistirme degiskenleriyle Denklem 6
ve 7’deki gibi iligkilendirildigi noktalarda meydana

gelir:
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& = €9 + zkD + fk3

zng%?z (6)
g0 =20 pp = v pe 90 0 g (7)

dx dx? "’

Sekil fonksiyonu f ve g fonksiyonu Denklem 8’de

tanimlanmistir.
f = [zcosh(1/2) — hsin(z/h)]

g = f" = [cosh(1/2) — cos(z/h)] ©)

Fonksiyonel derecelendirilmis gdzenekli sandvig kiris,
aliminyum (Al) ve aliimina (4,03) malzemelerinden
olusmaktadir. Malzemenin ozellikleri Denklem 9’da
verilen kuvvet kanunu dagilimma gore kalinlik
yoniinde stirekli olarak degismektedir. Kirigin k
katmanindaki herhangi bir noktadaki gerilme-gerinim
iligkisi, tek eskenli Hooke kanunu ile Denklem 9’da

ifade edilmisgtir.
of = E¥(2)ef
sz G k (Z) YZX

G (z) = L@ 9)

2(14v)

3.1. Hareket Denklemleri

FD gozenekli sandvi¢ kiris i¢in hiperbolik kayma
deformasyon teorisinin hareket denklemleri Hamilton

prensibi ile tiiretilmistir.

fff(au — 8V +6K)dt =0 (10)

Denklem 10’da 8U, 8V, 6K ifadeleri sirasiyla toplam
gerinim enerjisindeki, potansiyel enerjideki ve kinetik
enerjideki degisimleri gosterir; t; ve t, sirasiyla

baglangi¢ ve son zamandir.

Gerinim enerjisinin degisimi (§U) Denklem 11 ile ifade

edilmistir.

U = f f f,,(a Sey + 1X, 6y, )dzdydx =

fy (N 22— e L & o4 M52 4 Q6 dx (11)

X dx
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Denklem 11°de N, ortaya ¢ikan eksenel kuvveti, M? ve
M? ortaya ¢ikan egilme momentinin egilme ve kayma

bilesenlerini, Q kesme kuvvetini temsil eder.

Denklem 12’de kirisin oOzelliklerini ve geometrisini

temsil eden matrisler verilmistir.

Ny h“f;’c‘\ A B c o] )
Mb( _ ;!ffoL_BDEOJXL
Ms —”f-;: aif{ [c E F of)k (12)
0 L) oo o al )

Denklem 13’te A, B, C, D, E, F ve H matrisleri

tanimlanmigtir.

h/2
(A,B,C,D,E,F) = bf E*(2)(1,2,f,7* fz,f*)dz
—-h/2

n/2

H= bfh/z

G*(2)g?dz (13)

Potansiyel enerjinin degisimi (8V), yiik q ve eksendeki
yiik N, nedeniyle Denklem 14°teki gibi ifade edilmistir.

dw déw

sV = fy (qow + No 52 50%) dx (14)

Kinetik enerjinin degisimi (6K) ise Denklem 15 ile
ifade edilmistir.

6K = f f f p(2) (dtz 5w> dzdydx =
L dzu0 d3w, d?¢
-fo <IA e —lp=— dedi? + 1 dt2>6u°dx +

dx +

» o d3w, d?¢\ déw,
B dt2 Pdxdez Fdtz ) dx

d?u, d?w, d?¢ L . d?w
( ¢ dtzo Iy dxdt(; +1p d_tz) Opex + fO [a dt20 Swodax

(15)

Denklem 15’te verilen p(z), her katmanin kiitle
yogunlugunu ifade eder. Atalet moment katsayilart I,

Ig, I¢, Ip, Ig, I ise Denklem 16 ile tanimlanmustr.

Un s le o, 1, 1) = b [, p“@) (L2 f,2% f2,f)dz - (16)

Hareket denklemleri, Denklem 10’un kismi integrali
alinarak, du,, Sw,y ve ¢, katsayilari toplanarak ve

sifira esitlenerek elde edilebilir.
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dN,  d*u, . d3w, d%¢

dx A dtz Bdxdtz " ¢ dt?

a*MP N d?w, o d3u, d*wg o d?w, o d3¢

axz TN T arr T P axzare T AT T E dxde?
ams _ . d*u ddwg da?¢

bl el el dre (17)

Denklem 12 elde edilen (N,, M?, M$,Q) gerilme
sonuglarmi Denklem 17'de yerine koyarak, bilinmeyen

yer degistirme degiskenleri (ug, Wy, uy) cinsinden

hareket denklemleri Denklem 18’teki gibi elde
edilmistir.
d?u, d*w, d*¢ d?u, d3w, d*¢
A B Vo= g e e
d?u, d*w, d3¢ d*w, d?u, d*w, d*w,
Bge D VB =0t N g t s g ~ o ragee H o g
3¢
e eae
da?u 3w, a2 d2u a3w, aze¢
¢ dx207E dx:*FE’H‘i’ =l dt207 ded:ZJrIFF (18)

4. Navier Coziim Yontemi

Basit destekli fonksiyonel derecelendirilmis gézenekli
sandvig kirisin egilme ve serbest titresim analizleri i¢in
hareket denkleminin ¢6ziimii Navier metodu ile elde
edilmistir. Basit destekli kirisin sinir kosullar1 Denklem

19°da verilmistir.

wo=N,=M‘ =M =0, x=0vex =1L (19)

Kenarlarin, egilme ve titresim analizleri i¢in hareket
edebilir basit destekli oldugu varsayilmistir. Coziimiin

Denklem 20°deki formda oldugu varsayilmistir:
Up(x,t) = Xy 55 U coS(ax) €',
Wwo(x, 1) = Y135 Wi sin(ax) e,

¢, t) = X135 Pm cos(ax)e'™ (20)

Denklem 20°de, i = ,/(=1) hayali birimi, ® dogal
frekans;, @ = mm/L ve (Uy, W, ) belirlenecek
olan bilinmeyen katsayilar1 temsil etmektedir. Kirigin
ist ylizeyinde etkili olan diizgiin yayil1 yik (q),
Denklem 21°de oldugu gibi varsayilmistir:

(21)

4() = Tine1as —2sin(ax)

C. Solar, V.Taskin

Denklem 21°te, g4, uzunlugun merkezindeki yiikiin en
biiyiik degerini temsil etmektedir. Kiris, eksenel basma
kuvveti Ny'a maruz kalmaktadir. Denklem 20 ve
Denklem 21°i, Denklem 19'da yerine koyarak, analitik

¢oziim Denklem 22-23’ten elde edilebilir:
U 0
[ [

Iy =l I Up 0
—w? [—IEa (Upa® +1,) —IEaHx[WmEZ{Oi (23)
I

—La I 0

Aa®  —Ba® Ca?
—Ba® Da* —Ea?®
Ca? —Ea® Fa’+H

(22)

Aa® —-Ba® Ca?
—Ba® Da* —Ea?®
Ca? —Ea® Fa’+H

|

FD gozenekli sandvi¢ kirigsin yer degistirmeleri ve

m

gerilmeleri  Denklem 22’nin ¢oziimii ile, dogal
frekanslarin ¢oztimi ise Denklem 23’tin ¢6ziimii ile

elde edilmistir.

5. Sonuglar ve Tartismalar

Calismanin  bu  bdliimiinde hiperbolik  kayma
deformasyon teorisi ile basit destekli fonksiyonel
derecelendirilmis gozenekli sandvi¢ kiriglerin statik
egilme ve serbest titresim analizlerinin sonuglari
sunulmus ve literatiir ile karsilastirilmistir. Sandvig
kiriglerin dis tabakalar1 fonksiyonel derecelendirilmis
alimina (Al/Al,03;) malzemesinden yapilirken, 6zii
ise homojen izotropik aliminyum (Al) malzemesinden
yaptlmistir. Kirigin uzunlugu, L =1m alinirken,
kirisin kalinhigi en/boy oranina gore degistigi kabul
edilmistir. Aliimina (Al,03;) ve aliiminyum (Al)

malzemelerinin 6zellikleri Tablo 1°de verilmistir.

Tablo 1. Aliimina (Al,03) ve aliiminyum (Al)
malzemelerinin 6zellikleri

Malzeme Gesidi E (GPa) p (kg/m?) v
Alimina (Al;03) 380 3960 03
Altiminyum (A1) 70 2702 0.3

Tabakalar ve tabakalara ait kalinlik degerleri Tablo

2’de verilmistir.
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Tablo 2. Tabakalar ve tabakalara ait kalinlik degerleri  artigi ile diisey yer degistirme degerlerinin arttigt

goriilmektedir. Sekil 3’te TipA ve TipB gozeneklilik

Tabaka ho h1 hz h3

cesitleri tipleri icin L/h=5 ve L/h=20 oranlarindaki gézeneklilik
1-1-1 -h/2 —h/6 h/6 h/2 o . r
191 h/2 —h/a h/4 h/2 kat sayisinin (e) artis1 ile degisen diisey yer degistirme
2-1-2 -h/2 —h/10 h/10 h/2 degerleri 6 farkl tabaka icin verilmistir.
2-11 -h/2 0 h/4 h/2
i;i E; ; :}21}/1 ;(5) 32hh//150 Z; 3 Tablo 3. Basit destekli FD g6zenekli sandvig

- - kiriglerin boyutsuz diisey yer degistirme degerleri
(TipA, p=2)
Analiz sonucu bulunan sayisal sonuglar asagidaki . /h=5

boyutsuz ifadeler ile elde edilmistir. Boyutsuz
ifadelerdeki tanimlamalar su sekildedir;

-1 1-2-1 2-1-2 2-1-1 2-2-1 1-8-1
0 8.3895 6.7578 9.6784 9.0037 7.6346 4.3118

e Boyutsuz Enine Yer Degistirme 0.2 10.7955 8.2235 13.0408 11.9871 9.6287 4.8543
. W100E,,h? 0.4 15.1827 10.5158 20.0849 17.9828 13.0799 5.5539
u= T gl L/h=20

11-1 121 212 211 221 181

e Boyutsuz Diisey Yer Degistirme 0 80313 6.4276 9.2864 8.5068 7.2122 4.0172
__ wl100E,,r? 0.2 10.3856 7.8513 12.5861 11.3200 9.1177 4.4299
YT L 0.4 14.6955 10.0861 19.5294 17.0259 12.4306 5.1928

e Boyutsuz Eksenel Gerilme

_ o.h Tablo 4. Basit destekli FD gozenekli sandvig
Ox = qo_L kiriglerin boyutsuz diisey yer degistirme degerleri
(TipB, p=2)
e Boyutsuz Kayma Gerilmesi
e L/h=5
Typ = T"ZLh 111 121 212 2-11 221 181
o 0 83895 6.7578 9.6784 9.0037 7.6346 4.3118
e Boyutsuz Dogal Frekans 0.2 8.8972 7.0845 10.3601 9.6187 8.0747 4.4463
) 0.4 9.4704 7.4445 11.1451 10.3635 8.5856 4.5901
5= wL” 1pm L/h =20
h |Em 1-1-1 121 2-12 2111 2-2-1 1-8-1
0 8.0313 6.4276 9.2864 8.5068 7.2122 4.0172
5.1. Statik Egilme Analizi 0.2 85146 6.7335 9.9387 9.0892 7.6205 4.1348

Bu ¢alismada alt1 farkh tabaka ¢esidi kullanilarak (1-1- 0.4 9.0597 7.0701 10.6895 9.7645 8.0810 4.2596

1, 1-2-1, 2-1-2, 2-2-1, 2-1-1, 1-8-1) gozenekli sandvig

kirisin statik egilme analizi yapilmistir. iki farkli
gozeneklilik c¢esidi igin boyutsuz diisey yer
degistirmeler Tablo 3-4'te verilmistir. Tablo 3-4
incelendiginde, 6 farkli tabaka ¢esidi i¢in L/h oraniyla
diisey yer degistirme degerleri degismektedir. Seramik
fazin en yliksek ve en diisiik hacim oranina sahip
olmalarindan dolay1 en kiigiik yer degistirme tabaka 1-
8-1’de ve en biiyiik yer degistirme tabaka 2-1-2’de

meydana gelmektedir. Go6zeneklilik katsayisinin (e)
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LIh=5, TipA, p=2

LIh=20, TipA, p=2

e

Diisey yer degistirme

Diisey yer degistirm

Diisey yer degistirme
Diisey yer degistirme

Sekil 3. Boyutsuz diisey yer degistirme degerlerinin e
gozeneklilik katsayisi ile degisimi

iki farkli gbzeneklilik ¢esidi icin L/h=5 ve L/h=20
oranlarinda gdzeneklilik katsayisinin (e) artist ile
degisen cksenel gerilme degerleri Tablo 5-6’da
verilmistir. Tablo 5-6 incelendiginde her tabaka cesidi
icin eksenel gerilme degerlerinin farklilik gosterdigi
goriilmektedir. L/h=5 ve L/h=20 oranlarinda en biiyiik
eksenel gerilme degeri tabaka 2-1-2’de iken, en diisiik
gerilme degeri tabaka 1-8-1’de meydana gelmektedir.
Gozeneklilik katsayisinin () artisi ile eksenel gerilme
degerleri TipA gozeneklilik ¢esidinde azalmakta iken
TipB i¢in artmaktadir. Sekil 4’te TipA ve TipB
gozeneklilik tipleri icin L/h=5 ve L/h=20 oranlarinda

gozeneklilik katsayisinin (e) artisi ile degisen eksenel

gerilme degerleri verilmistir.

Tablo 5. Basit destekli FD gozenekli sandvig
kiriglerin boyutsuz eksenel gerilme degerleri (TipA,

p=2)

e L/h=5
1-1-1 1-2-1 2-1-2 2-1-1 2-2-1 1-8-1
0 1.9380 1.5520 2.2390 1.8570 1.6041 0.9720
0.2 1.3960 1.0560 1.6900 1.3320 1.1110 0.6100
0.4 0.4050 0.2780 0.5380 0.4100 0.2999 0.1440
L/h =20
1-1-1 1-2-1 2-1-2 2-1-1 2-2-1 1-8-1
0 7.6910 6.1530 8.8940 7.7320 6.2865 3.8400
0.2 5.5420 4.1880 6.7180 5.5331 4.3693 2.4130
0.4 1.6090 1.1040 2.1390 1.6040 1.2003 0.5670

C. Solar, V.Taskin

Tablo 6. Basit destekli FD g6zenekli sandvig kirigteki
boyutsuz eksenel gerilme degerleri (TipB, p=2)

e L/h=5
1-1-1 1-2-1 2-1-2 2-1-1 2-2-1 1-8-1
0 1.9380 1.5520 2.2390 1.8570 1.6041 0.9720
0.2 2.0540 1.6260 2.3960 1.9300 1.6673 1.0000
0.4 2.1860 1.7080 2.5770 2.0620 1.7649 1.0310
L/h =20
1-1-1 1-2-1 2-1-2 2-1-1 2-2-1 1-8-1
0 7.6910 6.1530 8.8940 7.3200 6.2865 3.8400
0.2 8.1530 6.4450 9.5180 7.7560 6.5999 3.9520
0.4 8.6750 6.7670 10.2370 8.2500 6.9475 4.0710

Lih=5, TipA, p=2

LIh=20, TipA, p=2

Eksenel gerilme

Eksenel gerilme

|
|
\
|
*
Eksenel gerilme

Eksenel gerilme
|

Sekil 4. Boyutsuz eksenel gerilmesi degerlerinin e
gozeneklilik katsayisi ile degisimi

iki farkl1 gdzeneklilik ¢esidi igin 4 farkli tabaka tipinde
L/h=5 ve L/h=20 oranlarinda goézeneklilik katsayisin
(e) artist ile degisen kayma gerilmesi degerleri Tablo 7-
8’de verilmistir. Tablo 7-8 incelendiginde, gozeneklilik
kat sayisinin (e) artigi ile TipA gozeneklilik ¢esidi i¢in
kayma gerilmesi degerleri artmakta iken, TipB
gozeneklilik ¢esidi igin azalmaktadir. Farkli tabaka
cesitlerinde L/h=5 ve L/h=20 oranlart i¢in kayma
gerilmesi degerlerinin degistigi goriilmektedir. Sekil
5’de TipA ve TipB gozeneklilik ¢esitleri i¢cin L/h=5 ve
L/h=20 oranlarinda gozeneklilik katsayisinin (e) artisi

ile degisen kayma gerilmesi degerleri verilmistir.
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Tablo 7. Basit destekli FD g6zenekli sandvig
kiriglerin boyutsuz kayma gerilmesi degerleri (TipA,
p=2)

e L/h=5
1-1-1 1-2-1 2-1-2 1-81
0 0.9147 0.8395 1.0090 0.7647
0.2 0.9463 0.8578 1.0573 0.7695
0.4 0.9960 0.8846 1.1368 0.7756
L/h=20
1-1-1 1-2-1 2-1-2 1-8-1
0 0.9184 0.8429 1.0131 0.7684
0.2 0.9493 0.8606 1.0607 0.7729
0.4 0.9978 0.8865 1.1388 0.7786

Tablo 8. Basit destekli FD g6zenekli sandvig
kiriglerin boyutsuz kayma gerilmesi degerleri (TipB,
p=2)

e L/h=5
1-1-1 1-2-1 2-1-2 1-81
0 0.9147 0.8395 1.0090 0.7650
0.2 0.8984 0.8199 0.9981 0.7433
0.4 0.8797 0.7977 0.9855 0.7193
L/h=20
1-1-1 1-2-1 2-1-2 1-81
0 0.9184 0.8429 1.0131 0.7684
0.2 0.9022 0.8233 1.0023 0.7470
0.4 0.8835 0.8011 0.9887 0.7229

111

TipA, Uh=5 [e—121 TipA, Lh=20
s 2.1 115
A 1y

Sekil 5. Boyutsuz kayma gerilmesi degerlerinin e
gozeneklilik katsayisi ile degisimi

85
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Tablo 9-10-11-12°de 6 farkli tabaka ¢esidi i¢in, gesitli
kuvvet kanunu endeks degerlerinde, TipA ve TipB
gozeneklilik gesitlerinin  gézeneklilik katsayisinin
degisimi ile elde edilen basit mesnetli FD sandvig
kiriglerin ~ dogal frekanslarinin  kargilagtirmasini
sunmaktadir. Tablo 9-10 incelendiginde, gii¢ kanunu
endeksinin artmasiyla dogal frekans degerlerinin
azaldig:r gortilmektedir. Dogal frekans degerinin en
digiik degerleri tabaka 2-1-2'de, en yiiksek frekans
degerleri ise tabaka 1-2-1'de gdzlenmistir. Bunun
nedeni bu kirislerin seramik fazinin en disiik ve en
oranlarina

yiikksek  hacim kargilik  gelmesidir.

Beklendigi gibi p=0 oldugunda dogal frekans

degerlerinin tim tabakalar i¢in aym1 oldugu

goriilmektedir.

Tablo 9. Basit destekli FD gozenekli sandvig
kiriglerin dogal frekans degerleri (L/h=5)

1-1-1
e 0 0.2 0.4
Gozeneklilik TipA TipB TipA TipB TipA TipB
p=0 5.1547 5.1547 5.0384 5.1479 4.9080 5.1407
p=1 3.8761 3.8761 3.6152 3.8324 3.3049 3.7862
p=2 3.4202 3.4202 3.0775 3.3569 2.6492 3.2895
p=5 3.0198 3.0198 2.5769 2.9341 1.9742 2.8416
p=10 2.8828 2.8828 2.3943 2.7876 1.6948 2.6841
1-2-1
e 0 0.2 0.4
Gozeneklilik TipA TipB TipA TipB TipA TipB
p=0 5.1547 5.1547 5.0384 5.1479 4.9080 5.1407
p=1 4.1102 4.1102 3.8850 4.0752 3.6222 4.0382
p=2 3.7338 3.7338 3.4532 3.6850 3.1164 3.6333
p=5 3.3782 3.3782 3.0315 3.3137 2.5971 3.2449
p=10 3.2380 3.2380 2.8594 3.1661 2.3736 3.0893
2-1-2
e 0 0.2 0.4
Gozeneklilik TipA TipB TipA TipB TipA TipB
p=0 5.1547 5.1547 5.0384 5.1479 4.9080 5.1407
p=1 3.7309 3.7309 3.4439 3.6812 3.0972 3.6284
p=2 3.2384 3.2384 2.8494 3.1650 2.3450 3.0862
p=5 2.8466 2.8466 2.3364 2.7473 1.5847 2.6391
p=10 2.7387 2.7387 2.1807 2.6302 1.2967 2.5109
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Tablo 10. Basit destekli FD gozenekli sandvig
kiriglerin dogal frekans degerleri (L/h=5)

Tablo 11. Basit destekli FD gozenekli sandvig
kiriglerin dogal frekans degerleri (L/h=20)

2-1-1

1-1-1

e 0 0.2 0.4

e 0 0.2 0.4

Gozeneklilik TipA TipB TipA TipB TipA TipB

Gozeneklilik TipA TipB TipA TipB TipA TipB

p=0 5.1547 5.1547 5.0384 5.1479 4.9080 5.1407

p=0 5.4610 5.4610 5.3200 5.4489 5.1650 5.4363

p=1 3.8212 3.8212 3.5436 3.7725 3.2077 3.7205

p=1 4.0325 4.0325 3.7643 3.9829 3.4123 3.9308

p=2 3.3559 3.3559 2.9800 3.2825 2.4912 3.2027

p=2 3.5391 3.5391 3.1718 3.4698 2.7193 3.3963

p=5 2.9808 2.9808 2.4867 2.8794 1.7566 2.7662

p=5 3.1113 3.1113 2.6434 3.0194 2.0162 2.9206

p=10 2.8739 2.8739 2.3322 2.7620 1.4710 2.6355

p=10 2.9664 2.9664 2.4522 2.8646 1.7277 2.7547

2-2-1

1-2-1

e 0 0.2 0.4

e 0 0.2 0.4

Gozeneklilik TipA TipB TipA TipB TipA TipB

Gozeneklilik TipA TipB TipA TipB TipA TipB

p=0 5.1547 5.1547 5.0384 5.1479 4.9080 5.1407

p=0 5.4610 5.4610 5.3200 5.4489 5.1650 5.4363

p=1 3.9914 3.9914 3.7438 3.9501 3.4501 3.9062

p=1 4.2886 4.2886 4.0391 4.2478 3.7523 4.2052

p=2 3.5729 3.5729 3.2510 3.5125 2.8506 3.4475

p=2 3.8773 3.8773 3.5728 3.8228 3.2123 3.7653

p=5 3.1983 3.1983 2.7847 3.1151 2.2294 3.0241

p=5 3.4931 3.4931 3.1225 3.4227 2.6648 3.3480

p=10 3.0656 3.0656 2.6095 2.9723 1.9689 2.8691

p=10 3.3426 3.3426 2.9402 3.2648 2.4310 3.1821

1-8-1

2-1-2

e 0 0.2 0.4

e 0 0.2 0.4

Gozeneklilik TipA TipB TipA TipB TipA TipB

Gozeneklilik TipA TipB TipA TipB TipA TipB

p=0 5.1547 5.1547 5.0384 5.1479 4.9080 5.1407

p=0 5.4610 5.4610 5.3200 5.4489 5.1650 5.4363

p=1 4.6786 4.6786 4.5202 4.6606 4.3404 4.6416

p=1 3.8766 3.8766 3.5641 3.8207 3.1923 3.7618

p=2 4.5146 4.5146 4.3396 4.4922 4.1397 4.4686

p=2 3.3468 3.3468 2.9318 3.2669 2.4020 3.1816

p=5 4.3523 4.3523 4.1596 4.3253 3.9380 4.2969

p=5 2.9315 2.9315 2.3935 2.8252 1.6150 2.7099

p=10 4.2833 4.2833 4.0826 4.2543 3.8511 4.2237

p=10 2.8193 2.8193 2.2319 2.7032 1.3195 2.5765
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Tablo 12. Basit destekli FD gozenekli sandvig
kiriglerin dogal frekans degerleri (L/h=20)

211 —
e 0 0.2 0.4 AN
Gozeneklilik TipA TipB TipA TipB TipA TipB \‘\\\
p=0  5.4610 5.4610 5.3200 5.4489 5.1650 54363 . I m ) :
p=1  3.9773 3.9773 3.6733 3.9222 3.3116 3.8636 : '
p=2  3.4759 3.4759 3.0726 3.3956 2.5568 3.3087 . e

p=5 3.0781 3.0781 2.5540 2.9687 1.7944 2.8476
p=10 2.9673 2.9673 2.3936 2.8468 1.5006 2.7117

Dogal frekans

Dogal frekans

2-21 s
e 0 0.2 0.4 L . e .
Gozeneklilik TipA TipB TipA TipB TipA TipB ’ ’
p=0  5.4610 5.4610 5.3200 5.4489 5.1650 5.4363 o e
p=1  4.1600 4.1600 3.8872 4.1126 3.5686 4.0626 - .

p=2 3.7055 3.7055 3.3580 3.6387 2.9325 3.5673
p=5 3.3039 3.3039 2.8639 3.2139 2.2825 3.1160

Dogal frekans
Dogal frekans

p=10 3.1631 3.1631 2.6798 3.0626 2.0124 2.9524 1 v
: R T
1-8-1
e 0 0.2 0.4
Gozeneklilik TipA TipB TipA TipB TipA TipB Sekil 6. Boyutsuz dogal frekans degerlerinin TipA ve
p=0  5.4610 5.4610 5.3200 5.4489 5.1650 5.4363 TipB icin p iisteline gore degisimi (L/h=5)

p=1 4.9229 4.9229 4.7401 4.8994 4.5359 4.8749
p=2 4.7397 4.7397 4.5404 4.7117 4.3164 4.6826
p=5 4.5593 4.5593 4.3424 4.5267 4.0968 4.4927 e TR e
p=10 4.4828 4.4828 4.2580 4.4481 4.0025 4.4119 s

LIh=20, TipB, e=0

Dogal frekans
>

Dogal frekans

Sekil 6-7’de TipA ve TipB igin L/h=5 ve L/h=20

oranlarinda farkli gozeneklilik katsayilariyla (e) p

L/h=20, TipA, e=0.2 L/h=20, TipB, e=0.2

iistelinin artis1 ile boyutsuz dogal frekans degerlerinin .

degisimi verilmistir. s

Dogal frekans
Dogal frekans

LIh=20, TipA, e=0.4 L/h=20, TipB, e=0.4

Dogal frekans

Dogal frekans

Sekil 7. Boyutsuz dogal frekans degerlerinin TipA ve
TipB igin p iisteline gore degisimi (L/h=20)
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Tablo 13’te FD kirigin L/h=5 ve L/h=20 oranlari, Tablo 14. FD gozenekli kirisin dogal frekans

gozenek tipleri, gozeneklilik katsayilart (e=0, e=0.1, degerlerinin p tisteline gore karsilagtirilmasi(L/h=5)

e=0.2) icin p=2 istelinde dogal frekans degerlerinin Gozeneklilik Teori e p=0 p=05 p=1 p=2 p=5 p=10

. .o . e Tipi
literatiir ile karsilastirmasi verilmistir. Adiyaman 0 5.1523 4.4016 3.9710 3.5970 3.3725 3.2644
(2022)
Sunulan  5.1542 4.4117 3.9914 3.6267 3.3991 3.2814
Tablo 13. p=2 ustelinde FD gozenekli kirisin dogal salisma
frekans deserlerinin karsilastiril Adiyaman 0.1 5.2223 4.3934 3.8835 3.4050 3.1083 3.0028
rekans degerlerinin karsilastirilmasi (2022)
. Sunulan  5.2260 4.3090 3.8447 3.4236 3.1695 3.0632
L/h  Teori TipA TipB TipA  calisma
Adiyaman 0.2 5.3047 4.3793 3.7577 3.1023 2.6403 2.5273
e=0 e=0.1 e=0.2 e=0 e=0.1 e=0.2 (2022)
Hadji vd. 3.6264 3.4418 3.1489 3.6264 3.6060 3.5785 Sunulan  5.0379 4.1983 3.6784 3.1782 2.8710 2.7784
. 3. . . . . . calisma
(2019) Adiyaman 0 5.1532 4.4016 3.9710 3.5970 3.3725 3.2644
5 Adiyaman 3.59703.4050 3.1023 3.5970 3.5736 3.5405 (2022)
(2022) Sunulan  5.1542 4.4117 3.9914 3.6267 3.3991 3.2814
galisma
Sunulan 3.6267 3.4236 3.1782 3.6267 3.5755 3.5194 Adiyaman 0.1 5.2184 4.4429 3.9850 3.5737 3.3193 3.2112
¢alisma (2022)
Hadji vd. 3.83613.6335 3.3123 3.8361 3.8226 3.8004 , Sunulan  5.1509 4.3948 3.9595 3.5755 3.3410 3.2311
(2019) TipB calisma
Adiyaman 0.2 5.2888 4.4872 3.9978 3.5405 3.2417 3.1252
20 Adiyaman 3.83413.6308 3.3090 3.8341 3.8201 3.7975 (2022)
Sunulan  5.1474 4.3770 3.9255 3.5194 3.2750 3.1738
(2022)
Sunulan 3.8362 3.6044 3.3302 3.8362 3.7765 3.7117 cahsma
¢alisma

Sekil 8’de L/h=5 oraninda TipA goézeneklilik tipi i¢in
Tablo 14’te FD gozenekli kirisin L/h=5 oraninda, TipA  e=0, e=0.1 ve e=0.2 gdzeneklilik kat sayilarina gore p
ve TipB gozeneklilik tipine, gozeneklilik kat sayisina  {istelinin degisimiyle elde edilen dogal frekans
(e) ve p iistelinin degisimiyle elde edilen dogal frekans  degerlerinin literatiir ile karsilagtirmas1 verilmistir.
degerlerinin karsilagtiritlmasi sunulmustur.
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\ |
o \ w5 i
§esd | §
£ 4 g
£ \ S0
40 2
8 \ &
as
g N,
£ S b
—— ——
—e a0 ==
IR : © T 1z %
P P

e

o

Dojal frekans.

»

Sekil 8. Boyutsuz dogal frekans degerlerinin L/h=5
oraninda literatiir ile kargilastirmasi
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Statik Egilme ve Serbest Titregim Analizi

3. Genel Sonuclar

FD gozenekli ve gozeneksiz sandvic kiriglerin statik
egilme analizinde 6 farkli tabaka i¢in diisey yer
degistirme, eksenel gerilme degerleri ve 4 farkli tabaka
icin kayma gerilmesi degerleri elde edilmistir. FD
sandvig kirislerin serbest titresim analizi 6 farkli tabaka
icin  gergeklestirilmistir FD  gézenekli  sandvig
kiriglerdeki her bir tabaka i¢in 5 farkli p iisteline, 3
farkli gozeneklilik kat sayisina, 2 farkli gézeneklilik
tipine ve 2 farkli kalinlik/uzunluk oranina goére statik
egilme ve serbest titresim degerleri elde edilmistir. Bu
calismada Navier ¢éziim yontemi kullanilarak elde
edilen sonuglar sunulmustur. Gelecek c¢alismalarda,
farkli ¢6ziim yontemleri kullanilarak degisik sinir
kosullar1 altinda benzer analizler gergeklestirilmesi

Onerilmektedir.

FD gozenekli ve gozeneksiz sandvig kirigin statik
egilme ve serbest titresim analizi sonucunda elde edilen
diisey yer degistirme, eksenel gerilme, kayma gerilmesi
ve dogal frekans degerleri incelendiginde asagidaki

sonuglar elde edilmistir:

a) FD gozenekli ve gozeneksiz kirislerde kuvvet
kanunu stelindeki (p) artig ile disey yer
degistirme, eksenel gerilme ve kayma gerilmesi
degerleri artarken, dogal frekans degerleri

azalmaktadir.

b) FD gozenekli ve goézeneksiz kirislerde tabaka

dizilimleri statik egilme ve dogal frekans
degerlerini etkilemektedir.
c) FD gozenekli ve gozeneksiz kiriglerde

uzunluk/kalinlik (L/h) orani statik egilme ve
dogal frekans degerlerini etkilemistir.

d) FD gozenekli sandvig kiriglerde gozeneklilik tipi
ve gozeneklilik katsayisi statik egilme ve dogal

frekans degerlerini etkilemistir.

Cikar Catismasi: Yazarlarin beyan edilecek herhangi

bir ¢ikar ¢atigmasi yoktur.
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Memristor has turned into a popular nonlinear circuit element following the discovery
of a thin-film system that mimics the behavior of a memristor. Some memristor
research has concentrated on developing new memristor models. Some memristor
models have window functions. In the literature, there are a lot of different window
functions proposed for modeling them. Recently, it has been shown that some
memristive models cannot do a complete resistive switching in a finite time and a
window function with a finite resistive switching time has been suggested to model a
memristor. In this paper, its Spice model has been given. The model is modified using
a different shaping factor for each polarity. Its Spice model is made in the LTspice
program. As an example, the model is used to simulate a memristor-based sawtooth
generator in this study. Its simulation results are also presented to verify the circuit’s
operation as a sawtooth signal generator.

Mutlu-Kumru Memristor Modelinin SPICE Modeli ve Testeredisi Sinyal Jeneratorii
I¢in Analizi, Modellenmesi ve Simulasyonu
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Pencere Fonksiyonu.

Memristor, memristoriin davranigini taklit eden ince film sisteminin bulunmasindan
sonra popiiler bir dogrusal olmayan devre elemanina doniismiistir. Memristor
aragtirmalarindan bir kismu yeni memristér modellerinin gelistirilmesi {izerinde
yogunlagmistir. Baz1 memristor modelleri pencere fonksiyonlarina sahiptir. Literatiirde
memristorlerin  modellenmesi i¢in Onerilen birgok farkli pencere fonksiyonu
bulunmaktadir. Son zamanlarda, baz1 hafizali modellerinin sonlu bir zamanda tam bir
rezistif anahtarlama yapamadigi gosterilmis ve bir memristorii modellemek i¢in sonlu
rezistif anahtarlama zamanli bir pencere fonksiyonu oOnerilmistir. Bu yazida bu
modelin Spice modeli verilmistir. Model, her polarite i¢in farkli bir gekillendirme
katsayis1 kullanilarak degistirilebilmektedir. Spice modeli LTspice programinda
yapilmigtir. Bu ¢alismada 6rnek olarak, bu model memristor-tabanli bir testere disi
jeneratoriinii simiile etmek i¢in kullanilmigtir. Simiilasyon sonuglar1 devrenin testere
disi jeneratorii olarak ¢alistigint dogrulamak i¢in verilmistir.
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1. Introduction

The claim for the memristor’s existence was made in
1971 (L. O. Chua, 1971). In 1976, memristive systems
and their properties have been described (L. O. Chua &
Kang, 1976). In 2008, a thin-film memristive system
that behaves as a memristor has been discovered
(Strukov et al., 2008). In the last decade, memristor and
memristive systems have become hot research areas
(Pershin etal., 2011; Prodromakis & Toumazou, 2010).
New materials in nano dimensions showing memristive
properties are under research (Pershin & Di Ventra,
2011). Memristor is expected to be used in analog and
Chua, 2011;
Prodromakis & Toumazou, 2010). That’s why it is

digital circuit applications (L.
important to develop memristor models (Khalid, 2019).
Because of their non-linear nature, it is hard to model
the electrical characteristics of the memristors.
Memristor models that have window functions are
commonly used to model memristors and there are
various window functions in the literature (D. Biolek &
Biolkova, 2009; Eroglu, 2017; Joglekar & Wolf, 2009;
Khalid, 2019; Prodromakis et al., 2011; Strukov et al.,
2008; Zha et al., 2016). The first window function is
presented by Strukov et al (Strukov et al., 2008).
Joglekar has also provided a shapeable nonlinear
dopant drift memristor model but it has a boundary-
tackling issue (Joglekar & Wolf, 2009). Biolek et al
have given a current direction-dependent window
function without any boundary-tackling issues (D.
Biolek & Biolkova, 2009). Prodromakis et al have
given a scalable and shapeable window function but
with a boundary-tackling issue (Prodromakis et al.,
2011). The model has been modified to get rid of the
boundary-tackling issue and to have scalability (Zha et
al., 2016). Some of the models are phenomenological
approaches (Eroglu, 2017; Khalid, 2019). In (Mutlu &
Kumru, 2023), a boundary unreachability issue has
been shown to exist for some memristor models, i.e.,

they do not switch in a finite time.

E. Karakulak, R. Mutlu

TEAM memristor model, which is a general model,
simplifies the Simmons Tunnel Barrier Model and the
derivative of its state space function is given as a
piecewise function (Kvatinsky, S., et al., 2012). It
makes use of thresholds in the model. An exponential
function-based window function, which still suffers
from boundary-tackling issues, has been suggested
(Oguz, Y., et al., 2017). Some memristor models have
piecewise linear window functions (Hernandez et al,
2019; Karakulak et al., 2020). A new window function,
which provides finite resistive switching times has been
reported in (Mutlu & Kumru, 2023). The model is also
simple enough to provide some analytical solutions for

resistive switching times.

Memristors may allow programmable electronic
circuits made (Shin et al., 2009, 2011). Electronically
programmable amplifiers can be made with memristors
(Berdan, R, 2012;
Pershin & Di Ventra, 2010; T. a. Wey & Jemison,
2011). Memristor-based filters have been examined in
the literature (Ascoli et al., 2013; S. C. Yener et al.,
2018; S. C. Yener et al., 2014). It is possible to make
memristor-based phase shifters or modulator circuits
(Mutlu, R., Karakulak, 2018; T. A. Wey & Benderli,
2009). In (Itoh & Chua, 2008; Muthuswamy, 2010),
memristor-based chaotic oscillators are examined. In
(Mosad et al., 2013; Mutlu, 2015; Talukdar et al., 2011;
S. C. Yener et al., 2014), different types of memristor-

Prodromakis, T.; Toumazou,

based relaxation oscillators are presented.

A memristor-based sawtooth signal generator
(MBSSQ) is suggested and examined analytically and
experimentally using an HP memristor emulator
(Ozgiiveng et al., 2016). Other memristor models with
nonlinear drift speed are also used to simulate the
MBSSG (Kurtdemir A.; Mutlu R., 2019). It is shown
that the memristor models used in (Kurtdemir A.;
Mutlu R., 2019) have either boundary tackling or
boundary reachability issues except for the HP

memristor model (Mutlu & Kumru, 2023). Although
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the simulations of the MBBSG are made in (Kurtdemir
A.; Mutlu R., 2019), the nonlinear dopant drift
memristor models cannot complete the resistive
switching analytically and therefore the simulations are
wrong (Mutlu & Kumru, 2023). The model given by
Kumru and Mutlu can be used to model the MBBSG
since such a memristor model completes a resistive
switching in both forward and reverse polarities as the
model since it does not have any boundary tackling and
unreachability issues. The study aims to analyze the
MBSSG with the new model, give its LTspice of model
(Mutlu & Kumru, 2023), and use it to simulate the
MBSSG.

This paper is arranged in the following way. In the
second section, the Mutlu-Kumru memristor model is
briefly told. In the third section, its LTspice model is
given. In the fourth section, the MBSSG is given and
its LTspice simulations are given. The paper is finished

with the conclusion section.
2. Mutlu-Kumru Memristor Model

Some thin films, that have frequency-dependent zero-
crossing hysteresis loops, are memristive systems and
are nowadays called memristors. Such a memristor

model with nonlinear dopant drift is presented as

v(t) = RGOI(?) )
=y i(Df (x, 1) 2)

where R(x) represents the resistance of the memristor,
i(t) denotes its current, v(t) indicates its voltage, w is the
length of its oxidized region, uy is the dopant mobility,
D is the total length of the TiO, region, x=w/D is the
normalized oxidized length, R_onis the minimum

resistance, and f(x,i) is the window function.

The resistance of the memristor is given as

R(x) = Ropr — (Roff - Ron)x 3)

HP memristor does. Some LTspice models of
memristors are available in the literature (D. Biolek &
Biolkova, 2009; Karakulak & Mutlu, 2020). A
memristor-capacitor (M-C) parallel circuit is inspected
with an LTspice model of the proposed memristor
model, but the model was not presented in (Mutlu &

Kumru, 2023). It is important to present its LTspice

Its resistance varies between its minimum value, Ron,

and its maximum value, Ros.

A window function indicates how closely a memristive
system approximates an ideal memristor (Z. Biolek et
al., 2009). The resistance value or memristive state-
variable changes only when the window function f(x,i)
is not equal to zero. In (Mutlu & Kumru, 2023), it is
shown that some of the well-known models also have
another problem named boundary reachability issue,
i.e., their memristive switching time takes infinite time
in both polarities and a new window function which

also depends on device polarity is suggested:
flx, ) =m V1 —x.stp(i) + myVx.stp(=i). (4)

where n is a positive number used to shape the window
function, and, m; and m; are scaling parameters for

the forward and reverse polarities respectively.

A memristor model with this window function switches
in finite time when a DC voltage is applied (Mutlu &
Kumru, 2023). Such a window function can be
modified to have two shaping parameters, one for each

direction:

flx, i) =m, VI —x.stp(i) + m, ¥x.stp(—i). (5)

where n; and ny are the shaping parameters for the

forward and reverse polarities respectively.

The new function can also be expressed as a piecewise

function:
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my nl\/ 1—x,
mZ nz\/zl

fx,i) = { 129 ©)
i<0

Combining Eq.s (1-5) makes the new memristor model.

The plots of Mutlu-Kumru window functions for the

forward and reverse polarities are given in Figure 1.

The shaping parameters n; and n; defines the shape of

the window functions. More information about the

model can be found in (Mutlu & Kumru, 2023).
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Figure 1. The Mutlu-Kumru window function for a)
the forward biased memristor (i(t)>0), various ny
values, and m;=1 and b) the reverse biased memristor

(i(t)<0), various n, values, and m,=1.

3. Memristor Spice Model With The Mutlu-Kumru
Model

The new memristor model is made in the LTspice
simulator environment since it is a program that has
also been often used to make lots of the memristor
models given in the literature. The LTspice code of the
new model is presented in Table 1. The block scheme
of the memristor model is shown in Figure 2. The

current source placed between the input nodes whose

E. Karakulak, R. Mutlu

current is equal to imem (i(t)) is used to represent the
memristor and the other current source and a capacitor
is utilized to calculate the state variable of the
memristor (x(t)). This memristor model possesses three
pins or nodes. The pin XSV lets the state variable of the
memristor be plotted. The model is simulated with a
sinusoidal voltage for three different frequencies. Its
hysteresis curves are plotted together to illustrate that it
possesses the three fingerprints of a memristor as seen
in Figure 3. The Lissajous curves are not symmetric
with respect to the origin due to their polarity
dependence

and differing scaling parameters.

Memristor waveforms for 20 Hz are shown in Figure 4.

Table 1. Memristor Model Codes

* SPICE Model of Mutlu-Kumru Memristor
*TE: Top electrode
* BE: Bottom electrode

* XSV: External connection to plot state variable

.SUBCKT MEM_MK TE BE XSV

.params Ron=150 Roff=1000 x0=0.076 D=16N uv=40F
m1=2 m2=3 n1=2 n2=2

* The Current Polarity Dependent Window Function a
func fa(V1)={ml*pow(V1,1/n1)}

* The Current Polarity Dependent Window Function b
func fo(V1)={m2*pow((1-V1),1/n2)}

* Window Functions with respecting to current direction
func f(V1,V2) ={stp(V2)*fb(V1)+(1-stp(V2))*fa(V1)}
* Memristor 1-V Relationship

func IVRel(V1,V2) = V1/(Ron*V2 + Roff*(1-V2))

* Circuit to determine state variable

Gx 0 XSV
value={I(Gmem)*Ron*uv*f(V(XSV,0),I(Gmem))/pow(
D,2)}

Cx XSV 0 {1}

ic V(XSV) =x0

* Current source representing memristor

Gmem TE BE value={IVRel(V(TE,BE),V(XSV,0))}
.ENDS MEM_MK
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Figure 2. Block Scheme of Memristor Model
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Figure 3. Hysteresis curves of the simulated
memristor fed by a sinusoidal voltage of
V(t)=0,8sin(2xnft) V for the frequencies of 20, 25, and
60 Hz.
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Ll o
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Figure 4. Voltage, Current, and State variable curves

of the Mutlu-Kumru memristor model for 20 Hz.
4. Simulation Results

The memristor-based sawtooth signal
(MBSSG) presented in (Ozgiiveng et al., 2016) is
shown in Figure 5. It comprises a relaxation oscillator

generator

and an inverting amplifier that has a memristor used as
the feedback component. The purpose of the relaxation
oscillator is to produce a square wave. In Figure 4, the
memristor polarity is selected so that its memristance
increases with a positive current. The input current of
the R-M amplifier is also the memristor current. The
square wave results in the opamp being fed by a square
wave current. Memristor’s memristance decreases in

the positive alternance and increases in the negative

alternance if the memristor is not under saturation, i.e.,
its state variable is varying. In this case, the output of
the MBSSG generator is negative memristor voltage. If
the memristor is under saturation, i.e., its state variable
is constant, the output of the MBSSG generator
becomes constant, too. The output voltage of the

relaxation generator can be assumed to be

Vg, 0O<t <T§
V, = . (7
Vg —<t<T
2

Where Vs is the saturation voltage of the opamp of the
relaxation oscillator and T is the electrical period of the

square wave and equal to 1/f.

The frequency of the relaxation oscillator is given as

f=2% ®)

RfC

Inverting Amplifier

Relaxation Oscillator with Memristor
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Figure 5. The sawtooth wave generator with a

memristor (Ozgiiveng et al., 2016).

LTspice circuit presentation of the MBSSG is given in

Figure 6 and it is analyzed using the Mutlu-Kumru
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memristor model made in the last section. The

memristor parameters used in the simulations are given
in Table 1. For various memristor parameters, the

output voltage waveform is presented in Figures 7-10.

Table 2. Circuit element parameters used in
simulations
The memristor minimum Ron 150 Q
resistance
The memristor Rofr 1000 Q
maximum resistance
The dopant mobility Uy 40.10°%°
m?/V.s
The memristive element D 16 nm
length
Parameter m; m; 2
Parameter m, m; 3
Parameter n; ny 2
Parameter n; n; 2

The MBSSG generator circuit has been simulated for
three different frequencies: 20, 50, and 250 Hz. The
frequency dependence of the shape of the output
voltage of the MBSSG generator in the steady-state can
be seen in the simulation results given in Figures 7-9.
20 Hz operation frequency is low enough for the
memristor to get into saturation since its voltage
becomes constant in some intervals in each period. Due
to the operation of the memristor in the saturation
region, the output voltage is not a sawtooth waveform.
When the frequency is increased to 50 Hz, the period is
not long enough for memristor to get into saturation,
the memristor output voltage resembles a sawtooth
waveform more. At 250 kHz, the period is shorter and
the memristor’s memristance only varies just a little bit
and almost stays constant, and the output voltage
waveform is almost a square wave, not a sawtooth
wave. The shape of the output waveform can be further

optimized by adjusting its frequency or using different

E. Karakulak, R. Mutlu

memristor parameters. The transient behavior of the
MBSSG generator for 250 Hz can be seen in Figure 10
while as its steady-state behavior for 250 Hz is shown
in Figure 9. The memristor state variable switches from
0to 1 or 1 to O if the half period of the input square
wave signal is higher than the resistive switching time
as shown in Figure 7. The output waveform rises
quickly and gets fixed at the value (V_sat R_off)/R_2
in the positive alternance and the output waveform falls
quickly and gets fixed at the value -(V_sat R_on)/R in
Figure 7. However, if the half period of the square wave
signal is lower than the resistive switching time, the
resistive switching cannot be completed as shown in
Figures 8 and 9. Over 250 Hz or at very high
frequencies, the memristor starts behaving as if a linear
time-invariant resistor, and, therefore, the MBSSG
generator starts giving a square waveform. That’s why
the middle frequencies are the best for the operation of
the MBSSG since the waveform resembles a sawtooth

the most.
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Figure 6. The LTspice schematic of the inspected

generator.
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R,=200 Q, x(0)=0.076, and the memristor model

parameters same as Table 1)
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Figure 8. a) Input and b) Output Voltages of the R-M
Inverting Amplifier for 50 Hz Input Frequency (
R,=200 Q, x(0)=0.076, and the memristor model

parameters same as Table 1)
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Figure 9. a) Input and b) Output Voltages of the R-M
Inverting Amplifier for 250 Hz Input Frequency ((
R,=200 Q, x(0)=0.076, and the memristor model

parameters same as Table 1)
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Figure 10. a) Input and b) Output Voltages of the R-
M Inverting Amplifier for 250 Hz Input Frequency (
R>=200 Q, x(0)=0.076, and the memristor model

parameters same as Table 1)

5. Conclusion
New circuit elements require models to be used in

circuit programs such as Spice. Memristor is a

nonlineer element that has emerged in recent decades.
A new window function, which gives finite resistive
switching times has been reported in (Mutlu & Kumru,
2023).
Kumru memristor model is presented and used to

In this paper, an LTspice model of Mutlu-

model a memristor-based sawtooth signal generator.
The solutions with window functions given in
(Kurtdemir A.; Mutlu R., 2019) are not valid due to
boundary-tackling and boundary unreachability issues.
The analytical solution of the generator has also been
made to show that the signal generator is analytically
solvable with Mutlu-Kumru window function.

In the future, once memristors are commercially
available, it may be feasible to develop various types of
signal generators based on memristors. However,
inaccurate modeling of a memristor can lead to errors
in these analog application circuits as well. Therefore,
companies intending to commercialize memristors
should also provide SPICE circuit models that
accurately represent them to facilitate their integration
into circuits.
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System solutions such as the use of renewable energy are used as energy management
applications to implement the necessary measures to eliminate energy waste, losses,
and inefficiencies in industrial facilities, to meet the needs of heating, cooling,
ventilation, electricity, hot water, and lighting energy completely or partially. In this
study, it is planned to obtain some of the electrical energy consumed as an energy
efficiency increasing application in the industrial facility located in Edirne, from solar
energy, which is a renewable energy source. With the 910 kW Photovoltaic (PV)
system planned to be installed in the industrial facility, it is aimed to obtain
approximately 20% of the electricity need of the facility with solar energy. Thus,
because of the use of renewable energy in electricity production, 543.7 tCO;
greenhouse gas emissions will be reduced, equivalent to 99.6 unused cars and pickup
trucks per year. With the PV system installation, 1,183.0 MWh/year (101.737
TOE/year) energy savings and 318,376.66 $/year cost savings will be achieved. The
payback period of the system is 2.7 years.

Endiistriyel Tesis icin Bir PV Sisteminin Tekno-Ekonomik Degerlendirmesi: Tiirkiye-
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Endiistriyel tesislerde enerji israfi, kayiplart ve verimsizliklerin giderilmesi i¢in gerekli
onlemlerin uygulanmasi, 1sitma, sogutma, havalandirma, elektrik, sicak su ve
aydinlatma enerjisi ihtiyaclarinin tamamen veya kismen kargilanmasi i¢in yenilenebilir
enerji kullanimi gibi sistem ¢6ziimleri enerji yoOnetimi uygulamalari olarak
kullanilmaktadir. Bu ¢aligmada, Edirne'de bulunan sanayi tesisinde enerji verimliligini
artirict bir uygulama olarak tiiketilen elektrik enerjisinin bir kisminin yenilenebilir bir
enerji kaynagi olan giines enerjisinden elde edilmesi planlanmistir. Sanayi tesisine
kurulmasi planlanan 910 kW Fotovoltaik (PV) sistem ile tesisin elektrik ihtiyacinin
yaklasik %20'sinin giines enerjisi ile elde edilmesi hedeflenmektedir. Bdylece elektrik
enerjisi Uretiminde yenilenebilir enerji kullanimi sayesinde yilda 99,6 adet
kullanilmayan otomobil ve kamyonete esdeger 543,7 tCO> sera gazi salimi azaltilmis
olacak. PV sistem kurulumu ile 1.183,0 MWh/y1l (101,737 TEP/y1l) enerji tasarrufu ve

318.376,66 $/y1l maliyet tasarrufu saglanacaktir. Sistemin geri 6deme siiresi 2,7 yildir.
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1. Introduction

In the world, 50% of primary energy consumption is
realised in industry (AEO, 2018). At this point, it gains
importance in terms of increasing efficiency and energy
saving with energy management in industry. In Turkey,
where the electricity consumption in the industry has a
share of more than 35%, the utilization of renewable
energy sources for electricity generation has been one
of the objectives (enerji.gov.tr). Within the scope of
efficiency-enhancing practices in industrial facilities,
electricity generation systems based on renewable
energy resources are established to meet part of the
energy need. In order to meet the electricity, and
lighting energy needs in buildings, system solutions
such as the use of renewable energy sources are

analysed by the designers at the project stage.

PV systems are a suitable power generation system for
industrial applications. In 2020, the worldwide PV
system capacity was 773.2 GWp (Statista). Owolabi et
al. analysed the PV plant in Nigeria and proved that it
is a viable option. Mukisa et al. evaluated rooftop PV
system for industrial plants. Obeng et al. investigated
the campus application of a thin film (CdTe) solar PV
system. Farangi et al. investigated the economic
analysis of PV system. Kumar et al. investigated the
fulfilment of the energy needs of an educational
building with a PV system. Chang et al. analysed the
rooftop PV system for different buildings. Sajid et al.
analysed a photovoltaic (PV) system to meet the
electricity demand of an industrial plant. Rajput and
Dheer conducted experiments on a 100 kWp PV system

with the mathematical model they developed.

In the literature, there are studies on energy analysis in
industrial plants (Andrews and Johnson, 2016) and
environmental impact (Cheng et al., 2019). The
management team in the plant is also an important
factor (Tiller, 2012). Sola and Mota analysed the

factors affecting energy management in industrial
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facilities from these perspectives. A study developed by
Martin et al. (2012) shows that better energy efficiency
and productivity are strongly related to management
practices. According to a study developed by Neves et
al., the market also influences the adoption of an
environmental management system (ISO 14001).
Marimon and Casadesus (2017) conducted research on
the application of 1SO 50001 in industrial plants. The
impact of energy management activities in an industrial
company was analysed by Schulze et al.in 2016.
Backlund et al. (2012) found that retrofit works in
Industrial plant are more energy efficient for energy
intensive industries. Tollander and Ottosson (2010)
argue that energy management practices in industries
are scarce. Energy efficiency practices in industrial
plant should be developed both in terms of theoretical
contributions and practical case studies (Worrell et al.,
2009; Yin, 2009). Schulz and Stehfest (1980) showed
that energy management practices in industry are
beneficial both financially and environmentally
(Klugman et al., 2009). Other studies show potentials
for total energy savings (Karlsson et alg, 2009;
2007).
cogeneration systems in industrial plants is seen as a
solution (Marshman et al., 2010). Rudberg et al (2013)
investigated the preconditions for energy management

Thollander et al., The application of

in industrial plant.

The aim of the study is to obtain a part of the electrical
energy consumed as an energy efficiency improving
application in the industrial facility from solar energy,
which is a renewable energy source. In this study, the
PV system, which is an electricity generation system
from solar energy that can be used in integration with
the buildings, will be installed on the roof of the facility
where the study is carried out. Within the scope of the
study, a system that will provide electrical energy
conversion from solar energy with a power of 910 kW
consisting of 2000 grid-connected PV panels on a total

area of 4,550 m? on the roof of 4 buildings of the
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industrial facility will be installed and the electricity
production of this system will be monitored for a period
of two years. Using the obtained data, system
performances, capacity factors, energy production
efficiencies, levelled electricity costs will be
determined. The performance and economic analysis of
the PV system, which is designed to be installed, are
theoretically examined for real field conditions. This
study sets an example for future studies by providing
methodology and information on how to improve
energy efficiency by generating electricity from
renewable energy sources, not only for industrial plants
in Turkey, but also for other industrial plants around the

world.

2. Material and Methods

2.1. Site Description

The closed volume of the industrial facility located in
Edirne; Turkey is 14,339 m2 It is located at 41° latitude,
26° longitude geographical coordinates. Figure 1 shows
facility. Tablel

the location of the industrial

summarises the Industrial facility ’s location and

heating characteristics in Edirne.
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Figure 1. Location of the industrial facility in Edirne,

Turkey (earth.google.com)
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Table 1. Industrial facility location’s climate data
Parameter Unit Edirne
Latitude °N 41.7
Longitude °E 26.6
Elevation m 51
Earth temperature
. °C 21.8
amplitude
Average annual air
°C 135
temperature
Annual relative
o % 69.5
humidity
Heatin design
g g °C -5.6
temperature
Coolin design
J g °C 33
temperature
Total heating degree
°Cd 2,212
days
Total cooling degree
°Cd 2,009
days
Annual average
horizontal solar kWh/m?d  3.91
radiation
Annual atmospheric
kPa 99.3
pressure
Annual average wind
m/s 1.9

speed

-Solar energy potential

Figure 2 provides a summary of global horizontal
radiation and estimated PV power potential in shopping
mall location. It represents the average daily/yearly
electricity generation totals obtained from 1 kW-peak
solar power plant. Figure 3 shows the monthly average
ambient temperature and solar radiation of the

industrial facility site in Edirne, Thrace.
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Figure 3. Monthly average ambient temperature and solar radiation in Edirne, Turkey (retscreen-database)

2.2. Energy Production, Consumption, and Cost of
the Industrial Facility

The total energy consumption of the industrial facility
in 2020 is 3,825.6 TOE, the total energy consumption
in 2021 is 3,139.79 TOE, and the total energy
consumption in 2022 is 3,825.6 TOE. The facility's
total energy consumption average for the last 3 years is
3,477.81 TOE. In Figure 4, the monthly energy
consumption of the industrial facility in 2022 and the

monthly production of the industrial facility in 2022 in

Figure 5 are given. There is a linear variation between
total energy consumption and production. Figure 6
shows the distribution of total production and energy
consumption in the months of 2022. Considering the
production and energy consumption in the industrial
facility, it has been determined that production is
mostly directly proportional to coal consumption.
Figure 7 shows the total production and consumption

trend graph in the months of 2022.
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Figure 7. Total production and consumption trend graph in 2022

Table 2 shows the average energy consumption and
costs of the industrial facility for the years 2020-2021-
2022. It is seen that 43.4% of the energy cost is spent

on electrical energy. At this point, it will be an energy

efficiency enhancing application to produce electricity
with a renewable energy source within the boundaries

of the industrial facility to reduce the energy cost.

Table 2. Energy consumption and costs (average of 2020-2021-2022)

Energy Consumption Cost Unit Cost
(Purchased) Amount Unit TOE Total% | $ Total% | $/TOE
Electricity (purchased) 7,327,940.0 kWh 630.20 16.13 1,983,764.23  43,4% | 3,147.83
Coal 15,977.0 Ton 3,1954  81.77 2,529,340.37  55,3% | 791.56
Natural gas 91,233.0 Sm®  75.27 1.93 51,547,848.60 1,1% 684.84
Diesel 8,000.0 Lt 6.77 0.17 9,101.85 0,2% 1,344.44
Total 3,907.64 100 2,046,943.27 100 5,968.67

In order to determine the total amount of energy used
in the factory, it is necessary to take into account the
changes in production as well as consumption, and for
this purpose, the ‘Specific Energy Consumption’ for
each month should be calculated. Specific energy
consumption is the amount of energy used to obtain a
unit of product and can be expressed by Equation 1.
SEC is specific energy consumption [TOE/Ton], EC is
energy consumption [TOE] and P is production [Ton].

SEC = EC/P (1)
Performance evaluation is done by regularly comparing

the expected energy usage with the actual energy

consumption values. SEC values can be used to
evaluate this. These are especially important for
monitoring the impact of various operating conditions
on factory production performance. The growth of SEC
indicates poor performance and unnecessarily
increased energy consumption. Figure 8 shows the
specific energy consumption and total production
diagram of the industrial facility in 2022. It has been
determined that as the total production increases in the
industrial facility, the specific energy consumption
decreases, and this indicates that the performance of the

industrial facility is good.
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Figure 8. Total production and specific energy consumption in 2022

2.3. Simulation tool description The technical properties of PV module are shown at

Table 3. Photovoltaic panels are flat plate

RETScreen Software is software used worldwide to monocrystalline type, with a lifetime of around 25

evaluate energy production, cost analysis and years, being specified the capital price is 950 $/kW.
greenhouse gas emission reductions for renewable

energy technologies (Clean Energy Project Analysis).

2.4. PV system description and components

-Electrical load

The annual electrical energy consumption of the
industrial facility is 7,327.94 MWh equivalent to 630
TOE. This consumption amount constitutes 16.13% of
the total annual energy consumption of the facility.
Electric energy consumption costs 1,983,764.2 $ per
year. The cost of electrical energy consumption
constitutes 43.4% of the annual total energy
consumption cost. The annual electricity consumption
cost of the industrial facility is 3,147.83 $/TOE. With
the efficiency enhancing project, it is aimed to generate
some of the electrical energy needs of the facility with
renewable energy sources, to save money and to reduce
CO; emissions. There is an area of 4,550 m? suitable
for PV system installation in the roof areas of the

facility.

-PV system design
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Table 3. Technical properties of PV module Table 4. PV system technical specifications

Properties Value Proposed case power system
Cell type Monocrystalline Solar tracking mode - Fixed
Power 455 W Slope ° 32
Maximum  Power 1000 V/1500 V DC Azimuth ° 0
Voltage Annual solar radiation - MWh/  1.43
Maximum  Power 9.60 A horizontal m?
Current Annual solar radiation - tilted Mwh/  1.58
Open Circuit  50-40 V m?
Voltage Photovoltaic
Short Circuit 11.43 A Type mono-
Current ) Si
Efficiency 20.14 % Power capacity kw 910
Number of cells 72 Efficiency % 20
Power rating OW/5W Nominal operating cell oc 45
Working range -40°C ~ +85°C temperature
Dimensions 2096 x 1039 x 35 mm Temperature coefficient %/°C 04
Area 2.275 m? Total solar collector area m? 4,550
Warranty 25 Years Number of total solar collectors  piece 2,000
Power tolerance 0~5W Miscellaneous losses % 6.98
Weight 19 kg Inverter
Front surface Low iron tempered glass Efficiency % 95

3.2mm Capacity kw 100x9
Cable 4 mm? Miscellaneous losses % 3.0

(IEC)/12AWG(UL), 900 Summary

mm Capacity factor % 14.8
Certificate IP67 Electricity exported to grid MWh 1,183

The features of the designed PV system are shown in
Table 4. The tilt angle of the PV modules to be installed
on the roof of the industrial facility is fixed and 32°.
There are 2000 PV panels in the energy production

system.

3. Results and Discussion

Figure 9 shows the pre-application energy consumption
and energy costs ratios in the industrial facility, and
Figure 10 shows the

post-application energy

consumption and energy costs. 16.1% of the energy

consumed in the industrial facility is electrical energy
and electrical energy is purchased. With the PV system
installation, an average of 16.14% of the electrical
energy consumed will be produced and 7% savings will
be made in energy costs. Table 6 shows the monthly
electrical energy and monthly earnings produced by the
PV system. Figure 11 shows the monthly electrical
energy and solar radiation produced by the PV system.
Table 5 shows the monthly electrical energy produced
by the PV system and monthly earnings. The capacity
factor of the system is 14.8%. Electric energy costs

produced and purchased are shown in Figure 12.
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Table 5. Monthly electrical energy produced by the PV system and monthly earning
Electricity exported to grid ~ Monthly earning
Month (kwh) TOE %
January 61,050.0 5.25 16,547.93
February ~ 73,920.0 6.36 20,036.42
March 98,610.0 8.48 26,728.77
Avpril 108,830.0 9.36 29,498.96
May 123,880.0 10.65 33,578.34
June 128,940.0 11.09 34,949.88
July 136,690.0 11.76 37,050.56
August 132,900.0 11.43 36,023.26
September 115,310.0 9.92 31,255.40
October 88,480.0 7.61 23,982.98
November 62,940.0 5.41 17,060.23
December 51,460.0 4.43 13,948.51
Annual 1,183,000.0 101.74 318,376.66
250000
m Monthly earnings
B Purchased Electricity Cost (without PV system)
D Purchased Electricity Cost (with PV system)
200000
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Figure 12. Electric energy costs produced and purchased

The electrical energy values and costs purchased before  the monthly solar energy utilization rate (solar
the PV system installation in Table 6 and after the PV fraction). The annual average rate of solar energy
system installation in Table 7 are given. With the utilization of the PV system is 20%.

installation of the PV system, a total of 318,376.66 $

financial gain is achieved annually. Figure 13 shows
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Table 6. Purchased electrical energy and costs (without PV system)

Purchased Electrical Energy (kWh)  Purchased

Month Energy (kwh) Energy (TOE) Electricity Cost ($)
January 295,599.1 25.42 80,123.75
February 457,691.8 39.36 124,059.85
March 724,285.8 62.29 196,321.58
April 714,615.3 61.46 193,700.34
May 536,785.2 46.16 145,498.53
June 640,580.8 55.09 173,632.90
July 552,875.4 47.55 149,859.87
August 575,775.9 49.52 156,067.17
September  692,804.7 59.58 187,788.46
October 728,097.3 62.62 197,354.71
November 688,479.7 59.21 186,616.16
December  720,348.3 61.95 195,254.30
Annual 7,327,940.0 630.20 1,986,277.64

Table 7. Purchased electrical energy values and costs (with PV system)

Electricity (kwWh) Electricity (TOE) Purchased
Month Purchased Produced Purchased Produced (E;;eotnmty Cost
January 234,549.1 61,050.0 20.171 5.250 63,575.82
February  383,771.8 73,920.0 33.004 6.357 104,023.44
March 625,675.8 98,610.0 53.808 8.480 169,592.81
April 605,785.3 108,830.0 52.097 9.359 164,201.38
May 412,905.2 123,880.0 35.510 10.654 111,920.19
June 511,640.8 128,940.0 44.001 11.089 138,683.02
July 416,185.4 136,690.0 35.792 11.755 112,809.30
August 442,875.9 132,900.0 38.087 11.429 120,043.91
September 577,494.7 115,310.0 49.664 9.917 156,533.06
October 639,617.3 88,480.0 55.007 7.609 173,371.73
November 625,539.7 62,940.0 53.796 5.413 169,555.93
December 668,888.3 51,460.0 57.524 4.426 181,305.79

Annual 6,144,940.0 1,183,000.0 528.461 101.737 1,665,619.09
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3.1. Economic analysis

Itis envisaged that the planned investment will be made
with the own budgetary resources of the industrial
facility. Table 8 contains PV system information. The
PV system is designed as a roof application with a
power of 910 kW. Table 10 includes the study savings.
With the PV system installation, 1,183.0 MWh/year
(101.737 TOE/year) energy savings and 318,376.66
$lyear cost savings will be achieved. The payback
period of the system is 2.7 years. Figure 14 shows the

PV system cumulative balance diagram. Figure 15 and

H. Akhan

Figure 16 show the monthly average earning and

expense. Table 9 contains the necessary data for the

economic evaluation of the study.
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Figure 14. PV system cumulative balance

Table 8. PV system information

PV system information

Study

Electricity Purchase Unit Price
Distribution Price Unit Price

Annual Consumed Electricity

System Installed AC Power

System Installed DC Power

Annual Electricity Generation Potential
Unit Price

Investment Cost

Investment Value Equity Ratio / Amount
Depreciation Period of Investment (Month / Year)
10 Year Total Savings Amount

Performance Time of PV Power Plant

910 kW Roof PV Solar Energy System
0.27 $/kWh
0.026 $/kWh
675,000.00 kWh
910.00 kW
910.00 kW
1,183,000.00 kwWh
950.00 $/kW
864,500.00 $
100.00%
32 months
3,100,908.68 $

25 years

/ 864,500.00 $
[ 2.7 years
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Table 9. Necessary data for the economic evaluation 3.2. Impact Analysis

Economic evaluation

Investment cost ($) 864,500.0
Consumption saving earning ($) 199,472.3
Sales revenue to the grid ($) 118,904.4
Total earning ($) 318,376.7
Operation-Maintenance

Impact analysis is a process in which the significant
impacts of the PV system analysed in the study on the
environment are identified. It is used to determine the
extent to which carbon dioxide (CO,) and other

greenhouse gas emissions released into the atmosphere

expense ($) 316.6 are reduced by PV system installation. The effects of
Distribution fee ($) 4,452.5 the proposed application on the environment or other
Total expense ($) 4,769.1 equipment and systems. and the CO; emission
Scrap value ($) 216,125.0 reduction due to the savings to be made are given in
Discount rate 10% Table 10.

Project life 25 years
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Table 10. Impact analysis of the PV system

Emission Analysis Unit Value
Country - region - Turkey
GHG emission factor  tCO/MWh  0.459598
Produced electricity MWh 1,183.0
Net annual GHG

tCO: 543.7

emission reduction

Annual net GHG emissions reductions equivalent to
543.7 tCO; equivalent to 99.6 unused cars and pickup
trucks.

4, Conclusions

In order to meet a part of the energy needs of industrial
facilities. energy efficiency-enhancing practices are
carried out by establishing electricity generation
systems based on renewable energy sources. which are
established within a maximum of ten kilometers from

their facilities.
The following is the study’s main conclusion:

-By installing a solar PV system with a capacity of 910
kW on the roof of the industrial facility in Edirne,
Turkey. 1,183.0 MWh/year electrical energy can be

produced annually.

-Thus, 20% of the electricity need of the facility will be
produced using renewable energy sources and the
emission of 543.7 tCO, to the atmosphere will be

prevented.
-The payback period of the system is 2.7 years.

-The average annual earning of the system is
318,376.66 $/year and its annual expense is 4,769.13
$lyear.

While making the economic analysis of the system
payback period method, net present value method,

benefit/cost method and internal rate of return methods

H. Akhan

are used. According to each cost analysis method, the

PV system study in the industrial facility is acceptable.

To ensure the continuity of the positive effect after the
PV system installation, the personnel responsible for
the system should be assigned and the personnel should
be trained in PV system operation and maintenance.
The system should be examined with periodic checks
to be made on a regular basis. After the installation of
the PV system, the performance of the system should
be determined by measuring data such as electrical
values and temperature on the system for the first two
years and making system analysis. At the same time,
since the temperature significantly affects the PV panel
efficiency, the efficiency reduction due to the
temperature increase can be calculated by measuring

the panel surface temperatures.
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> Experimental results demonstrate that the feed rate (F) is the most influential factor affecting surface

roughness.
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One of the most critical factors influencing the service life of machine elements is the
condition of their surfaces. This study examines the impact of machining parameters
on surface roughness during the milling of AISI 304 stainless steel. Experimental work
was conducted using the Taguchi L18 design of experiments, and variations in surface
roughness were systematically analyzed. Optimal machining conditions were
determined based on experimental findings. The results indicate that surface roughness
values obtained under dry machining conditions were lower compared to those
achieved with the use of coolant. Furthermore, a comparison of experimental data and
predicted Ra values revealed a strong agreement, validating the reliability of the Ra
prediction model. Finally, the effect of cutting parameters on Ra was comprehensively
analyzed.

AISI 304 Paslanmaz Celiginin CNC Dik Isleme Merkezinde Frezelenmesinde Yiizey
Piiriizliiliigiiniin Deneysel Optimizasyonu
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Yiizey Piiriizliligi.

Makine elemanlarinin hizmet dmriinii etkileyen en kritik faktorlerden biri yiizeylerinin
durumudur. Bu ¢aligmada, AISI 304 paslanmaz celigin frezelenmesi sirasinda isleme
parametrelerinin yiizey piiriizlilligiine etkisi incelenmektedir. Deneysel c¢alisma,
Taguchi L18 deney tasarimi kullamilarak yiiriitiilmiis ve ylizey piriizliligiindeki
degisimler sistematik olarak analiz edilmistir. Deneysel bulgulara dayanarak optimum
isleme kosullar1 belirlenmistir. Sonuglar, kuru igleme kosullar1 altinda elde edilen
yiizey plriizliliigli degerlerinin, sogutma sivist kullanimiyla elde edilen degerlere
kiyasla daha diisiik oldugunu gostermektedir. Ayrica, deneysel verilerle 6ngoriilen Ra
degerlerinin karsilastirilmasi gii¢lii bir uyum ortaya koymus ve Ra tahmin modelinin
giivenilirligini dogrulamistir. Son olarak, kesme parametrelerinin Ra tizerindeki etkisi

kapsamli bir sekilde analiz edilmistir.
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1. Introduction

Stainless steels are increasingly being used in various
fields such as medicine, aviation, nuclear energy, food,
and defense industries. Modifications in their
composition, made to meet the mechanical and
chemical properties required for specific applications,
significantly affect their machinability. The high tensile
strength,  corrosion  resistance, low thermal
conductivity, ductile nature, and the presence of high
amounts of strength-enhancing elements like
chromium, nickel, and molybdenum are primary
factors that make machining stainless steel challenging.
Additionally, the tendency of stainless steel to work
hard during machining is a critical issue that
complicates manufacturing processes. Consequently,
the difficulties in machinability pose significant
challenges for manufacturers (Anonymous, 1997;

Bahadur, Kumar, and Chowdhury, 2004).

AISI 304 stainless steel, despite its low machinability

due to its properties, is widely used in the

manufacturing industry. The primary goal of
manufacturing is to transform raw materials into
finished products, employing various technological
methods in the process. Machining (e.g., turning,
milling) is one of these methods, which removes
material in the form of chips to achieve the desired
shape (Belejchak, 1997; Kasap, 2001). In the
manufacturing industry, the primary objective is to
produce parts of the desired quality at minimum cost
and in the shortest possible time. Among the modern
manufacturing methods developed for this purpose,
milling is one of the most commonly used techniques

(Dilipak and Yilmaz, 2012; Yilmaz, 2009).

Incorrect selection of cutting parameters can lead to the
loss of workpieces and the wear of cutting tools,
causing financial losses. Surface quality, which plays a
crucial role in determining the functionality of a
product, can enhance the wear resistance and fatigue

strength of materials. However, it can also significantly

A. Aver, S.0. Yilmaz, LS. Dalmig

impact production costs (Guvercin and Yildiz, 2018;
Ugur, 2019).

Therefore, measuring and characterizing surface
roughness is of great importance for optimizing
machining processes. In the literature, various studies
have been conducted on such optimizations using AlSI

304 stainless steel.

Bodur (2022) examined the effects of cutting speed,
feed rate, and depth of cut parameters on surface
roughness and power consumption during turning of
AlSI
statistical analysis of these effects. The results showed

304 stainless steel, conducting a detailed
that the feed rate plays a significant role in surface
quality, while all three parameters were found to be
decisive in terms of power consumption (Bodur, 2022).
Ozbek et al. (2017) compared the machinability of AISI
304 and AISI 316 stainless steels using uncoated
tungsten carbide cutting tools in turning experiments.
The study, which found that AISI 316 steel is more
difficult to machine than AISI 304, highlighted
differences between the two materials in terms of
surface roughness and cutting tool wear (Ozbek, Cigek,
Giilesin, and Ozbek, 2017).

Kuram (2016), focusing on the performance of coated
cutting tools, studied the effects of different coating
types on surface roughness, tool wear, and cutting
forces during milling of AISI 304 stainless steel. The
experiments showed that TiCN + TiN-coated tools
provided the best performance, while AITiN-coated
tools resulted in the highest wear and surface roughness
values (Kuram, 2016). Similarly, Tekaslan et al. (2011)
experimentally measured cutting forces during turning
operations and compared these values with theoretical
models. The study emphasized that theoretical
calculations did not exactly match the experimental
results and that experimental methods were more
reliable (Tekaslan, Gerger, Giinay, and Seker, 2011).
(2008)
304 stainless steel

Tekaslan et al. investigated the surface

roughness of AISI samples
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processed with different cutting parameters and noted
that the optimal cutting speed was between 50-75
m/min. The study also showed that surface roughness
deteriorated as the feed rate increased. It was concluded
that appropriate cutting parameters should be selected
to improve surface quality and reduce tool wear
(Tekaslan, Gerger, & Seker, 2008).

Although AISI 304 stainless steel has a wide range of
industrial applications, studies on milling in the
literature are relatively scarce. In this study, AISI 304
stainless steel was machined using parameters
determined by the Taguchi method, both under wet and
dry conditions, on a CNC milling machine. The study
aims to

investigate surface roughness and the

parameters affecting surface roughness.
2. Material and Method

2.1. Test Pieces

For the experiments, AISI 304 stainless steel, with a
hardness value ranging between 200-220 HV (Vickers
Hardness), was used as the main material. The
dimensions of the test pieces are presented in Figure 1.
Its chemical composition and mechanical properties are

provided in Tables 1 and 2, respectively.

2.2. Machinery and Equipment

The research investigated the effect of processing
parameters on the surface quality of face milling of
AISI 304 steel. In the experiments, a Frontier MCV 650
brand 3-axis CNC machining center with a motor
power of 10 kW and a maximum spindle speed of
15,000 rpm was used. The experiments utilized an
ER32UM D18 tool holder along with a 3-flute end mill
featuring a 20 mm diameter and a length of 100 mm.

The end mill's cutting edges were equipped with OKE

APKT1035PDSR tungsten carbide inserts used for
stainless steel and steel application as shown in Figure
1. APKT1035 inserts are widely used standard inserts
in the milling operations for the manufacturing
industry. The overall dimensions of these inserts are
10x6.7x3.5 mm.

30

25 t=10

Figure 1. Milling Machine, Tool Holder, and Cutting
Insert.

Two different processes were performed during the

experiments: some were conducted using coolant,

while others were performed as dry machining (without

coolant).

The CNC machining coolant consisted of specially
formulated chemical additives designed for optimal

compound concentration.

The coolant mixture ratios were determined according
to the manufacturer's recommendations to ensure the
best lubrication and cooling properties. This controlled
environment allowed for a consistent comparison
between dry and wet machining processes. The
experiments aimed to analyze how the presence or
absence of coolant impacts surface roughness under

varying cutting conditions.

Table 1. Chemical Composition of AlISI 304 Stainless Steel (Sahin, Cakan, Tutar, and Sahin, 2023)

Si C P Mn S

Cr

Ni Cu Mo Nb Fe

0.280 0.014 0.006 1.830 0.009

17.490

7370 0520 0.370 =0 Balance
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Table 2. Mechanical Properties of AISI 304 Stainless Steel

Hardness Tensile Strength ) Elongation
Yield Strength (MPa) ]
(HV) (MPa) (min. %)
200-220 515-740 205 60

2.3. Experimental Parameters

The experiments were conducted in two different
modes: using wet and dry machining. The machining
parameters are provided in Table 3. The cutting
parameters used in the experiments were selected by
considering the OKE
APKT1035PDSR hard metal inserts mounted on the

end mill and the preliminary experiments. For the

catalog values of the

experimental design, the Taguchi L18 orthogonal array

In this study, the Taguchi L18 (2*1 3"3) orthogonal
array (OA) was used. The experimental design included
18 cutting operations involving two different cooling
methods, three cutting speeds (3000, 3500, and 4000
m/min), three feed rates (750, 1000, and 1250
mm/min), and three cutting depths (0.1, 0.15, and 0.2
mm). Based on the surface roughness values obtained
after the experiments, S/N (Signal-to-Noise) ratios

were calculated using the "smaller-is-better" equation.

was applied.
Table 3. Machining Parameters and Levels
Tensile Strength Level
Parameters
(MPa) 2 3
Coolant A 1 (Wet) 2 (Dry) -
Speed (1/min) B 3000 3500 4000
Feed rate,
) C 750 1000 1250
(mm/min)
Depth of cut (mm) D 0,1 0,15 0,2
S/y = —10log=31, y? (1)

2.4. Measuring Devices and Methods

The surface roughness values (Ra) obtained during the
experiments were measured using a Mitutoyo SJ-210
surface roughness measurement device, by the DIN EN
ISO 16610-21 standard (Figure 2). The surface
roughness measurements were based on the average of
five different readings taken from each sample, which

were then used for statistical analysis.

Figure 2. Surface Roughness Measurement Device

3. Results and Discussion

According to the experimental plan, the first 9
experiments were conducted using coolant, with
varying cutting speeds, feed rates, and cutting depth
values. The subsequent experiments, from 9 to 18, were

performed under dry machining conditions. For both
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coolant-assisted and dry conditions, a new cutting

insert was used for each cutting speed.

3.1. Surface Roughness

The surface roughness results obtained from the

experiments are presented in Table 4.

3.2. Determination of the optimum cutting
condition

The optimal cutting performance in milling operations
was determined using Signal-to-Noise (S/N) ratio
analysis. This analysis facilitated the identification of
delta statistics and ranking based on the results. The
average results are presented in Table 5, where cutting
speed ranked first (Rank 1) and was identified as the
most influential factor on surface roughness. It was
followed by spindle speed, cutting depth, and finally,
the cooling factor in terms of their impact on surface

roughness.

As summarized in Table 5, the S/N ratio analysis
highlights the varying effects of different cutting
parameters on surface roughness during milling
operations. The rankings reveal the relative importance
of these parameters in shaping the desired cutting

performance outcomes.

The effects of cutting factors on Ra (surface roughness)
are illustrated in Figure 3. The factors shown in the
graph are the two most influential factors on Ra,
determined based on variance analysis results.

Figure 4 displays the main effects plot for the mean S/N
ratios of surface roughness (Ra). According to Figure
4, the second level of cooling (A), the third level of
spindle speed (Bs), the first level of feed rate (C;), and
the second level of cutting depth (D,) yield the
minimum Ra values. Based on the mean analysis
(Table 5), the levels of the variables (A2, B3, C1, D7) are
the optimum levels for achieving minimum Ra. This is
also evident in the main effects plot for the S/N ratio

presented in Figure 4.

The study demonstrated the positive effect of dry
cutting on surface roughness. This effect is believed to
be related to the low thermal conductivity of stainless
steel. During dry machining, heat is largely transferred
to the chips, which helps prevent excessive temperature
increases in the machining zone. The absence of
coolant also aids in avoiding sudden temperature
fluctuations, which is thought to improve surface
quality. Coolants, on the other hand, can negatively
affect surface morphology and tool geometry due to
rapid cooling and thermal shocks. A review of the
literature revealed that researchers such as Nguyen et
al. (2020); Shelar and Shaikh (2018); Chockalingam
and Wee (2012) and Ozcelik, Kuram, and Simsek
(2011) have reported findings consistent with the

results of this study.

Surface Plot of Ravs C; B

Figure 3. The Effect of Cutting Factors on Surface
Roughness (Ra)

Main Effects Plot for SN ratios
Data Means

Mean of SN ratios
L]
]

Figure 4. Response Graph for S/N Ratios of Surface
Roughness (Ra)
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Table 4. Experimental Surface Roughness Results and Calculated S/N Ratios

TestNo A B C D Surface roughness (um) S/N Ratio (dB) Tahmini Ra
1 1 3000 750 01 0,521 5,6566 0,512733
2 1 3000 1000 0,2 0,454 6,8512 0,516833
3 1 3000 1250 0,15 0,705 3,0387 0,816200
4 1 3500 750 0,1 0,523 5,6333 0,574000
5 1 3500 1000 0,2 0,583 4,6836 0,578100
6 1 3500 1250 0,15 0,932 0,6154 0,877467
7 1 4000 750 0,15 0,450 6,9280 0,327867
8 1 4000 1000 0,2 0,435 7,2302 0,435000
9 1 4000 1250 0,1 0,814 1,7832 0,779800
10 2 3000 750 0,2 0,420 7,5267 0,430456
11 2 3000 1000 0,1 0,710 2,9724 0,583022
12 2 3000 1250 0,15 0,827 1,6457 0,779356
13 2 3500 750 0,15 0,395 8,0725 0,472522
14 2 3500 1000 0,2 0,639 3,8873 0,579656
15 2 3500 1250 0,1 0,935 0,5875 0,924456
16 2 4000 750 0,2 0,337 9,4422 0,329422
17 2 4000 1000 0,1 0,353 9,0544 0,481989
18 2 4000 1250 0,15 0,643 3,8385 0,678322

3.3. Analysis of Variance (ANOVA)

The primary purpose of using Analysis of Variance
(ANOVA)
significant effects of milling parameters on the

in this research was to identify the

performance characteristics of machined surfaces
(Bilge and Motorcu, 2017). This study employed
ANOVA to examine how cooling, spindle speed, feed
rate, and cutting depth influence surface roughness.
The analysis was conducted at a 5% significance level

and within a 95% confidence interval.

In ANOVA, the significance of control factors is
determined by evaluating the F-values associated with
each factor. The ANOVA results for surface roughness
are summarized in Table 6. The analysis revealed that,
based on the percentage contribution rates, feed rate (F)
was identified as the most influential factor affecting

surface roughness, contributing 70.04%.

In summary, this study used ANOVA as a statistical
tool to determine the significant effects of various
milling parameters on surface roughness. The results
presented in Table 6 highlight the substantial impact of
coolant usage on performance characteristics,
emphasizing its dominant role in shaping the properties

of machined surfaces.

3.4. Regression analysis

Regression analysis is a crucial tool for modeling and
analyzing relationships between a dependent variable
and one or more independent variables. In this study,
regression analysis was used to derive equations for
predicting surface roughness. These predictions were
formulated within the framework of a linear model. The
calculated linear equations related to surface roughness

are presented in Table 7.
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Table 5. Response Table for Signal to Noise Ratios: Averages and Importance Levels for Surface Roughness

Level A B C D
1 4,713 4,615 7,210 4,281
2 5,225 3,913 5,780 5,337
3 6,379 1,918 5,290
Delta 0,512 2,466 5,292 1,055
Rank 4 2 1 3

Tablo 6. Analysis of Variance (Ra)

Source DF Contribution Adj SS Adj MS F-Value P-Value
Cooling 1 On/ 2 Off 1 0,22% 0,001401 0,001401 0,17 0,692
S (1/min) 2 12,73% 0,080605 0,040303 4,77 0,035
F (mm/min) 2 70,04% 0,443446 0,221723 26,24 0,000
a (mm) 2 3,66% 0,023148 0,011574 1,37 0,298
Error 10 13,35% 0,084509 0,008451
Total 17 100,00%
Table 7. Regression Equation for Ra
Cooling 1 0n/2 Off
1 Ra(pm) = 0,400 - 0,0505 S (1/min) + 0,1840 F (mm/min) - 0,0323 a (mm) 2
2 Ra(um) = 0,382 - 0,0505 S (1/min) + 0,1874 F (mm/min) - 0,0323 a (mm) 3)

This study focused on predicting surface roughness by
utilizing regression analysis to establish predictive
equations. These equations, formulated within the
structure of a linear model, provide a quantitative basis
for predicting surface roughness and are summarized in
Table 7.

3.5. Fitted plots assessment

Figure 5 illustrates the fit plot comparing predicted and
actual Ra values. This graph highlights the deviation
between the actual and predicted values. Specifically,
the proximity of the residuals to the diagonal line
indicates the significance of the model. This closeness
suggests that the model adequately represents the data

and confirms its statistical relevance.

the R?

relationship between predicted and actual Ra responses

Furthermore, value calculated for the

was found to be 0.87, while the P-value from the

ANOVA for regression was determined to be 0.002,
indicating a statistically significant difference. These
coefficients demonstrate a strong linear relationship

between the two response variables.

An R? value of 87% for Ra emphasizes a substantial
correlation between the predicted and observed values,
highlighting the model's reliability in capturing and

explaining variability in the data.

Fitted Line Plot
ort = 0,1868 + 0,341 PME,

+0,5210 PMEAN1 2

Raort

03 04 L] ng ni LE] 0g 10
PMEAN1

Figure 5. Comparison of Predicted Values and

Experimental Results for Ra Output Parameters
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3.6. Validation Experiments and Determination of
Quality Losses

In the Taguchi method, validation experiments and the
identification of quality losses constitute the final stage
of the process, aimed at analyzing quality
characteristics (Samtas and Korucu, 2019). The main
objective of validation experiments is to verify the
accuracy of the results obtained during the analysis.
These

combinations of factors and levels, determined by the

experiments aim to evaluate specific
cumulative effects of the control factors. (Hill and
Lewicki, 2006; Mandal, Doloi, Mondal, and Das,
2011). The contribution of each factor is accounted for

in the total effect.

In the Taguchi optimization method, conducting at least
one validation experiment is mandatory to verify the

optimized conditions (Roy, 1990). The lowest surface

A. Aver, S.0. Yilmaz, LS. Dalmig

roughness is attained by optimizing the influential

factors within the ideal parameter combination.
Therefore, considering the individual effects of control
factors, the minimum surface roughness value (Rac) for
the A;B3C1D, combination (A2 = Dry machining, Bz =
4000 rpm, C; = 750 mm/min, D, = 0.15 mm) is
calculated using the following equations (Fowlkes and

Creveling, 1995):

Here, Az, Bs, Cy1, and D3 represent the S/N ratios at the
optimal levels of the factors. ;]g indicates the average
S/N ratio for all factors, while ng4 represents the S/N
ratio calculated for the optimal levels. Considering
these values, the minimum surface roughness value

(Rac) was determined to be 0.347 pm.

Ng =g + (A2 =7g) + (B3 —1g) + (C1 —1g) + (D — 1) (6)

Ra; = 107"9/20

()

Table 8. Regression Equation for Ra

Level Ra (um) S/N (dB)
Initial combination A2BsCiDs 0,337 9,44
Optimal combination (experimental) A:BsCiD; 0,333 9,55
Optimal combination (prediction) AzB3C1D; 0,347 9,19

Cl = [Fy10,%Vepx ($ + %) (8)
In this context, Fq.1, Vep is the F ratio of the significance
level o, a is the significance level, 1- a is the confidence
interval, Ve is the degree of freedom of the error, Vep
indicates the variance of the error, r represents the
number of validation experiments, and nes is the
number of effectively measured results (Liu, Chang and
Yamagata, 2010).

N
neff - 1+[Vt] (9)

Here, N represents the total number of experiments
(18), and V. is the total degrees of freedom for the
process parameters considered in the average
calculation, based on Table 5. Accordingly, neff was
calculated as 2.25 (Pinar, Atik and Cavdar, 2010). For
the evaluation conducted at a 95% confidence interval
for surface roughness, with 0=0.05 and V=18, the F
value from the table was determined as Fq.1, Ve=4.96.
Using Eqg. (8) and Eq. (9), the confidence interval (ClI)
was calculated to be 0.181. The result of the validation

experiments for surface roughness, conducted with a
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95% confidence interval, is expected to fall within
(0.347 + 0.181) pum or between 0.166-0.528 pm. To
evaluate the performance of the experimental studies
carried out in this research, three validation
experiments were conducted using the optimal
conditions. In the validation experiments conducted
under optimal levels (A2B3C1Dy), the surface roughness
values were obtained as 0.3, 0.33, and 0.37 um,
respectively, with an average value calculated as 0.33

pm.

Table 8 compares the surface roughness values
obtained through experiments and predictions based on
the optimal combinations. Additionally, the A;B3C1D3
combination was selected as the initial combination
from the 18 experiments. Table 9 presents the
performance comparison between the initial and
optimal conditions. The average value obtained from
the validation experiments, 0.33 pm, lies within the
predicted range of 0.166-0.528 pm. This result
confirms that the control factors analyzed in this study

are both statistically significant and reliable.

Table 9. Performance Comparison Between Initial and Optimal Combination

Initial combination

Optimal combination

Prediction Verification
Level A:B3CiD3 A:B3C1D; A:B3C1D;
Ram (um) 0,337 0,347 + 0,181 0,33
Quality loss %2,5

The quality characteristic of this experiment was
improved from 0.337 pum (A2B3CiDs,
combination) to 0.333 um (A2B3C:iDo,
combination), as indicated in Table 9. The quality

initial

optimal

losses between the initial and optimal combinations for
surface roughness can be determined using the quality
loss function ratio. This ratio indicates that for every 3
dB improvement in quality, the quality loss is reduced
by half. The quality loss function is computed using the

equation shown below. (Fowlkes and Creveling, 1995).

Lopi®) (1)“/ 3

Lini(¥) 2 (10)

Here, Lopy) and Liniy) represent the optimal and initial
combinations, respectively. Arn is the difference
between the S/N ratios of the optimal and initial
combinations. The difference in S/N ratios, which can
be used to evaluate the quality loss for the optimal
combination in the verification experiments, was found

to be 0,11 [An=0,11 (=9,55 — 9,44)]. The quality loss

of the verification test was calculated as 0.25 using
Equation (10). Thus, the quality loss for the optimal
combination is only 2,5% of that of the initial
combination. Therefore, the quality loss for surface
roughness was reduced by 97,5% using the Taguchi

method for optimization.
4. Conclusion

This study investigates how the surface roughness of
AISI 304 stainless steel is affected by different surface

machining conditions during milling operations.
The following results were obtained:

According to the experimental results, the optimal
combination of surface milling parameters was
determined as A;B3C1D, (A2 = Dry machining, Bs =
4000 rpm, C; = 750 mm/min, D, = 0.15 mm).

Experimental results showed that the feed rate (F) was
the most influential factor on surface roughness, with a

contribution rate of 70.04%. This was followed by



126 Trakya University Journal of Engineering Sciences, 25(2): 117-128, 2024

spindle speed (S (rpm)) with a contribution rate of
12.73%.

The observed values from the validation experiments
fell within the calculated confidence interval (CI),
demonstrating the successful application of the Taguchi

method.

Using the optimal combination, the quality loss of the

surface roughness was reduced to 2.5%.

The initial surface roughness value of 0.337 um was
reduced to 0.333 um through validation experiments

conducted under optimal conditions.

The study showed that the use of coolant fluid had a
negative effect on surface roughness, leading to an
increase in roughness instead of improving surface

quality.

Across all experiments, the highest surface roughness
(Ra = 0.9346) was observed under wet machining
conditions with a cutting speed of 3500 rpm, a feed rate

of 1250 mm/min, and a cutting depth of 0.1 mm.
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1. Introduction

Artificial neural networks (ANNS) are circuits or
programs that mimic biological neurons (Haykin,
1998). ANNs are commonly used for classification,
modeling, prediction, and estimation (Haykin, 1998;
Liang and Bose, 1996). They are also used to model the
results of industrial processes (Rajagopalan and
Rajagopalan, 1996). Communication and power cables
are important components of electrical power systems
(Moore, 1997). An ANN is used to predict the
characteristic impedance and return loss of a
communication cable (Oztiirk et al. 2020). Similar
ANNSs are used to compare the performance of two
different cable production machines (Oztiirk et al.
2019). XLPE is one of the commonly used insulators in
power cables (Thue, 2017). Defects, wetting angle, and
water-treeing characteristics of XLPE material are
examined to achieve optimal performance in cable
applications (Uydur et al. 2018; Karhan and Ugur,
2016; Karhan at al. 2021). XLPE permittivity is not
constant (Gouda and Matter, 1992). The frequency-
dependent complex permittivity of XLPE can be
expressed with the Cole-Cole model (Cole and Cole,
1941). XLPE complex permittivity also depends on the
2016). XLPE complex
permittivity data has been presented in detail in (Li et
al., 2022).

leakage admittance of a single-core power cable (Canta

temperature (Du et al.,

Such data can be used to calculate the

et al., 2024). Parameters of aged XLPE cables have
been predicted using ANNSs (Ge et al., 2022; Arikan et
al., 2022). XLPE defects can also be detected using
ANN (Zhou et al., 2023). Partial discharge in cables has
been predicted with ANN in (Dessouky et al., 2014).
The thermal behavior of XLPE is predicted using an
ANN (Wang et al., 2022). The volumetric moisture
content of XLPE cable insulation estimation has been
made using electric modulus (Das et al., 2022).
Machine learning methods have been applied for the
prediction of electrical, thermal, and mechanical

properties of XLPE cable insulation (Selvamany et al.,

R. Korkmaz Tan, H. Canta, R. Mutlu

2022; Slimani, et al., 2021; Boukezzi and Boubakeur,
2013).. The UV-aged properties of an XLPE cable
insulation have been successfully predicted (Hedir, et
al.,, 25). ANNs can be applied to Polymers and
Nanocomposites for estimation, and
classification (Ashok et al., 2024). XLPE cable’s life
has been predicted using an ANN (Zhang et al., 2020).
The dielectric response of an insulator has been
estimated by an ANN (Shen, et al., 2021). The study
XLPE complex
permittivity instead of using the Cole-Cole permittivity
model. Different ANN models of XLPE are optimized
for this purpose. ANNs having either one or two

prediction,

aims to use ANNs to model

outputs with different numbers of hidden layers are
tried.

This article is arranged as follows. In the second
section, the complex permittivity of XLPE using the
measured data is presented. In the third section, an
ANN model is made for the complex permittivity of

XLPE. This article concludes with the last section.
2. The Complex Permittivity of the XLPE Insulator

The leakage calculation of a power cable requires its
complex permittivity data for the calculation of the
cable leakage capacitance and conductance (Canta et
al., 2024). Such data must present complex permittivity
components as a function of not only frequency but also
temperature. The leakage current and the complex
permittivity of a prism-shaped XLPE block are
examined by varying temperature and frequency (Du et
al., 2016). The real and imaginary complex permittivity
characteristics of XLPE material given in (Du et al.,
2016). are
(https://getdata-graph-

reproduced with Getdata program

digitizer.software.informer.com/) and shown in Figure
1. The real and complex parts of the permittivity of
XLPE depend on its operating frequency (f) and
temperature (T) as shown in Figure 1. XLPE’s complex

permittivity, Ex;.pe(f, T), can be expressed as
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Exipe(fT) = € (E'(£,T) — jE" (£ T)). ey

where €'and €"is the real and imaginary parts of the
relative complex permittivity of XLPE, and €y is the

permittivity of free space.

Relaxation models are generally used to describe the
dielectric relaxation phenomenon in polymer materials
(Cole and Cole, 1941). The Cole—Cole equation given
by Kenneth Stewart Cole and Robert Hugh Cole is
expressed as

€5—Eoo

€ (0.))2800+W

(2)
where «a is the power exponent parameter ranging zero

to one and allowing the description of different spectral

shapes, €g and €, are the “static" and “infinite

frequency" dielectric constants, respectively, w is
the angular speed and t is a dielectric relaxation time

constant.

The real and imaginary parts of the complex dielectric

constant £*(w) are, respectively, given as

€' (w) = real(€"(w)) 3)
' _ (ES—Eoc)(1+(ju)r)1_“Sin(an/2))

& ((,0) =& + 1+2 (w1) 1~ %sin(om/2) +(wt)2(1-0) (4)

And

€ (w) = imag (&' (w)) )

8”((1)) _ (Es—E€o0) (WT) 1~ %cos(am/2) (6)

142 (wt)1~%sin(am/2)+(wT)2(1-0)

The relaxation time constant is temperature dependent
but, unfortunately, such a model does not represent the
temperature dependence of the insulator explicitly.
Even if it is expressed as a function frequency, it is
quite difficult to curve-fit such a two-variable function
MATLAB program,
approximations requiring experience are used for this
purpose (Wang et al., 2015). A simpler method is

needed for this purpose.

even in and, sometimes,
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Figure 1. a) The real part of the complex relative
permittivity of XLPE €' and b) the imaginary part of
the relative complex permittivity of XLPE € as a
function of the operating frequency and temperature
(Du et al., 2016).

3. ANN Models of Complex Permittivity of the
XLPE Material

ANNs can be trained to predict the XLPE behavior
since ANNSs can be used for curve-fitting successfully
(Haykin, 1998; Liang and Bose, 1996). In this section,
ANN models of the real and imaginary parts of
complex permittivity of XLPE material are developed.
The Neural Network Toolbox (NNTool) is developed
for the MATLABTM program and offers algorithms,
pre-trained models and applications to create, train,
visualize and simulate shallow and deep neural
networks. The NNTool toolbox of MATLAB is used to

predict the electrical parameters in this study. Two
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separate ANNs are made: the first ANN’s output is the
real part of the complex permittivity and the second
ANN'’s output is the imaginary part of the complex
permittivity as shown in Figure 2. The inputs of all
ANNSs are the operation temperature and frequency.
Both ANNs are optimized by varying the number of
ANN layers, the number of neurons in each layer, and
the training algorithm type. The structures of the
optimized ANNSs of the complex permittivity of XLPE
and the selection of the number of hidden layer neurons
are shown in Figure 3. The ANN has only two hidden
layers. In order to reduce the error and obtain the best
results, the number of neurons in the hidden layer is set

to the values given in Table 1 after the optimization

Trakya University Journal of Engineering Sciences, 25(2): 129-141, 2024
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Figure 2. Two ANN models, one with the real part of
the complex permittivity as the output and the other
with the imaginary part of the complex permittivity as
the output

process.
Figure 3. The architecture of the optimized ANNs for
each XLPE dataset.
Table 1. The Structure of optimized ANNs
Input 1st Hidden Layer 2nd Hidden Layer Output Layer L
Type | Layer Training
Network | Nb. of Nb. of Activation Nb. of Activation Nb. of Activation Algorithm
Neurons | Neurons Function Neurons | Function | Neurons Function
MLP 2 15 TANSIG 10 TANSIG 5 PURLING TRINLM

In the artificial neural network (ANN), the sigmoid
function is utilized for activation in the hidden layer,
while a linear function is applied in the output layer.
The NNTool employs the Levenberg-Marquardt (LM)
algorithm for weight calculation due to its fast and
stable training performance compared to other
algorithms. Input data, target outputs, and the data
acquisition method (matrix) are specified, along with
the distribution percentages for training, validation, and
testing datasets. These ratios were adjusted throughout

the study to improve results.

This model consists of 3 hidden layers, with 15, 10, and
5 neurons in each layer, respectively as shown in Figure
2. This structure processes the data through different
layers and learns complex relationships, enabling the

model to make more accurate predictions. As the model

progresses from the first hidden layer to the last, the
number of neurons decreases. The purpose of designing
the model this way is to achieve dimensionality
reduction, allowing the model to focus on learning
important features. This approach improves the model's
ability to generalize, especially when dealing with

high-dimensional data.

The visual represents the structure of an artificial neural
network with 2 input values and 3 hidden layers. The

number of neurons in each layer is as follows:

Input Layer: Composed of 2 neurons. Real data is used
at this layer, representing the 2 input features in our
data.




Artificial Neural Network Models of Cross-Linked Polyethylene 133

First Hidden Layer (Hidden Layer 1): Contains 15
neurons. It processes information from the input layer
and passes it to the next hidden layer. The number of
neurons in this layer is chosen to transform the input

into a more complex representation.

Second Hidden Layer (Hidden Layer 2): Consists of 10
neurons. It further abstracts the information from the
first hidden layer, processing it with fewer neurons for

more intensive information handling.

Third Hidden Layer (Hidden Layer 3): Has 5 neurons.
This layer processes the information from the second
hidden layer in a more compact form and passes it to
the output layer, facilitating higher-level feature

extraction and decision-making.
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Figure 4. Error histograms of ANN Models of a) the
real part (€') and b) the imaginary part (€'") of the
complex permittivity of XLPE

Output Layer: Consists of 1 neuron and provides the
model’s final prediction, usually representing the

outcome in classification or regression tasks.

Two error histograms are created to compare the
distribution of prediction errors on the model's training,
validation, and test datasets as shown in Figure 4. Each
graph displays error values using 20 hins, with the
frequency of error magnitudes shown on the vertical
axis. The values on the horizontal axis represent the
difference between values and

(error) target

predictions.

First Graph (First Visual): In the first histogram, most
errors are concentrated around zero, indicating that the
model's predictions are quite close to the target values
in most cases. The errors for training (blue), validation
(red), and test (green) datasets all show high density
around zero, with only a small portion deviating from
zero. This distribution suggests that the model has
generally balanced

good generalization and

performance across all datasets.

Second Graph (Second Visual): This error histogram
displays the distribution of prediction errors for the
model on training, validation, and test datasets, divided
into 20 error bins. The X-axis represents the error
values, calculated as the difference between model
outputs and target values, while the Y-axis represents
the number of samples within each error bin. Most
errors are close to zero, indicating that the model's
predictions are generally accurate. The most frequent
error range is between -0.4327 and 0.4327, with the
majority of errors near zero. Blue bars represent
training errors, green bars represent validation errors,
and red bars represent test errors, indicating consistent
performance across all datasets. The orange line at zero
represents perfect predictions, and the small spread
around this line shows that the model avoids large

errors, demonstrating good performance.
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Figure 4 compares the error values (Mean Squared
Error - MSE) during the model's training process,
illustrating the model's performance across different
epochs. In both graphs, the blue line represents training
error, the red line represents test error, and the green
line represents validation error, while the best
validation performance is indicated at the top of each

graph.

Best Validation Performance of XLPE €' Graph: In this

graph, the model achieves its best validation
performance at the 9276™ epoch, with an MSE of
8.1739e-05. Initially, the training, validation, and test
errors are at a high level, but as the number of epochs
increases, these values continuously decrease. After a
certain epoch, significant reductions in validation and
test errors are observed, especially between epochs
6000 and 9000, where validation performance
improves. This indicates that the model has achieved
sufficient generalization capability and is performing

well.

Best Validation Performance of XLPE €" Graph: This
graph shows how the MSE values for training,
validation, and test datasets change over 10,000 epochs.
The Y-axis represents the MSE on a logarithmic scale,
while the X-axis represents the number of epochs in the
training process. The graph indicates that the model
reaches its best validation performance at the 10,000%"
epoch, with an MSE of 0.61251. Initially, the error is
high for all datasets, but as the number of epochs
increases, the MSE values gradually decrease, and the
model's performance improves. The flattening of the
curves suggests that, beyond this point, further learning
yields limited performance gains. This indicates that
the model has reached the lowest error level on the
validation set and that the training process has

successfully been completed.
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Figure 5. Best Validation Performance of ANN
Models of a) the real part (€") and b) the imaginary
part (€'") of the complex permittivity of XLPE

Figures 5 compares the error values (Mean Squared
Error-MSE) during the model's training process,
illustrating the model's performance across different
epochs. In both graphs, the blue line represents training
error, the red line represents test error, and the green
line represents validation error, while the best
validation performance is indicated at the top of each

graph.

Best Validation Performance of XLPE €' Graph: In this

graph, the model achieves its best validation
performance at the 9276" epoch, with an MSE of
8.1739e-05. Initially, the training, validation, and test
errors are at a high level, but as the number of epochs
increases, these values continuously decrease. After a
certain epoch, significant reductions in validation and
test errors are observed, especially between epochs
6000 and 9000, where validation performance

improves. This indicates that the model has achieved
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sufficient generalization capability and is performing

well.

Best Validation Performance of XLPE €" Graph: This
graph shows how the MSE values for training,
validation, and test datasets change over 10,000 epochs.
The Y-axis represents the MSE on a logarithmic scale,
while the X-axis represents the number of epochs in the
training process. The graph indicates that the model
reaches its best validation performance at the 10,000™
epoch, with an MSE of 0.61251. Initially, the error is
high for all datasets, but as the number of epochs
increases, the MSE values gradually decrease, and the
model's performance improves. The flattening of the
curves suggests that, beyond this point, further learning
yields limited performance gains. This indicates that
the model has reached the lowest error level on the
validation set and that the training process has

successfully been completed.

Figure 6 demonstrates how well the model's predicted
outputs align with the target values across training,
validation, test, and overall datasets. Each graph
displays target (actual) values on the horizontal axis
and the model's predicted output values on the vertical
axis. A black dashed line (Y =T), representing the ideal
relationship between outputs and targets, is overlaid
with colored lines showing the linear fit of the model's

predictions.

For the training data, the R values (correlation
coefficients) are found to be 0.99995 and 0.99956,
indicating that the model’s predictions are very close to
the targets. The blue line shows that the model's outputs

almost perfectly overlap with the actual targets.

For the validation data, the R values are 0.9998 and
0.99846, demonstrating that the model generalizes well
on the validation data, accurately predicting target
values without overfitting. The green line also nearly

coincides with the targets.
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Figure 6. Regression curves of ANN Models of a) the
real part (€') and b) the imaginary part (€"") of the
complex permittivity of XLPE

For the test data, the R values are 0.99992 and 0.99933,
showing that the model performs well even on unseen
data. This

generalization capabilities and can make consistent

indicates that the model has strong

predictions across different datasets.

Finally, both figures include a fourth graph, which
provides a general analysis of the entire dataset, with R
values calculated as 0.99992 and 0.99932. This result
shows that the model establishes a strong linear

relationship across the entire dataset. The high
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agreement between predictions and actual values in all
graphs suggests that the model performs well and

accurately predicts the targets.

In summary, the model demonstrates strong
performance, as evidenced by the high R values and the
close alignment between predicted outputs and target

values in each graph.

According to the graph, the factors affecting the error
bars are as follows: in the top graph, the gradient values
initially exhibit high fluctuations but gradually
decrease and stabilize over time, indicating that the
model encountered optimization issues during the
learning process but later began to improve. In the
middle graph, the Mu parameter starts at high values
and decreases over time, showing that the model
achieved more stable learning through adaptive
optimization. In the bottom graph, the Validation
Checks increase consecutively, indicating that the
validation error rises at certain epochs, suggesting a risk
of overfitting. This parameter helps detect overfitting
and allows the model to stop early. These factors reveal
model and data

how learning rate, complexity,

distribution impact the training process.

Figure 7 compares the model’s state during the training
process over 10,000 epochs. Each set consists of three
sub-graphs: the first graph shows the gradient
magnitude, the second graph displays the "Mu"
parameter (adaptation parameter), and the third graph

presents the number of validation checks.

Neural Network Training State of XLPE €' Graph: In
the first set of graphs, the gradient value at the end of
10,000 epochs is recorded as 0.084. Although the
gradient values fluctuate throughout the training
process, there is an overall downward trend. This
indicates that the model is gradually approaching the
lowest error level and is being optimized. In the second
graph, the "Mu" value decreases to 10e-7, signifying

that the model is entering a more refined learning phase
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by reducing the adaptation rate. In the third graph, the
number of validation checks is 724, indicating that the
model failed to maintain improvement on the validation
set several times during training. This suggests some
fluctuations in validation performance, but the model is

generally stable.
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2
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Figure 7. Neural Network Training State of ANN
Models of a) the real part (€") and b) the imaginary
part (€'") of the complex permittivity of XLPE
Neural Network Training State of XLPE €" Graph: This
graph shows the changes over time of three main
metrics (gradient, Mu, and validation checks) during
the training process of a neural network. The gradient
plot determines the update speed of model parameters,
and values fluctuating between 107 and 10 indicate that
learning is progressing in a controlled and stable
manner. The low range of gradients suggests that the
model avoids making excessively large updates. In the
middle plot, the Mu (adjustment factor) values, which

start at a higher level 107 to ensure stability during
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optimization, gradually decrease to a smaller value
1077, This reduction shows that the model continues

learning with finer, smaller steps.

The bottom plot of validation checks monitors the
model's performance on validation data. Only two early
stopping checks occurred, indicating that validation
loss generally decreased steadily or fluctuated
minimally. This suggests that the model is well-adapted
to the validation data and avoids overfitting. Overall,
the graphs indicate that the model undergoes a stable

and controlled training process.

The Coefficient of Determination (R?) is a measure that
indicates how much of the variance in the dependent
variable is explained by the model. It takes values
between 0 and 1. If the R? value is close to 1, the model
fits the data very well, and the relationship between the
variables is strong. If it is close to 0, the model is
insufficient in explaining the data. The R? value is
generally used in regression models and is important

for evaluating the model's generalization capability.

Mean Absolute Deviation (MAD) represents the
average of the absolute deviations between predicted
values and actual values. This metric is used to evaluate
the magnitude of prediction errors. Small MAD values
indicate that the model's predictions are close to the
target values. MAD is interpreted through the mean for

easy understanding of the error amount.

Mean Squared Error (MSE) is the average of the
squared differences between predicted values and
actual values. Squaring the differences penalizes larger
errors more, making the model more sensitive to
minimizing errors. Small MSE values indicate a high

accuracy of the model's predictions.

Mean Absolute Percentage Error (MAPE) represents
the average of the absolute errors between predicted
values and actual values as a percentage. It is used to

evaluate the model's prediction performance in

percentage terms. The lower the MAPE value, the more

accurate the model's predictions are.

RMSE (Root Mean Squared Error) is obtained by
taking the square root of the MSE and it expresses the
magnitude of prediction errors in the original units.
RMSE allows for a direct interpretation of the error
amount and is sensitive to large errors. Small RMSE
values indicate that the predictions are close to the

target values.

These concepts are widely used, especially in
regression analysis and for evaluating the performance
of predictive models such as artificial neural networks.
The regression analysis results of this study are

presented in Table 2 and Table 3.

The R? value for the training set is 0.979, indicating that
the model explains 97.9% of the variance in the target
variable. This high R? value shows that the model fits
the training data well and that the learning process has
been effective. The low MAD (0.000919) and MSE
(5.99e-06) values indicate that the model’s error rates
are very low and that predictions are generally close to
the target values. Additionally, the MAPE value is as
low as 0.041%, reflecting the model’s relatively high
accuracy and strong predictive performance on the

training data.

The R? value for the validation set is 0.994, suggesting
that the model can generalize the features learned
during training to the validation data effectively. The
low MAD (0.002174) and MSE (1.05e-05) values
indicate that the model’s predictions on the validation
data are close to the targets, with no signs of overfitting.
Although the MAPE value is slightly higher than that
of the training set at 0.098%, it is still quite low,

indicating high relative accuracy on the validation data.

For the test set, the R? value is 0.9998, demonstrating
that the model can make highly accurate predictions on
new, unseen data. However, the MAD (0.004514) and
RMSE (0.008947) values are slightly higher than those
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of the training and validation sets, indicating larger
errors in some test examples. Although the MAPE
value is 0.273%, which is slightly higher than the other
datasets, it remains low and reflects good relative
accuracy. The high R? and low error rates indicate that
the model has strong generalization capability on the

test set as well.

The R? value for the training set is 0.998, indicating that
the model explains approximately 99.8% of the
variance in the target variable. This suggests that the
model fits the training data well and has learned the
data effectively. The low MAD (0.000933) and MSE
(0.5E-05) values show that most of the model's errors
are small. However, the high MAPE in the training set
suggests that there are relative errors in some cases,

though overall performance remains strong.

R. Korkmaz Tan, H. Canta, R. Mutlu

For the validation set, the R? value is as high as 0.934,
indicating that the model generalizes well during
training. The low MAD (0.002673) and MSE (2,07E-
04) values show that the model’s predictions on the
validation set are also close to the target values. The
MAPE is lower than in the training set, indicating

relatively higher accuracy.

In the test set, the R? value is 0.996, which is very high,
indicating that the model makes accurate predictions on
previously unseen data. However, the MAD (0.002673)
and RMSE (0.003394) values are higher compared to
the validation and training sets, suggesting larger errors
in some test examples. Nevertheless, the MAPE value
is lower than in other datasets, indicating relatively

better accuracy.

Table 2. The Performance of single output ANNs for the data of €'

Set (€) R2 MAD MSE MAPE (%) RMSE
Training 0,979884 0,000919 5,99E-06 0,040982 0,002448
Validation 0,994232 0,002174 1,05E-05 0,098213 0,003245
Test 0,999806 0,004514 8,01E-05 0,273253 0,008947
Table 3. The Performance of single output ANNSs for the data of £
Set (€") R2 MAD MSE MAPE (%) RMSE
Training 0,998624 0,000933 0,5E-05 12,3593 0,002234
Validation 0,934651 0,002673 2,07E-04 17,8101 0,014382
Test 0,996515 0,002673 1,2E-05 22,8482 0,003394

The high RMSE indicates that the model’s predictions
in some test instances show larger deviations, though

overall performance remains high.

The calculated MSE (Minimum Square Error), R?
(Regression), and MAPE values of the components of
Complex permittivity. Lewis classifies ANN models
with their MAPE value as follows (Lewis, 1982).
e If they have a MAPE value lower than 10%,
they are 'very good'.

e If they have a MAPE value between 10% and
20%, they are 'good'.

e If they have a MAPE value between 20% and
50%, they are ‘acceptable’.

o If they have a MAPE value higher than 50%,
they are ‘wrong and inaccurate’.

The accuracy of the ANN prediction can be seen in
Tables 2 and 3. The low MAPE values obtained and
given in Tables 2 and 3 indicate that the deviation
between the actual data and the forecast data is small.
However, the ANN model for the data of £ has a lower

performance than the ANN model for the data of €’.
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4, The Conclusion

In this study, the complex permittivity of XLPE
material is predicted using ANNs. Using an ANN
allows easy interpolation of the complex permittivity
components of XLPE without the difficulty of curve-
fitting of the complex Cole-Cole models. Levenberg-
Marquardt method is used in the training of the ANN.
A sigmoid function is chosen as the activity function of
the perceptrons. A different ANN is used to model each

component of the complex permittivity.

It has been found that A three-layer ANN has given
better results than a two-layer ANN in the optimization

process.

The error in the predicted cable parameters was
calculated based on mean absolute percent error
(MAPE). The ANN model of the real part of the
complex permittivity of XLPE gives a maximum error
of 0.273253% while The ANN model of the imaginary
part of the complex permittivity of XLPE gives a

maximum error of 22.8482%.

ANN usage in modeling XLPE can make modeling of
insulators easier without resorting to the well-known
permittivity models such as the Cole-Cole, Maxwell-
Wagner, Bruggeman, Rosenkranz, Turner, and Stogryn
models. The experience gained here can also be used

for modeling other types of power cable insulators.
Author Contributions
Declaration of Competing Interest

The authors declared no conflicts of interest

concerning the research, authorship, and/or publication

of this article.

Acknowledgments

This study has been supported by the research and
development center of Unika Universal Kablo Sanayi
ve Tic. A.S.; Project number: UPN-2003.

ORCID

Rabia Korkmaz Tan, 0000-0002-3777-2536
Hakan Canta, 0009-0004-2013-1478
Resat Mutlu, 0000-0003-0030-7136

References

Arikan, O., Uydur, C. C., & Kumru, C. F. (2022).
Prediction of dielectric parameters of an aged MV
cable: A comparison of curve fitting, decision tree
and artificial neural network methods. Electric

Systems  Research, 208,  107892.

https://doi.org/10.1016/j.epsr.2022.107892

Power

Ashok, N., Soman, K. P., Samanta, M., Sruthi, M. S.,
Poornachandran, P., Devi V. G, S., & Sukumar,
N. (2024).
Informatics: Recent Applications of Artificial

Polymer and Nanocomposite
Intelligence and Data Repositories. Advanced
Machine Learning with Evolutionary and
Metaheuristic Techniques, 297-322.

https://doi.org/10.1007/978-981-99-9718-3 12

Boukezzi, L., & Boubakeur, A. (2013). Prediction of
mechanical properties of XLPE cable insulation
aging:
approach. IEEE Transactions on Dielectrics and
Electrical Insulation, 20(6), 2125-2134.
https://doi.org/10.1109/TDEI.2013.6678861

under  thermal neural  network

Cole, K. S., & Cole, R. H. (1941). Dispersion and

absorption in dielectrics 1. Alternating current
chemical
341-351.

characteristics. The  Journal  of
physics, 9(4),

https://doi.org/10.1063/1.1750906

Canta, H., Mutlu, R., & Korkmaz Tan, R. (2024). Yeni
Uretilen XLPE Izolasyonlu Tek Damarli Bir Giig
Kablosunun Kagak Empedansinin Hesabi. EMO
Bilimsel Dergi, 14(1), 19-26.

Das, A. K., Chatterjee, S., Pradhan, A. K., Chatterjee,
B., & Dalai, S. (2022). Estimation of moisture
content in XLPE cable insulation using electric
modulus. IEEE Transactions on Dielectrics and


https://doi.org/10.1016/j.epsr.2022.107892
https://doi.org/
https://doi.org/
https://doi.org/
https://doi.org/
https://doi.org/
https://doi.org/

140 Trakya University Journal of Engineering Sciences, 25(2): 129-141, 2024

Electrical Insulation, 29(3), 1030-1037.
https://doi.org/10.1109/TDEI.2022.3173485

Dessouky, S. S., El Faraskoury, A., EI-Mekkawy, S., &
El Zanaty, W. (2014). The Optimal Classification
of Partial Discharge Defects within XLPE Cable
by Using ANN and Statistical Techniques. Port-
Said Engineering Research Journal, 18(2), 1-7.
https://doi.org/10.21608/pserj.2014.45254

Du, Y., Geng, P., Song, J., Tian, M., & Pang, D. (2016,

September). Influence of temperature and

frequency on leakage current of XLPE cable

insulation. In 2016 IEEE International
Conference on High Voltage Engineering and
Application (ICHVE) (pp. 1-4). IEEE.

https://doi.org/10.1109/ICHVE.2016.7800648

Ge, X., Given, M., & Stewart, B. G. (2022, September).
Determining accelerated aging power cable
spatial
Neural Networks.

temperature profiles using Artificial
In 2022
Conference on High Voltage Engineering and
Applications  (ICHVE) (pp.  1-4). IEEE.
https://doi.org/10.1109/ICHVES3725.2022.9961
792

IEEE International

https://getdata-graph-digitizer.software.informer.com/
(Access date; June 02, 2023)

_Gouda, O. E., & Matter, Z. (1992, August). Effect of
the temperature rise on the XLPE dielectric
properties. In [1992] Proceedings of the 35th
Midwest Symposium on Circuits and Systems (pp.
95-98). IEEE.
https://doi.org/10.1109/MWSCAS.1992.271325

Haykin, S. (1998). Neural networks: a comprehensive
foundation. Prentice Hall PTR.

Hedir, A., Bechouche, A., Moudoud, M., Teguar, M.,
Lamrous, O., & Rondot, S. (2020). Experimental
and predicted XLPE cable insulation properties
under UVRadiation. Turkish Journal of Electrical
Engineering and Computer Sciences, 28(3),

1763-1775. 10.3906/elk-1910-58

R. Korkmaz Tan, H. Canta, R. Mutlu

Karhan, M., & Ugur, M. (2016). XLPE izoleli tek
damarli orta gerilim kablolarinda elektrik alaninin
sulu agaclanmaya etkisinin incelenmesi. Gii¢
Sistemleri Konferansi (GSK2016), Istanbul.

Karhan, M., Cakir, M. F., Arslan, O., Issi, F., &
(2021). XLPE dielektrik

malzemelerde elektrik alaninin temas agisina ve

Eylipoglu, V.

damlactk  sekline  etkisi. Gazi  Universitesi
Miihendislik Mimarlik Fakiiltesi Dergisi, 36(3),
1747-1760.

https://doi.org/10.17341/gazimmfd.700362.

Lewis, C. D. (1982). Industrial and business forecasting

methods: A practical guide to exponential

smoothing and curve fitting, Butterworth-

Heinemann.

Liang, P., & Bose, N. K. (1996). Neural network
fundamentals with graphs, algorithms, and

applications. Mac Graw-Hill.

Liu, Y., Wang, H., Zhang, H., & Du, B. (2022).
Thermal aging evaluation of XLPE power cable
by using multidimensional characteristic analysis
of leakage current. Polymers, 14(15), 3147.

https://doi.org/10.3390/polym14153147

Moore, G. F. (Ed.), Electric cables handbook.
Blackwell Science, UK, 1997, Blackwell Science,
UK, 1997.

Oztiirk, P., Alisoy, H., & Mutlu, R. (2019) Yapay Sinir
Aglart ikili ve Ugli Biikiim
Makinalarmn Urettigi CAT 6A U/FTP Kablolarm
Parametrelerinin  Tahmini ve Tahmin Edilen

Kullanarak

Sonuglarin Karsilastirilmasi. European Journal of

Engineering and Applied Sciences, 2(2), 41-51.

Oztiirk, P., Alisoy, H., & Mutlu, R. (2020). CAT 6A
U/FTP Data
Parametrelerinin

Kablosunun Yiiksek Frekans
YSA ile

Modeli. Nevsehir Bilim ve Teknoloji Dergisi, 16-

30. https://doi.org/10.17100/nevbiltek.728791

Tahmin

Rajagopalan, R., & Rajagopalan, P. (1996, January).
Applications of neural network in manufacturing.


https://doi.org/
https://doi.org/
https://doi.org/
https://doi.org/
https://doi.org/
https://doi.org/
https://doi.org/
https://doi.org/
https://doi.org/10.1109/ICHVE53725.2022.9961792
https://getdata-graph-digitizer.software.informer.com/
https://doi.org/
https://doi.org/
https://doi.org/10.17341/gazimmfd.700362
https://doi.org/10.3390/polym14153147
https://doi.org/10.17100/nevbiltek.728791

Artificial Neural Network Models of Cross-Linked Polyethylene

In Proceedings of HICSS-29: 29th Hawaii
International Conference on System
Sciences (Vol. 2, pp. 447-453). IEEE.
DOI: 10.1109/HICSS.1996.495430

Shen, Z., Yang, L., Tang, H., & Lai, Y. (2021).
Contact-free dielectric response measurement
based on limit fitting by neural network. IET
Science, Measurement & Technology, 15(6), 499-
507. https://doi.org/10.1049/smt2.12050

Slimani, F., Hedir, A., Moudoud, M., DURMUS, A.,
Amir, M., & Megherbi, M. (2021). Prediction of
long-term physical properties of low density
polyethylene (LDPE) cable insulation materials
by artificial neural network modeling approach
underenvironmental constraints. Turkish Journal
of Electrical Engineering and Computer
Sciences, 29(5), 2437-2449. DOI: 10.3906/elk-
2105-27 https://doi.org/10.3906/elk-2105-27

Selvamany, P., Varadarajan, G. S., Chillu, N., &
Sarathi, R. (2022). Investigation of XLPE cable
insulation using electrical, thermal and
mechanical properties, and aging level adopting
machine learning techniques. Polymers, 14(8),
1614. https://doi.org/10.3390/polym14081614

Thue, W. A. (Ed.). (2017). Electrical power cable
engineering. Crc Press.

Uydur, C. C., Arikan, O., & Kalenderli, O. (2018,
September). The Effect of insulation defects on
electric field distribution of power cables. In 2018
IEEE International Conference on High Voltage
Engineering and Application (ICHVE) (pp. 1-4).
IEEE. DOI:10.1109/ICHVE.2018.8641936

Wang, X., Mo, F., Zhang, J., & Zhao, G. (2015). Study
on the Parameters of Cole-Cole Model,
International Conference on Advances in
Mechanical ~ Engineering and  Industrial
Informatics (AMEII 2015).

Wang, Y., Kang, N., Lin, J., Lu, S., & Liew, K. M.
(2022).  Cross-heating-rate  prediction  of

141

thermogravimetry of PVC and XLPE cable
insulation material: a novel artificial neural
network framework. Journal of Thermal Analysis
and Calorimetry, 147(24), 14467-14478.
https://doi.org/10.1007/s10973-022-11635-7

Zhang, Y., Wu, Z, Qian, C., Tan, X,, Yang, J.,, &

Zhong, L. (2020). Research on lifespan prediction
of cross-linked polyethylene material for XLPE
cables. Applied Sciences, 10(15), 5381.
https://doi.org/10.3390/app10155381

Zhou, T., Zhu, X., Yang, H., Yan, X,, Jin, X., & Wan,

Q. (2023). Identification of XLPE cable insulation
defects based on deep learning. Global Energy
Interconnection, 6(1), 36-49.
https://doi.org/10.1016/j.gloei.2023.02.004



https://doi.org/10.1109/HICSS.1996.495430
https://doi.org/10.1049/smt2.12050
https://doi.org/
https://10.0.15.66/elk-2105-27
https://10.0.15.66/elk-2105-27
https://doi.org/10.3390/polym14081614
https://doi.org/10.1109/ICHVE.2018.8641936
https://doi.org/10.1007/s10973-022-11635-7
https://doi.org/10.3390/app10155381
https://doi.org/10.1016/j.gloei.2023.02.004

142 Trakya University Journal of Engineering Sciences, 25(2), 2024



Trakya University Journal of Engineering Sciences

http://dergipark.org.tr/tujes

ISSN 2147-0308

Afet  Sonrasi

Research Article / Arastirma Makalesi
DOI: 10.59314/tujes.1599170

Etkilenenlerin Cografi Bilgi Sistemiyle Izlenmesi:

Kahramanmaras Depremi Ornegi

Yener TURENY*

, Eylil MALKOG?

ve Hilmi KUSCU®

! Trakya Universitesi, Edirne Tek. Bil. MYO, Mimarlik ve Sehir Planlama Béliimii, 22130, Edirne, Tiirkiye
2 Trakya Universitesi, Mimarlik Fakiiltesi, Peyzaj Mimarlhigi Boliimii, 22130, Edirne, Tiirkiye
3 Trakya Universitesi, Miihendislik Fakiiltesi, Makine Miihendisligi Boliimii, 22130, Edirne, Tiirkiye

Makale Kiinye Bilgisi: Ttren, Y., Malkog, E., Kuscu, H. (2024). Afet Sonrasi Etkilenenlerin Cografi Bilgi
Sistemiyle izlenmesi: Kahramanmaras Depremi Omegl Trakya Universitesi Miihendislik Bilimleri Dergisi 25(2),

143-150
One Cikanlar
»  Afet sonrasi acil destek sistemlerinin mekansal veriye dayali olusturulmasi.
»  Cografi Bilgi Sistemlerinin karar destek asamalarinda ve dijital tematik harita yapiminda kullanilmasi.
»  Afetten etkilenenlerin Cografi Bilgi Sistemleri araciligiyla ihtiyaglarinin ve konumunun tespiti.
> Afetten etkilenenlere ulasilabilecek rotalarin olusturulmasi ve arama-kurtarma faaliyetlerine destek
saglanmasi.
Makale Bilgileri Oz
. . Cografi Bilgi Sistemleri 6znitelik verilerini konumsal olarak ve dijital tematik haritalar
Makale Tarihgesi: . . . . A
tizerinde anlik olarak analiz etme imkani sunar. Bu sayede afet sonrasi destek
Gelis: merkezlerinin ¢ok hizli karar verme ve yonlendirme yapmalari s6z konusu
10 Aralik 2024 olabilmektedir. Calismada, 6 Subat 2023 Kahramanmaras merkezli deprem sonrasi
Kabul: Trakya Universitesi dgrencilerinin izlenmesi amaglanmistir. Deprem sonrast bolgedeki
23 Aralik 2024 ogrencilere kisa mesaj gonderilerek, online anketlerle ihtiyag ve transfer bilgileri

Anahtar Kelimeler:
Afet YOnetimi;

Afet Destek Sistemi;
Cografi Bilgi
Sistemleri;

konuma dayali olarak toplanmistir. Bulut ortamda toplanan verileri anlik olarak veriyi
isleyen, verileri dijital veri tabaninda saklayan ve dijital tematik harita olarak sunmaya
olanak taniyan ArcGIS-Online yazilimi kullanilmistir. Bu sayede, afet sonrasinda
Trakya Universitesi biinyesinde kurulan destek merkezinde 6grencilerin ihtiyaglarinin
ortaya konmasi ve karsilanmasi, onlara ulasilabilecek rotalarin olugturulmasi ve arama-
kurtarma faaliyetlerine destek saglanmasi gibi bir¢ok islev karsilanmistir. Bu
caligmanin diger dogal afetler (6r. sel, erozyon, yangin) i¢in de uygulanabilir oldugu
diistiniilmektedir.
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Geographic Information Systems provide the opportunity to analyze attribute data
spatially on digital thematic maps in real-time. This allows post-disaster support centers
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University students after the earthquake centered in Kahramanmaras on February 6,
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of students, creating routes to reach them, and supporting search and rescue activities
were fulfilled at the support center established within Trakya University after the
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1. Giris

Son donemlerde, afet yonetimi amaciyla Cografi Bilgi
Sistemleri (CBS) kullanimi literatiirde genis yer
bulmaktadir. Afet ve sonrasi yonetimin temelinde
stiphesiz kamu giivenligi yer almaktadir (Amdahl,
2001). Bunun en belirgin 6rneklerinden biri olarak,
CBS teknolojilerinin ¢ikis noktasi konumunda yer alan
Amerika Birlesik Devletleri’'nde meydana gelen, 11
Eyliil Diinya Ticaret Merkezi saldirisindan sonra acil
durum miidahalesi i¢in CBS ve uygulamalarinin, kamu
giivenligini riske atan yapay (terdr saldiris1 vb.) ya da
dogal (deprem, sel, erozyon, ormana yangini vb.) karsi
(Cutter, 2003). CBS

olusan acil

kullanilmas1 ~ gosterilebilir

kullanilarak felaketlere ve sonrasi
durumlara yerel yonetim miidahaleleri (Gunes and
Kovel, 2000), acil destek ve arama kurtarma aglarimin
gelistirilmesi 6nemli 6l¢lide koordine edilebilmektedir
2002). Afet

yonetimlerin bilgi yayma konusunda olugturduklari acil

(Meissner vd., sonrast i¢in yerel
durum merkezlerinin ve insani yardim calisanlarinin
roliinii anlamak ve belirlemek, bu amaglar igin veri
toplama ve bilginin roliinii daha iyi anlamak siiphesiz
CBS uygulamalarinin ve konum bilgilerini belirli bir
stire boyunca diger is veri kiimelerinin 6zellikleri veya

oOznitelikleriyle birlestiren Jeouzamsal teknolojilerin

olumlu bir getirisidir (Comfort, 2000).

2. Afet Yonetimine Cografi Bilgi Sistemleri’nin

Katkisi

Siirekli artan niifusa sahip diinyamizdaki afetlerin
biiyilikliigii ve siklig1 da artmaktadir. Hitkiimetler, sivil
toplum kuruluslari ve afet miidahale kurumlari, afetleri
hafifletmek, afetlere hazirlanmak, miidahale etmek ve
afetlerden kurtulmak i¢in afet siireclerini ve sonuglarimi
etkin bir sekilde yonetme egilimindedir. Etkili afet
yonetimi ve miidahale, birgok kaynaktan gelen bilgi ve
verilerin hizli kullaniminmi gerektirir. Afet sirasinda ve
sonrasinda hizli degerlendirme ve analiz igin dijital
verileri sorunsuz bir sekilde entegre etme ve mekansal

olarak iligkilendirmede Jeo-uzamsal teknolojiler paketi

Y. Tiiren, E. Malkog, H. Kus¢u

(CBS, Uzaktan Algilama, GPS ve Internet vb.) giderek
daha 6nemli bir rol oynamaktadir. Afet yonetimi i¢in
CBS kullaniminda ilerlemeler kaydedilse de
teknolojiyi uygulama ve CBS verilerinin analiz i¢in en
iyi sekilde nasil kullanilacagi her an gelismeye agik bir
konudur. Bu nedenle, her ne kadar istenmeyen bir
durum olsalar da yasanan her bir yapay ya da dogal afet
Ozellikle internet tabanli CBS'nin afetler igin nasil
kullanilacagini daha iyi anlamak i¢in yeni bir 6gretidir
(Hewitt, 1997). Internetin CBS uygulamalar1 ile
entegrasyonu, ii¢ boyutlu ger¢ek zamanl acil durum
gibi alanlara uygulanmaktadir (Kwan and Lee, 2005).
Acil kagis yollart i¢in internette haritalarin sunulmast
(Hardin, 1998), hatta imar planlarinda yer alan ada ve
parsel bilgilerinin vektorel hale getirilip altlik olarak
kullanilmas1 (Tagkaya, 2022) ve yerel afet yonetimi
icin mobil CBS ve dijital video kullanim1 bu alanlara

ornek verilebilir (Montoya, 2003).

3. Internet Tabanh Cografi Bilgi Sistemi

Yazilimlariin Onemi

Ote yandan ¢evrimici haber raporlama, acil durum bilgi
hizmetleri gibi resmi aglar ve gayri resmi sosyal
iletisim aglar1 felaketin ilk elden anlatildig, fotograf ve
videolarin yayinlandigi bir platform gelistirmistir
(Kodrich and Laituri, 2006). Diinyanin dort bir yaninda
yasayan insanlar internet erisimine sahip olmalari
kosuluyla, afetler sonrasi ortaya ¢ikan insanlik
trajedisini 6grenme firsatina sahiptirler ve bu da kiiresel
bir topluluk duygusunu tesvik etmektedir (Kodrich and
Laituri, 2006). Bu tartismanin temelinde insanlarin
internete erisimi oldugu varsayimi yatmaktadir.
Baglanabilirlik, 6zellikle internet CBSmin ve genel
olarak Internet erisiminin ¢ok 6nemli bir yoniidiir
[Laituri and Kodrich, 2008). Bununla birlikte, afet
sirasinda ve sonrasinda, yeni ve yenilik¢i sosyo-
teknolojik aglarin  olusturulmast yoluyla dijital
kaynaklara, becerilere ve yeteneklere yiiksek diizeyde
erisim, havuzlama ve paylasim ortaya ¢ikmaktadir

(Ivefors, 1997). Bu ag etkilesimleri, bulut veri
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tabanlarinin sorgulanmasina ve veri tabanlarindan veri
indirme veya ekleme yapilmasina internet tabanl
olanak tanir. Bulut veri tabanlarimin Internet CBS'nin
interaktif bir araci olarak kullanilmasi, afet sonras1 acil
yonetim merkezi, sahada arama kurtarma faaliyetleri ve
afetzedeler arasinda koprii vazifesi gérmektedir (Paul,
2001). Ozellikle GPS modiilii olan akill telefonlar ile,
internet tabanlt mobil CBS etkinligi i¢in gercek
zamanli veri toplanabilmesi, ilk miidahale ya da arama-
kurtarma ekiplerinin afetzedelere kolay bir sekilde
erisimini hizlandirmaktadir (Brown vd., 2003). S6z
konusu afet sonrasi yonetim icin toplum temelli
¢Oziimlerin  biitiinlestirilmesine ~ yonelik  ¢abalar
onceden planlandig takdirde olas1 bir gergek felakette
kayiplar1 azaltama da etkili rol oynayacaktir. Ayni
zamanda yerel yonetimler ve sivil toplum
kuruluslarinin hizli bir sekilde organize olmasina katki
saglayacaktir. Bu nedenle, CBS uygulamalari
kapsayan hizli miidahale tatbikatlarinin gelistirilmesi
son derece 6nemlidir (Johnson, 2000 - Schlossberg,
2004). Sonugta afetle ilgili bilgiler, son derece dinamik
ve belirsiz kosullardan dolay1 her zaman 6nceden hazir
olmayabilir (La Porte, 1999). Ama giiniin sonunda,
afetlerin anlasilmasi ve yonetilmesi, afet sonrasi
planlama ve risk degerlendirmesinin yapilabilmesi
amaclt onceden veri, veri aglart ve bilgi isleme
yontemlerini ortaya koyacak afet simiilasyonu
niteliginde tatbikatlarin yapilmasi 6nem arz etmektedir
(Newkirk, 1993). Unutulmamahdir ki simiilasyonlar
gercek olaylari taklit etmede kullanilabilecek en uygun

araglardir.

4. Uygulama

Uygulama  ¢alismasinda, 06.02.2023 tarihinde

Ulkemizi yasa bogan Kahramanmaras merkezli 7.2 ve
7.5 siddetindeki depremlerden sonra Trakya
Universitesi Rektorliigii’nce olusturulan destek hattina
katki saglamak amaciyla ArcGIS-Online Deneme
siiriimii ile Trakya Universitesi Afet Takip sistemi
ArcGIS-Online Deneme

olusturulmustur. siriimii

08.04.2023 tarihinde sona erdiginden web ortamindan
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sisteme  erisim maalesef sonlanmistir.  Proje
kapsaminda uygulanacak yontemler, oncii niteliginde

olan proje agamalari agiklanarak anlatilmastir.

ArcGIS-Online Deneme siiriimii araciligiyla hazirlanan
ornek anket formu linki, Ogrenci Isleri Daire
Basgkanligi tarafindan 6grenci kayitlarindan tespit
edilen bolgede ikamet eden 6grencilere yonelik, Trakya
Universitesi Bilgi Islem Daire Baskanhigi’nca SMS
yoluyla iletilmistir (Sekil-1).

TRAKYA UNI

Sevgili Ogrencilerimiz,
ihtiyag ve konumunuzu tespit
etmek ve sizlere destek
olmak amaclyla hayata
gecirdigimiz Afet ve Acil
Durum Bilgi Sistemi'ne

linkinden ulasarak talep ve
intiyaglarinizi bizlere
iletebilirsiniz. B162

Sekil 1. Hedef kitleye yonelik hazirlanan anket formu
linkinin SMS ile gonderilmesi.

ArcGIS-Online Deneme siiriimii araciligiyla hazirlanan
ornek anket formu Sekil-2’de goriildiigii gibidir. Anket
formunda, bolgede depremden etkilenen
dgrencilerimize yonelik Kisisel Verilerin Islenmesi
Aydinlatma Metni onayr alinmasi suretiyle (URL-1),
ogrenim diizeyi bilgileri, Ad-Soyad, Ogrenci
Numarasi, Cep Telefonu Numarasi, deprem aninda
bulundugu il, deprem amnda bulundugu yapimin
durumu, Acil Thtiyag Duyulan Esya bilgileri, anketi
doldurdugu siradaki mevcut konum bilgileri (Harita
tizerinden ekrandan se¢meli ya da manuel giris), anketi
doldurdugu siradaki istege bagli bulundugu yerinde
gosteren mevcut Ogrenci fotografi

gibi bilgiler

sorulmustur.

Anket sonuglarindan toplanan veriler, ArcGIS-Online
Deneme siiriimii araciligryla hazirlanan tematik Afet

Takip Sitemi haritas1 {izerinde anlik olarak

gosterilmistir. Ozellikle afet bolgesinde bulunan arama



146

kurtarma ekiplerince kullanilmasi Ongoriilen web
tabanli bu dijital harita tizerinden, farkl: harita altliklar1
(Cadde, sokak, uydu vb. goriiniimil) kullanilarak ilgili
ogrencilerin gonderdikleri konumlar1 isaretlenmis ve
arama kurtarma ekiplerince kendi konumlarina gére en
kisa yol gibi ¢esitli ¢izim aracglart modiillere
eklenmistir. Yine dgrencilerin depreme yakalandiklar
il bazinda saysal istatistiksel bilgi sorgu butonlar1 ve
ekranlar1 eklenmistir (Sekil-3). Bu siteye kolay ulasim
Bilgi
Bagkanliginca (afetverisi. trakya.edu.tr) adresi ile
ArcGIS-Online

icin, Trakya Universitesi Islem Daire

maskeleme  yapilmistir. Deneme
stirimii 08.04.2023 tarihinde sona erdiginden siteye

erisim son bulmustur.

Yine anket sonuglarindan toplanan veriler, ArcGIS-

Online Deneme siiriimii araciligiyla hazirlanan tematik
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Afet Takip Sitemi haritas1 iizerinde ozellikle afet
yonetim ya da destek merkezlerinde genis ekranlarda
ya da projeksiyon cihaziyla duvara yansitilmak
suretiyle anlik olarak canlt veri akisi izlenebilmesine
olanak saglayan Dashboard ekrani tasarlanmigtir. Bu
ekranda oncelikli goriilmesi istenilen veriler 6n plana
cikartilmustir. Istenildiginde bu ekrandan da ihtiyag
sahiplere ve ihtiyac bilgileri goriintiilenebilmektedir
(Sekil-4). Bu siteye kolay wulagim igin, Trakya
Universitesi Bilgi Islem Daire Baskanliginca (afettakip.
trakya.edu.tr) adresi ile maskeleme yapilmustir.
ArcGIS-Online Deneme siirtimii 08.04.2023 tarihinde
sona erdiginden siteye erisim son bulmustur. ArcGIS-
Online yazilimi ile hedef kitleden toplanan bilgilerin
kullanici etkilesimli olarak tasarlanip son durum bilgisi

olarak sorgu ekranindan goriilmesi saglanmustir. (Sekil-
5).

< WhatsApp
n Ad/Soyad*
Trakya Universitesi Afet ve Acil Duru...

Bu caligma Tiirkiye'de 06.02.2023 tarihinde meydana
gelen depremlerden etkilenen Trakya Universitesi
8grencilerinin konum ve ihtiyaclarini tespit etmek ve
Sgrencilere destek olmak amaciyla
gerceklestiriimektedir.

Ogrenci Numarasi*

Kisisel Verilerin islenmesi Aydinlatma
Metni*

Kisisel verilerinizin hic bir ticari amacla
kullanilmamasini ve bu verilerin Trakya Universitesi
Afet ve Acil Durum Bilgi Sistemi caligmalari
kapsaminda ilgili kurum ve kuruluslarla paylagimini
kabul ettiginizi onaylamaniz gerekmektedir.

KVKK metni icin tiklayiniz

Telefon Numaras: {GSM)*

Srenooonon

caylagabilicsiniz
Onayliyorum

Ogrenim Diizeyi*
Bulundugunuz I1*

On Lisans

Segim yepin-
Lisans

Yapi Hasar Durumu*
Yiiksek Lisans

Hesarsiz
AA @ surveyl23.arcgis.com G

Yakininiza Ait Telefon Mumarasi (GSM)

Kangi numeran@indan sz clagemed&ime skeirde bizimle yakinimz _

Az Hazarh

Acil Ihtiyag Duyulan Esyalar

Diger Ihtiyaglar (Varsa Belirtiniz)

Konum Bilgisi*

Lifen kamumunu Eul Buzeny ardim e kenumunuzy ieresleyiniz.

Telefonu etinizde konum aery

d

Ora hazerl cy

muzde g ek

Ankara

Sekil 2. Hedef kitleye yonelik hazirlanan anket sorulari ve formu.

4. Sonuglar

Internet tabanli ve dzellikle bulut teknolojisi kullanan
Cografi Bilgi Sistemlerinin, oncelikli olarak yerel,

bolgesel ve sonrast ulusal dlgekte gergeklesebilecek

deprem, sel, erozyon, orman yangint, siddetli firtina vb.
dogal afetler sonrasi afetten etkilenenlerin acil durum
ihtiyaglarinin karsilanmasi yoniinde, yetkin mercilerin

karar alma ve faaliyete gegcme agamasinda karar destek
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sistemi olarak etkin bir sekilde rol oynadigi, yapilan

uygulama sonucunda ortaya konmustur.

Ankara

Beyrut

000 & 2 K S @ &

Tebriz

Musul

=]

Hemedan

Bagdat
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Sekil 3. Hedef kitlenin konuma dayali takibini saglayan web arayiizii.

Trakya Universitesi Afet Takip Sistemi (caniiv
O grenci : Kharkiv

Dnipro
Donetsk

Rostov-

Chisinau on-Don
Odesa

Bucharest

Skopje

oy e

Bursa

Thessaloniki

Ankara

Konya !
3N

leppo

Antalya &Q?D t:.---r o
2 o
Son Durum
. . . Beirut
Bilgisi
Alexandria

Cairo

Ogrenci ara

Trakya Universitesi
Teyit icin destek hatti telefonu:
(0530 234 98 50)

Volgograd

TS'Khinval
Thilisi

Yerevan

Tabriz

Baghdad

Al Basrah

Kuwait City

Sekil 4. Hedef kitlenin konuma dayali takibini saglayan web-dashboard canli veri izleme arayiizii.
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EQ Sorgu

Gorevier

Sonuclar

T.U Afet ve Acil Durum Bilgi Sistemi_e v | +e¢
Goriintilenen detaylar:1/1

Agikdamalar
Ogrenim Diizeyi
Ad Soyad
Bulundugunuz il Diger

Diger - EDIRNE
Bulundugunuz il

Yapi Hasar Durumu  Hasarsiz

Acil Ihtiyag Duyulan  Destege_ihtiyacim_Yd
Esyalar |

Doktora
EDIRNE DENEME

Diger ihtiyaglar
(Varsa Belirtiniz)

Y. Tiiren, E. Malko¢, H. Kuscu

4 »

n Durum B

Sekil 5. Hedef kitlenin anket sonuglarint gosteren ekran ¢iktilart.

Olmas1 beklenen biiyiik Istanbul depreminin etki alani
biiyiik olmakla birlikte Marmara bdlgesini dogrudan
etkilemesi s6z konusudur. Edirne iline kadar ulasabilir.
Omegin, bu durumda hem Edirne Ilinde bulunan
Universite Personeli ve hem de Ogrencileri afetten
dogrudan etkilenebilirler. Ustelik  Universitenin
ogrenci profilinin biiyiik bir cogunlugunun Istanbul
ilinden geldigi diisiiniildiigiinde, yine personelin
Istanbul Ilinde is ya da seyahat amacli bulundugu
disiiniildiigiinde, bu durumda gergeklesecek Dbir

deprem sonrast kurumsal anlamda c¢alisan ve
ogrencilerin acil ihtiya¢ durumlarinin konuma dayali
olarak belirlenmesi gerekebilir. Yine bagka bir 6rnek
senaryoda Edirne ilinde meydana gelebilecek sel

felaketi sonrasi kurum personeli ve 6grencilerin acil

ihtiyag  durumlarinin  konuma  dayali  olarak
belirlenmesi  gerekebilir.  Bu  gibi  senaryolar
gergevesinde  olusturulacak  tatbikat  niteliginde

simiilasyonlarla olas1 gergek felaketler sonrasi acil
destek hattinin isleyisi hiz kazanacaktir. Yine bu gibi
senaryo ve simiilasyonlar yeryliziinde herhangi bir
konumda meydana gelebilecek bir dogal afetin

sonrasinda, afetten etkilenenlerin acil durum

ihtiyaglarinin  kargilanmasi yoniinde, karar destek

sistemi olarak 6nemli derecede rol oynayacaktir.

Tesekkiir

Caligmaya degerli destegi igin Trakya Universitesi

Rektorligii’ne (Edirne, Tiirkiye) tesekkiir ederiz.
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