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HAKKINDA

Tiirk Egitim-Sen’in bilimsel yayin organi olan Tiirk Miithendislik Arastirma ve Egitimi Dergisi, mithendislik
alaninda hazirlanan giincel, 6zgiin ve nitelikli ¢alismalar1 yayimlayan uluslararasi hakemli bilimsel bir
dergidir. Bu dergj, ilk sayis1 15 Haziran 2014 tarihinde yayimlanan "21. Yiizyilda Fen ve Teknik" dergisinin
boliinmesi sonucu ortaya ¢ikmistir. Tiirk Miithendislik Arastirma ve Egitimi Dergisi, May1s ve Kasim aylarinda
yilda iki say1 olarak yayimlanmaktadir. A¢ik erisim bir dergidir ve makaleler i¢in herhangi bir degerlendirme

ve basvuru {icreti talep etmez.

ABOUT

Turkish Journal of Engineering Research and Education, the scientific publication of Tiirk Egitim-Sen, is an
international peer-reviewed scientific journal that publishes current, original and qualified studies in the field
of engineering. This journal emerged as a result of the division of the “Science and Technology in 21st
Century” journal, the first issue of which was published on June 15, 2014. Turkish Journal of Engineering
Research and Education is published twice a year, in May and November. It is an open access journal and does

not charge any evaluation and submission fee for manuscripts.

AMAC ve KAPSAM

Tiirk Miihendislik Arastirma ve Egitim Dergisi, miihendislik alaninda giincel, 6zgiin ve nitelikli ¢alismalar1
yayimlayarak, miithendislik 6grencilerinin egitimlerini ve miihendislerin yasam boyu mesleki gelisimlerini
desteklemeyi, ayrica miihendislik alan yazinmna katkida bulunmayi amagclamaktadir. Bu dergi, tim
mithendislik disiplinlerinden 6zgiin arastirma makaleleri, derlemeler, kisa makaleler ve editére mektuplari

yayimlamak tizere kabul eder.

AIMS and SCOPE

Turkish Journal of Engineering Research and Education aims to support the education of engineering students
and the lifelong professional development of engineers, and also to contribute to the engineering literature,
by publishing current, original and qualified studies in the field of engineering. This journal welcomes original

research articles, reviews, short articles and letters to editor from all engineering disciplines for publication.
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ARASTIRMA MAKALESI

Ostenitik Paslanmaz Celik ve IF Celiginin Nokta Direng Kaynak
Yontemi ile Birlestirilmesine Kaynak Parametrelerinin Etkisi

Effect of Welding Parameters on Joining Austenitic Stainless Steel and IF
Steel with Spot Resistance Welding Method

Kadir Kaya!, Yakup Kaya?*
IMEB Altin Safran Tlkokulu Karabiik
2 Karabiik Universitesi Teknoloji Fakiiltesi Karabiik

Gelis / Received: 22.04.2022
Kabul / Accepted: 03.10.2022
*Sorumlu Yazar (Corresponding Author) Yakup Kaya, ykaya@karabuk.edu.tr

OZ: Bu calismada, 1,2 mm kalinligindaki yiiksek korozyon dayanimli paslanmaz (AISI 316 L) gelik ve yaslanmaya
dayanikli ve ekstra derin ¢ekmeye uygun ¢ok diisiik karbonlu arayer atomsuz IF (7114) celikleri farkli parametreler
kullanilarak nokta diren¢ kaynak yontemi ile birlestirilmis ve kaynak parametrelerinin (3 ve 6 kN elektrod kuvveti, 3,
5, 7 ve 9 kA kaynak akimi ve 10, 20, 30, 40 ve 50 gevrim kaynak siiresi) kaynakli birlestirmelere etkisinin belirlenmesi
igin aragtirmalar yapilmistir. Birlestirme dayanimlarini incelemek icin numunelere c¢ekme-makaslama testleri
uygulanmis ve testler sonucunda numunelerin kirilma tipleri de arastirilmistir. Ayrica, numunelerin kaynak bolgeleri
iizerinde sertlik ve mikroyapi ¢alismalar1 yapilmistir. Kaynakli numuneler iizerinde gerceklestirilen cekme-makaslama
testleri sonucunda, gekme-makaslama dayanimlarimin elektrod kuvveti, kaynak akimi ve kaynak siiresi artisina bagh
olarak arttig1 tespit edilmistir. Ek olarak ¢ekme-makaslama testleri sonrasinda tiim numunelerde kopma, IF 7114 geligi
ITAB'inda meydana gelmistir. Sertlik testleri sonucunda, en yiiksek sertlik degeri AISI 316 L-IF 7114 kaynak
¢ekirdeginden Ol¢iilmiis onu sirasiyla ITAB’lar (AISI 316 L ITAB>IF 7114 ITAB) ve ana malzemeler (AISI 316 L ana
malzeme>IF 7114 ana malzeme) izlemistir. Mikroyap1 incelemeleri sonucunda, artan elektrod kuvveti, kaynak akimi ve
kaynak siiresiyle kaynak ¢ekirdegi kesitinin genisledigi ve artan 1s1 girdisi sebebiyle de IF 7114 ITAB'inda belirgin bir
tane irilesmesi olustugu gozlenmistir.

Anahtar Kelimeler: Paslanmaz celik, IF celigi, nokta diren¢ kaynagi, mekanik 6zellikler, mikroyap1

ABSTRACT: In this study, 1,2 mm thick high corrosion resistant stainless (AISI 316L) and very low carbon, resistant
aging and suitable extra deep drawing interstitial free IF (7114) steels were combined by resistance spot welding method
using different parameters and the welding parameters (3 and 6 kN electrode forces, 3, 5, 7 and 9 kA welding currents
and 10, 20, 30, 40 and 50 cycle welding times) studies have been conducted to determine the effect on welded joints.
Tensile-shear tests were applied to the samples in order to examine the strength of the welded joints and the fracture
types of the samples were investigated as a result of the tests. In addition, hardness and microstructure studies were
done on the welded regions of the samples. As a result of the tensile-shear tests carried out on the welded samples, it
was determined that the tensile-shear strength of the joints increased depending on the increase in electrode force,
welding current and welding time. In addition, after the tensile-shear tests, rupture of all samples occurred in IF 7114
steel the heat effected zone (HAZ). As a result of the hardness tests, the highest hardness value was measured from AISI
316 L-IF 7114 the weld nugget, followed by HAZs (AISI 316 L HAZ>IF 7114 HAZ) and base materials (AISI 316 L base
material>IF 7114 base material), respectively. As a result of the microstructure investigations, it was observed that the
weld nugget cross section expanded with increasing electrode force, welding current and welding time, and a significant
grain coarsening occurred in IF 7114 HAZ due to increased heat input.

Keywords: Stainless steel, IF steel, resistance spot welding, mechanical properties, microstructure

Kadir Kaya/ Yakup Kaya, Orcid: 0000-0002-9951-2844
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1. GIRisS

Paslanmaz celik, bircok endiistri ve cevresinde
genis kullanim alanina sahip ©nemli bir
miihendislik malzemesidir. Paslanmaz c¢eliklere
yliksek korozyon direncini kazandiran yiizeyinde
bulunan krom oksit tabakasidir. Paslanmaz celikler;
baskin metaliirjik faz dagilimina gore Ostenitik,
martenzitik, ferritik, c¢okeltme sertlesmeli ve
dubleks olarak smiflandirilmaktadirlar [1], [2].
Paslanmaz celikler icerisinde en yiiksek kullanim
%70 ile Ostenitik paslanmaz celiklere aittir [3]. Bu
gelikler, iistiin korozyon dayanimi ve yiiksek
Bu
sayesinde depolama ve basing tanklari, makine

mekanik  Ozelliklere sahiptir. ozellikleri
liretim parcalar1 ve hijyen gerektiren gida sektorii
gibi bircok olanda onemli bir

malzemedir [4].

kullanilan

Diinyada son zamanlardaki teknolojik gelismeler
rekabet ortamy, miisteri
memnunuyeti gerektirmektedir. Celik endiistriside
bu teknoloji ve rekabete ayak uydurmak zorunda
kalmistir. Arayer atomsuz (Interstitial-Free, IF)

ve artan stirekli

celiklerde bu son teknoloji iirlinlerinden birisidir
[6]. IF celikleri derin gekilebilirlik ve kaynak
edilebilirliklerinin iyi olmasi nedeniyle ozellikle
otomobil, esya, beyaz esya vb.
endiistrilerinde kullanimi artmaktadir [6]. IF celigi

elektronik

sahip oldugu diisiik akma mukavemeti ve yiiksek
“1r” degeri sayesinde ekstra derin ¢ekilebilmekte ve
cok karmasik parcalarin uretiminde
kullanilmaktadir. IF celigi igeriginde bulunan C ve
N miktar1 vakumlu gaz giderme sistemi ve Ti
ve/veya Ti + Nb ilave edilmesiyle 20 ppm’e kadar
azaltilmistir ve yaslanma goOstermeyen yiiksek
sekillendirilebilirlik 6zelligi saglanmaktadir [7].

Teknolojik gelismeler ve arastirmalarla elde edilen
de has  ozelliklerini
kaybetmeden birlestirilebilmesi gerekmektedir.
Imalat endiistrisinde en ¢ok kullanilan birlestirme
yontemlerinden biri de kaynaktir. Nokta direng

malzemelerin kendine

kaynak yontemi; seri imalata uyarlanabilen ve
Bu
yontem; ilave metal kullanilmamasi sebebiyle hafif
olmasy, yiiksek kaynak dayanimi, estetik goriiniim,
operatdr becerisi gerektirmemesi ve yiiksek kaynak
hiz1 gibi sebeplerle de otomotiv ve ugak sanayinde,
ayrica metal esya {retiminde yaygin olarak
kullanilmaktadir [8].

epeyce yaygin kullanilan bir yontemdir.

39

Bu ¢alismanin amaci; yiiksek korozyon dayanimu,
mekanik oOzellikleri ve kolay sekillendirilebilir
olmasi dolayisi ile basta otomotiv, kimya ve mutfak
endiistrisi olmak tizere bir¢cok alanda
kullanilan 6stenitik paslanmaz gelik (AISI 316L) ve

esyasl
yliksek sekillendirilebilirlik ve derin ¢ekme
ozelliklerinden dolay1 basta otomotiv ve beyaz esya
endiistrisi olmak iizere bir¢ok alanda yaygin olarak
kullanilan arayer atomsuz IF (Interstitial Free) celigi
(7114) levhalari, nokta diren¢ kaynagiyla 40 farkh
parametrede (3 ve 6 kN elektrod kuvveti, 3, 5, 7 ve
9 kA kaynak akimi ve 10, 20, 30, 40 ve 50 ¢evrim

kaynak siiresi) birlestirilerek, kaynakl
birlestirmelerin, mikroyap1 ve mekanik
Ozelliklerinin arastirilmasidir.

2. DENEYSEL CALISMALAR

Bu c¢alismada, 1,2 mm kalinliktaki Ostenitik

paslanmaz celik ve IF celigi saclar nokta direng
kaynak yontemi ile birlestirilmistir. Kaynak
isleminde kullanilan AISI 316L ve IF 7114 c¢elik
saclarin kimyasal bilesimleri Tablo 1’de, mekanik
Ozellikleri ise Tablo 2’de verilmistir.

Tablo 1: Saclarin kimyasal bilesimi (%Agirlik).

C Mn P S Ti Si Cr Ni Mo Fe
0,008
0,005

AISI 316 L
IT 7114

1,75 0,045 0,003 - 0,95 17,8 12 27 Kalan

0,15 0,006 0,005 0,068

Kalan

Tablo 2: Saclarin mekanik 6zellikleri.

Akma Cekme
Uzama
Dayanum = Dayamimi )
(N/mm?) (N/mm?) °
AISI 316 L 207 539 55
IF 7114 210 max 270-350 38

Kaynak islemleri i¢in AISI 316 L ve IF 7114 saclar,
giyotin makas ile 100x30x1,2 mm boyutlarinda
kesilmis ve nokta diren¢ kaynak standartlara
uygun olarak Sekil 1’de verilen oOlgiilerde {ist {iste
bindirilerek kaynak islemlerine hazir hale
getirilmistir. Kaynak islemlerinde Baykal SPP 60
tipi (Sekil 2) su sogutmali ve pnomatik kontrollii
nokta diren¢ kaynak makinas:i kullanilmistir. Ek
olarak kaynakli parcalarin standart olmasi igin
biitiin kaynak islemlerinde IF 7114 sac1 altta, AISI
316 L sacn ise iistte olmasina dikkat edilmistir.
Ayrica 6n deneyler yapilarak, AISI 316 L gelik ile IF
7114 ¢elik
birlestirilecegi kaynak parametreleri belirlenmistir.

sac ~ malzemelerin  basariyla
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Sekil 1: Nokta direng kaynak standart olgiileri.

Sekil 2: Kullanilan kaynak makinesi.

Deneysel  c¢alismalarda  kullamilan  kaynak
parametreleri Tablo 3’te verilmistir. Kaynak
islemleri her bir parametreden 4 adet (3 adet ¢cekme-
makaslama ve 1 adet mikroyapi/mikrosertlik)

olmak tizere toplamda 160 adet yapilmaistir.

Tablo 3: Kaynak parametreleri.

Elekrod  Kaynak
kuvveti  Akimu Kay:“;t i?)ﬂam
(kN) (kA) <
3
5
3 7 10 20 30 40 50
9
3
5
6 7 10 20 30 40 50
9
Kaynaklt numunelerin (170x30 boyutlarinda)

cekme-makaslama dayanimlarmin belirlenmesi
icin, Shimadzu marka (5 ton) c¢ekme cihazi
kullanilarak 2 mm/dk ¢ekme hizinda c¢ekme
deneyleri yapilmistir. Her bir parametreden 3’er
adet c¢ekme-makaslama testi yapilmis ve bu
sonuglarin ortalamas: alinmustir. Ayrica kaynakl
numuneler {izerinde mikroyap: ve mikrosertlik
calismalar1  yapilabilmesi i¢in  numunelerin

40

bindirme bolgesi (kaynak cekirdegi) ortasindan
kesilerek (15x30 mm) hazirlanmigtir. 15x30 mm
boyutlarinda hazirlanan mikroyapr numuneleri
bakalite alinmis ve daha sonra bu numunelere
zimparalama ve parlatma (standart metalografik
numune hazirlama) islemleri uygulanmistir.
Parlatma islemleri biten numunelerin AISI 316 L
taraft %10 oksalik asit ¢ozeltisinde ve elektrolitik
olarak daglanir iken IF 7114 tarafi ise %3 nitrik asit
¢ozeltisinde daglanmistir. Daglama islemlerinden

sonra numuneler, NIKON Epiphot 200 optik

mikroskop ile  goriintiilenmistir.  Mikroyap:
calismalarindan sonra ayni numuneler mikrosertlik
Ol¢timlerinde de kullanilmistir. Sertlik

degisimlerini belirlemek icin Sekil 3’'te goriilen
noktalardan Shimadzu HMV marka cihaz ile 500 g
yik uygulanarak HV (HVos) cinsinden sertlik
Ol¢tilmiistiir.

Sekil 3: Mikrosertlik 6l¢iim noktalari.
3. SONUCLAR VE TARTISMA

3.1 Cekme-makaslama testi ve
incelemesi

kirtlma  tipi

Nokta direng kaynak yontemiyle birlestirilen AISI
316 L-IF 7114 numunelere ¢ekme-makaslama
testleri uygulanmig ve kullamlan farkli kaynak
parametrelerinin  mekanik  Ozelliklere  etkisi
incelenmistir. Cekme-makaslama testi sonuglari
Sekil 4 ve 5’ te verilmistir.

Sekil 4-5 incelendiginde, en yiiksek c¢ekme-
makaslama mukavemeti 7.877 N ile 6 kN elektrod
kuvveti, 9 kA kaynak akimi ve 50 ¢evrim kaynak
siiresinde  birlegtirilen  numunelerden  elde
edilmistir. Ayrica en yiiksek % uzama miktar1 17,75
ile ayn1 parametreden elde edilmigtir. En diistik
¢cekme-makaslama mukavemeti ise 3.396 N ile 3 kN
elektrod kuvveti, 3 kA kaynak akimi ve 10 ¢evrim
kaynak siiresinden elde edilirken, en diisiik %
uzama miktar1 da 6,79 ile ayn1 parametreden elde
edilmistir.
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Sekil 4: 3 kN elektrod kuvvetinde birlestirilmis numunelerin ¢ekme testi grafikleri; a) cekme-
makaslama, b) % uzama.
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Sekil 5: 6 kN elektrod kuvvetinde birlestirilmis numunelerin ¢ekme testi grafikleri; a) cekme-
makaslama, b) % uzama.

3 kN elektrod kuvveti, 5 kA kaynak akimi ve 20
gevrim kaynak siiresinde birlegtirilen AISI 316 L-IF
7114 numunenin ¢ekme-makaslama mukavemeti
4482 N ve % uzamast 8,93 olarak ol¢iilmiistiir.
Diger parametreler sabit elektrod kuvveti
arttirldiginda; 6 kN elektrod kuvveti, 5 kA kaynak
akimi ve 20 ¢evrim kaynak siiresinde birlestirilen
numunelerin ¢ekme-makaslama mukavemeti 4.626
N ve % uzamasi 9,94 olarak belirlenmistir.

6 kN elektrod kuvveti, 3 kA kaynak akimi ve 40
cevrim kaynak siiresinde birlestirilen AISI 316 L-IF
7114 numunenin c¢ekme-makaslama mukavemeti
4925 N ve % uzamasi 10,42 olarak ol¢iilmiistiir.
Diger  parametreler sabit kaynak  akimi
arttirildiginda; 6 kN elektrod kuvveti, 5 kA kaynak
akimi ve 40 ¢evrim kaynak siiresinde birlestirilen
numunelerin ¢ekme-makaslama mukavemeti 5.130
N ve % uzamasi 11,93 olarak olgiiliirken, 6 kN
elektrod kuvveti, 7 kA kaynak akimi ve 40 ¢cevrim
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kaynak stiresinde birlestirilen numunelerin ¢ekme-
makaslama mukavemeti 5.967 N ve % uzamasi
12,98 olarak oOl¢iiliirken, 6 kN elektrod kuvveti, 9 kA
kaynak akimi ve 40 cevrim kaynak siiresinde
birlestirilen = numunelerin  ¢ekme-makaslama
mukavemeti 7.605 N ve % uzamasi ise 15,54 olarak
Ol¢ilmiistiir.

3 kN elektrod kuvveti, 5 kA kaynak akimi ve 10
cevrim kaynak siiresinde birlegtirilen AISI 316 L-IF
7114 numunenin ¢ekme-makaslama mukavemeti
3.396 N ve % uzamasi 6,79 olarak ol¢lilmistiir.
Diger  parametreler sabit kaynak  siiresi
arttirildiginda; 3 kN elektrod kuvveti, 5 kA kaynak
akimi ve 20 cevrim kaynak siiresinde birlestirilen
numunelerin cekme-makaslama mukavemeti 4.482
N ve % uzamasi 8,93 olarak ol¢iiliirken, 6 kN
elektrod kuvveti, 5 kA kaynak akimi ve 30 ¢evrim
kaynak stiresinde birlestirilen numunelerin ¢ekme-
makaslama mukavemeti 4.652 N ve % uzamasi 9,30
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olarak olctiliirken, 6 kN elektrod kuvveti, 5 kA
kaynak akimi ve 40 cevrim kaynak siiresinde
birlestirilen ¢ekme-makaslama
mukavemeti 5.066 N ve % uzamasit 9,85 olarak
oOlciiliirken, 6 kN elektrod kuvveti, 5 kA kaynak
akimi ve 50 cevrim kaynak siiresinde birlestirilen

numunelerin

numunelerin ¢ekme-makaslama mukavemeti 5.301
N ve % uzamasi ise 10,60 olarak belirlenmistir.

Sekil 4-5 genel olarak incelendiginde, kaynak
islemlerinde kullanilan parametrelerin (elektrod
kuvveti, kaynak akimi ve kaynak siiresi) artmasiyla
birlikte ¢ekme-makaslama mukavemeti ve %
uzama degerlerinin de arttig1 tespit edilmistir.
Sonug olarak ise elektrod kuvveti, kaynak akimi ve
kaynak siiresi artmasiyla kaynak bolgesi 1s1
girdisinin arttig1 buna bagh olarak da ¢ekirdek cap1
birlestirmelerin  ¢ekme-makaslama
mukavemetlerinin de arttig1 belirlenmistir.

artmasiyla

Referans [8]’de nokta diren¢ kaynak yonteminde
kaynak boélgesi 1s1 girdisinin Q=I2R.t formiiliyle
hesaplandigi, bu formiilde I'min is parcasindan
gecen akimi, R'nin toplam direnci ve t'nin ise
kaynak siiresini ifade ettigini bildirilmistir. Ayrica
elektrod kuvvetinin artmasiyla, R toplam
direncinin azalacagy, is parcasindan gecen akimin
artacagl ve dolayisiyla 1s1 girdisinin de artacagy,
sonu¢ olarak ise 1s1 girdisi artisiyla, kaynak
cekirdegi artacagl = ve
birlestirmelerin ¢ekme-makaslama
mukavemetlerinin de artisina sebep olacag1 rapor
edilmistir.

gapmin

kaynakl

Hasanbasoglu, IF 7114 geligi ile AISI 304 ve AISI 316
L 6stenitik paslanmaz celikleri nokta direng kaynak
yontemi ile birlestirmis ve kaynak akimi artisina
bagli olarak artan 1s1 girdisiyle, kaynak gekirdegi
boyutlar1 ve birlestirme arayiizey kesit kalinliginin
arttigl, artan kaynak akimi ile birlestirme ¢ekme-
makaslama dayanimmin da arttigini bildirmistir
[6]. Hasanbasoglu ve Kacar, IF 7114 ve AISI 316 L
Ostenitik paslanmaz gelikleri nokta direng kaynak
yontemi ile birlestirmisler ve kaynak akimindaki
artmaya paralel olarak gekirdek capinda artma
bu bagh olarak da
birlestirmelerin ¢ekme-makaslama dayaniminda
artis meydana geldigini rapor etmislerdir [9]. Vural
ve Akkus, galvanizli arayer atomsuz gelik levhalar
ile 6stenitik paslanmaz gelik levhalar1 nokta direng

olustugunu ve artisa

kaynak yontemi ile birlestirmisler ve kaynak akimi
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arttirildiginda kritik akim degerine kadar kaynak
cekirdegi cap1 arttigl, kaynak cekirdegi cap arttik¢a
¢ekme-makaslama mukavemetinin de arttigim
bildirilmislerdir [10].

Nokta direng kaynak yonteminin kullanildig1 diger
calismalarda, Baydemir (AISI 430 ferritik ve AISI
310) artan kaynak akimi ve kaynak zamani ile
kaynak cekirdegi cap1 elektrod dalma
derinliginin artti1, buna bagh olarak da ¢ekme-

ve

makaslama mukavemetinin arttigini [11], Hayat vd.
(IF) kaynak akimi ve/veya kaynak siiresi artmast ile
kaynak cekirdegi capinin arttig1 ve boylece ¢ekme-
makaslama ve ¢ekme-siyirma dayanimlarinin
arttigini [12], Hayat vd. (7315 IF) kaynak siiresinin
ve/veya kaynak birlikte
kaynak cekirdek capmin artti§1 buna bagl olarak
ise nokta kaynakli numunelerin ¢cekme-makaslama
dayaniminin da arttigini rapor etmislerdir [13].

akiminin artmas1yla

Sekil 6’da nokta direng kaynak yontemiyle farkl
kaynak parametreleri kullanilarak birlestirilmis
AISI 316 L-IF 7114 celik numunelerin g¢ekme-
makaslama testleri sonucu kaynak bolgesi kopma
goriintiileri verilmistir.

Sekil 6 incelendiginde, nokta diren¢ kaynakli AISI
316 L-IF 7114 celiklere uygulanan ¢ekme-
makaslama testleri sonrasinda tiim numunelerde
kopma, daha diisiik mukavemete sahip olan IF 7114
celik tarafinda meydana gelmistir. Referans [14]'te
AISI 316 L mukavemetinin 539 N/mm? ve IF 7114
270-350 N/mm? oldugu
Kullanilan  ¢elik  malzemelerin

mukavemetinin ise
bildirilmistir.
mukavemetleri incelendiginde, kopmanin IF 7114
celik malzemede meydana gelmesi beklenen bir
birlestirmelerin  tiimiinde

kopmanin IF ¢eligi tarafinda ve ITAB tane irilesmesi

durumdur. Ayrica,

bolgesinden basladig: tespit edilmistir.

Hasanbasoglu [6] (IF 7114-AISI 304 ve IF 7114-AISI
316 L), Hasanbasoglu ve Kagar [9] (IF 7114 ve AISI
316 L) ve Hasanbasoglu vd. [15] (AISI 304 ve IF
7114) arayer atomsuz IF celigi ve Ostenitik
paslanmaz celikleri nokta direng¢ kaynak yontemi
ile birlestirilen
uygulanan c¢ekme-makaslama testleri sonrasinda
ise IF c¢eligi ITAB'inda meydana gelen tane
irilesmesinden dolay1 en zayif bolge oldugunu, tiim
sartlar ve kaynak parametrelerinde kopmanin IF

birlestirmis ve numunelere

celigi tarafinda meydana geldigini bildirmiglerdir.



Kaya, Kaya / TUR MUH. ARAS. VE EGIT D. 1(2), 38-51, (2022)

Kaynak Zamam
10 gevrh: . 20 gevrim- 30 gexrim 40 gevrim 50 gevrim

3 kN Elektrod Kuvveti

e

A

i
<
5
i
:

Sekil 6: Cekme-makaslama testi sonucu kaynak bolgesi kopma goriintiileri.
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Ek olarak, cekme-makaslama testi sonucu kopma
(Sekil  6) farkl
parametrelerinin kopma tipine etkisi arastirilmistir.

tipleri incelenerek, kaynak

Hayat vd. nokta direng kaynakli birlestirmelerin
¢ekme-makaslama testleri sonucunda; ayrilma,
diigme ve yirtilma tipi olmak tizere ii¢ farkli kopma
tipinin oldugunu bildirmistir [12]. Aslanlar vd.
diigme tip kopmada, kaynak siiresi artmastyla 1s1
girdisinin arttigini, buna paralel olarak da kaynak
cekirdegi capmin artigimi ve g¢ekme-makaslama
mukavemetinin de arttigini, bunun ise kullanilan
kaynak  parametrelerinin uygun oldugunu
gosterdigini ifade etmistir [16]. Diigme tipi kopma,
nokta diren¢ kaynakli numunelerde istenilen bir
kopma tipidir. Aslanlar vd. ayrilma tip kopmada,
diistik kaynak akimi sebebi ile diisiik 1s1 girdisi
meydana geldigini, buna paralel olarak da yetersiz
kaynak ¢ekirdegi cap1

mukavemetinin de ana malzeme mukavemetinden

ve c¢ekme-makaslama

daha az oldugunu, bunun ise kullanilan kaynak
parametrelerinin yetersiz oldugunu gosterdigini
bildirilmislerdir [17]. Aslanlar vd. yirtilma tip
kopmada, asir1 kaynak akimi artis1 sebebi ile asir1 1s1
girdisi meydana geldigini, buna paralel olarak da
asir1 ergime ve fiskirma olustugu ve c¢ekme-
makaslama mukavemetinde azalma oldugunu,
bunun ise kullanilan kaynak parametrelerinin asir1
oldugunu gosterdigi tespit [16].
Ayrilma ve yirtilma tipi kopmalar, nokta direng

etmislerdir

kaynakli numunelerde istenilmeyen kopma
tipleridir.
Bu calismada, kaynak islemlerinden Once

kullanilacak parametreleri belirlemek igin 6n testler
yapildig: icin nokta direng¢ kaynakli numunelerin
¢ekme-makaslama testleri sonucunda ayrilma ve
yirtilma  tipi
parametrelerde de diigme tipi kopma meydana

kopmalar  olmamis,  biitiin
gelmistir. Cekme-makaslama testleri sonucunda,
kaynak cekirdegi ¢ekme-makaslama
mukavemetinin, IF 7114 malzeme (AISI 316 L-IF
7114 numunelerde kopma tiim parametrelerde de
IF c¢eligi tarafinda meydana gelmistir.) ¢ekme-
makaslama mukavemetinden daha yiiksek olmasi
sebebi ile diigme tipi kopma meydana gelmistir.
Nokta diren¢ kaynakli numunelerde, diigme tipi
kopma istenilen bir kopma tipi olmasindan dolay1
on testlerle Dbelirlenerek segilen ve kullanilan
uygun  oldugu

kaynak parametrelerinin

sOylenebilir.
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3.2 Sertlik testi

Nokta diren¢ kaynak yontemi ile farkli kaynak
parametreleri kullanilarak birlestirilen AISI 316 L-
IF 7114 c¢elik malzemelerin (ana malzemeler,
ITAB’lar ve kaynak ¢ekirdegi) sertlik degisimlerini
incelemek i¢in kaynakli numunelere sertlik testleri
uygulanmistir.  Sertlik  Olglimleri  Sekil 3'te
gosterildigi gibi AISI 316 L ve IF 7114 celik saclarda
yatay eksende birbirine paralel olarak toplamda 15
noktada (Ana malzemeler 4, ITAB 6 ve kaynak
cekirdegi 5 nokta) yapilmistir.

3 kN kaynak kuvvetinde gerceklestirilen sertlik
sonuglar1 sirastyla Sekil 7-10 ve 6 kN kaynak

kuvvetinde gerceklestirilen sertlik sonuglar
sirastyla Sekil 11-14’te verilmistir
a 03¢ T +
! 8 8 & 0 @
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S 250
E AISI 316 LITAB
I
$! @ 2 g
@ IF 7114 ITAB @ @
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Sekil 7: 3 kN elektrod kuvveti ve 3 kA kaynak
akiminda birlestirilmis numunelerin sertlik grafigi.
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Sekil 8: 3 kN elektrod kuvveti ve 5 kA kaynak
akiminda birlestirilmis numunelerin sertlik grafigi.
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Sekil 9: 3 kN elektrod kuvveti ve 7 kA kaynak
akiminda birlestirilen numunelerin sertlik grafigi.,
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Sekil 10: 3 kN elektrod kuvveti ve 9 kA kaynak
akiminda birlestirilmis numunelerin sertlik grafigi.
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Sekil 11: 6 kN elektrod kuvveti ve 3 kA kaynak
akiminda birlestirilmis numunelerin sertlik grafigi.
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Sekil 12: 6 kN elektrod kuvveti ve 5 kA kaynak
akiminda birlestirilmis numunelerin sertlik grafigi.
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Sekil 13: 6 kN elektrod kuvveti ve 7 kA kaynak
akiminda birlestirilmis numunelerin sertlik grafigi.
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Sekil 14: 6 kN elektrod kuvveti ve 9 kA kaynak
akiminda birlestirilmis numunelerin sertlik grafigi.

Sekil 7-14'teki sertlik grafikleri genel olarak
degerlendirildiginde; =~ kaynak  ¢ekirdeginden
(kaynak metalinden) ana malzemelere dogru
ilerledikge (sol taraf IF 7114 ve sag taraf AISI 316 L)
sertlik degerlerinde azalma oldugu goriilmektedir.
En yiiksek sertlik degerleri AISI 316 L-IF 7114
kaynak cekirdeginden ol¢lilmiis onu sirasiyla
ITAB’lar (AISI 316 L ITAB>IF 7114 ITAB) ve ana
malzemeler (AISI 316 L ana malzeme>IF 7114 ana
malzeme) izlemektedir.

Farkli  kaynak  parametreleri = kullanilarak
birlestirilen numunelerin sertlik test sonuglari
birbirleri ile kiyaslandiginda ise, en yiiksek sertlik
degeri, belirgin olmamakla birlikte, 6 kN elektrod
kuvveti ve 9 kA kaynak akiminda birlestirilen
nununelerin kaynak c¢ekirdeginden 359+5 HV
olarak Olctilmiistiir. En diisiik kaynak cekirdegi
sertligi de 3 kN elektrod kuvveti ve 3 kA kaynak
akiminda birlestirilen numunelerde 333+5 HV
olarak Ol¢tilmiistiir. Ayrica, kaynak islemlerinde
kullanilan ama malzemelerin sertlik degerleri ise
AISI 316 L 151+5 HV ve IF 7114 81+5 HV olarak
tespit edilmistir.

Kaynak stiresinin sertlik degerleri {izerindeki
etkileri incelendiginde, 6 kN elektrod kuvveti, 5 kA
kaynak akimi 10, 20, 30, 40 ve 50 cevrim kaynak
stirelerinde kaynak ¢ekirdegi sertligi 339+5 HV-
35445 HV araliginda dl¢iilmiistiir. Kullanilan biitiin
parametrelerde de kaynak siiresinin sertlik
profiline (kaynak ¢ekirdegi ve ITAB’lara) belirgin
bir etkisinin olmadig1 goriilmiistiir.

Kaynak akimminin sertlik degerleri iizerindeki
etkileri incelendiginde ise, 3 kN elektrod kuvveti, 3
kA kaynak akimi ve 20 cevrim kaynak siiresinde
33345 HV-337+5 HV araliginda ol¢iilmiistiir. Diger
parametreler sabit kaynak akimi arttirildiginda; 3
kN elektrod kuvveti, 5 kA kaynak akimi ve 20
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cevrim kaynak siiresinde 3355 HV-337+5 HV
olarak olciiliirken, 3 kN elektrod kuvveti, 7 kA
kaynak akimi ve 20 ¢evrim kaynak stiresinde 335+5
HV-340+5 HV olarak olciiliirken, 3 kN elektrod
kuvveti, 9 kA kaynak akimi ve 20 ¢evrim kaynak
stiresinde 336+5 HV-340+5 HV olarak ol¢lilmiistiir.
Kullanilan biitiin parametrelerde de kaynak
akiminin sertlik profiline (kaynak cekirdegi ve
ITAB’lara) belirgin bir etkisinin olmadig:
gorilmiistiir.

Son olarak, elektrod kuvvetinin sertlik degerleri
tizerindeki etkileri incelendiginde ise, 3 kN elektrod
kuvveti, 7 kA kaynak akimi ve 10 ¢evrim kaynak
335+5 HV-342+5 HV
Olclilmiistiir. Diger parametreler sabit elektrod
kuvveti arttirildiginda; 6 kN elektrod kuvveti, 7 kA
kaynak akimi ve 10 g¢evrim kaynak siiresinde 351+5
HV-358+5 HV olarak Ol¢lilmiistiir. Kullanilan biitiin
parametrelerde de elektrod kuvvetinin artmasiyla

siiresinde araliginda

sertlik profilinde (kaynak c¢ekirdegi ve ITAB’lara)
bir artis oldugu gortilmiistiir.

Cekme-makaslama kisminda da belirtildigi gibi
elektrod kuvveti, kaynak akimi ve kaynak siiresi
artisna  paralel olarak  kaynak
malzemelere uygulanan 1s1 girdisi de artmaktadir.
Yiiksek 1s1 girdisi ile kaynak bolgesinde 1s1 daha
uzun siire kalmakta ve hizli sogumayla birlikte
sertlik  artisina  sebep Fakat
calismamizda kaynak akmmi ve kaynak siiresi
parametrelerinin sertlik profiline belirgin bir etkisi
goriilmemistir. Bunun sebebi olarak, AISI 316 L
tarafinda, Ostenitik paslanmaz geliklerin 1s1l islemle

esnasinda

olmaktadair.

sertlestirilememesi olarak on goriiliirken, IF 7114
tarafinin ise kimyasal iceriginde soguma hizi ve
sertlesebilirlige etkisi olan C ve Mn miktarmin
distk kaynaklandigi
dustntilmektedir. Ek olarak elektrod kuvveti artis
ile sertlik degerlerinde artis meydana gelmesini ise
kaynak esnasinda elektrodun olusturdugu
deformasyon sertlesmesiyle agiklanabilir.

olmasindan

Hasanbasoglu AISI 304-IF 7114 ve AISI 316L-IF
7114 celikleri nokta diren¢ kaynak yontemi ile
birlestirmis ve birlestirmelerin sertlik profillerinin

incelenmesi sonucunda, biitiin parametre ve
sartlarda, en yliksek sertlik degerinin kaynak
cekirdek merkezinden elde edildigini,

birlestirmelerin ITAB kaba tane kisminda kaynak
cekirdek merkezine yakin degerler elde edilirken
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ITAB kismu doniisiime ugramig kisminda ise ana
malzemeye yakin sertlik degerleri elde edildigi
rapor edilmistir. Ayrica paslanmaz celikler ve IF
celigi taraflarinda, kaynak akimi artmasina ragmen
Olciilen sertlik degerlerinin birbirine ¢ok yakin
oldugu bildirilmistir. Ek olarak birlestirmelerin
paslanmaz celik tarafinda kaynak akimi artisina
bagl olarak belirgin bir artis olmadigi rapor
edilmistir [6]. Hasanbasoglu ve Kagar IF 7114 ve
AISI 316 L gelikleri nokta direng kaynak yontemi ile
birlestirmisler ve birlestirmelerin sertlik degerleri
incelendiginde, en yiiksek sertlik degerlerinin
genellikle  kaynak  ¢ekirdegi = merkezinden
Olcildiigiinti bildirilmislerdir. Ayrica IF celigi
kimyasal bilesimi ve Ostenititk paslanmaz celiklerin
ise 1s1l islemle sertlesmemesi sebebiyle, artan
kaynak akimina ragmen birlestirmenin iki tarafinda
da birbirine yakin sertlik degerleri 6l¢tildiigii rapor
edilmistir [9]. Vural ve Akkus, galvanizli arayer
atomsuz gelik levhalar ile &stenitik paslanmaz celik
levhalar1 nokta direng¢ kaynak yontemi ile
birlestirmisler ve sertlik testleri sonucunda, en
biiyiik  sertlik degerlerinin  kaynak kiilgesi
(cekirdegi) ortasindan (350 HV) elde edildigi
bildirilmistir [10].

3.3 Mikroyap: ¢calismalar

Nokta diren¢ kaynak yontemiyle farkli kaynak
parametreleri kullanilarak birlestirilen AISI 316 L-
IF 7114 sac malzemelerin orijinal mikroyapi
gortintiileri Sekil 15 ve Sekil 16’da verilmistir.

Sekil 15: AISI 316 L paslanmaz celik ana malzeme
mikroyap1 goriintiisii.

Sekil 15'te goriildagii gibi AISI 316 L paslanmaz
celik malzemenin yapisi
olugsmaktadir. IF 7114 celik malzemenin yapisi ise
(Sekil 16) kimyasal bilesimindeki ¢ok diisiik karbon
miktarindan dolay1 es eksenli ferrit tanelerinden
meydana gelmektedir.

Ostenit tanelerinden
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Sekil 16: IF 7114 ¢eligi ana malzeme mikroyap:1
goruntusti.

Sekil 17-20’de 6rnek olarak bazi parametrelerde
nokta diren¢ kaynak yOntemiyle birlestirilmis
numunelerin 40-60 adet mikroyap1r goriintiisii
birlestirilerek elde edilmis ve kaynak metali
(kaynak cekirdegi kesiti), ITAB (iri tane, ince tane)
vb. kisimlarin biiyiitiilerek olusturulmus detay
mikroyapi goriintiileri verilmistir.

Sekil 17-20’de verilen nokta diren¢ kaynakh
birlestirmelerin tist boliimii AISI 316 L, alt boliimii
ise IF 7114 malzemeye aittir. Kaynak cekirdegi
kesiti mikroyap1
birlestirmelerde

goriintiileri
kaynak  cekirdegi
uygulanan elektrod kuvveti etkisi, IF 7114 celigi
sertliginin (81+5 HV), AISI 316 L paslanmaz celik
sertliginden (151+5 HV) daha diisiik olmas: ve IF
celigi
sekillendirilebilir olmasindan dolay: IF 7114 celik
tarafina dogru ¢okmeye ugradigi gorilmiistiir.
Ayrica Dbirlestirme araylizeyi incelendiginde,
asimetrik kaynak cekirdegi olustugu, kaynak
cekirdegi kesitinin AISI 316 L tarafinda IF 7114
tarafina oranla daha kalin oldugu goriilmektedir.
Bunun da paslanmaz celik tarafinin 1sil iletim
katsayisinin daha diigiik olmasindan kaynaklandig:
ongoriilmektedir.

incelendiginde;
kesitinin,

tarafinin  paslanmaz celige goére daha

Numunelerin kaynak c¢ekirdegi kesit mikroyapi
goriintiileri incelendiginde; artan elektrod kuvveti,
kaynak akimi ve kaynak siiresiyle kaynak ¢ekirdegi
kesitinin genisledigi goriilmektedir. Artan elektrod
kuvveti, kaynak akim1 ve kaynak siiresiyle, kaynak
cekirdegi kesiti genislemesinin sebebi, artan 1s1
girdisinin etkisi olarak diistintilmiistiir. Ek olarak,
AISI 316 L paslanmaz celik ana malzemenin
tamamen Ostenit tanelerinden olustugu, IF 7114
celik ana malzemenin ise ferrit tanelerinden
olustugu goriilmiistiir. Daha yiiksek 1s1 iletim
katsayis1 sebebiyle (yaklasik 3 kat1), IF 7114 ¢elik
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ITAB’'min AISI 316 L paslanmaz celik ITAB’1na gore
daha dar bir alanda olustugu tespit edilmistir.
Kaynak cekirdegi kesiti disinda goriilen kiiglik
taneler ise elektrod kuvveti ve ergime hizindan
dolay1 elektrod
kuvveti, kaynak akimi ve kaynak siiresiyle benzer

olusmaktadir. Ayrica, artan
mikroyapilarin olustugu, artan 1s1 girdisi nedeniyle
tane boyutlarinin arttig1 fakat IF 7114 tarafinda ise

belirgin bir tane irilesmesi olustugu goriilmektedir.

Sekil 21’de kaynak cekirdegi kesiti detay mikroyapi
gortintiisii (kaynak metali ve ITAB) verilmistir.

Sekil 21’deki
mikroyap1
metalinin olustugu
goriilmektedir. Ayrica birlestirmelerin kaynak
metalindeki tanelerin AISI 316 L ana malzemeye
gore 1s1l iletim katsayisi daha yiiksek olan IF 7114

kaynak cekirdegi kesiti

goriintiileri incelendiginde,

detay
kaynak

stitunsal tanelerden

gelik ana malzemeye dogru yonlendigi tespit
edilmistir.

Birlestirmelerin ITAB’lar1 incelendiginde ise, AISI
316 L Ostenitik paslanmaz gelik tarafinda asir1 tane
irilesmesi goriilmez iken, IF 7114 tarafinda asir
tane irilesmesi goriilmektedir. Ayrica ITAB iri taneli
bolgede olusan tanelerin de ana malzemeye dogru
belirgin bir yonlenme tespit edilmistir. Bunun
sebebi olarak ise IF celiginin yiiksek 1s1 iletim
katsayisindan dolayi, kaynak sonrasinda 1siy1
¢ekerek sogumanin IF tarafina dogru olmasi ve
yliksek 1siya daha uzun siire maruz kalmasindan
kaynaklandig diistiniilmektedir.

Hasanbasoglu IF 7114-AISI 316 L ¢elik saclari nokta
direng kaynak yontemi ile birlestirmis ve mikroyap1
calismalar1 sonucunda, birlestirmelerde IF celigi
tarafina dogru ¢okme oldugu, paslanmaz celik
tarafinin daha kalin kaynak kesitine sahip oldugu,
IF geligi ITAB'1nin paslanmaz gelige gore daha dar
bir alanda olustugu ve IF ¢eligi ITAB’inda asir1 tane
irilesmesi meydana geldigi bildirilmistir [6]. Diger
calismalarinda, Hasanbasoglu ve Kacgar IF 7114-
AISI 316 L [9] ve Hasanbasoglu vd. IF 7114 IF-AISI
304 [15] celik saclar1 nokta diren¢ kaynak yontemi
ile birlestirmis ve mikroyap1 ¢alismalari sonucunda,
IF celigi ITAB1 iizerinde asir1 tane biiyiimesi
olustugunu rapor etmislerdir.
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Sekil 17: 3 kN elektrod kuvveti, 3 kA kaynak akimi ve 10 ¢evrim kaynak siiresinde birlestirilen numune
detay mikroyap1 goriintiisii

Sekil 18: 3 kN elektrod kuvveti, 3 kA kaynak akimi ve 50 ¢evrim kaynak siiresinde birlestirilen numune
detay mikroyap1 goriintiisii.
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Sekil 19: 3 kN elektrod kuvveti, 9 kA kaynak akimi ve 50 ¢evrim kaynak siiresinde birlestirilen numune
detay mikroyap1 goriintiisii.

Sekil 20: 6 kN elektrod kuvveti, 9 kA kaynak akimi ve 50 ¢evrim kaynak siiresinde birlestirilen numune
detay mikroyap1 goriintiisii.
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Kaynak Metali |

Sekil 21: Farkh
numunelerin  kaynak ¢ekirdegi
mikroyap1 goriintiileri.

parametrelerde birlestirilmis

kesiti detay

Nokta diren¢ kaynak yonteminin kullanildig:
benzer calismalarda; Lee vd., AISI 316 Ostenitik
paslanmaz celik ve IF (arayer atomsuz) celigini
birlestirmis ve mikroyap1 c¢alismalar1 sonucunda,
kaynak c¢ekirdeginin asimetrik oldugu, kaynak
cekirdegi yapisinin Ostenit ve martenzitten
olustugu bildirilmistir [18]. Vural ve Akkus,
galvanizli arayer atomsuz gelik levhalar ile dstenitik
paslanmaz celik levhalar1 birlestirmis ve galvanizli
celik saclarda ¢inko tabakanin, asimetrik kaynak
cekirdegi olusumuna neden oldugunu ve elde
edilen asimetrik kaynak ¢ekirdeginin kaynak akimi
artisindan olabilecegi bildirilmistir [10].

4. SONUC

AISI 316 L ve IF 7114 celiklerin farkli parametreler
kullanilarak nokta diren¢ kaynak yontemi ile
birlestirildigi ve kaynak parametrelerinin (3 ve 6 kN
elektrod kuvveti, 3, 5, 7 ve 9 kA kaynak akimi ve 10,
20, 30, 40 ve 50 gevrim kaynak zamani) kaynaklh
birlestirmelere etkisinin belirlenmesi igin yapilan
bu ¢alisma sonucunda;

e Farkli kaynak parametreleri kullanilarak nokta
diren¢ kaynak yontemi ile birlestirilen
numunelerin tiimiinde birlestirme saglanmistir.

e Artan elektrod kuvveti, kaynak akimi ve kaynak
siiresiyle birlikte ¢ekme-makaslama
mukavemeti artmistir.

e (Cekme-makaslama testleri sonrasinda tiim
numunelerde kopma, IF 7114 celigi ITAB'inda
meydana gelmistir.
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o Sertlik testleri sonucunda, en yiiksek sertlik
degeri AISI 316 L-IF 7114 kaynak ¢ekirdeginden
Olclilmiis onu sirastyla ITAB’lar (AISI 316 L
ITAB>IF 7114 ITAB) ve ana malzemeler (AISI
316 L ana malzeme>IF 7114 ana malzeme)
izlemektedir.

e Kaynak cekirdegi kesit mikroyap1 goriintiileri
incelendiginde; artan elektrod kuvveti, kaynak
akimi ve kaynak siiresiyle kaynak cekirdegi
kesitinin genisledigi tespit edilmistir.

¢ Birlestirme arayiizeyi incelendiginde, asimetrik
kaynak cekirdegi kesiti olustugu, kaynak
cekirdegi kesitinin AISI 316 L tarafinda IF 7114
tarafina oranla daha kalin oldugu belirlenmistir.

e Mikroyap: incelemeleri sonucunda, artan
elektrod kuvveti, kaynak akimi ve kaynak
siiresiyle kaynak cekirdeginin genisledigi ve
artan 1s1 girdisi sebebiyle de IF 7114 ITAB'inda
belirgin  bir irilesmesi  olustugu

gozlenmistir.

tane
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OZ: Giig sistemlerinde asir1 akim koruma pratigi, mesafe koruma pratiginden daha ekonomik ve yaygindir. Ayrica
dagitim sebekelerinin biiyiik bir gogunlugunda asir1 akim koruma kullanilmaktadir. Bu durum, dagitim sebekelerinde
kullanilan asir1 akim rélelerin koordinasyonun en uygun sekilde tasarlanmasii gerekli kilmaktadir. Aksi halde
sistemde gergeklesen bir ariza sirasinda roleler istenildigi gibi ¢alisamaz. Asir1 akim roleleri arasinda koordinasyonun
etkili ve segici olabilmesi i¢in role ayar parametrelerinin sebekeye uygun ayarlanmasi gerekmektedir. Dagitim
sebekelerinin genislemesi ile birlikte role ayarlarmin hesaplanmasi veya giincellenmesi zorlasmistir. Bu nedenle asir1
akim role koordinasyonu yiiksek sayida kisit iceren optimizasyon problemi seklinde kurgulanmaktadir. Optimizasyon
problemini ¢dziimii noktasinda ise pe¢ ¢ok meta-sezgisel algoritmalar gelistirilmistir. Bu ¢alismada IEEE 8 Barali test
sebekesi i¢in Bozkurt Optimizasyon Algoritmasi (BOA) basarili bir sekilde uygulanmis ve kapsamli performans analizi
gerceklestirilmistir.

Anahtar Kelimeler: Optimizasyon, role koordinasyonu, bozkurt algoritmasi

ABSTRACT: In power systems, the practice of overcurrent protection is more economical and common than the
distance protection practice. In addition, overcurrent protection is used in the majority of distribution networks. This
makes it necessary to design the coordination of overcurrent relays used in distribution networks in the most
appropriate way. Otherwise, the relays cannot work as desired during the fault. In order for the coordination between
the overcurrent relays to be effective and selective, the relay setting parameters must be adjusted depending on the
network. With the expansion of distribution networks, it has become difficult to calculate or update the relay settings.
For this reason, overcurrent relay coordination is designed as an optimization problem with a high number of
constraints. At the point of solving the optimization problem, many meta-heuristic algorithms have been developed. In
this study, the Greywolf Optimization Algorithm (GWO) for the IEEE 8 Bus test network has been successfully applied
and comprehensive performance analysis has been carried out.

Keywords: Optimization, relay coordination, greywolf optimization algorithm

glivenliginin saglanmasi gerekmektedir.

1. GIRiS

Gli¢ sistemlerinin isletilmesi sirasinda gegici ve
kalict  olmak {izere farkli tiirde arizalar
gerceklesebilir [1]. Hem kalic1 arizalar hem de gegici
arizalar sirasinda yiiksek genlikli akimlar sebeke
ekipmanlarina zarar verebilirr Bu nedenle
sebekenin agir1 akimlara karsi korunmasi ve arz

Sebekelerin etkin bir sekilde korunmas: ve enerji
arz giivenliginin en iist seviyede tutulmasi igin
sistem isletmecisinin bazi kriterleri saglamasi
elzemdir. Bunlar; secicilik, giivenlik, giivenilirlik ve
hiz seklinde siralanabilir [2]. Kriterlerin saglanmast
asir1 akim koruma rolelerinin ayarlanmas: ve
uygun koruma koordinasyonu ile miimkiindiir.
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Gli¢ sistemlerinin basit oldugu
genelde radyal oldugu donemlerde role ayarlarini
ve koruma koordinasyonunun ayarlamak ve
glincellemek basit bir siire¢ olmakla birlikte

sebekenin genislemesi ve radyalliginin bozulmasi

topolojilerin

uygun koruma koordinasyonun belirlenmesini
zorlagtirmigtir [3]. Bu nedenle asir1 akim role

koordinasyonu yiiksek sayida kisit igeren
optimizasyon problemi seklinde kurgulanmasi
gerekliligi dogmustur. Bununla birlikte rdle

koordinasyon problemi ilk olarak Urdanetanin
1988 yilinda yaptig1 calisma ile birlikte bir
optimizasyon problemi olarak ele alinmistir [4].
Temelde role koordinasyon optimizasyonu igin iki
ayar  parametresinin
dayanmaktadir. Birincisi zaman ayari (Ing: TDS:
Time Dial Setting) ikincisi ise esik akim ayaridir
(Ing: PSM: Plug Setting Multiplier). Urdenata ve
arkadaslarinin yaptig1 calismada ii¢ barali iletim

optimize edilmesine

hattinda faz arizalar1 igin rdle koordinasyon
optimizasyonu gergeklestirilmistir [4]. Role esik
akim degeri sabit tutularak optimizasyon problemi
Lineer Programlama (LP) formatina
dontistiirtilmiistiir. LP basit ve hesaplama siiresi
hizlh  ¢6zim
koordinasyonu probleminde, kisit fonksiyonlarimin
azaltilarak LP'nin daha hizli sonug¢ vermesini
calismalarda agik literatiirde
bulunmaktadir [5]. Bununla birlikte belirlenen esik
akim degerinin  digindaki daha
optimum sonuglarin elde edildigi bilinmektedir [6].
Akim  degerlerinin  tek  tek  arttirilarak
optimizasyonu Abyaneh ve arkadaslarinin yaptigi
calismada gergeklestirilmistir [7]. Boylece problem

yontemidir.  Optimum  rdle

saglayan

degerlerde

yine LP formatinda tutulup kolay ve hizli ¢6ziim

saglanmistir. Degisken esik akimlar1 hesaba
katildigt zaman problem Lineer Olmayan
Programlama (LOP) halini almaktadir. Fakat

optimizasyon probleminin ¢ikt1 olarak verdigi esik
akim degerleri sahada kullanilan réleye uygun
olmayabilir veya lokal en diisiik bolgeye diisiip
uygun olmayan sonug verebilir. Bu durum roleye
uygun olan set degerleri arasinda segim yapmay1
zorunlu kilmugtir. Belli esik akim degerleri icin
yapilan optimizasyon problemi Karisik-Tamsay1
Non-Lineer Programlama (KTNLP) formatmna
dontistiirilmiistiir  [8].  Geleneksel  ¢oziim
yontemlerinin  (LP, LOP, KTNLP) yerel
minimumda kalmasi ve tek noktada ¢6ziim
meta-sezgisel
gerekli

baslatmasi algoritmalarin

kullanilmasini kilmistir. Meta-sezgisel
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algoritmalar pek ¢ok farkli noktada ¢oziime
baslayabilir. Boylece yerel minimumda kalma
sorunu ortadan kalkar [9]. Arastirmacilar tarafinda
pek cok meta-sezgisel algoritmalar gelistirilmis ve
farkli optimizasyon problemlerinde denenmistir
[10].
hayvanlarin davrarslar,
doga olaylar1 vb. Ogelerden yararlanilarak
matematiksel forma donustiirilmistiir. Asir1 akim
role koordinasyonu problemi ele alindiginda

Gelistirilen algoritmalar genel olarak

evrenin davraniglari,

gelistirilen meta- sezgisel algoritmalar Siirekli
Genetik Algoritma (SGA) [11], Kaotik Atesbocegi
Algoritmast (KAA) [12], Atesbocegi Algoritmasi
(AA) [13], Aga¢ Kok Algoritmas: (AKO) [14], Su
Dongiisii Algoritmasi [15] , Kasif Algoritmasi [16]
seklinde siralanabilir.

Bu calismada BOA IEEE 8 barali test sebekesine
basarili bir sekilde uygulanmis ve optimum role
ayarlar1 elde edilmistir. Optimizasyon problemi
hem LP yontemi hem de LOP yontemi ile
kurgulanmigtir. Her iki yontemin avantaj ve
dezavantajlar1 tartisilmistir. Makale su sekilde
kurgulanmustir. Tkinci kisimda iig faz arizasi igin
geleneksel agir1 akim role koordinasyon problemi
kisit denklemleri dikkate alarak bir optimizasyon
problemi seklinde kurgulanmistir. Ugiincii kisimda
BOAnin matematiksel denklemleri ve s6zde-kodu
verilmistir. Dordiuncli kissmda BOA iki farkh
yontem icin (LP ve LOP) IEEE 8 barali 6rnek test
sebekesine yiiz farkli sekilde uygulanmis ve
performans analizi gerceklestirilmistir. Sonuglar
son kisimda tartisilmistir.

2. ASIRI AKIM ROLE KOORDINASYONU
ICIN OPTIMIZASYON PROBLEMININ
KURGULANMASI

fletim gebekeleri ile kiyaslandiginda; dagitim
sebekeleri olduk¢a fazla sayida ariza ile karsi
karsiya kalmaktadir. Bu nedenle, segicilik kistasi ile
birlikte arizalarin sistemden olabildigince hizli bir
sekilde edilmesi gerekmektedir. Hizl
izolasyon ve segici koruma, optimum asir1 akim role
koordinasyon gerektirir.  Bu
nedenle, asir1 akim role koordinasyonu problemine

izole

optimizasyonu

uygun ama¢ fonksiyonunu kurgulanmalidir.
Litaretiirde asir1 akim rolesi koordinasyon
optimizasyonu  ¢alismalarinda  farkli  amag

fonksiyonlart kullanilmaktadir [17]. Bu makalede
amag fonksiyonunu ti¢ farkl kategoriye ayrilmistir.
Birinci amag fonksiyonu (OF;), tim asir1 akim
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rolelerinin toplam c¢alisma siiresini minimize
etmeyi amaglar. Bu nedenle, tiim asir1 akim
rOlelerinin ¢alisma siirelerinin toplami en aza
indirilmelidir. Sistemde hem yo6nlii hem de yonsiiz
roleler varsa, ariza birincil, ikincil ve diger roleler

tarafindan goriilmektedir.

RN 1
OF, = mmz W;. Tk

i=1

Burada;

n: sistemde yer alan toplam asir1 akim role sayisini,
W;: agirhik katsayisimi temsil etmektedir. Bu deger
tim calismalarda 1’e set edilmektedir. Dagitim
sebekelerinde farkli fiderlerde olma
olasiiginin esit olmasi ve fider mesafelerinin

ariza

genellikle birbirlerine yakin olmasi 1’e set edilme
nedeni olarak siralanabilir. T;,: k noktasinda
gerceklesen ariza icin i. rdlenin calisma zamarm
temsil etmektedir. Bu deger Denklem (2) ile
hesaplanmaktadir [18].

a.TDS;
IA\P
() -1

a, f ve c role karakteristigine bagl olarak degisen
sabit katsayilar1 Gerek
optimizasyon calismalarinda gerekse sahada farkl
role karakteristikleri kullanilmaktadir. Standart
Ters Zaman karakteristigi (8 = 0.14, a = 0.02,c =
0) hem diinya genelinde hem de Tiirk dagitim
sebekelerinde en yaygin kullanilan faz koruma
egrisidir [19].

2
Ti,k: +c ( )

temsil etmektedir.

Denklem (2)'de;

Ip: role iizerinden okunan ariza akimimin genlik
degeridir.

Ip: r6lenin ayarlanan esik akim degeridir. Genelde
yiik akiminin nominal degerinin 1.25-1.5 katina set
edilmesi pratigi yaygindir. Toprak arizalarinda ise
genellikle yiik akiminin 0.2-0.3 katina set edilir [18]
Denklem (2)'de agik¢a goriildiigii iizere lineer
olmama durumu I, degerinin degisken olmasindan
kaynaklanmaktadir. Degisken I degeri igin
problem LOP yontemine doniismektedir. LP ile
kiyaslandiginda LOP hesaplamasi ve kurgulamasi
daha karmasiktir [20]. Sabit Ip degeri icin toplam
calisma siiresi Denklem (3) ile gosterilen ifadeye
dontismektedir. Boylece birinci amag fonksiyonu
Denklem (4)’deki forma doniistiiriilebilir.
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Ti,k = ri,k' TDSl (3)

n

OF, = minz T k- TDS;

i=1

(4)

Dagitim sebekesinde kullanilan rélelerin tiimiiniin
yonlii asir1 akim rdlesi olmasi durumunda faz
arizalari igin hatali agmanin ger¢eklesmesi arizanin
yonini yerini tayin sayesinde
engellenmektedir. Boylece ikinci amag fonksiyonu
olusturulmustur. Amag fonksiyonu Denklem (5) ile

ve etmesi

gOsterilmistir.

- ©)
OF, = minz Wi Tpr ik
i=1

Denklem (1)’den farkli olarak Denklem (5)'de amag
sadece primer rolelerin toplam g¢alisma zamanim

minimize etmektedir. Primer rolelerin
zamanlarinin azaltilmasi primer ve sekonder réleler
arasindaki  koordinasyon zaman araliinin

artmasina neden olmaktadir. Bu durum ikinci amag
fonksiyonun en biiyiik dezavantajidir. Bununla
birlikte hem primer hem de sekonder rolelerin
toplam calisma siiresinin optimize edildigi amag
fonksiyonu  gelistirilmistir. ~ Gelistirilen amag
fonksiyonu Denklem (6) ile gosterilmistir [21].
Primer rolelerin toplam ¢alisma zamaninin artmasi
OF;’tin en biiyiik dezavantajidir [22].

R (6)
0F3 = mlnz Wi' (Tpr,i,k + Tb,i,k)
i=1

Arnizanin sebekeden temizlenme siirecinde; secici
korumanin saglanmas: i¢in asir1 akim roleleri
arasinda koordinasyon kurulmalidir. Sekil 1 ile iki
adet asir1 akim rolesine sahip radyal dagitim sistemi
gOsterilmistir.

Kaynak

|
L]

R Re

/

Sekil 1: Ornek radyal dagitim sebekesi.

F noktasinda gerceklesen ariza i¢in hem Rs hem de
Re roleleri arizay: algilamalidir. Re rolesi F arizasi
i¢in birincil role oldugundan dolay1 Rs rolesinden
daha Once ag¢ma uretmeli

sinyali ve ariza
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Rr
rolesi

temizlenmelidir. rolesinin

Rs ayarlanan
gecikmesinden sonra ag¢ma sinyali tiretmelidir.
Zaman gecikmesi koordinasyon zaman aralig1 (Ing:

Coordination

agmamast

durumunda zaman

Time Interval) olarak
tanimlanmaktadir. Koordinasyon zaman araligi
kisit fonksiyonu olarak optimizasyon siirecine dahil
edilmektedir. Denklem (7) ile koordinasyon kisidi

ifade edilmistir.

Tk, — Ttidy, = CTI ?)
Koordinasyon kisidinin yami sira asiri akim
koordinasyon optimizasyonu rolenin fiziksel

kisitlarina, isletme kisitlarina baglh olarak farkh
kisit fonksiyonlar1 da sisteme dahil edilmektedir.
TDS kasitlari, esik akim kisitlar: ve calisma zaman
aralig1 kisitlar1 seklinde siralanabilir. Bu kisitlar
sirastyla Denklem (8)-Denklem (10) ile ifade
edilmektedir.

TDS i) pin = TDS(iy = TDS (i), 8)
Ip @i = TPy = 1P (i) )
Toymin = T = Tmax (10)

TDS degerleri genellikle 0.025 ile 1.2 degerleri
arasinda degismektedir. Minimum c¢alisma zamarn
olarak faz asir1 akim rolelerin minimum 0.1 saniye
sonra sinyal {iretmesi istenmektedir. Maksimum

calisma siiresinin 1.2 saniyeyi ge¢cmemesi

istenmektedir [23].

3. BOZKURT OPTIMIZASYON
ALGORITMASI

Siirii temelli gelistirilen meta-sezgisel algoritmalar
birisi de Bozkurt Optimizasyon Algoritmasi’dir
(BOA). BOA av sirasinda bozkurtlarin sergiledigi
davraniglardan esinlenerek Mirjalili tarafindan
2014 yilinda [24].
Elektrik Miihendisligi alanlarinda motor kontrol,
PI, PID ve hibrit enerji sistemleri gibi giig
elektronigi alanlarinda tercih edilmektedir. BOA
elektrik miihendisligi disinda pek ¢ok farkl
miihendislik disiplininde de daha iyi ¢oziim
sundugu i¢in tercih edilmektedir [24].

literatiire kazandirilmistir

Her bir kurt siirtisiinde alfa (a) beta () teta () ve
omega (w) hiyerarsik
bulunmaktadr. suriiniin

olmak tizere form
Alfa bozkurt

olmakla beraber en iyi ¢Oziimii ifade etmektedir.
iyiligi

lideri

Cozimiin  en a’dan  w'ya dogru
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siralanmaktadir. Bozkurtlarin avini ¢evrelemesi
matematiksel olarak Denklem (11)-(14) ile ifade
edilebilir.

D = |(C.X,(1) - X(®)] (11)
X(t+1)=X,(t)-A.D (12)
A=2d7—-d (13)

C =27 (14)

Burada;

t; iterasyonu,

X_{,; avin konum vektorinti,

X ; bozkurtun konum vektoriundi,

D; av ile bozkurt arasindaki konum vektoriinii,
A ve C; vektor katsayilarin temsil etmektedir.

Katsayilarin hesaplamasi 77 ve 7; 0 ile 1 arasinda
degisen rastgele deger almak {izere Denklem (13) ve
Denklem (14) ile hesaplanmaktadir. Alfa bozkurta
ait iki boyutlu diizlemde muhtemel yeni konum
vektorleri Sekil 2 ile gosterilmistir.

—f-ud H‘

(X*-X.Y*)
(XY%)

N
e v
(X*-X.Y%-Y) @y XY~y

Sekil 2: iki boyutlu diizlemde muhtemel yeni
¢oziimler [24].

Bozkurtlarin avlanma siiresince; alfa avi yoneten
lider bozkurttur. Beta ve teta bozkurtlarda ava
yardim etmektedir. Avlanma siireci Denklem (15)-
(17) ile matematiksel olarak ifade edilebilmektedir.

D, = |C1. X, — X| (15)
Dy = [C; X; ~ |

Ds = |C5.X5 — X|

X, = X, - 4,.(D;) (16)

X; =X - 45.(05) ;
X5 = X5 — A3.(Ds)
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Bozkurt popiilasyonunu baslangiglastir.
Xi(=1,2,3,..n)
a, A ve C parametrelerini baslangiclagtir
Her bir bozkurt icin uyumluluk fonksiyonunu hesapla
Xo= En iyi ¢oziim
Xp=Ikinci en iyi ¢oziim
Xs=Uciincii en iyi ¢oziim.
While (t< Maksimum iterasyon sayist)
for her bir bozkurt icin
Denklem  (16)'ya
pozisyonunu giincelle
end for
a, A ve C parametrelerini giincelle
Biitiin bozkurtlarin vektor pozisyonlarini hesapla
En iyi ¢oziimlerin hepsini giincelle
k=k+1
end while
alfa bozkurdun pozisyonuna don.

Sekil 3: BOA'ya ait sozde-kod.

olarak  bozkurdun

uygun

X +X,+X;5 (17)

Xt+1)= :

BOA'nin s6zde-kodu Sekil 3 ile gosterilmistir. Sekil
3 ile gosterilen s6zde kod akisina réle asir1 akim role
koordinasyonu problemi uygulanacaktur.

4. BOA'NIN  ASIRI AKIM  ROLE
KOORDINASYONU PROBLEMINE
UYGULANMASI

BOA literatiirde asir1 akim role koordinasyonu
probleminin optimize edilmesinde sikga tercih
edilen bir meta-sezgisel arama algoritmasidir. BOA
test sebekelerinde literatiirde
geleneksel  meta-sezgisel arama
algoritmalarindan daha optimum sonuglar
sundugu bilinmektedir [25]. Bu durum BOA’nin
test sebekelerine

kullanarak bazi
kullanilan

literatiirde kullanulan diger
uygulamas1 noktasinda motivasyonu arttirmistir.
BOA'min  agin role  koordinasyonu
probleminde performansimni incelemek igin sekiz
barali IEEE test sebekesi secilmistir. Test sebekesi
Sekil 4 ile gosterilmistir. Sekiz barali IEEE test
sebekesi sekiz bara, iki generator, iki yiikseltici

transformator, yedi hat ve on dort adet asir1 akim

akim

rolesinden olugsmaktadir. Rolelerin lokasyonlar: ve
numaralandirilmas: Sekil 4'de goriilmektedir. Test
sebekesinde bulunana asir1 akim rdlelerin hepsi
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yonlii asir1 akim rolesi oldugundan dolay: ikinci
amag fonksiyonu (OF:z) kullanilmistir

Sekil 4: IEEE 8 baral1 test sebekesi.

Asgirt akim rolelerin ariza noktalarina gore {i¢ faz
kisa devre akim genlikleri ve koordinasyon iligkileri
Tablo 1 ile gosterilmistir. Tablo 1'de verilen ariza
akim  genlikleri koordinasyon iligkileri
kullanarak amag fonksiyonu ve kisit fonksiyonlari
Sekiz barali sebekede iki farkli
optimizasyon modellemesi gergeklestirilmistir.
Birinci optimizasyon modeli esik akim degerlerinin
sabit oldugu LP yontemidir. Her bir role segilen
sabit esik akim degerleri Tablo 2 ile listelenmistir.

ve

yazilmistir.

Tablo 2’deki esik akim degerleri icin rolelerin
optimum TDS ayarlari elde edilecektir.

Bu durumda BOA 14 adet tasarim degiskenine
sahiptir. BOA yiiz kere simule edilmistir. Her bir
benzetim c¢alismasi sonucunda elde edilen amag
fonksiyonu $ekil 5 ile gosterilmistir.

Sekil 5 incelendiginde minimum ¢alisma siiresinin
10.7597 saniye oldugu ve bu degerin 57.benzetim
calismasinda elde  edildigi
Optimum amag fonksiyonun elde edildigi 57.
Benzetim calismasinda elde edilen réle TDS ayarlari
Sekil 6 ile gosterilmistir.

goriilmektedir.

Sekiz barali test sebekesinin LP yontemi ile
¢Oziimiinde BOA’ya ait hesaplama siireleri her bir
simiilasyon sayis1 igin elde edilmistir. Sekil 7 ile
goriildiigii gibi her bir simiilasyonun tamamlanma
stiresi farkli olmakla birlikte ortalama 2.7031
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saniyedir. Optimum TDS ayarlarinin elde edildigi
57 benzetim  ortalama hesaplama  siiresinin
altindadir. Boylece Optimum sonuca ortalamadan
daha hizli bir sekilde ulasilmigtir. Bununla birlikte
daha hizli ulagilan sonuglar bulunmaktadir fakat bu

sonuglar optimum sonug degildir.

Tablo 1: IEEE sekiz barali test sebekesine ait akim
ve role koordinasyon bilgisi.

Birincil Réle Irp(A)  Ikincil Réle Irs(A)
1 2666.3 6 2666.3
2 5374.8 1 804.7
2 5374.8 7 1531.5
3 3325.6 2 3325.6
4 2217.1 3 2217.1
5 1334.3 4 1334.3
6 4975 5 403.6
6 4975 14 1533
7 4247.6 5 403.6
7 4247.6 13 805.5
8 4973.2 7 1531.5
8 4973.2 9 403.2
9 1420.9 10 1420.9
10 23135 11 2313.5
11 3474.3 12 3474.3
12 5377 13 805.5
12 5377 14 1533
13 2475.7 8 2475.7
14 4246.4 1 804.7
14 4246.4 9 403.2

Sekiz barali test sebekesinde role esik akim
degerleri degisken tutulmustur. Degisken esik akim

ve role TDS ayarlari igin problem LOP yontemi ile
kurgulanmistir. Boylece 14 adet esik akim dizayn
parametresi ve 14 adet role TDS dizayn parametresi
Ayrica  problem 20 adet
koordinasyon kisiti, 28 adet
maksimum calisma kisiti icermektedir. Probleme

bulunmaktadar.
minimum ve

BOA yiiz kere uygulanmistir. Her bir benzetim icin
elde edilen toplam c¢alisma siiresi Sekil 8 ile
gosterilmistir. Sekil 8’'de goriildiigii gibi elde edilen
ama¢ fonksiyonlar:1 arasindaki degisim LP’den
daha fazladir. Optimum ¢6ziim 72. benzetim
calismasinda elde edilmistir. Elde edilen amag
fonksiyonun degeri 6.44928 saniyedir. Bir 6nceki
senaryodan 4.31 saniye daha diisiiktiir. Boylece
sistemde kullanilan agir1 akim roleleri daha hizli bir

sekilde arizay: algilamistir.

Tablo 2:IEEE sekiz barali test sebekesine ait sabit
esik akim degerleri.
Esik Akim Degeri (A)

Role Numaras: (Rn)

120 Ri, R4, Rs5, R7, Ro, Ruo,
Ris, Rus

180 Re, Rs

240 Rs, Ru1

500 R

600 Rz

10.778 T T T T

10.776 f—

10.774 f—

10.772 f—

10.77

10.764

10.762

10.76

10.758
10 20 30 40

50 60 70 80 90 100

Benzetim Sayisi

Sekil 5: BOAnin farklh simiilasyon sayilarina gére amag fonksiyonu degeri.
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TDS Ayant

Role Numarasi

Sekil 6: 57.benzetime ait optimum réle TDS ayarlari.

4.5 T T T T

3.5

Hesaplama Zamani (Saniye)

T
—e—Ortalama
—e—Hesaplama Zamant

25

50

60 70 80 90 100

Benzetim Sayisi

Sekil 7: BOAnin farkli simiilasyon sayilarina gore hesaplama zaman degerleri.

Optimum sonucun elde edildigi 72.benzetim
calismasinda elde edilen role esik akim ve réle TDS
ayarlari Sekil 9 ile gosterilmistir.

Sekil 9 incelendiginde en yiiksek TDS ayarinin 14.
ve 7. Rolelere ait oldugu goriilmektedir. Benzer
durum Lineer Programlama yonteminde de elde
edilmistir. Fakat diger rolelerde oldukga farkli TDS
ayarlart  gozlemlenmistir.  Ornegin  Lineer
Programlama yoOnteminde birinci role 0.3
degerinden yiiksek bir ayar Onerirken Lineer
Olmayan Programlama yonteminde 0.1 degerinin
altinda ayar ©onermektedir. LOP daha optimum
sonug bulmasinin yanina hesaplama siiresinin uzun
olmasi beklenmektedir.

Sekil 10 ile BOA'min farkhi simiilasyon sayilarina
gore hesaplama siiresi ve ortalama degeri
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gosterilmektedir. Optimum TDS ayarlarinin elde
edildigi 72.benzetim ortalama hesaplama siiresinin
altindadir. Boylece Optimum sonuca ortalamadan
daha hizli bir gekilde ulagilmistir.

Tablo 3 ile her iki programlama yontemi igin
BOAmin farkli biiyiikliiklerdeki ~performans:
Ozetlenmistir. Beklendigi gibi LOP yontemi LP
yonteminden daha optimum amag fonksiyonu elde
edilmesini saglamigtir. Bununla birlikte LP yontemi
LOP yonteminden daha hizh bir sekilde sonuca
ulasilmasini saglamistir.
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76 4

Benzetim Sayisi 72 -
Amag Fonksiyonu 644928

6 I 1 1 | 1 1 | | 1
3 50 7 §0 9
Benzetim Sayis

100

Sekil 8: BOA'nin farkli simiilasyon sayilarina gore
amag fonksiyonu degeri (Lineer Olmayan
Programlama).

Role TDS Ayari Role Esik Akim Ayari

14

2

(%)

%
2
1
3
8
6
11
&
4
1
1
9
5

03 02 01 000 100 200 300 400
Sekil 9: 72.benzetim ¢alismasinda elde edilen

optimum esik akim ve réle TDS ayarlari.

Tablo 3: BOA'nin iki farkli programlama
yontemine gore performansi.

Bozkurt Optimizasyon Algoritmasi

Biiyiikliik LP LOP

Min. Amag Fonks. 10.7597 s 6.4492 s
Ortalama Amag Fonks.  10.7634 s 6.9290 s
Min. Hesaplama Siiresi ~ 2.5669 s 3.6154 s
Ort. Hesaplama Siiresi ~ 2.7031 s 3.8029 s
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T
~—e—Ortalama
o~ Hesaplama Zamant

Sekil 10: BOAmnin farkli simiilasyon sayilarina
gore hesaplama zaman degerleri (Lineer Olmayan
Programlama).

BOAnin diger metasezgisel algoritmalar (Harmoni
Arama (HA), Parcacik Siirti Optimizasyonu (PSO),
Noron Ag Algoritmasi (NAA), Elektromanyetik
Alan Optimizasyon (EAO) ile kiyas1 Tablo 4 ile
Ozetlenmistir. Tablo 4 ile agik¢a gorildiigii tizere
kiyaslamas1 yapilan metasezgisel algoritmalar
arasinda en diisiik amag fonksiyonu BOA’ya aittir.

Tablo 4: BOAnin farkli optimizasyon
algoritmalari ile kiyasi.

Yontem Amag Fonksiyonu(s)
HA [26] 11.76

PSO [26] 10.42

NAA [16] 7.61

EAO [26] 7.31

BOA 6.44

5. SONUCLAR

Geleneksel optimizasyon ¢oziim ydntemlerinin
yani sira meta-sezgisel algoritmalarin asir1 akim
role probleminde  kullanimi
yayginlasmigtir. Bu ¢alisma kapsaminda pek ¢ok
optimizasyon probleminin ¢oziimiinde basarili

koordinasyonu

sonuglar veren BOA asir1 akim role koordinasyonu
probleminde test edilmistir. Bu calismada IEEE 8
Barali test gebekesi role
koordinasyon optimizasyonu problemi BOA
kullanilarak basarali bir sekilde ¢6ziilmiistiir. BOA
hem LP yontemi hem de LOP yontemi igin
optimum sonuglar vermistir. BOA her iki yontem
icin de 100 farkli sekilde calistirilmistir.
Senaryolarda herhangi bir yakinsama veya yerel
minimumda problemi yasanmamistir.
Boylece BOA'nin asir1 akim rdle koordinasyonu

icin  asir1  akim

kalma
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optimizasyonunda etkin ve basarili sonuglar veren
bir meta-sezgisel algoritmadir. Bu durum BOA'nin
diger = koruma
edilmesinde kullanilabilir.

problemlerinin optimize
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ABSTRACT: Fatty acid and sterol compositions of strawberry seed 0il (SS50O) were determined. The fatty acid and sterol
compositions were analyzed by GC. Tocols, tocotrienols and glycerides composition were designated on a high
performance HPLC equipped with a reversed-phase HPLC columns. The physicochemical characteristics of strawberry
seed oil were also studied. Our results showed that the strawberry seed oil was composed mainly of unsaturated fatty
acids (92.36%), such as oleic acid (15.58%), linoleic acid (42.54%) and linolenic acid (33.48%). The total sterol constituents
in strawberry seed oil were determined as 932.00 mg/kg and the major sterol was 3-sitosterol (81.04%). The total (3-sterol
composition was 83.84%. Dominant triacylglycerol (TAG) molecules in SSO were determined to be OLnL (13.99%), LLL
(8.05%) and PLnL (4.41%), respectively. Furthermore, the strawberry seed oil was rich in other bioactive compounds,
such as phenolic compounds, tocopherols and sterols.

Keywords: Strawberry, seed oil, fatty acid, sterol, tocopherol

OZ: Cilek gekirdegi yaginin (SSO) yag asidi kompozisyonunu ve sterol igerigi belirlenmistir. Yag asidi kompozisyonu
ve sterol igerigi, gaz kromatografisi (GC) ile analiz edilmis, tokoferol ve gliserid igerigi, bir ters faz kolonu ile donatilmis
yliksek performansl sivi kromatografisi (HPLC) cihazi ile belirlenmistir. Cilek ¢ekirdegi yagnin fizikokimyasal
Ozellikleri de incelenmistir. Sonuglar, ¢ilek ¢ekirdegi yagmnin esas olarak oleik asit (%15.58), linoleik asit (%42.54) ve
linolenik asit (%33.48) gibi doymamuis yag asitlerinden (%92.36) olustugunu gostermistir. Cilek cekirdegi yagindaki
toplam sterol bilesenlerinin 932.00 mg/kg oldugu ve baskin steroliin (3-sitosterol (%81.04) oldugu belirlenmistir. Toplam
[-sterol icerigi %83.84 olarak tespit edilmistir. SSO'da baskin triacilgliserol (TAG) molekiillerinin sirasiyla OLnL
(%13.99), LLL (%8.05) ve PLnL (%4.41) oldugu belirlenmistir. Ayrica, ¢ilek cekirdegi yagmin fenolik bilesikler,
tokoferoller ve steroller gibi diger biyoaktif bilesikler agisindan da zengin oldugu tespit edilmistir.

Anahtar Kelimeler: Cilek, tohum yagi, yag asidi, sterol, tokoferol

1. INTRODUCTION

Strawberries are popular products worldwide[1].
They are widely adopted to variable agro-climates
across the temperate to sub-tropical regions of the
world [2]. Strawberries (Fragaria spp.) are members
of the Roseceae family and are generally grown and
consumed fruits. They are classified in the genus
Fragaria and strawberries have a very different taste
and flavor. Fruits have an attractive aroma and

appearance and are rich sources of bioactive
compounds. While producing juices and seedless
fruits, seeds and peels are removed to form a waste
stream [1].

Strawberry fruits are exceptionally appreciated for
their taste, health benefits and cancer prevention
agent mixes, predominantly phenolics. Fruit
antioxidants are derived from achaenium and
tissue, yet achaenium involvement with the total
antioxidant potential of fruit and bioaccessibility
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after admission is as yet obscure [3]. What is called
the “seed” in many species is an achaenium, a fruit
that contains the seed. The seed-like configuration
is due to the hardening of the fruit wall (pericarp),
which encloses the single seed so closely that it
appears as a seed coat.

The antioxidant properties of strawberries are
related to either flesh or achenes. Given achenes
that constitute a scant fraction of the total weight of
the fruit, their contribution to the total antioxidant
substance and capacity of the fruit is notable. While
flavonoids, phenolic substances and anthocyanins
are mostly in the flesh in the whole fruit, it is noticed
that the antioxidant ability of strawberry is
primarily attributable to achenes, indicating that
the detoxification ability of strawberry reactive
oxygen species accounts not only for the amount of
antioxidants, but mostly for the type [3].

Strawberry (Fragaria ananassa) seeds are usually
eaten all over the world with its fruit pulp. Despite
the many studies on strawberry fruits, however,
published papers on the bioactive compounds and
their effects of strawberry seeds are minimal.
Strawberry seed extract (SSE) has been documented
in some cases to suppress oxidative stress, to
fat accumulation, to exhibit
nflammatory stress [4], [5], anti hyperglycemic,

remove antii-
hepatoprotective [6], and antidiabetic activities [7].
Such effects on health were linked to the
antioxidant activity of phenolic substances,
especially ellagitannins and anthocyanins [3].

Strawberry seed oil can be a good resource for
essential fatty acids in nutrition and can
theoretically be used in the treatment of certain
obesity and cardiovascular
disorders [8]. A strong triglyceride-lowering
activity of strawberry seed oil is particularly
noticeable, and this activity is as effective as that of

disease related

other drugs that reduce lipid level in the current
market [8]. Strawberry seed oil is composed mainly
of unsaturated fatty acids, such as oleic, linoleic and
linolenic acid [9], which are classified as omega
fatty acids, and also for its high content of phenolic
compounds [10]. On the other hand, strawberry
seeds display lower lipid concentrations [10].
Strawberry seed oil is a natural active ingredient,
which is characterized by good oxidative stability
and high biological activity.
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The purpose of this study is to determine the fatty
acid and sterol compositions of strawberry seed oil.
The sterol and fatty acid compositions were
analyzed by GC, tocols-tocotrienols and glyceride
content were analyzed by HPLC on a reversed-
phase HPLC columns. Also, some physical and
properties  (yield,
antioxidant capacity, total phenolic, colour) were
determined.

chemical refractive index,

2. MATERIALS AND METHODOLOGY
2.1 Materials

Strawberry seeds were kindly provided by Goknur
Juice Plant (Kozan-Adana, Tiirkiye). Strawberry
seeds were removed from the settlings that is
separated in the production of strawberry juice. The
surfaces of strawberry seeds were cleaned by the
brushing machine and the seeds were dried at about
60 °C.

2.2 Chemicals and reagents

A 37 component FAME mix (fatty acid methyl
esters) standard mixture and Betulin (purity 298%)
used for an internal standard were supplied by
Sigma-Aldrich (St. Louis, Missouri, USA).

All of chemicals and other solvents were supplied
by Delta Chemicals (Adana, Turkey).

2.3 Physicochemical characteristics of oils
2.3.1 Oils extraction

The seed oils were extracted using a cold press oil
machine  (Karaerler-NF500,  Tiirkiye).  The
strawberry seed was pressed at 45°C with 15 Hz
frequency. Oil press machine used in the study was
preheated to set the temperature of 100 °C.

2.3.2 Refractive Index

Refractive index of SSO was measured by refractive
index on a Kriiss AR2008 refractometer (Germany),
and given as nD 20°C.

2.3.3 Antioxidant capacity

Two different methods were used to evaluate the
antioxidant potential of free (extractable) and
bound (hydrolyzable) phenols using DPPH and
ABTS radicals.
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DPPH radical-scavenging test: The antioxidant
activity was assessed as described according to a
method described by Farhoosh et al. [11]. Specific
toluene sample solution concentrations of 1 mL
each were combined with 1 mL toluenic mixture
comprising DPPH radicals (0.006 per cent by
weight). Solution was vigorously swung, allowed
to incubate in the dark for 60 min (until consistent
absorption values were achieved). The DPPH
radical reductions were calculated by measurement
the absorption at 517 nm [12]. The capability of
DPPH radical scavenging activity calculation was
done using the following equation:

DPPH scavenging activity % = ((AB-AS)/AB) x 100

where AS is absorbance of the solution and AB is
the absorbance of blank. A calibration curve was
plotted with DPPH scavenging activity against
Trolox concentration

ABTS test: The free radical scavenging activity was
assessed as described with respect to the method
specified by Re et al. [13]. Experiments were
performed on the Cary60 UV-VIS
Spectrophotometer (Santa Clara, CA 95051, USA).
ABTS-cation radical was produced by the reacting
with 7 mM/L ABTS in water and 2.45 mM/L
potassium persulfate (1:1), and incubating in the
dark at room temperature for 12-16 h. ABTS-+
solution was diluted with methanol to obtain an
absorbance of 0.700 at 734 nm for SSO analysis. The
absorbance was read at 30°C exactly 1 min after
initial mixing and up to 6 min. Trolox was used as
standard matter, and the results were expressed as
mmol Trolox/L.

2.3.4 Total Phenol Content

Total phenolic content was defined by following a
procedure explained by Singleton and Rossi [14]
with the Folin-Ciocalteu reagent. The phenolic
compounds from the strawberry seed oil (0.5 g)
were extracted in methanol (5 mL) by inversion for
10 minutes. In short, 0.50 mL of the diluted sample
was reacted for 2 min with a 2.5 mL of 0.2 mol/L
Folin-Ciocalteu reagent. After that, 2 mL saturated
sodium carbonate solution (about 7.5 g/100 mL)
was added After
incubation at room temperature for 60 minutes the

into the reaction mixture.

absorbance was read at 765 nm. Gallic acid was
used as a reference standard, and the findings were
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expressed as milligram gallic acid equivalent (mg
GAE)/L dry weight of strawberry seed oil.

2.3.5 Tocopherols

All conditions were set according to the method
developed by Surai et al. [15]. Using this method,
alpha, betatdelta and gamma tocopherols were
determined [15], [16].

2.3.6 Fatty acid composition

TSE EN ISO 12966-2 and Method 4 were used with

a modification for determining fatty acid

composition [17], [18].
2.3.7 Glyceridic composition

HPLC analysis of triacylglycerols: The analysis of
triacylglycerols was performed by Agilent Infinity
111260 HPLC on a reversed phase column equipped
with a refractive index detectors (RID) by
modifying the method defined by COI methods [19]
and Essid et al. [20]. A comparison with a reference
chromatogram was performed to classify the
triacylglycerols [20], [21].

Theoretical ~ Triacylglycerols ~ Composition: ~ The
triacylglycerol (TAG) profile identification using
the fatty acid composition is important to determine
the position and distribution of fatty acids bound to
the glycerol molecule. The theoretical number of
molecules in the internal position of a fatty acid
compared with 100 molecules of that acid (relative
proportion) was calculated in this analysis [20], [21].

2.3.8 Sterol analysis

Determination of individual and total sterol
compositions - Gas chromatographic method - Part
1: Animal and vegetable fats and oils (TS EN ISO
12228-1) was used for sterol analysis [22].

2.3.9 Colour

The color of the strawberry seed oil was measured
with the help of a clour spectrophotometer (Konica
Minolta-CM-5 Spectrophotometer, Tokyo, Japan).
Colour values were given in the CIELAB colour
space for illuminant D65 and a 10° angle of vision.
lightness (L*), red-greenness (a*) and yellow-
blueness (b*), chroma (C*) and hue (%), were
registered.
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3. RESULTS
3.1 Physicochemical properties

The physicochemical properties of the cold pressed
strawberry seed oil were presented in Table 1. It
was determined that the yield of strawberry seed oil
obtained by cold press was 12.65% on average. In
previous studies, it was determined that the
amount of strawberry seed oil obtained by cold
press machine was 7.6% [10], 14.61% [23] and
17.75% [9]. It was thought that these differences on
the quality and yield of the seed oil obtained by cold
press may vary depending on the seed variety, seed
maturity, pre-treatments applied to the seed (fresh,
dried, roasted, etc.) and the characteristics of the
cold press.

Table 1: Some characteristics of cold pressed SSOs.

Parameters
Refractive Index nD20 105353 4i
Antioxidant
Activity
B mg 11055.17 +
bPPH Trolox/L 120.45
mmol
- ABTS Trolox/L 225+0.14
Total phenol 1010.45 =
content mg GAE/L 67.73
Tocopherol
— a-tocopherol ug/g 23.96 + 8.50
— Y-tocopherol ug/g 242.21 +25.59
Total 1
otal stero mgkg  932.00 +3.62
composition
Colour
- L* D65 19.44 +0.01
- a* D65 17.14 +0.03
- b* D65 33.07 £ 0.07
- C* 37.24 £ 0.07
-h 62.61 +0.02

It has been determined that the refractive index of
strawberry (Fragaria ananassa) seed oil was an
average of 1.5362 (Table 1). In a study by Burnett et
al. [24], it was reported that the refractive index of
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oils obtained from strawberry (Fragaria chiloensis)
seed varies between 1.465-1.485. The reason for this
difference in that the
strawberry varieties from which the seed was
obtained were different.

refractive index was

The total amount of phenol compound in the
analyzed strawberry seed oil was 1010.45 mg
GAE/L and was determined in gallic acid (Table 1).
In previous studies, Pieszka et al. [25] found that the
total phenolic content was (mg/kg) 18.2 caffeic acid
equivalent [25], van Hoed et al. [1] were 15800
mg/kg in strawberry seed oils obtained by cold
press. These changes in the total amount of phenol
were caused by the different types of seeds, the
calculations being made as different acids (gallic or
caffeic acid, etc.) and the differences in the maturity
levels of the seeds. Phenolic composition in achenes
and flesh has been reported to differ, achenes
having up to 10 times higher antioxidant activity
and amount of phenolic compounds, particularly
derivatives of ellagic acids [3], [26]-[28]. The
concentration of polyphenols was found as 1429
mg/100 g in strawberry seeds, while strawberry
pulp contains only 375-998 mg/kg of polyphenols
[29], [30]. Among determined compounds, there are
two main polyphenol groups: ellagitannins and
flavanols, which mean content was 8.50 and 5.82
g/kg dry matter [29].

The a-tocopherol was determined to be 23.96 pg/g
and the y-tocopherol was determined to be 242.21
ug/g in strawberry seed oil (Table 1), but (-
tocopherol and d-tocopherol could not be detected.
In the study conducted by da Silva & Jorge [10],
they could not determine a-tocopherol and (-
tocopherol, and it was determined that v-
tocopherol and d-tocopherol were 71.77 mg/kg and
14.57 mg/kg, respectively [10]. Tocopherols, which
are natural antioxidants in oils, are divided into two
groups: methyl tocols and methyl tocotrienols.
They inhibit oxidation reactions. Like other
antioxidants, prevent or delay
oxidation of other substances by being oxidized
themselves. a-tocopherol is the most effective
tocopherol in humans and shows biological vitamin
E activity [31].

tocopherols

The values listed in Table 1 for Hunter a* (redness),
and b* (yellowness) and L*- (lightness) reflect the
color spectrum of the oils. As seen in Table 1, cold
pressed strawberry seed oil is light colored. The a*
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values of strawberry seed oils obtained by cold
press are slightly green. When the b* values are
examined, it was seen that the strawberry seed oil
has a yellowish colour.

3.2 Fatty acid content (FA)

The fatty acid content of strawberry seed oil is given
in Table 2. As can be seen when the table is
examined; The unsaturated fatty acid (UFA)
When
unsaturated fatty acids were evaluated, it was
determined that the ratio of polyunsaturated fatty
acids (PUFA) containing two or more double bonds
was 76.30% and monounsaturated fatty acids
(MUFA) was 16.06%. Saturated fatty acid (SFA)
content was found to be 6.92%.

content was determined to be 92.36%.

Table 2: FAs (%) of cold pressed SSOs.

Fatty Acids Fatty Acid FAs
(FAs) abbreviation Concentration (%)
Lauric acid C12:0 0.01 +£0.00
Myristic acid C14:0 0.05 +0.01
Palmitic acid C16:0 4.32 +0.03
Palmitoleic Clé:l 0.20+0.01
acid
Heptadecanoic .}, 0.05+0.01
acid
Heptadecenoic c17:1 0.07:£0.02
acid
Stearic acid C18:0 1.63 +0.04
Oleic acid C18:1 15.58 +0.01
Linoleic acid C18:2 42.54 + 0.05
Linolenic acid C18:3 33.48 +0.03
Arachidic acid C20:0 0.77 £0.01
Eicosenoic C20:1 0.22 +0.02
acid
icosadienoic 2022 0.07 +0.01
acid
Ficosatrienoic C203 0.18+0.01
acid
Docosadienoic C222 0.03+0.01
acid
Lignoceric C24:0 0.09 +0.02
acid
> SFA 6.92
¥~ MUFA 16.06
X PUFA 76.30
¥ UFA 92.36

Data are expressed as means (n=3). SFA, MUFA and
PUFA stand for saturated, monounsaturated and
polyunsaturated fatty acids, respectively.
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It was found that the main fatty acids were oleic
acid (C18:1n-9) (15.58%), linoleic acid (C18:2n-6)
(42.54%) and linolenic acid (C18:3n-3) (33.48%),
respectively and the ratio of linoleic acid/a-linolenic
was 1.27. The main saturated fatty acid was
determined as palmitic acid (C16:0) (4.32%).

Usually, all fatty acids together accounted for 60-80
percent of the total fatty acids with a ratio of 1:1 to
2:1 between the two. Such composition is suitable
for dietary ingredients or food supplements to
improve n-3 fatty acid intakes [32].

In previous studies, it was observed that the
palmitic acid changed between 3.2-6.99% [9], [24],
[32-39], oleic acid 13.29-17.8% [32-36], [38], [39],
linoleic acid 39.54-54.9% [25], [32-36], [38], [39] and
linolenic acid 24.0-39.50% [10], [25], [32- 36], [38],
[39]. When the findings obtained in our study were
compared with these studies, it was determined
that they were within the limits of previous studies.
It was thought that the differences in the fatty acid
composition were due to the origin and variety of
the fruits. However, unsaturated fatty acid ratio
was found to be very high in all studies.

3.3 Sterols

Sterols important components in the
unsaponifiable substances of seed oils. In our study,
17 different sterol components were defined
(Cholesterol, Cholestanol, 24-
methylene cholesterol, Campesterol, Campestanol,

are

Brassicasterol,

Stigmasterol, ~A7-campesterol, [(-sterol, A5-23
stigmastadianol, Clerosterol, [-sitosterol,
Sitostanol, Ab5-avenastenol, A5-D24

stigmastadionol, A7 stigmastenol, A7-avenasterol)
and analyzed in strawberry seed oil. These
components in strawberry seed oil were given in
Table 3 and Figure 1.

As can be seen in Table 1 and 3, the total sterol
composition in strawberry seed oil was determined
as 932.00 mg/kg (Table 1) and the major sterol was
[-sitosterol (81.04%) and total -sterol composition
was 83.84% (Table 3). Apart from (3-sitosterol, the
main sterols were determined to be Campesterol
(6.68%), A7-stigmastenol (4.36%), Stigmasterol
(2.75%), A7-avenasterol (2.16%) and Sitostanol
(1.75), respectively (Table 3). In a study by Pieszka
et al. were found the total sterol composition as
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4643.1 pg/g and the [-sitosterol composition as
2656.6 mg/kg (57.22%) in strawberry seed oil [36].

Table 3: Sterols (%) of cold pressed SSOs.

Sterols Sterols
Concentration (%)
Cholesterol 0.19+0.01
Cholestanol 0.00 +0.00
Brassicasterol 0.00+0.00
24- methylene cholesterol 0.00 +0.00
Campesterol 6.68 + 0.04
Campestanol 0.00 +0.00
Stigmasterol 2.75+0.02
A7-campesterol 0.00 +0.00
[-sterol
- A5-23
stigmastadianol 0.00+0.00
—  Clerosterol 0.00+0.00
~  P-sitosterol 81.04 £ 0.02
— Sitostanol 1.75+0.03
— Ab5-avenastenol 0.00 £ 0.00
o Ao 1.05 +0.01
stigmastadionol
A7 stigmastenol 4.36 +0.02
A7-avenasterol 2.16 +0.01
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Figure 1: GC chromatogram of the sterols
composition of cold pressed SSO.

In other previous studies, the total sterol
composition was found to be 9 mg/kg [25], [34], [40]
and [3-sitosterol composition ranged between 711.0-
3566.5 mg/kg [34], [40].

Both tocols and phenolics are antioxidants with
strong protective effects on cardiovascular diseases,
whereas phytosterols, such as [3-sitosterol, suppress
cholesterol absorption in the intestine, thus show
the cholesterolemia-lowering properties [41].
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3.4 Triglycerides

Triacylglycerols (TAG) composition analysis results
of cold pressed SSO obtained in our study are given
in Table 4 and compared with olive oil (Figure 2).

Strawberry Seed Oil

Extra Virgin Oil
e -

H ) b 2 a »

Figure 2: Triacylglycerols (TAG) chromatogram of
cold pressed SSO and comparison with olive oil
(A-Monoglycerides, B-Diglycerides, C-ECN40, D-
ECN42, E-ECN44, F-ECN46, G-ECN48, H-ECN50).

The fatty acids are esterified in the native
triacylglycerols (TAG) molecule to three
stereospecific positions on the backbone of glycerol.
The stereospecificity of fatty acids in TAGs are
characteristic for native oils and fats [42]. Dominant
TAG molecular species in olive oil were OOO
oor (dioleopalmitin) OLO
(oleolinleoolein) [42]. However, as can be seen from
the findings obtained in our study (Table 4), the
dominant TAG molecules in cold pressed SSO were
determined to be OLnL (13.99%), LLL (8.05%) and
PLnL (4.41%), respectively.

(triolein),

The ECN42 triglyceride content is applied to detect
the presence of small amounts of seed oil (rich in
linoleic acid) in olive oil and olive pomace oil. As
seen in our study, the ECN42 value was determined
as 27.27% and it is rich in linoleic and linolenic
acids. Also, as seen in Figure 2; It was determined
that strawberry seed oil contains monoglycerides,
diglycerides and equivalent carbon number
between 40-46 TAG types (ECN40-ECN46).
However, olive oil contains mostly TAG types
between ECN44-ECN50.
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4. CONCLUSIONS

The strawberry oil used in this study was produced
from seeds of Fragaria ananassa grown in Turkey.
The high content of linolenic acid and linoleic acid
in S50s can be used to achieve an essential fatty
acids balance in the food formulation, human diet
and personal care products.

The strawberry seed oil is a wealthy source of
and poly- wunsaturated fatty acids,
tocopherols and phytosterols, which could find

mono-

wide application in the food (functional food
ingredients, food supplements and nutraceuticals),
pharmaceutical and cosmetic industries.

5. REFERENCES

[1] V. Van Hoed, I. Barbouche, N. De Clercq, K.
Dewettinck, M. Slah, E. Leber and R. Verhé,
“Influence of filtering of cold pressed berry
seed oils on their antioxidant profile and
quality characteristics”, Food Chem. 127, pp.
1848-1855, 2011.

[2] R.M. Sharma and R. Yamdagni, “Strawberries:
production, postharvest management and
protection”, CRC Press, 2019.

[3] M. T. Ariza, P. Reboredo-Rodriguez, L.
Mazzoni, T. Y.
Giampieri, S. Afrin, M. Gasparrini, C. Soria, E.
Martinez-Ferri, M. Battino and B. Mezzetti,
“Strawberry achenes are an important source
of bioactive compounds for human health”, Int.
J. Mol. Sci. 17, pp. 1-14, 2016.

[4] X.Jin, S.Song, J. Wang, Q. Zhang, F. Qiu and F.
Zhao, “Tiliroside, the major component of
agrimonia pilosa Ledeb ethanol extract,
inhibits MAPK/JNK/p38-mediated
inflammation in lipopolysaccharide-activated
RAW 264.7 macrophages”, Exp. Ther. Med. 12,
pp- 499-505, 2016.

[5] S. Takeda, H. Shimoda, T. Takarada and G.
Imokawa, “Strawberry seed extract and its

Forbes-Hernandez, F.

major component, tiliroside, promote ceramide
synthesis in the stratum corneum of human
epidermal equivalents”, PLoS One. 13 pp. 1-18,
2018.

[6] H.Matsuda, K. Ninomiya, H. Shimoda and M.
Yoshikawa, “Hepatoprotective principles from
the flowers of tilia argentea (linden): Structure
requirements of tiliroside and mechanisms of

68

action”, Bioorganic Med. Chem. 10, pp. 707-
712, 2002.

[7] T. Goto, M. Horita, H. Nagai, A. Nagatomo, N.
Nishida, Y. Matsuura and S. Nagaoka,
“Tiliroside, a glycosidic flavonoid, inhibits
carbohydrate digestion and glucose absorption
in the gastrointestinal tract”, Mol. Nutr. Food
Res. 56, pp. 435-445, 2012.

[8] A. Jurgonski, B. Fotschki and J. Juskiewicz,
“Dietary strawberry seed oil affects metabolite
formation in the distal
ameliorates lipid metabolism in rats fed an
obesogenic diet”, Food Nutr. Res. 59, 2015.

[9] R. Luo, C. Zhang and G. Chan, “Fatty acid
compositions of strawberry seed oil”, China
Oils Fats. 31, pp. 68-69, 2006.

[10] N. da Silva and A. C. Jorge, “Bioactive
compounds of oils extracted from fruits seeds
obtained from agroindustrial waste”, Eur. ].
Lipid Sci. Technol. 119, pp. 1-5, 2017.

[11] R. Farhoosh, M. H. Tavassoli-Kafrani and A.
Sharif, “Antioxidant activity of the fractions
separated from the unsaponifiable matter of
bene hull oil”, Food Chem. 126, pp. 583-589,
2011.

[12] M. F. Ramadan, L. W. Kroh and J-T. Morsel,
“Radical scavenging activity of black cumin
(Nigella sativa L.), coriander (Coriandrum
sativum L.), and niger (Guizotia abyssinica

intestine and

Cass.) crude seed oils and oil fractions”, J.
Agric. Food Chem. 51, pp. 6961-6969, 2003.

[13] C. Re, R. Pellegrini, N. Proteggente, A. Pannala,
A. Yang and M. Rice-Evans, “Antioxidant
activity applying an improved ABTS radical
cation decolorization assay”, Free Radic. Biol.
Med. 26, pp. 1231-1237, 1999.

[14] J. A. Singleton and V. L., Rossi, “Colorimetry of
total
phosphotungstic acid reagents”, Am. J. Enol.
Vitic. 16, pp. 144-158, 1965.

[15] P. F. Surai, R. C. Noble and B. K. Speake,
“Tissue-specific differences in antioxidant
distribution susceptibility  to
peroxidation during development of the chick
embryo”, Biochim. Biophys. Acta - Lipids Lipid
Metab. 1304, pp. 1-10, 1996.

[16] O. Beyhan, A. Ozcan, H. Ozcan, E. Kafkas, S.
Kafkas, M. Sutyemez and S. Ercisli, “Fat, fatty
acids and tocopherol content of several walnut
genotypes”, Not. Bot. Horti Agrobot. Cluj-
Napoca. 45, pp. 437-441, 2017.

phenolics with  phosphomolybdic-

and lipid



Kola, Parilds, Kegeli, Akkaya / TUR MUH. ARAS. VE EGIT D. 1(2), 62-70, (2022)

[17] TSE, “TS EN ISO 12966-2 Animal and vegetable
fats and oils - Gas chromatography of fatty acid
methyl esters - Part 2: Preparation of methyl
esters of fatty acids”, Ankara/Turkey, 2015.

[18] TSE, “TS EN ISO 12966-4 Animal and vegetable
fats and oils - Gas chromatography of fatty acid
methyl esters - Part 4: Determination by
capillary gas
Ankara/Turkey, 2015.

[19] COI, “Method of analysis determination of the
difference between actual and theoretical
content of triacyglycerols with ECN 42.7,
International Olive Council, COI/T.20/Doc. No
20 /Rev. 4, Madrid-Spain, 2017.

[20] W. Jahouach-Rabai, K. Essid, M. Trabelsi and
M. Frika, “Effects of neutralization and
bleaching process on fatty acid and triglyceride
compositions  of oil”, .
harmonized res. appl. sci.,, 2, 4, pp. 257-270,
2014.

[21] E. Christopoulou, M. Lazaraki, M. Komaitis
and K. Kaselimis, “Effectiveness of
determinations of fatty acids and triglycerides
for the detection of adulteration of olive oils
with vegetable oils”, Food Chem. 84, pp. 463-
474, 2004.

[22] TSE, “TS EN ISO 12228-1: Determination of
individual and total sterol compositions-Gas

chromatography”,

pomace-olive

chromatographic method-Part 1: Animal and
vegetable fats and oils”, Ankara/Turkey, 2014.

[23] S. Mildner-Szkudlarz, M. Rozanska, A. Siger, P.
L. Kowalczewski and M. Rudziniska, “Changes
in chemical composition and oxidative stability
of cold-pressed oils obtained from by-product
roasted berry seeds”, Lwt. 111, pp. 541-547,
2019.

[24] C. L. Burnett, M. M. Fiume, W. F. Bergfeld, D.
V. Belsito, R. A. Hill, C. D. Klaassen, D. Liebler,
J. G. Marks, R. C. Shank, T. J. Slaga, P. W.
Snyder and F. Alan Andersen, “Safety
assessment of plant-derived fatty acid oils”,
Int. J. Toxicol. 36, pp. 515-129S, 2017.

[25] M. Pieszka and B. Tombarkiewicz, “Effect of
bioactive found in rapeseed,
raspberry and strawberry seed oils on blood

substances

lipid profile and selected parameters of
oxidative status in rats”, 36, 3, pp. 1055-1062,
2013.

[26] K. Aaby, G. Skrede and R. E. Wrolstad,
“Phenolic antioxidant
activities in flesh and achenes of strawberries

composition and

69

(fragaria ananassa)”, J. Agric. Food Chem.
18;(53)10, pp. 4032-4040, 2005.

[27] K. Aaby, R. E. Wrolstad, D. Ekeberg and G.
Skrede,  “Polyphenol
antioxidant activity in strawberry purees;

composition  and
impact of achene level and storage”, J. Agric.
Food Chem. 55(13), pp. 5156-5166, 2007.

[28] M. R. Williner, M. E. Pirovani and D. R.
Giliemes, “Ellagic acid content in strawberries
of different cultivars and ripening stages”, J.
Sci. Food Agric. 83(8), pp. 842-845, 2003.

[29] K. Grzelak-Btaszczyk, E. Karlinska, K. Grzeda,
E. R6j and K. Kotodziejczyk, “Defatted
strawberry seeds as a source of phenolics,
dietary fiber and minerals”, LWT-Food Sci.
Technol. 84, pp. 18-22, 2017.

[30] J. Cheel, C. Theoduloz, J. A. Rodriguez, P. D. S.
Caligari and G. Schmeda-Hirschmann, “Free
radical scavenging activity and phenolic
content in achenes and thalamus from Fragaria
chiloensis ssp. chiloensis, F. vesca and F. x
ananassa cv. Chandler”, Food Chem. 102(1),
pp. 36-44, 2007.

[31] O. Altan and A. Kola, “Oil processing
technolgy (yag isleme technology)”, Bizim
Biiro Publishing Inc., Ankara/Turkey, 2009.

[32] E. Sikora, P. Michorczyk, M. Olszanska and J.
Ogonowski, “Supercritical CO2 extract from
strawberry seeds as a valuable component of
mild cleansing compositions”, Int. J. Cosmet.
Sci. 37, pp. 574-578, 2015.

[33] M. Bryszak, M. Szumacher-Strabel, M. El-
Sherbiny, A. Stochmal, W. Oleszek, E. Roj, A.
K. Patra and A. Cieslak, “Effects of berry seed
residues on ruminal fermentation, methane
concentration, milk production, and fatty acid
proportions in the rumen and milk of dairy
cows”, J. Dairy Sci. 102, pp. 1257-1273, 2019.

[34] V. Van Hoed, N. De Clercq, C. Echim, M.
Andjelkovic, E. Leber, K. Dewettinck and R.
VerhE, “Berry seeds: A source of specialty oils
with high content of bioactives and nutritional
value”, J. Food Lipids. 16, pp. 33-49, 2009.

[35] O. Krasodomska and C. Jungnickel, “Viability
of fruit seed oil O/W emulsions in personal care
products, Colloids Surfaces A”, Physicochem.
Eng. Asp. 481, pp. 468-475, 2015.

[36] M. Pieszka, W. Migdat, R. Gasior, M.
Rudzinska, D. Bederska-LOjewska, M. Pieszka
and P. Szczurek, “Native oils from apple,
blackcurrant, raspberry, and strawberry seeds



Kola, Parilds, Kegeli, Akkaya / TUR MUH. ARAS. VE EGIT D. 1(2), 62-70, (2022)

as a source of polyenoic fatty acids,
tocochromanols, and phytosterols: A health
implication”, J. Chem. pp. 1-8, 2015.

[37] M. Pieszka, B. Tombarkiewicz, A. Roman, W.
Migdat and ]. Niedzidtka, “Effect of bioactive
substances found in rapeseed, raspberry and
strawberry seed oils on blood lipid profile and
selected parameters of oxidative status in rats”,
Environ. Toxicol. Pharmacol. 36, pp. 1055-1062,
2013.

[38] A. Sucurovié, N. Vukeli¢, L. Ignjatovié, L
Brceski and D. Jovanovi¢, “Physical-chemical
characteristics and oxidative stability of oil
obtained from lyophilized raspberry seed”,
Eur. J. Lipid Sci. Technol. 111(11), pp. 1133-
1141, 2009.

[39] B. Yang, M. Ahotupa, P. Maatta and H. Kallio,
“Composition and antioxidative activities of
supercritical CO2-extracted oils from seeds and
soft parts of northern berries”, Food Res. Int.
44(7), pp. 2009-2017, 2011.

[40] S. Mildner-Szkudlarz, M. Rozanska, A. Siger, P.
L. Kowalczewski and M. Rudzinska, “Changes
in chemical composition and oxidative stability
of cold-pressed oils obtained from by-product
roasted berry seeds”, Lwt. 111, pp. 541-547,
2019.

[41] A. Jurgonski, ]J. Koza, D.-T. Chu and P. M.
Opyd, “Berry seed oils as potential
cardioprotective food supplements”, Nutrire.
43, pp. 1-6, 2018.

[42] T. Karupaiah and K. Sundram, “Effects of
stereospecific positioning of fatty acids in
triacylglycerol structures in native and
randomized fats: A review of their nutritional
implications”, Nutr. Metab. 4, pp. 1-17, 2007.

70



PUBLIC® CYHOEDDUS
A

TURKISH JOURNAL OF ENGINEERING
RESEARCH AND EDUCATION

Tiirk Mithendislik Arastirma ve Egitimi Dergisi
Turkish Journal of Engineering Research and Education

1(2), 71-79, (2022)

RESEARCH ARTICLE

Correlations between different shrinkage parameters and expansion

of paste and mortar containing limestone fines

Rawan Ramadan? ,Hassan Ghanem?, Jamal Khatib'2, Adel Elkordi!?

1 Department of Civil Engineering, Beirut Arab University, P.O. Box 11 - 50 - 20 Riad El Solh 11072809, Beirut, Lebanon
2Faculty of Science and Engineering, University of Wolverhampton, Wolverhampton WV1 1LY, United Kingdom

3 Department of Civil Engineering, Alexandria University, Egypt

Received/Gelis: 09.08.2022
Accepted/Kabul: 13.09.2022

*Corresponding Author: Hassan Ghanem, h.ghanem@bau.edu.lb

ABSTRACT: Shrinkage is definitely a crucial parameter for long-term sustainability of cement paste, mortar and

concrete structures. This paper examines the correlation between different shrinkage parameters of paste and mortar
with different percentage of limestone fines (LF). Furthermore, the correlation between each shrinkage parameter and
compressive strength, and between expansion and compressive strength are also investigated. In the experimental
program, cement was substituted with different percentages of LF (0, 5, 10, 15 and 20% by mass). For paste and mortar
mixtures, the water to binder ratio (w/b) was 0.45 and the sand to binder ratio (s/b) was 2. Results indicated that there

is a positive linear relationship between length change and the percentage weight change. Similarly, there was a positive
correlation between expansion and compressive strength for pastes and mortars. However, there was a negative
correlation occurring between both shrinkage parameters and compressive strength. As shrinkage increased, the

compressive strength dropped.

Keywords: Correlation, paste, mortar, shrinkage, expansion

1. INTRODUCTION

Nowadays, the long-term serviceability of concrete
buildings is threatened by the evolution of cracks.
The main cause of these cracks is length changes of
concrete due to shrinkage, which are inevitable and
can be assigned to several reasons over the short
and long-term of concrete life. The main types of
shrinkage responsible for these cracks are
autogenous shrinkage, drying shrinkage, and
expansion. Autogenous shrinkage is an important
phenomenon. It is stated as the macroscopic
reduction in the external diameter of cement
particles with no transfer of moisture in or out of the
matrix. It depends on w/c ratio, whereas the lower
w/c ratio contributes to higher autogenous
shrinkage [1]. On the other hand, drying shrinkage
results due to the non-uniform moisture
distribution in the matrix. The reduction of water
content in the matrix is mainly due to the
surrounding environmental conditions.
Concerning expansion, it is defined as the length
extension of specimens cured in water. Based on

previous experimental studies, the inclusion of
supplementary cementitious materials has a great
influence on concrete shrinkage [2-10]. One of these
materials is limestone. It consists of calcium
carbonate and is used in many concrete
applications. Limestone fines (LF) play an intrinsic
role in the cement hydration process.

During the hydration reaction, the cement, LF, and
water react to form hydrate products. This reaction
causes an overall reduction of volume in the matrix
known as chemical shrinkage. The total reduced
volume is related to the hydration products having
a smaller volume than the reactants and is made up
of two components [11, 12]: a) internal volume
change through the formation of capillary voids, b)
external volume changes due to self-desiccation
(Autogenous Shrinkage). Before initial setting, the
chemical and autogenous shrinkage are
approximately equal to one another. After initial
setting the autogenous shrinkage is no longer
directly related to the chemical shrinkage, and is a
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result of self-desiccation. Regarding drying of the samples were measured every 2 days up to 90

shrinkage, it takes place after the harden of matrix. days and were calculated using Equation (1) and
Equation (2) respectively:

2. MATERIALS AND METHOD

2.1 Materials LC = L=b x10° @

In the framework of this study, Type I Portland 200

cement PA-L 425 N was used with a specific

gravity, Blaine surface area and density of 3.15,

399.8 m?/kg and 1440 kg/m?3 respectively. LF was

incorporated with a density, Blaine surface area and

Where LC is the length change (ue); Lo is the initial
length recorded by the dial gauge (mm) and Li is
the length recorded by dial gauge at different days

s . (mm).
specific gravity of 2700 kg/m3 394 m¥kg, 2.74
respectively. LF had a fine particle size less than 300 W. —W. %)
pm. The siliceous sand used in this experiment had WC =—"_"7x100%
a fineness modulus of 2.8. 0

2.2 Mix proportions

Where WC is the percentage weight change; W is
Ten different mixes were prepared in this program:

the initial weight of specimen (g) and Wi is the

five paste mixes and five mortar mixes where a weight of specimen at different days (g).

portion of cement was substituted with LF. Cement

was replaced by LF with the following percentages Autogenous shrinkage and expansion tests were

by weight: 0, 5, 10, 15 and 20. The water to binder conducted according to ASTM C192 [13], while for
ratio (w/b) and sand to binder ratio (s/b) are 0.45 drying shrinkage test, it was performed according
and 2 respectively. The details of mixes are listed in to ASTM C157 [14]. Shrinkage and expansion
Table 1.

specimens are shown in Figure 2. The samples
related to autogenous shrinkage were sealed with

Table 1: Details of paste and mortar mixes. plastic bags to avoid any external environmental

conditions. For drying shrinkage, the samples were

1 3
Quantity (kg/m?) placed in a room with constant temperature (25°C)
Paste/mortar Cement LF Sand  Water and relative humidity of 50+3%. For expansion
code 1303 5 556 specimens, they were immerged in water at a
P0 constant temperature (20°C). Besides, cubes with a
P5 1237 66 - 586 . )
dimensions of 5x5x5 mm? were prepared to conduct
P10 1177 126 - 586 .
1123 180 ] 536 the compressive strength at 1, 7, 28 and 90 days
P15 according to ASTM C109 [15].
P20 1074 229 - 586
MO 657 0 1314 296
M5 625 32 1314 296
M10 595 62 1314 296
Mi5 569 88 1314 296
M20 544 113 1314 29

2.3 Sample preparation and testing

Prism samples measuring 25x25x300 mm? were cast
in steel molds for the two types of shrinkage Figure 1: Dial gauge.
(autogenous and drying) as well as for expansion.
After 24 h, the samples were demolded, weighted
and ready for testing. Two demec points at 200 mm
on two sides of the samples were fixed for taking
the readings. The measurement of shrinkage and
expansion specimens was recorded by a dial gauge
as shown in Figure 1. The length and weight change
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Figure 2: Drying shrinkage, autogenous shrinkage
and expansion samples.

3. RESULTS AND DISCUSSION
3.1 Drying shrinkage

The evolution of drying shrinkage of paste and
mortar samples with the addition of LF for a total
period of 90 days is presented in Figures 3 and 4
respectively. As revealed from these plots, drying
shrinkage increases as LF % increases. As shown in
Figure 3, at 90 days, when LF content is 5%, 10%,
15% and 20%, the drying shrinkage of pastes
increases by 47.36%, 78.94%, 89.47% and 99.4%
respectively compared to the control mix. Same
trend is observed for mortar specimens. For
example, at 90 days, the percentage increase is
17.64%, 35.29%, 41.17% and 88.24% for 5%, 10%,
15% and 20% LF replacement level respectively
(Figure 4). There are two hypotheses, which could
explain this fact: 1) the fine pore size of LF
contributes in refining the empty pores resulted
from the hydration process. This inclusion required
extra water to improve paste or mortar workability
and simultaneously increases the drying shrinkage
[16]; 2) the increase of drying shrinkage magnitude
of both specimens indicates the presence of extra
water in their pores, which was then evaporated
with time. This reduction activates the self-
desiccation of internal capillaries and will cause the
shrinkage of paste and mortar samples [17].
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Figure 3: The evolution of drying shrinkage for
paste samples during 90 days.
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Figure 4: The evolution of drying shrinkage for
mortar samples during 90 days.

3.2 Autogenous shrinkage

The results of autogenous shrinkage for pastes and
mortars during 90 days with different percentages
of LF are presented in Figures 5 and 6 respectively.
As shown in both plots, the autogenous shrinkage
is affected by the addition of LF. At 90 days,
autogenous shrinkage reaches its highest value
with the incorporation of 10% LF in paste and
mortar samples (1650 pe and 1500 pe), then shows a
sharp drop after this addition. This fact can be
elucidated as follow: 1) there should be a sufficient
content of water in the larger voids particle inside
the cement particles to supply water to the
hydration process. As these larger voids stocked
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with water are depleted, then the cement is
involved to pull water from smaller internal pores
and capillaries to accomplish the reaction. This
could activate the self-desiccation process of the
matrix and leads to an increase in the autogenous
shrinkage [17]; 2) for replacement above 10% (15
and 20%),
specimens resulting from the internal curing effect
can fill the emptied pores. This leads to a decrease
in the degree of self-desiccation as well as reduces

the wunconfined water from both

the autogenous shrinkage [18].

Days
12349 22 30 35 56 63 71 90
500

-500

-1000

-1500

Autogenous shrinkage (i¢)

mP0% mP5% P10% M P15% M P20%

-2000

Figure 5: Autogenous shrinkage results for paste

specimens during 90 days.
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Figure 6: Autogenous shrinkage results for mortar
specimens during 90 days.

3.3 Expansion

The development of expansion for paste and mortar
specimens with the presence of LF is illustrated in
Figures 7 and 8 respectively. The total period of
curing is 90 days. Specimens reveal continuous
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expansion as they are cured in water. As displayed
in both plots, the existence of LF contributes to a
logical variation in the results. For example, the
expansion values for 0% LF in pastes and mortars
are 2000 pe and 1200 pe at 90 days. These values
decrease to a minimum value of 1700 pe for 10% LF
in paste samples and 1000 pe for 5% LF in mortar
ones. In paste, after this decline, the expansion
values increase with the addition of 15 and 20% LF.
This could be related to the formation of hydration
products at a high LF percentage, which can absorb
more water and swell compared to samples with
lower LF contents [19]. However, in mortar, the
highest increase is achieved for 10% LF replacement
followed by a drop. Besides, this could be due to the
result of changes in the cement composition phase.
The occurrence of LF leads to more formation of CH
content in the system. Progressively, the calcium
aluminate is switched by carboaluminate which
provides a further contribution to the expansion
mechanism [20].

2500
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(=3 (=]
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Figure 7: The development of expansion for paste
samples during 90 days.
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Figure 8: The development of expansion for
mortar samples during 90 days.
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3.4 Correlation between length change and weight
change

The correlations between weight change and length
change for drying shrinkage of paste and mortar
specimens with different percentage of LF are
presented in Figure 9 and Figure 10 respectively. It
can be seen that a high correlation exists between
them. This finding indicates that the relation is
proportional. As length change increases, the
weight change will relatively goes up. A high
coefficient of determination R2? occurs for all
percentages except for 5% LF in paste samples. In
paste, the coefficient of determination ranges from
0.5 to 0.79. However, in mortar samples, R? ranges
from 0.68 and 0.84. This indicates that the
correlation is more obvious and delicate in mortar
mixes. This can be related to the high compaction in
mortar mixes due to the presence of sand
comparing with paste ones [21, 22].

3.5 Correlation between compressive strength and
drying shrinkage

Figures 11 and 12 represent the correlation between
compressive strength and drying shrinkage for
paste and mortar specimens respectively. As
observed, negative
happening between them with high coefficient of
determination R? in pastes and mortars ranging
from 0.81 to 0.99 and from 0.88 to 0.97 respectively.
This means that as drying shrinkage increases, the
compressive strength will certainly drop. This fact

there is a relationship

is logical since drying shrinkage represents the loss
of moisture in cement paste, mortar as well as in
concrete. This loss in sample moisture produces
cracks with time and weakens its power to be
subjected for any load and consequently reduces its
strength capacity [23, 24]. Besides, it was noted from
previous studies [25-28] that drying shrinkage
increased as the percentage of LF went up. At 20%
LF, the drying shrinkage reached its maximum
value in pastes and mortars (1900 and 1600 )
respectively. Simultaneously, this last finding is
interpreted in Table 2, whereas the compressive
strength in both paste and mortar specimens
achieves a lower value for the addition of 20% LF.
This is also elucidating in Figure 10 (for 20% LF) and
Figure 11 (For 20% LF), where these plots have the

75

highest slope among the others respectively (49.56
and 86.82).

3.6 Correlation between compressive strength and
autogenous shrinkage

The correlation between compressive strength and
autogenous shrinkage for both paste and mortar
samples is reported in Figures 12 and 13
respectively. Same as drying shrinkage, there is a
negative linear relationship with high coefficient of
determination R? in pastes and mortars (0.9< R?
<0.99). This indicates that both parameters are not
proportional to each other. This revealed that as
autogenous shrinkage increases, the compressive
strength will certainly drop. This correlation
clarifies the results obtained from previous studies.
As reported by Khatib et al, [25, 26], the autogenous
shrinkage continued to increase until achieving the
highest value at 10% replacement level of LF then
started to drop after that (at 15 and 20% LF) in
pastes and mortars. In fact, according to the internal
curing impact, the free water occurring in samples
with 15 and 20 % LF fills the emptied pores and
consequently reduces the degree of self-desiccation
which is directly related to autogenous shrinkage
[25, 26]. This last finding is obviously noticed in
Table 2. The compressive strength increases kind of
after the incorporation of 10% LF which reveals that
the inclusion of 15 and 20% LF contributed in
reducing the autogenous shrinkage and
concurrently increasing the compressive strength.

3.7 Correlation between compressive strength and
expansion

Figures 14 and 15 display the correlation between
compressive strength and expansion in paste and
mortar samples respectively. As shown, there is a
positive correlation between them represented by a
positive linear line with high coefficient of
determination R? in pastes and mortars
(0.8<R2<0.99). This correlation means that as
expansion increases, the compressive strength will
positively go up. This is mainly explained by the
fact that sample in water is more prone to curing.
As the sample is more cured in water, the cement
hydration process continues and enhances the
compressive strength. As previously informed by
Khatib et al [25], the swelling in bars rises more for
high LF substitutions (15 and 20% LF) with an
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increase in curing time. This can be related to the
fact that the hydration products (mono-carbonate
and monocarboaluminate) that are formed at high
LF replacements (>10%) are being able to suck more
water than samples with lower LF replacements [19,
29]. This is well illustrated in Table 2, where the
highest compressive strength is achieved for 15%
replacement level in pastes and mortars.

Table 2: Compressive strength results for paste
and mortar samples.

Compressive strength (MPa)

Past:f:i/[eortar l1day 7days 28days 90 days
PO 17.7 51.6 60.72 76.4
P5 13.8 335 49.2 55.3
P10 13.85 39.6 50.65 56.3
P15 18 54.7 66.5 83.4
P20 16.6 38.8 47.3 50.2
MO 5.8 15 17.8 25
M5 7 157 23.13 26.1
M10 5.6 16.4 22.15 24.9
M15 13 17.71 28.4 30.4
M20 5.8 15 17.8 25
Weight change (%)
-3.00% -2.00% -1.00% 0.00% 1.00%
1000
500 X 3
PO
'g 0 T
g 500 [P
g -1000 |e P10
< -1500
ED X PlSX 2x - 558.14
9 -2000 R*=0.72
2500 P20 y =192346x + 42.42
2=0.78
-3000

Figure 9: Weight change vs length change for
pastes containing different percentages of LF.
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Figure 10: Weight change vs length change for
mortars containing different percentages of LF.
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Figure 11: Correlation between compressive
strength and drying shrinkage for pastes
containing different percentages of LF.
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Figure 12: Correlation between compressive
strength and drying shrinkage for mortars
containing different percentages of LF.
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Compressive strength (MPa)
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Figure 13: Correlation between compressive
strength and autogenous shrinkage for pastes
containing different percentages of LF.
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Autogenous shrinkage (pie)

4

Figure 14: Correlation between compressive
strength and autogenous shrinkage for mortars
containing different percentages of LF.

4. CONCLUSIONS

From the results obtained from this study, some
conclusions can be made:

¢ The presence of LF have an intrinsic effect on all
shrinkage parameters. The addition of 10% LF
enhances the autogenous shrinkage of paste and
mortar samples. Besides, Drying shrinkage
increases as LF content increases. There is a
logical variation in expansion values for both
specimens (paste and mortar) with the existence
of LF. In paste, the addition of more than 10% LF
increases the expansion. However, in mortar, the
incorporation of LF between 0 and 10% improves
the expansion.
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Figure 15: Correlation between compressive

strength and expansion for mortars containing

different percentages of LF.

* A positive correlation exists between length

change and percentage weight change for
drying shrinkage of pastes and mortars. This
may be due to the fact that as the length change
of the sample varies, the percentage weight
change will absolutely vary.

* A negative correlation exists between

compressive  strength ~ and  shrinkage
parameters (drying and autogenous). This can
be attributed by the fact that shrinkage has a
negative impact on the compressive strength of
pastes and mortars.

* There exists a positive correlation between the

compressive strength and expansion for paste
and mortar specimens indicating that
expansion has a positive effect on compressive
strength. As curing time increases, the samples
are more cured, leading to an enhancement in
compressive strength.
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Sentetik Atiksulardan Flektrooksidasyon Yontemiyle Renk
Gideriminin Arastirilmasinda Baslangi¢ Boyar Madde Kirliligi
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OZ: Bu galigmada sentetik atiksulardan elektrooksidasyon yontemiyle renk giderimi arastirilmistir. Denemeler kesikli
modda gergeklestirilmistir. Sistem 5 anot ve 5 katottan olusturulmus ve akim dogru akim gii¢ kaynag ile kontrol
edilmistir. Katot malzemesi olarak paslanmaz gelik katotlar, anot malzemesi olarak karisik metal oksit kaplama
(Ti/IrO2/RuQz) anotlar tercih edilmistir. Metilen mavisi boyar maddesinin kullanildig1 ¢alismalarda, renk giderimi
iizerine baslangi¢ boyar madde konsantrasyonu ve atiksu sicakliginin etkisi incelenmistir. Sonuglar artan boyar madde
kirliligi ile giderilen boyar madde miktarinin azaldigini gostermistir. Ayrica artan atiksu sicakliginin giderim verimini
artirmistir. Baslangi¢ boyar madde konsantrasyonunun etkisinin incelendigi calismalarda giderim verimleri 30
dakikalik deneme siiresi sonunda 25 mg/L, 50 mg/L, 100 mg/L ve 250 mg/L igin sirasiyla %99,99, %99,31, %96,38 ve
%77,89 olarak elde edilmistir. Sicaklik etkisinin incelendigi calismalar 10°C, 20°C, 30°C ve 40°C i¢in incelenmis ve elde
edilen giderim verimleri sirasiyla %98,22, %99,31, %99,67 ve %99,99 olarak ol¢iilmiistiir. Sonuglar sentetik atiksulardan
renk giderimi icin elektrooksidasyon prosesinin uygulanabilecegini gostermektedir.

Anahtar Kelimeler: Elektrooksidasyon, renk giderimi, sicaklik etkisi, baglangi¢ boyar madde konsantrasyonu

ABSTRACT: In this study, color removal from synthetic wastewater by electrooxidation method was investigated. The
experiments were carried out in batch mode. The system is composed of 5 anodes and 5 cathodes, and the current is
controlled by a direct current power supply. Stainless steel cathodes were preferred as the cathode material, and mixed
metal oxide coated (Ti/IrO2/RuQ2) anodes were preferred as the anode material. The effects of initial dyestuff
concentration and wastewater temperature on color removal were investigated using Methylene Blue (MM) dyestuff.
The results showed that the amount of dye removed decreased with increasing dye pollution. In addition, the increased
wastewater temperature increased the removal efficiency. In studies examining the effect of initial dye concentration,
removal efficiencies were 99.99%, 99.31%, 96.38%, and 96.38% for 25 mg/L, 50 mg/L, 100 mg/L, and 250 mg/L,
respectively, at the end of the 30-minute trial period. It was obtained as 77.89%. Studies examining the effect of
temperature were examined for 10°C, 20°C, 30°C and 40°C and the obtained removal efficiencies were measured as
98.22%, 99.31%, 99.67% and 99.99%, respectively. The results show that the electrooxidation process can be applied for
color removal from synthetic wastewaters.

Keywords: Electrooxidation, color removal, temperature effect, initial dye concentration
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1. GIRIS

Diinya genelinde hizli niifus artis1 ve gelisen
endiistrilesmenin  sonucu  olarak
kaynaklarina asir1 talep olmaktadir. Fakat 6zellikle

temiz su

gecen yiizyilda iizerinde yasanilan diinya dogal
kaynaklar hi¢ tiikenmeyecekmis gibi tiiketilmistir.
Bunun sonucu olarak insanoglu gelecekte yogun
tath su kithigr ve cevre kirliligi ile yiliz yiize
kalacaktir. Bu nedenle artik geri doniilmesi zor olan
cevre felaketlerinden korunmak bir nebze olsun
dogal yasami kurtarmak onem arz etmektedir [1].
Bu nedenle kalan su kaynaklarin kirlenmeden ve
asir1 tiiketimden korunmasi 6nemlidir. Son yillarda
ozellikle iilkemizde proses sularinn ileri ariimdan
gectikten sonra yeniden kullanilmasi konusunda
tesvikler verilmesi giindemdedir. Bu anlamda ilgili
tiriin  gelistirilmesi sirasinda oldukca yiiksek
miktarla temiz su kaynaklarimi tiiketen tekstil
endiistrisi atiksularinin ileri derecede aritilmasi
oldukca 6nem arz etmektedir [2].

Tekstil endiistrisi atiksularinin aritilmasi
konusunda pek c¢ok calisma mevcuttur, bu
calismalardan  bashcalari  adsorpsiyon  [3],
biyosorpsiyon [4], membran filtrasyon [5],
ozonlama [6], biyolojik aritim 71,
elektrokoagiilasyon [8], elektrofenton [9] ve

elektrooksidasyon [10] olarak sayilabilir.

Elektrooksidasyon kisaca organik maddelerin
dogrudan ve/veya dolayli olarak son tiriinlere ya da
ara organiklere parcalanmasi olarak tanimlanabilir.
Elektrooksidasyon prosesinde genellikle aktif olan
elektrot anot materyalidir. Bu proseste grafit, bor
kapli elmas, Ti/PbO:, Ti/Pt, Ti/IrOz, Ti/RuO: gibi
metal oksitler ve metal oksitlerin farkli oranlardaki
karisimlar1  ile  kaplanmis  anotlar  tercih
edilmektedir [11]. Direk elektrooksidasyon organik
maddelerin direk anot yiizeyine adsorbe olarak
hidroksil radikalleri (OHe) yardimiyla
parcalanmasidir. Dolayli elektrooksidasyon ise

organik maddeler Clz, OCl;, HOCI, Os ve H20: gibi

ara ajanlar yardimiyla son  triinlere
parcalanabilmektedir [12].
Bu calismada, sentetik atiksulardan

elektrooksidasyon yontemiyle renk giderimi
aragtirllmigtir. Paslanmaz c¢elik katotlarin ve
Ti/IrtO2/RuO:2 anotlarin  kullanildig:
kesikli modda gerceklestirilmistir. Aritma verimi
izerine baslangi¢ boyar madde konsantrasyonu ve

calismalar
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sicakligin  etkisi  gibi

incelenmistir. Ayrica bu parametreler icin enerji

deneysel parametreler

tiiketim degerleri incelenmistir.
2. MATERYAL VE YONTEM

Bu c¢alismada metilen mavisi (MM)

maddesinin 1000 mg/L'lik stok ¢ozeltisi hazirlanip

boyar

istenilen seyreltmeler yapilarak
gerceklestirilmistir. MM  boyar

molekiiler sekli Sekil 1’de verilmistir.

N
OO0V
H;C
% +
C

deneyler
maddesinin

cr s

H;C
Sekil 1: MM'nin molekiiler yapisi.

Elektrooksidasyon denemelerinde 2000 mL’lik
fiberglastan yapilmis bir reaktdr kullamilmistir.
Denemeler esnasinda gerekli olan elektrik akimini
saglamak icin bir adet Chroma marka dijital
kontrollii dogru akim gii¢ kaynag: (62024P-40-120
model 0-40V, 1-120A) kullanilmigtir. Karistirma
tinitesinin iyi bir homojenizasyon saglamasi icin
dijital manyetik karistirici (Heidolph MR-3004),
reaksiyon baslangicinda atiksuyun pH, iletkenlik
ve sicaklik degerlerini ayarlayabilmek ve reaksiyon
stiresince bu degerleri anlik okuyabilmek icin bir
adet WITW marka multimetre sisteme monte

edilmigtir. Belli zaman araliklarinda alinan
numunede renk analizi (Spekol-1100 UV-Vis
spectrophotometer) = marka  spektrofotometre

kullanilarak yapilmistir. Renk analizleri 663 nm
dalga boyunda yapilmuistir.

Tim plaka boyutlarmin yaklasik 1slak yiizey alani
2240 cm? olarak hesaplanmistir. Plakalar arasi
mesafe 5 mm olarak secilmis ve toplam 10 plaka (5
anot ve 5 katot) ile ¢alisitlmistir. Dogru akim giig
kaynag: kullanilarak sisteme elektrik saglanmis ve
manyetik karistirict yardimiyla ¢ozelti siirekli
karistirilmistir. Katot materyali olarak paslanmaz
celik, anot materyali olarak Ti/IrO2/RuO: anotlar
kullanilmistir. gerceklestirildigi
elektrokimyasal diizenek S$ekil 2’de verilmistir.
Atiksuda gerekli iletkenligi saglamak ic¢in destek
elektrolit olarak NaCl kullanilmigtir. Calismalar

Denemelerin
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sicaklik  kontrollil sirkiilatorti  kullanilarak
istenilen degerde sabit sicaklik altinda yapilmisgtr.

su

Giderim verimi, enerji tiiketimi ve akim yogunlugu
denklem 1, 2 ve 3 kullanilarak hesaplanmistir.
Giderim verimi;

M x100
C

0

1(%) =( @)

Sekil 2: Deneysel diizenek. (1. Dogru akim giig
kaynagi, 2. Manyetik karistiricy, 3. Reaktor, 4.
Ti/IrO2/RuO:2 anot, 5. Paslanmaz celik katot, 6. Su
sirkiilatorii, 7. Multiparametre 6lger, 8. Numune, 9.
Aritilmis su).

Burada, Co Dbaslangicta atiksudaki kirletici
konsantrasyonunu (mg/L), C: t aninda atiksuda
kalan  kirletici  konsantrasyonunu  (mg/L)
gostermektedir.
Enerji tiiketimi;
kW —saat | VxIxt
ET 3 = )
m \"

Burada, ET enerji titketim degerini (kW-saat/m3), I
uygulanan akim siddetini (A), V sistemde olusan
potansiyel farki (Volt), t zamani (dakika) ve v
reaktordeki toplam ¢ozelti hacmini gostermektedir
(m?).

®)

Burada, | (mA/cm?), [
uygulanan akim siddetini (A), As aktif elektrot
ylizey alanini (cm?) gostermektedir.

akim  yogunlugunu
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3. ARASTIRMA BULGULARI

3.1 Giderim verimi iizerine baslangic boyar
madde kirliliginin etkisi

Baslangic boyar madde etkisinin incelendigi
calismalar ¢ozelti dogal pH degerinde (=7,5), 0,45
1 mM NaCl
varliginda, 200 rpm karistirma hizinda, 20°C sabit
sicaklikta ve 30 dakikalik stire i¢in 25 mg/L, 50
mg/L, 100 mg/L ve 250 mg/L konsantrasyonlari i¢in

Elde Sekil 3'te

mA/cm? akim yogunlugunda,

incelenmistir. dilen sonuglar

verilmistir.

100
80
__60
&\O/ —e—25mg/L
&40 —&8—50 mg/L
0 —4a— 100 mg/L
—e— 250 mg/L
0

0 5 10

15 20 25 30
Zaman (Dakika)
Sekil 3: Giderim verimi tizerine baslangi¢ boyar
madde konsantrasyonunun etkisi (J:0,45 mA/cm?,
pH~7,5, DE: 1 mM NaCl, KH: 200 rpm, T: 20°C).

Sekil 3'te goriilebilecegi {izere giderim verimleri 25
mg/L, 50 mg/L, 100 mg/L ve 250 mg/L i¢in sirastyla
%99,99, %99,31, %96,38 ve %77,89 olarak elde
edilmistir. Artan boyar madde konsantrasyonu ile
giderim azaldigr hesaplanmasina
ragmen birim hacimde giderilen boyar madde
miktar1 artmistir. Artan boyar madde miktar ile
anot ylizeyine adsorbe olan boya molekiillerinin

veriminin

miktar1 artmistir. Bunun sonucu olarak dogrudan
elektrooksidasyon artmistir. Ayrica ortamda
bulunan klor iyonlar1 yardimiyla dolaylh
elektrooksidasyon miktar1 da artmistir [13]. Baska
bir baslangig boya
konsantrasyonunun artmasiyla, elektrot yiizeyinde
¢ok daha fazla boya molekiilii adsorbe edilecek, bu
da ytlizeyde su adsorpsiyon olasiligini azaltacak ve

¢gikarim olarak,

boylece  hidroksil  radikalinin = olusumunu
azaltacaktir. Buna ilave olarak, bu durum elektrot
kirlenmesine yol acabilir ve bu nedenle
elektrotlarin oksidasyon performansi

diisebilmektedir [14, 15].
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3.2 Giderim verimi iizerine sicakligin etkisi

Sicaklik etkisinin incelendigi ¢alismalar ¢ozelti
dogal pH degerinde (=7,5), 0,45 mA/cm? akim
yogunlugunda, 1 mM NaCl varliginda, 200 rpm
karistirma hizinda, 50 mg/L boyar madde
konsantrasyonunda ve 30 dakikalik siire i¢in 10°C,
20°C, 30°C ve 40°C sabit sicaklik degerlerinde
incelenmistir. Elde dilen sonuclar Sekil 4'te

verilmistir.

0 5 10 15 20 25 30
Zaman (Dakika)

Sekil 4: Giderim verimi tizerine sicakligin etkisi
(J:0,45 mA/cm?, pH~7,5, DE: 1 mM NaCl, KH: 200
rpm, Co: 50 mg/L).

Sekil 4'te goriilebilecegi {izere giderim verimleri
10°C, 20°C, 30°C ve 40°C igin sirasiyla %98,22,
%99,31, %99,67 ve %99,99 olarak elde edilmistir.
Artan sicaklikla ¢ozeltinin viskozitesi azalmustir.
Bunun sonucu olarak anot yiizeyine kirleticiler
daha kolay adsorbe olmus ve elektrokimyasal
oksidasyonu daha kolay gerceklesmistir. Bununla
birlikte, artan sicakliklarin kimyasal reaksiyonlarin
hizmi artirdigt da bilinmektedir [16]. Ayrica
sicaklik etkisi, yiiksek sicakligin sadece boya
bozunmasmi degil, ayni1 zamanda renk giderimi ve
ara Uriinlerin bozunmasi arasinda rekabetgi
reaksiyonlara yol agan bazi muamele edilmesi zor
ara maddelerin olusumunu da tesvik ettigi ve
dolayistyla renk gideriminde iyilestirmeye yol
actig1 agiklanabilir [17, 18].

3.3 Enerji tiiketimi

Enerji tiiketiminin 6lgiilmesi elektrokimysal aritim
proseslerinin uygulanabilirliginin test edilmesi
Oonemli bir parametredir. Atiksu
ortaminin iletkenlik degeri enerji tiiketimini
azaltmaktadir. Ayrica sicaklikta atiksu ortaminin
akiskanligini azaltacagindan daha diisiik enerji

agisindan
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tiketimlerini saglayacaktir.

etkisinin

Baslangig
konsantrasyonunun
denemelerde elde edilen enerji titketim degerleri
Sekil 5te verilmistir.

incelendigi

25
—e—25mg/L
20 —8— 50 mg/L
mE —a— 100 mg/L
g 15 ——250 mg/L
\E] 10
=
5
0

0 5 10 15 20 25 30
Zaman (Dakika)

Sekil 5: Eneriji tiiketimi iizerine baslangi¢ boyar
madde konsantrasyonunun etkisi (J:0,45 mA/cm?,
pH=7,5, DE: 1 mM NaCl, KH: 200 rpm, T: 20°C).

Sekil 5te goriilebilecegi tiizere baslangic boyar
madde konsantrasyonlar1 25 mg/L, 50 mg/L, 100
mg/L ve 250 mg/L igin elde edilen enerji tiiketim
degerleri sirasiyla 21,42 kW-sa/m?, 19,44 kW-sa/m?,
18,00 kW-sa/m3 ve 16,20 kW-sa/m3 olarak elde
edilmistir. Atiksu ortaminda artan boya miktariyla
beraber iletkenlige katkida bulunacak iyonlarda
artmistir. Bunun sonucu olarak iyon miktarmin
enerji tiiketiminin azalmasina sebep
olmustur [19].

artmasi

Enerji tiiketim degerlerinin atiksu sicakligi icin
yapilan calismalar {izerine sicakligin etkisi 10°C,
20°C, 30°C ve 40°C igin aragtirilmis ve elde edilen
sonuclar Sekil 6'te sunulmustur.

30
—e—10°C
25
o
20
g
(o]
g‘f’ 15
<
H
[Ra]
5
0

0 5 10 15 20 25 30
Zaman (Dakika)

Sekil 6: Eneriji tiiketimi tizerine sicakligin etkisi
(J:0,45 mA/cm?, pH=7,5, DE: 1 mM NaCl, KH: 200
rpm, Co: 50 mg/L).
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Sekil 6’da goriilebilecegi {izere enerji tiiketim
degerleri 10°C, 20°C, 30°C ve 40°C igin sirasiyla
25,20 kW-sa/m3, 19,44 kW-sa/m3, 16,20 kW-sa/m3 ve
10,62 kW-sa/m? olarak elde edilmistir. Sonuglardan
da goriilecegi gibi atiksu sicakliginda meydana
gelen artis enerji tiiketim degerlerinde azalmaya
sebep olmustur. sebebi
sicakligin atiksu vizkozitesini azaltmasma bagh
olarak elektrik akimmin daha kolay iletilmesi ve
akima karsi gosterilen elektriksel direncin azalmasi
olarak diisiiniilebilir [20].

Bunun olarak artan

4. SONUCLAR

Bu calismada, MM iceren sentetik atiksulardan
Ti/IrO2/RuQ:2 anot kullanilarak elektrooksidasyon
yontemiyle renk giderimi g¢alisilmistir. Deneysel
olarak baslangic boyar
konsantrasyonunun etkisi ve sicaklik degisiminin
etkisi incelenmistir. Deneysel sonuglardan yola
¢ikarak asagidaki ¢ikarimlar yapilmistir.

parametreler madde

e Boyar madde konsantrasyonunda artis ile
giderim verimleri diismesine ragmen birim
hacimde aritilan boyar madde miktar1 artmistir.

e Sicaklik artist giderim verimine katkida
bulunmustur.
e Artan boyar madde  konsantrasyonu

iyonlasmaya katkida bulundugu icin enerji
tiiketiminin azalmasina yardimeci olmustur.

e Sicaklik artis1 ile atiksu akigkanligi artmis ve
elektrik iletimi daha iyi gerceklestigi icin enerji
tiiketim degerlerinde azalmaya sebep olmustur.

Bu sonuglardan yola ¢ikarak, atiksulardan renk
giderimi i¢in elektrooksidasyonun etkisi bir proses
Ayrica deneysel

anotlarin
sekilde

oldugu sonucuna varilabilir.
calismalar Ti/IrO2/RuO2
elektrooksidasyonda etkisi  bir rol

oynadigini gostermistir.
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Kirchhoff Yaklasimi integralinin Radon Dontisiimii Yorumu ile
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OZ: Bu calismada, diizlemsel dalga ile aydinlatilmis, yumusak ve sert sagicilardan olusan uzak alandaki akustik
sagilmanin, Kirchhoff yaklasimi (KY) ile zaman uzayinda analizinde ortaya ¢ikan i1sima integralinin kapali-formda
belirlenmesi gosterilmistir. Ozel olarak KY ile ortaya ¢itkan 1s1ma integralinin, elektromanyetikteki esdegeri olan fiziksel
optik (FO) yaklasimi kullanildiginda olusan 1s1ma integrali ayni oldugu gosterilmistir. Sonug olarak FO yaklagimi i¢in
Radon doniisiimii yorumu ile gelistirilen kapali-form ifade dogrudan KY igin kullanilabilir. Kapali-form ifadelerinin
dogrulugu bir niimerik 6rnekle gosterilmistir.

Anahtar Kelimeler: Akustik sac¢ilma, Kirchhoff yaklasimi, zaman uzay1 analizi

ABSTRACT: In this work, closed-form evaluation of the radiation integral to determine the time domain acoustic
scattered fields at the far zone for soft and hard scatterers using Kirchhoff approximation (KA) under plane-wave
illumination is presented. Specifically, it is shown that the radiation integral for KA is the same as the physical optics
(PO) integral, which is the equivalent of KA in electromagnetics, for perfect electrically conducting scatterers.
Consequently, the closed-form expression of the PO integral developed using Radon transform interpretation can be
used in KA directly. The validity of the closed-form expression is demonstrated via a numerical example.

Keywords: Acoustic scattering, Kirchhoff approximation, time domain analysis

1. GIRIS

Kirchhoff yaklasimi (KY) akustik sa¢ilmanin analizi
icin kullarulan yiiksek frekans tekniklerinden
biridir [1]. Kisaca KY'de Kirchhoff integral
denklemindeki [1]-[3]
potansiyelinin sagic1 yiizeyinin aydinlik kesiminde
gelen hiz potansiyelinin iki kat1 oldugu; golge veya
karanlik bdlgede ise 0 oldugu varsayilir [1]. Ozel
olarak sacici yiizeyinin aydimnlik kesiminde sert

bilinmeyen hiz

sagicllar  icin  hiz potansiyelinin gelen hiz
potansiyelinin 2 kati, yumusak sagicilar igin ise hiz
potansiyelinin normal yondeki degisiminin gelen
hiz potansiyelinin normal yoniindeki degisiminin 2

kat1 oldugu varsayilir. Bu varsayimlar ile sagilan
akustik alanlar1 belirlemek icin, varsayilan hiz
potansiyeli kullanilarak sacic1 ytlizeyinden olan, bu
calismada KY integrali olarak adlandirilan 1sima
integrali hesaplanir [2].

Sacilan akustik alanlar1 niimerik olarak belirlemek
i¢in ilk olarak sagic1 yiizeyi tiggen veya dortgen gibi
ylizey pargalari ile ayriklastirilir. Daha sonra, KY ile
varsayllan hiz potansiyelleri kaynak olarak
kullanilarak yiizey parcalar: tizerinden KY integrali
hesaplanir. KY integrali, hizli salinan gekirdege
sahip oldugundan, sagici yiizeyi {izerinden bu
integrali niimerik olarak belirlemek integral

bolgesinde cok fazla ornek almay1
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gerektirmektedir. Bu sebeple, KY integrali icin
kapali-formda veya yaklasik ifadeler bulmak
KY'nin hizli ve dogru sonug vermesi i¢in 6nemlidir
(1]-[6], [10].

KY'nin elektromanyetikteki esdegeri fiziksel optik
(FO) yaklasimidir [1]. Benzer olarak FO
yaklasiminda da FO integralinin belirlenmesi
gerekmektedir ve bu integralin analitik veya
yaklasik olarak belirlenmesi {izerine bir¢ok ¢alisma

yapimistir ~ [4]-[15]. Genel olarak 1s1ma
integrallerinin ~ Radon dontistimii olarak
yorumlanmasi, 1sima integrallerinin zaman

uzayimnda yiiksek dogruluk ve hizli bir sekilde
belirlenmesine olanak saglar [6]-Hata! Basvuru
kaynagi  bulunamadi. Radon  doniisimii
yorumuyla; sacgici ylizeyi {izerinden olan FO
integrali, kaynag1 olusturan gelen alanin yayilma
yoniiniin ve gézlem noktasi/yoniiniin olusturdugu
ylizey ile integral bolgesinin kesisimi sonucu
olusan tizerinden integrale
indirgenebilmektedir. Olusan egrinin yapisina gore

egri

egri lizerinden olan integral; analitik olarak, kapali-
formda, niimerik integrasyon ile tam olarak veya
yaklasik olarak belirlenebilir. Bu durum sagilma
problemine modelleyen yiizey
parcalarina baglidir. Bu yaklasimin ilk Ornegi

ve  sagiclyl
olarak diizlemsel dalga ile aydinlatilan ve sacilan
alanlarin uzak alanda gozlendigi durum igin
dizlem-lineer kesisimi FO
kapali-formda belirlenmesi

uggen sonucu
integralinin
gosterilebilir [6]. Bunlar1 daha sonra FO integralinin
diizlem-NURBS (Non-uniform rational B-spline) [7]
diizlem-yiiksek dereceli {icgen [9]-Hata!
Basvuru kaynagi  bulunamadi.  kesisimleri

kullanarak nimerik olarak belirlenmesi, zaman

ve

uzay: integral denklemlerin zamanda adimlama
yontemi ¢oziimlerinde kullanulan lineer {i¢genler
Rao-Wilton-Glisson ve lineer
tetrahedronlar tizerinde tanimli Schaubert-Wilton-
Glisson fonksiyonlarindan olusacak elektrik ve

lizerinde tarmiml

manyetik  alanlarin  kapali-form  ifadelerinin
belirlenmesinde, sirasiyla, kiire-lineer {icgen [16]-
[18] wve kiire-lineer tetrahedron [19], [20]

kesisimlerinden faydalanilmasi izlemistir.

Bu ¢alismada, diizlemsel dalga ile aydinlatilmis ve
lineer tiggenler ile ayriklastirilmis sert ve yumusak
sacicilardan olan uzak alandaki akustik sagilmanin
KY ile belirlemesi icin gerekli olan KY integralinin,
miikemmel elektriksel iletken sagicilardan olusan
elektromanyetik

sacilmanin  belirlenmesi igin
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gerekli olan FO integrali ile ayn1 oldugu ve [6]'da
gelistirilen, iiggenler FO
integralinin kapali-form ifadelerinin
kullanilabilecegi gosterilmistir. Ek olarak [6]'da
elektromanyetik sagilma i¢in FO yaklasimi frekans

lineer tizerinden

uzayinda formiile edilmektedir, bu c¢alismada ise
dogrudan zaman uzayi ifadeleri kullanilmistir.

Calismanin igeriginde, Bolim 2.1 ve 22'de,
sirasiyla, sert ve yumusak akustik sagicilar i¢in KY
formiilasyonu  sunulmus KY integrali
belirlenmistir. Boliim 2.3’te ise KY integralini [6]'da
verilen ifadeler ile belirlenmesi tartisilmigtir. Boliim

ve

3’te sunulan yontemin gegerliligi ve dogrulugunu
gosteren niimerik Ornek, son olarak Bolim 4’te
¢ikarimlar ve gelecekte yapilacaklar sunulmustur.

2. KIRCHHOFF YAKLASIMI

Dalganin yayilma hizinin C oldugu sonsuz genis
ortamda bulunan ve yiizeyi S ile gosterilen sagici,
zaman bagimhilig Dirac delta fonksiyonu () ve

ilerleme yonii K, olan diizlemsel dalga icin gelen

g
hiz potansiyeli

o, (rt)=o(t—k,-r/c) (1)
ile aydinlatilsm. S, ve S, aydinlatilmis sagic
ylizeyinin, sirastyla, aydinlk ve karanlik/golge
S=8,Us,.
aydinlik kism1 S,, S, N. {icgeni gostermek {izere,

kisimlarin1 ~ gostersin, Sagicinin

lineer tiggenler ile ayriklagtimlsin: S, =U S, .
Uzak alandaki sagilan alanlar ise k, yoniinde,
r = rk, gozlem noktasinda gézlensin.

Bu noktada sagilan alanlari sagiciin sert veya
yumusak sagict olmasi, diger bir deyisle simur

kosullar belirleyecektir.
2.1 Yumusak Sacici

Yumusak sacicilar icin toplam hiz potansiyeli
@, (r,t)'nin sacict yiizeyi S {izerinde sagladig:
siir kosulu ¢, (r,t)=0, resS, olarak verilir [1].
KY ile sagiar ylizeyi iizerindeki toplam hiz
ylizey  normali

potansiyelinin yoniindeki

degisiminin
. 20(r)-Vo,(r,t); res,
n(r)-V(Pt(f,t)={ ’

0 re Sg @)

oldugu varsayilir. Bu ifade uzak alan yaklasiklig1
altindaki Kirchhoff integral denkleminde [2] (1) ile
verilen gelen alan

ifadesiyle Dbirlikte yerine
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koyulursa, aydinlik yiizeyi lineer {i¢genler ile
ayriklagtirilmis yumusak sacic1 igin sagillan hiz
potansiyel alan

oot-rilc) .
(os,y(r't) :W*¢s,y (kgit) ©)
ile belirlenebilir. Burada “*” zamana gore

konvoliisyon ve ¢, zamana gore tiirev islemlerini
belirtmektedir, gog;d (kyit)  yumusak sagicr igin
menzili diizeltilmis sagilan hiz potansiyeli

oM (kg ) =" A(r)-Kk,h, (1) (4)

olarak tanimlanir. (4)'te h, (t) KY integralini
belirtmektedir ~ve N {iggen  {izerinden,
k. =(k, —K,)/2 olmak tizere
2
h,(t)=|0d|t——K,-r" |dr
L () I [ K j (5)

sn
olarak tamimlanir. KY integrali hakkinda detayh
bilgi ve nasil belirlenecegi Boliim 2.3'te verilmistir.

2.2 Sert Sacict

Sert sacicilar igin toplam hiz potansiyeli ¢, (r,t)
'nin sagic1 yiizeyi S {izerinde sagladig: sinir kosulu
N(r)-Ve,(r,t)=0, res, olarak verilir [1]. KY ile
sagic1 yiizeyi iizerindeki toplam hiz potansiyelinin

(Dt(r,t):{z%(r,t); res

0, re Sg (©)

oldugu varsayilir. Boliim 2.1’e benzer olarak (6)
uzak alan yaklasiklig1 altindaki Kirchhoff integral
denkleminde yerine koyulursa, aydinlik yiizeyi
lineer tiggenler ile ayriklastirilmis sert sagict icin
sagilan hiz potansiyel alani

g)ss(r’t) :M *¢STT;d (Rs,t)
' 2rre ’

ile belirlenebilir. Burada (pslgd (Rs,t) sert sagici igin

7)

menzili diizeltilmis sagilan hiz potansiyeli
md /[ N A [
gos,sd (ks !t) = anln(r ) ' kshn (t)

olarak tanimlanir. (8)’'de KY integrali h (t) (5) ile
tanimlandigr gibidir ve hakkinda detayl bilgi

(8)

Bolim 2.3'te verilmistir. (8) ile verilen ifadenin
yumusak sacici igin verilen (4) denkleminden fark:
K, nin yerini k,'nin almasidr.

2.3 KY Integrali

(5) ile verilen KY integralinin [6]'da (8) ile verilen
FO integrali ile ayn1 olduguna dikkat edilmelidir.
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Bu durumda lineer tiggenler icin [6]'da (11) ve (12)

ile  verilen, sirasiyla, zaman ve frekans
uzaylarindaki  kapali-form dogrudan
kullanilabilir. [6]'da verilen ifadeler belirlenirken,

(5)'teki ifadenin diizlemsel Radon doniisiimii

ifadeler

oldugu gerceginden vyararlanilarak integralin,

normali K, olan ve zamanla k, yoniinde ilerleyen
diizlem (Kk,-diizlemi) ile integral bolgesi S, 'nin
kesisimi olarak ifade edilebilecegi ve bu ifadenin
integral bolgesi lineer ii¢ggen oldugu durumda
kapali-formda ifadesinin belirlenebilecegi
gosterilmistir. Burada integral bolgesi ile diizlem
kesisimi olustugu icin (5)'te olusan ifade diizlemsel
Radon doniistimii olarak adlandirilabilir. [9]'da ise
bu ifadelerin Radon doniisiimii yorumu olmadan
Ancak  Radon

I 1 .. <
doniistimii yorumu S 'nin lineer {icgen olmadig:

belirlenmesi  gosterilmistir.
durumdaki gibi, matematiksel olarak zor veya
imkansiz ~ oldugu
integrallerinin kapali-formda veya tam olarak
belirlenmesine olanak saglamistir. Ornegin, farkli
kaynaklar (diizlemsel dalga veya noktasal kaynak)
ve gozlem durumlari (yakin/uzak alan) i¢in kiiresel,

durumlar  igin  1g1ma

paraboloidal, elipsoidal Radon déniisiimleri ortaya

cikabilmekte, S 'nin yiiksek dereceli {icgenler

oldugu durumlarda da 1s1ma integrallerinin tam

veya yaklasik olarak belirlenmesi
olmaktadir [7]-[10].

miumkin

3. NUMERIK ORNEK

Bu boliimde Sekil 1'de gosterildigi gibi yarigapi 1 m,
merkezi orijinde olan sert ve yumusak kiireden
akustik KY
incelenmistir. Sonuglar

ile
elde

dalganin yayilma

sagilma zaman uzayimnda

edilirken gelen

A

diizlemsel yonii K, =-2

secilmistir. Bu se¢im sonucunda kiirenin {ist yarisi
aydilanmaktadir (Sekil 1’de gri yiizey). Sacilan
alanin uzak alandaki
koordinatlarda

gozlem yonii kiiresel
(6.,4,)=(45,30) acilarina denk
gelen Kk, =0.6124%+0.35369 +0.70712 segilmistir.
Ornek iiretilirken sesin yayillma hizi 343 m/s
alinmistir ve zaman adimi biiyikliigii At =1.2499
us secilmistir. Sagicinin aydinlik yiizeyi 6934 lineer
tggen ile Bu  noktada
vurgulanmalidir ki elde edilen sonuglarin gecerli
olacag1 frekans bandinn st sinuri, 1s1ma integrali
kapali-formda belirlendigi i¢in, sagicinin ne kadar
iyi modellendigi, diger bir degisle {i¢genlerin

modellenmistir.
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bityiikliigii, ile

belirlenir.

ve zaman admmi bilytkligh

Sekil 2’de, sert ve yumusak sagicilar igin elde edilen
menzili
gosterilmistir. Sekil 2'de goriildiigii {izere K, -

diizeltilmis sagilan hiz potansiyelleri

diizlemi sagic1 kiire ile t = -5.386 ms’de kesismeye
baglamistir ve t=2.062 ms'de kesisim sona
ermistir. Ozellikle kesisimin basladig1 t=-5.3 ms
civarindaki sonuglarda olan ufak bozulma lineer
ticgenlerin sagiciyi yiiksek dereceden tiggenler gibi
modelleyememesinden kaynaklanmaktadir [10],
ancak bu bozulmalarin etkisi ¢ok daha yiiksek
frekanslarda goriilmektedir. Sekil 3'te ise zaman
uzaymnda elde edilen sagilan hiz potansiyellerinin
Fourier dontisiimii alinarak belirlenen sagilma kesit
alani (veya sonar kesit alani) (SKA) [1] degerleri
gosterilmis ve dogrudan frekans uzayinda niimerik
integrasyon ile elde edilen SKA degerleri ile 10 Hz-

4 kHz bandinda kargilagtirilmistir. Frekans
uzayindaki sonuglar elde edilirken niimerik
integrasyon icin 7 noktali Gauss-Legendre

integrasyon kurali (GLIK) kullamlmistir. Sekil 3'ten
goriilecegi tizere hem sert hem de yumusak sagici
kiire icin elde edilen sonuglar tist tistedir.

Sekil 4(a) ve 4(b)'de, sirasiyla, sert ve yumusak
sagicilar icin Sekil 3'te zaman uzayinda elde edilen
sonuglarla hesaplanan SKA degerleri ile frekans
uzayinda 4, 7 ve 19 noktali GLIK kullanilarak elde
edilen SKA degerleri arasindaki rolatif hata
hesaplanarak  gosterilmistir.  Rolatif  hatalar
[10]’daki (34) kullanilarak her bir frekans 6rnegi igin
elde edilmistir. Sekil 4'te goriildiigi gibi diisiik
frekanslarda hata oranlar1 benzer olmasina ragmen,
yiiksek frekanslarda integrasyon kuralinin nokta
sayist arttikca, rolatif hata azalmaktadir ve frekans
uzayl sonuglar1 zaman uzaymnda elde edilen
sonuglara yakinsamaktadir. Yine de nokta sayisinin
artmasma ragmen hata seviyesinin belli bir
seviyede oldugu goriilmektedir. Bu seviye zaman
adimi biyiikliigiinden kaynaklanmaktadir. Sekil
5’te tiim frekans Ornekleri kullanilarak elde edilen
rolatif hatanin zaman adimu biiyiikliigii ile degisimi
Sekil ~ 5'ten gibi
integrasyon kuralinin nokta sayisi arttikga, diger bir
degisle dogrulugu arttikca ve zaman adim
kiigiilditkge rolatif hata azalmaktadir. Frekans
uzayinda GLIK kullamilarak elde edilen SKA
degerleri, zaman uzayinda kapali-form ifade
kullanilarak elde edilen SKA  degerlerine
yakinsamaktadir. Zaman uzayinda elde edilen

gOsterilmistir. goriildiigii
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SKA
kapali-formda

kullanilarak
degerlerinde,  KY
belirlendigi igin, hataya sadece zaman adimi
biiytikliigii etki etmektedir. Frekans uzaymda KY
integrali say1s1

sonuglar hesaplanan

integrali

belirlenirken, nokta arttikca

sonuctaki hata azalmaktadir.

z[m]

y(m]
Sekil 1: k ¢ = ~Z yoniinde aydinlatilmus kiire

x[m]

geometrisi: Gri ylizey aydinlik bélgeyi, siyah
ylizey golge bolgeyi gostermektedir.

1000 4

Yumusak sagici
———  Sert sagic1

500 4

Hiz Potansiyelleri

-500 -

Menzili Diizeltilmis Sagilan

-1000 -

[

% 4 2 0
Zaman [ms]
Sekil 2: Sert ve yumusak kiire i¢in menzili
diizeltilmis sacilan hiz potansiyelleri.
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04 Yumusak sagici (zaman)
Sert sagict (zaman)
-2 A Yumugak sagic (frekans)
————— Sert sagici (frekans)
4
0 1 2 3 4
Frekans [kHz)
Sekil 3: Sert ve yumusak kiire igin SKA
sonuglarinin kargilagtirmasi.
i GLIK -4
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jun)
—
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'S,
107
1076 4 i
1
107 !
0 1 2 3 4
Frekans [kHz]
(b)

Sekil 4: Frekans uzayinda GLIK kullanilarak elde
edilen SKA sonuglari ile zaman uzayinda kapali-
form ifadeler kullanilarak elde edilen SKA
sonuglar1 arasindaki rolatif hata: (a) Sert ve (b)
yumusak kiire.
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Sekil 5: Farkli zaman adimu biiyiikliiklerine gore
rolatif hatanin degisimi: (a) Sert ve (b) yumusak
kiire.

4. SONUCLAR

Bu calismada, yiiksek frekans akustik sacilma
problemlerinde kullanilan KY sonucu ortaya ¢ikan
ve KY adlandirilan
integralinin, elektromanyetikteki FO integrali ile
ayn1 oldugu ve boylece FO integrali i¢in gelistirilen
kapali-form kullarilabilecegi
gosterilmistir. KY integrali belirlenirken herhangi
bir yaklasiklik veya hata yapilmadigindan elde
edilecek adimi
biiyiikliigii ve sacicinin ne kadar iyi modellendigi
belirlemektedir. Bu calisma temel alinarak benzer
yaklasimlar yiiksek dereceden {i¢genler veya
NURBS yiizeyler igin gelistirilebilir.

integrali olarak 151ma

ifadelerin

sonuglarin  gegerliligi zaman
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ABSTRACT: Side-channel attacks can be classified as cybersecurity threats that risk the confidentiality, integrity, and
authenticity of the information. However, they are often overlooked by developers, manufacturers, and maintainers
since adversaries need to access devices physically most of the time. Although they are usually ignored, the
development of novel attack methods and countermeasures show that side-channel attacks maintain their importance
in cybersecurity. Unfortunately, although advanced analysis methods are presented in detail, the discussion of
measurement campaigns and the negative effects of environmental parameters are usually omitted in the articles. In
order to close this gap, a measurement campaign that can be used in power analysis side-channel attacks, possible
problems that researchers may encounter during measurements, and their solution methods are presented in this article.
In addition, interference caused by a signal generator operating in the same environment has been experimentally
demonstrated to show that dedicated jammers can significantly affect the performance of analysis methods.

Keywords: Side-channel attacks, power analysis, measurement, interference, framework

0Z: Yan kanal saldirilar, giiniimiizde bilginin gizliligini, biitiinliigiinii ve 6zgiinliigiinii tehdit eden fakat fiziksel erisim
gerekliligi yliztinden siklikla g6z ardi edilen bir siber giivenlik tehdidi olarak siniflandirilabilir. Her ne kadar goz ardi
edilseler de yeni saldir1 yontemlerinin ve onlemlerin literatiire sunuluyor olmasi, yan kanal saldirilarinin énemini
korudugunu gostermektedir. Ne yazik ki, 6l¢iim diizeneklerinin betimlemesinin ve cevresel degiskenlerin olumsuz
etkilerinin agiklamasinin yayinlarda genellikle ihmal edildigi gozlemlenmektedir. Bu agig1 kapatabilmek amaciyla gii¢
analizi saldirilarinda kullanilabilecek bir 6l¢iim diizenegi, arastirmacilarn dl¢iim diizeneginde karsilasabilecegi olasi
sorunlar ve ¢6ziim yontemleri bu makalede sunulmustur. Ek olarak, cevresel etkenlerin énemini vurgulamak ve yiiksek
giiclii karistiricilarin, saldirilarin performansini etkileyebilecegini gostermek amact ile 6lgiim diizeneginin yakinlarinda
calisan bir isaret {iretecinin sebep oldugu girisim deneysel olarak gosterilmistir.

Anahtar Kelimeler: Yan kanal saldirilari, gii¢ analizi, 6l¢iim, girisim, altyap1

1. INTRODUCTION

Security, privacy, and confidentiality are all among
the essential parts of contemporary communication
systems and information services. Recently, they
have become integral components of digital
technology design, development stages, and

manufacturing processes as well. Ranging from
signal level approaches such as covert transmission
methods [1] to hardware level techniques such as
digital (silicon or non-silicon) fingerprinting of
physical unclonnable functions [2], information
security concepts continuously improve. Of course,
with the great advances in digital technology,
adversarial techniques also evolve and threaten

Halil Said Cankurtaran, Orcid: 0000-0003-3143-2538 / Ali Boyaci, Orcid:0000-0002-2553-1911 / Serhan Yarkan, Orcid: 0000-0001-6430-3009


mailto:h.cankurtaran@ogr.iuc.edu.tr

Cankurtaran, Boyaci, Yarkan / TUR MUH. ARAS. VE EGIT D. 1(2), 92-99, (2022)

these emerging methods and techniques.

Concerns regarding the confidentiality, integrity,
and authenticity of the message/information have
not been alleviated even the scientific and
technological developments have changed the
medium that information is stored or transferred, or
different encryption algorithms are developed [3,
4]. For instance, Rivest-Shamir-Adleman (RSA)
algorithm is developed to restrict third parties’
access to sensitive and/or personal information [5].
RSA exploits the complexity of the factorization of
large numbers which are generated by the
multiplication of two prime numbers. Due to the
nature of the factorization problem, it may take
thousands of years to solve a message encrypted by
the RSA depending on the size of prime numbers
used. While certain people try to develop efficient
methods to solve encryption algorithms, the nature
of electronic devices can also be exploited to reveal
disguised information [6].

Depending on the physical structure of electronic

devices and computational processes,
unintentionally emit/generate different kinds of
signals such as electromagnetic waves [7], heat [8],
sound, power consumption [9], and timing [10].
Computations and memory read/write operations

are generally determined by previously determined

they

private keys in encryption algorithms. Hence, they
are usually embedded into the devices in such a
way that third parties cannot access them.
However, adversaries can exploit leaked signals to
[9]. A block
diagram of encryption process is illustrated in Fig.
1. This figure emphasizes the differences between
the ideal and real-world implementation of an
encryption method and shows unintentionally

reveal confidential information

generated side-channel signals.

Figure 1: Diagram showing possible side-channel
leakages during the encryption.

Recent studies show that encryption modules used
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in common end-user products can easily be abused
by conventional power-analysis techniques [11].
Moreover, it is much easier to access high
performance side-channel attack (SCA) algorithms
and

software due to the developments in

electronics, computation, and machine learning

algorithms [12]. Hence, developing
countermeasures by  conducting  recently
introduced studies and understanding the

vulnerabilities of devices is a crucial task for
researchers. accurate
measurements is the fundamental step in SCAs
independent from the scale, device, or application
[13]. Hence, measurement methods, devices,

device-dependent parameters, and environmental

Taking and precise

conditions should be optimized for each type of
measurement. On the other hand, most of the
papers in the literature omit a detailed explanation
of their measurement devices, parameters, and
environmental conditions. This attitude contradicts
the reproducibility principle of the scientific
method and increases the steepness of the learning
curve for people. As a result, the pace of
development in cybersecurity is decelerated since
people spend their the
measurement environment, which is done but not
reported before, instead of developing better
analysis methods and countermeasures. Thus, this
paper aims to close the gap between an expert and

time optimizing

a novice in the power analysis SCAs field of
research. A typical measurement campaign,
connections, and configurations are presented to
make researchers familiar with the
Additionally, possible issues researchers might

setup.

encounter, and their solutions are presented. Also,
the effects of electronic devices operating near the
measurement environment are presented. Results
show that even if measurements are taken over a
resistor using oscilloscope probes, other electronic
devices operating in the same environment might
interfere with the measurements. These results raise
another question: Can measurements be jammed by
using highly directional antennae intentionally?
However, these problems will be explored in the
upcoming studies.

Article is structured as follows: In Section 2, SCAs,
countermeasures and importance of measurements
are explained. In Section 3, a typical measurement
campaign to conduct a power analysis SCA is
presented. Section 4 lists the most common issues



Cankurtaran, Boyaci, Yarkan / TUR MUH. ARAS. VE EGIT D. 1(2), 92-99, (2022)

the
demonstrates their solution methods. Then, in
Section 5, effects of an interference source in the
vicinity of measurement devices are presented.
Finally, conclusions and future directions are given

encountered during measurements and

in Section 6.

2. SIDE-CHANNEL ATTACKS

An SCA basically consists of three fundamental
steps: (i) data collection, (ii) data preparation, and
(iii) analysis. Data collection can also be divided
into two cases as intrusive and non-intrusive
methods. electromagnetic (EM) waves, sound, and
changes in temperature of the device can be
measured remotely/non-intrusively, where power
consumption and timing measurements require
physical access to pins or the power socket of the
device. In order to perform an SCA, almost all
methods assume that the beginning and end of the
encryption process are known for each and every
execution. Hence, one of the most important
processes before the analysis of data is determining
the region of interest (Rol) which can be defined as
the region where encryption is executed [14].
Additionally, the pre-processing step might include
some sort of filtering to remove noise. Finally, the
attacker performs an analysis to obtain the private
key from measurements. Several methods have
been proposed to overcome inherent noise in the
measurements such as differential power analysis
(DPA), correlation power analysis (CPA), and
template attack (TA) [6]. Additionally, researchers
successfully applied machine learning methods to
obtain private keys [15].

Several institutions published standards for
securing the storage, processing and transmission
of information [16-18] and researchers have been
developing countermeasures to prevent SCAs [19].
For instance, routing encryption operations to
lower-level metal layers inside the chip to prevent
emission of electromagnetic waves [20], performing
independent sub-procedures randomly or in
parallel to hide structural information [21], and
adding
consuming components to bury characteristic

randomly and redundantly power
power consumption signature of mathematical

operations into a noisy signal [19].
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3. A TYPICAL MEASUREMENT
CAMPAIGN

A basic measurement campaign for power analysis
consists of three elements: (i) A control device,
generally a computer, to send messages for
encryption, (ii) device under attack (DUA), and (iii)
a digital sampling oscilloscope (DSO) to acquire
voltage fluctuation during the encryption process.
However, a power supply having both floating and
earth ground options might be required to prevent
grounding issues. A block diagram representing a
basic measurement campaign is given in Fig. 2.
Each device and its operational requirements will
be explained.

O Ve|  Town, uss/EthernewRs2a Ve GND;
Measurement SCPI Commands Measurement
Control Device e Device

ower .
(Computer) Supply (Oscilloscope)
T "7 Optional Vi oD
A Probe‘
3 Blg —
£ 5 .
i Device Underglmlkiv+
% R"p Attack [ GND,

Figure 2: Block diagram of power analysis
measurement campaign.

3.1 Device Under Attack (DUA)

Power analysis can be performed on smart cards,
microprocessors, central processing units, graphical
processing units, mobile phones, etc. All of these
devices have an interface to communicate using
standard ports like USB, Ethernet, or RS232, or they
would have pins supporting I12C, or SPI. An attacker
should know the supply voltage of the device and
tap a resistor as close as possible to the processing
unit of DUA in order to eliminate the noise and
effect of other electronic components on the device
as much as possible. For instance, in this study
measurements are taken by soldering a resistor
between Vcc pin of Atmega 328P micro-controller
and DIP socket on Arduino UNO board as shown
in Fig. 3. Additionally, any filter regulating power
input can be removed to increase fluctuations
during the processes.
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Figure 3: Resistor attached between Vcc pin of
Atmega 328p and DIP socket on Arduino UNO.

3.2 Measurement Control Device

A measurement control device, typically a
computer, is used to send encryption messages to
the DUA and simultaneously control the

measurement device. Almost all measurement
equipment follows the Standard Commands for
Programmable Instruments (SCPI) [22]. Virtual
Instrument Software Architecture (VISA) library,
which is available in common programming
languages such as C++ and Python, can be used to
send SCPI commands to control measurement
devices remotely. Additionally, the measurement
device might have a triggering mechanism that can
be activated when encryption is started. For
instance, a trigger signal can be sent to the
measurement device right after the last byte of
input text send to the cryptographic device.
However, in most real-world scenarios, it is not
possible to control when the last byte of the message
is sent to or received by the DUA. Hence, dedicated
control and measurement hardware is developed to
provide a better triggering mechanism [23].

3.3 Measurement Device

A measurement device is used to acquire
fluctuations of input voltage while DUA
performing encryption. In order to record an
accurate and precise measurement, the parameters
of the measurement device should be set correctly.
Since most of the data is acquired in the time
domain, the sampling frequency of the device
should be set twice the clock frequency of the DUA
to prevent aliasing in the data. Also, the record
length of the DSO should be higher than the
if the

measurement device does not have an option to

duration of encryption. Additionally,

directly save the data in the memory, and provides
only the data displayed on the screen, then, the
vertical resolution of the device should be set in
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such a way that maximum peak-to-peak voltage fits
onto the screen perfectly.

3.4 Measurement Probe

In SCAs, differential probes are used to capture
small potential changes over the resistor. Most of
the probes have adjustable attenuation options to
make sure that the potential difference between the
positive and negative end of the probe falls into the
operational range of the analog-to-digital converter
of the DSO. However, the preferred probe should
not attenuate the input signal since voltage
fluctuations during a power analysis SCA on a
cryptographic electronic device will be in the order
of millivolts.

3.5 Power supply

An adjustable power supply might be required to
power up DUA. Additionally, it can be used to
isolate either measurement control device or
measurement device from the earth/chassis ground.
Grounding problems will be analyzed in Section 4
in detail.

4. REMARKS

In addition to points emphasized in Section 3,
researchers should be careful about the operation
and interconnection of devices in order not to
damage any equipment and collect accurate data.
This section tries to cover most common mistakes.

4.1 Ground Loops

A typical measurement environment consists of
four different elements (computer, DSO, probe, and
device under attack) which are interconnected to
each other as shown in Fig. 2. Computers and DSOs
are connected to the same electrical grid in most
cases, and they share common ground. If this grid
is directly connected to the power line, grounds can
be considered zero. However, as shown in Fig. 4,
the negative end of the differential probe is
connected to a point that approximately equals the
supply voltage of the DUA. In case the grounds of
the computer and DUA are also connected to each
other, DUA will be short-circuited and a current
flow through the ground path. Since the impedance
of ground paths is very low, the current flowing
through the ground path probably damages one of
the components in the measurement campaign.
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Ground Loop
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¥ Attack GND,
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Figure 4: Ground loop schematic representation.
4.2 Common Board Loop

Even computers and DSO connected to different power
sources whose grounds are isolated, connecting
these two devices via USB might equalize their
ground levels since USB ports are directly
connected to chassis ground in most electronic
devices. Hence, connection between computer and
DSO should be established via local area network
(LAN) cable if possible.

4.3 Interference

During the measurements, electromagnetic waves
generated by other electronic devices running in the
same environment might couple with the
measurement equipment. For instance, power
cables, resistors used to measure voltage
fluctuations and DSO probes act as an antenna if
they are not properly isolated. As a result, signal-to-
noise ratio (SNR) decreases, and the number of
measurements required to obtain information
increases. Moreover, measurements might be
jammed intentionally by people who want to
prevent the extraction of private information.
Hence, measurement environment should be
controlled for interference sources before beginning
the measurements.

5. CASE STUDY: EFFECTS OF
INTERFERENCE

5.1 Measurement Campaign

Devices used in the measurement campaign are
listed on Table 1 and shown in Fig. 5 and Fig. 6. In
order to prevent ground loop mentioned in Section
4.1 computer is connected to a Uninterrupted
Power Supply (UPS) socket, and DSO directly
plugged into the power grid. Additionally, the
computer and DSO are connected over LAN using
a Cat-5 cable to prevent the issue mentioned in
Section 4.2. Advanced Encryption Standard (AES)

algorithm is implemented on an Arduino UNO
(Atmega 328p micro-controller), and power traces
are recorded during the encryption. Arduino UNO
was connected to computer via USB cable to power,
and send encryption command along with 16 bytes
of message. Sampling rate of DSO is set to 33 MSPS
since clock of Arduino UNO operates at 16 MHz. It
is observed that serial read, encryption and serial
write operations on Arduino UNO approximately
take 18 ms, hence, record length is set to 50 ms.

Figure 6: Signal generators and DSO used during

measurements.

Measurements are taken under two different
conditions. First, all the equipment in the laboratory
except measurement devices are turned off.
Secondly, square waves are generated to interfere
with the power trace measurements. Peak-to-peak
voltage, and duty cycle of square wave is set to 10
V and 50% respectively. Frequency is swept from 16
MHz to 20 MHz in one second. A differential probe
is connected to output of signal generator to
simulate daily operations in a research laboratory.
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Table 1: List of equipment in measurement

campaign.
Equipment Brand Model
DSO Rohde & p70 1044
Schwarz
Computer ASUS  ROG G771JW
Signal Generator =~ AATech = AWG-1020
. Arduino
MCU Arduino UNO R3

6. RESULTS AND DISCUSSION

Time domain measurements of encryption process
including serial read, 10 round AES, and serial write
operations are given in Fig. 7 and Fig. 8 in
logarithmic scale. In each figure, 17 bytes of serial
read and write operations, and 10 rounds of AES
encryption can be seen between them. AES
algorithm is preferred due to the ease of
implementation and easily distinguishable power
consumption characteristics generated by S-boxes.
Traces, which are defined as the region where
calculations that we want to observe are carried on,
are aligned by inspection for this study, however,
trace alignment should be automated since
extraction of the data buried into the noise might
require hundreds of distinct measurements.

o Read/Encryption/Write Operations - Time Domain

Magnitude (dB)
4 & i b b fa A

-8

]

0 1 2 4 5 [

3
Samples x10°
Figure 7: Trace in time domain (no interference)

Frequency domain representation of the trace when
interference source is active is shown in Fig. 9. The
frequency spectrum is estimated by normalizing
traces in the time domain and taking 4096 points
Fast Fourier Transform (FFT) in MATLAB. It can be
seen that signal consists of several harmonics
approximately separated by 0.5 MHz. One of the
harmonics of the square wave sweeping from 16
MHz to 20 MHz in one second can be seen between
9 MHz and 10 MHz. Effect of this harmonic also can
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be seen in Fig. 11. When the signal generator is
inactive, the power of the trace is calculated as 0.40
V, and when the signal generator is active power
equals to 0.435 V. Also, mean power of 15 traces for
no interference and with interference cases
calculated as 0.40 V and 0.415 V respectively. These
calculations indicate an increase in the noise figure
when the interference source is on. Further analysis
carried out and magnitude spectrum histograms of
the power traces are given in Fig 10.

Read/Encryption/Write Operations - Time Domain

Magnitude (dB)
h A b R L

&

<

-8
0 1 2 3 4 5 6
Samples % 10°
Figure 8: Trace in time domain: Interference source
is active. Note the minuscule power level increase

in comparison to Fig 7.
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Figure 9: Magnitude spectrum of trace when
interference source is on.
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Figure 10: Histograms of magnitude spectrum of
traces. Normalized to represent probability mass
function
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In Fig. 10, histograms of magnitude spectrum
(power spectral density) of the traces are drawn
together to understand how interference sources
alter/perturb the measurements. These histograms
are normalized so as to represent the probability
mass function of power distribution on logarithmic
scale. It can be seen that, when the interference
source is active, the distribution of the magnitude
spectrum is right-shifted. Therefore, we can deduce
that the interference source pushes the noise figure
to higher levels and results in degradation of SNR.
This observation is also supported by the difference
between the mean power of 15 clean and noisy
traces. These results demonstrate the detrimental
effects of interference sources in the vicinity of the
measurement campaigns. Hence, in practical
applications, a threshold indicated by a blue vertical
dashed line as shown in Fig. 10 can be set to
determine whether there exists some sort of device
interfering with the measurements. If the mean of
the magnitude spectrum histogram is higher than
this threshold, then trace under analysis can be
discarded due to the lowered SNR. To sum up,
effect of the signal generator sweeping certain
frequencies is presented along with a method to
determine whether trace under analysis is affected
by some sort of interfering device or not.
Additionally, effects of the signal generator are
shown on spectrograms in Fig. 11.

The spectrogram is the temporal visualization of the
frequency components in a signal. It basically
demonstrates the evolution in the power of
harmonics as time passes by. In a spectrogram, the
vertical axis represents time, the horizontal axis
shows normalized frequency and color indicates
the power of the harmonics at the corresponding
time and frequency. In this study, spectrograms
provide us to represent a better way to show the
consequences of interference in the vicinity of the
measurement campaign. In Fig. 11, spectrograms of
two traces are presented. Windows size which
represents the number of samples in each FFT
chunk is set to 256 for these figures. In Fig. 11 (b),
one of the fundamental harmonics of the sweeping
square wave can be seen between 0.5 and 0.6 on the
horizontal axis which approximately corresponds
to 8 MHz and 10 MHz. Additionally, when we
compare the two spectrograms, it can be seen that
the power especially in the lower part of the
spectrum is increased.
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Figure 11: Trace spectrograms: (a) No interference,
(b) With interference.

7. CONCLUSIONS AND FUTURE WORK

In this study, a basic measurement campaign to
perform a power analysis SCA is presented.
Additionally, ground loops, common board loops,
and interference issues are presented along with
possible solution methods. It is shown that
measurement devices and DUA can be damaged if
they are not grounded properly due to the current
flowing through the ground path. Effects of
interference are presented along with the data
obtained wusing the proposed measurement
environment. As stated in Section 2, the
performance of the side-channel attacks and the
number of traces required to obtain private key are
inversely correlated with the SNR. Therefore, as
emphasized in this study, the measurement
environment should be isolated from any type of
interference sources. To the best of the authors’
knowledge, this study is one of the pioneers in the
literature that covers measurement campaigns in
such detail and shows the effect of interference
sources in power analysis side-channel attacks.
People neglect the effects of the interference in the
power analysis side-channel attack since traces are
obtained using an intrusive method. However, it is
shown that measurement equipment might couple
with the electromagnetic waves in the environment
and introduces noise to the measurements. In the
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upcoming studies, the effects of interference
sources will be evaluated by conducting standard
key extraction methods and measuring both the
performance and number of traces required to
obtain a private key. Additionally, an algorithm
that can automatically align measurements will be
proposed.
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ABSTRACT: The world population, which has increased exponentially in recent years, brings with it the increase in
energy consumption and the existing causes rapid depletion of resources. As a result of increasing population
numbers, the city jobs, housing, infrastructure, health, transportation, security, etc. meeting their needs difficulties are
encountered. Parallel to the rapidly depleting resources, the cities offered to the population opportunities are
decreasing and it is considered that it may become inadequate over time. Urbanism implemented with traditional
administrations in terms of not experiencing difficulties in terms of resources and opportunities. approach has begun
to leave its place to smart urban applications that can be described as smart. In this context, taking measurements
from all physical sizes in our environment with the understanding of smart urbanism, resources are stored in place
and interpreted both in real time and asynchronously. There are improvements in important criteria such as
consumption of energy, raising the living standard of the population, and the use of efficient energy will be the
subject. In this study, Industry, a concept that has entered our lives with smart urbanism and developing technology.
Within the scope of 4.0, cloud computing and internet of things, which are among the Industry 4.0 application layers.
An application on urbanism was carried out. Physical measurements taken from the environment, as a central
microcontroller It was measured electrically via the Arduino board used and then simultaneously or via the internet o
the Thinkspeak internet platform, a free platform for asynchronous use, for later interpretation was sent and stored
here, and then the evaluation stages were carried out.

Keywords: Smart cities, internet of things, cloud information, environmental measurements, digitalization

OZ: Son yillarda katlanarak artan Diinya niifusu beraberinde enerji tiiketiminin artirilmasin ve mevcut bulunan
kaynaklarin hizla tiiketilmeye baglanmasma neden olmaktadir. Artan niifus sayisiin bir sonucu olarak sehir
kapasitelerinin ¢ok tizerinde bir niifusun is, barinma, altyaps, saglik, ulasim, giivenlik vb. ihtiyaclarinin karsilanmasi
konusunda zorluklar yasanmaktadir. Hizla tiikenen kaynaklara paralel olarak sehirlerin niifusa sunmus oldugu
imkanlarda azalmakta ve bununla birlikte zaman igerisinde yetersiz duruma gelebilecegi degerlendirilmektedir.
Kaynaklar ve imkanlar noktasinda zorluk yasanmamasi agisindan geleneksel yonetimler ile uygulanan sehircilik
yaklagimi artik yerini akilli olarak nitelendirilebilecek akilli sehircilik uygulamalarini birakmaya baslamistir. Bu
baglamda akilli sehircilik anlayisi ile ¢evremizde bulunan tiim fiziksel biiytikliiklerden ol¢iimlerin alinmasi,
depolanmasi ve hem gercek zamanli hem de es zamansiz olarak yorumlanmasi sonucunda kaynaklarin yerinde
tiiketimi, niifusun hayat standardinin ytikseltilmesi, verimli enerjinin kullanimi gibi 6nemli kriterlerde iyilestirmeler
s0z konusu olacaktir. Bu calismada akilli sehircilik ve gelisen teknoloji ile hayatimiza girmis olan bir kavram olan
Endiistri 4.0 kapsaminda, Endiistri 4.0 uygulama katmanlarindan olan bulut bilisim ve nesnelerin interneti tabanl
olarak akilli sehircilik iizerine bir uygulama gerceklestirilmistir. Cevreden alinan fiziksel Olclimler, merkezi
mikrokontroldr olarak kullanilan Arduino kart aracilig: ile elektriksel olarak ol¢iimlenmis ve ardindan internet
araciligl ile es zamanli ya da daha sonra yorumlanmak tiizere eszamaniz kullanim igin {icretsiz bir platform olan
Thinkspeak internet platformuna gonderilerek burada depolanmis ve daha sonrasinda degerlendirme asamalar1
gerceklestirilmistir.

Anahtar Kelimeler: Akill sehirler, nesnelerin interneti, bulut bilisim, ¢evresel 6l¢timler, dijitalizasyon
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1. INTRODUCTION

In the last thirty years, population growth and
migration from rural areas to urban areas have
increased significantly. According to the data of
Turkey Statistical Institute (TSI), while 76% of the
population lived in rural areas and 24% in 2010,
92.5% of our population reached 81 million people
in 2017 and only 7.5% of them live in villages and
towns. At this point, our country is rapidly
urbanizing well above the world rates [1].

This rapid population growth in the cities, making
housing, health,
infrastructure, green areas and etc. more difficult
for local government services to reach people in a
more comfortable, faster and cheaper way [2].

transportation,  education,

Nowadays, the way of providing these services to
people quickly and inexpensively has brought
about the concept of ‘Smart City” with the use of
information and communication technologies.
“According to the European Commission, smart
city is defined and shaped by factors
sustainability, economic development and quality
of life. It is emphasized that smart city targets can
be achieved through physical infrastructure,
social capital, information and

technologies
Smart cities are created as safe, environmentally
sensitive, effective and efficient living centers
created with superior technologies such as sensor
systems, electronic devices and communication

of

human and

communication infrastructures.”

infrastructure [3].

At this point, the ‘Smart Cities” approach has come
to the forefront in the policies of countries and
international organizations as it has the potential
to produce rational solutions to urban problems.
This approach, which is based on the logic that
urban infrastructures and networks, especially
transport and energy, can manage itself without
human intervention, aims to improve the living
standards of people living in cities. Smart cities
have many stakeholders from different sectors.

Citizens, municipal administrations and
communication companies are the primary
stakeholders in anthropocentric smart cities.

Human beings stand out as the mass and user in
the target of the smart city, and municipalities are
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in an important place to provide public resources
to citizens as a service.

On the other hand, communication firms have the
function of gathering all the stakeholders in smart
cities on a single roof and creating the bridge
between them in terms of infrastructure [4].

1.1 The Examples of Smart Cities from our
Country and the World

With the emergence of the concept of smart city,
many countries in the world began to form the
technological infrastructure in this direction.

It is predicted that cities which determines the
needs and characteristics of cities in the direction
of smart urbanisation and creating the ecosystem
accordingly, will be one step ahead in the smart
urbanisation. Amsterdam is a pioneer in the smart
city approach, and its success is based on an
approach that complies with the principles of
strategic urban planning. Amsterdam's smart city
strategy is called the “Amsterdam Smart City
Program”. The this
introduced in 2007. The smart city initiative was
realized cooperation with ~ Amsterdam
Innovation Motor,

idea for initiative was
in
Liander energy network
operator and Amsterdam Municipality. Through
this portal, it is aimed to ensure the development
and strengthening of Amsterdam's information

society [5].

Barcelona, another example of a smart city, was
implemented in 2012 under the name of ‘Smart
City Barcelona Program, along with 200 projects in
22 different sectors with a smart city road map by
providing a holistic approach. Between 2011 and
2014, it has been identified that these smart project
implementations of Barcelona contributed
85.000.000 euros to the economy, 12 supported
projects created 1870 jobs, 53 million euros in
investment and 0.53 euros in investment for each
euro spent from the municipal budget. When the
economic benefit analysis of these applications is
made; There are 9700 tons of CO2 emissions
thanks to smart traffic applications, 600.000 tons of
water saving from park irrigation systems, and an
economic benefit expectation of 832 million euros
by 2025 [6], [7].
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Copenhagen, which was chosen as the green
capital in 2014, aims to increase the quality of life,
economic growth and create a sustainable city by
following the concept of smart city and enabling
the participation of its citizens. When the economic
impact of smart applications in Copenhagen is
examined, 1% increase in the number of tourists
visiting, new business opportunities of 104 million
euros have been created, a saving of 5.5 million m3
in water consumption, a saving of 1.7 million liters
of fuel at the end of 30 million km journey, and in
addition, thanks to the intelligent traffic systems
implemented, the traffic flow was improved by
11% and 32% [4].

Songdo, another smart city among the examples, is
65 km from Seoul, the capital of South Korea. The
city of Songdo was established as a smart city by
domestic and foreign large-scale companies, and
the infrastructure of GIS systems was established
in Songdo and smart home systems were delivered
to all citizens through digital communication. For
example, citizens can have meetings with their
children's  teachers through remote video
health public
transactions, tax payments and information can be

communication, remote care,
done. Garbage thrown from smart houses to
garbage cans on the street is separated by
underground separation units and conveyed to

final waste collection sites [8].

In Turkey, the transition to smart cities and smart
applications implementation, which started in the
2000s in development programs and plans, has
been involved in policy and strategy documents.
Policies, Vision 2023, Information Society Strategy
and Action Plan [6].

Smart city elements are determined by sub-areas
such as transportation, technology,
building, health infrastructure
management. Research firm Frost-Sullivan’s report
predicts that in 2025, there will be more than 26
smart cities in our country. Cities that make

energy,

services, and

investments in some but not all of the areas
identified as smart cities are called sustainable
cities. In our country; In 2000, the process started
with the establishment of an ecological and
technological settlement named as the Informatics
Valley Project in the province of Yalova, and the
information-centered smart city projects continued
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later in Bursa, Ankara, Kocaeli, Eskisehir. Istanbul
Fatih, Kadikoy, Beyoglu, smart city projects are
carried out. Examples include smart meters, smart
buildings, Fatih Sports Complex, ISKI (Istanbul
Water and Sewage Administration), drinking
water distribution management, IMM, Ispark
traffic control center, smart parking pricing and
automatic parks, Istanbulcart, Isbak, smart
container, mobese and digital library. Istanbul
Fatih Municipality has started to use augmented
reality technology for the first time among local
governments in its mobile application called
FatihAR. According to this application, when the
image of any building in Fatih Municipality is
photographed and sent to the relevant service
center with 3G-4G communication technology, the
existing information about the building can be
transferred to the user instantly. In Ankara, ASKI
carries out applications such as administrative
control and data acquisition system, EGO Cepte,
smart stop, in-vehicle passenger information and
camera systems, smart structures, industrial park,
automatic fire brigade command center [9], [10].
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Figure 1: Smart city policies.

"Turkey's First Smart City" program, in Karaman,
offers to the public many smart applications such
as trafficc  education, transportation
environmental cleaning. Finally, smart bicycles,

and

smart bus tracking systems, in-bus information
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systems, smart city planning elements starting in
Konya, smart stop, smart parking, smart junction,
priority crossing, traffic control system, smart
lighting, smart irrigation, remote meter reading,
smart waste collection, disability navigation, smart
measurement, patient monitoring, panic buttons,
smart security, love chain, wireless internet,
interactive kiosks, such as applications, the city

provides central and local administrations [11].

In cooperation with Antalya Metropolitan
Municipality and TURKSAT, the Smart City
Application was passed with the protocol it signed
in May 2015. Since 2015, free internet access is
available in public areas such as municipal
beaches, parks and Wi-Fi services. Blood pressure
and blood measurement system, smart phone
device and medical coaching services are provided
to patients with chronic patient follow-up service,
GSM panic button distribution is provided to a
group of older citizens with panic button service,
kiosk devices are installed in five places with city
information Following the
implementation of the first protocol signed in 2015,
in the second stage, projects such as supervision

screens.

and smart junction systems, manageable wifi and
internet service, smart irrigation, smart lighting,
kiosks, city information
management platform were included [12].

screens and city

In Balikesir, a total of 250 km of fiber optic lines
were installed in Altieyliil, Karesi and Bandirma,
the districts with the highest population, in
cooperation with Turkcell Superonline. The smart
junction system in the city receives its internet
from this infrastructure. 17 intersections in the city
equipped  with
improvements in traffic flow reaching 40%. With
this intelligent junction system, data related to the
transportation network can be obtained and
recorded and reported, the signalized intersections

were smart systems and

can be managed from the control center, the
duration of the adaptive managed signalized
intersections can be automatically updated in line
with the traffic data, and the images can be
monitored live via traffic cameras. The sub-
components of the traffic management system in
Balikesir have been established as signaling
management system, data management system,
video monitoring system, traffic control center and
mobile application platform.Balikesir Intelligent
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Public Transportation System (BALTUS) provides
great convenience to citizens public
transportation. With the BALTUS software,
citizens can learn bus schedules, bus arrivals and
departures, stops, instant bus locations, filling

in

points, balances on cards and fare schedules [13].

Since the electronic transformation processes
started e-transformation in the management
mentality, it has that this
transformation has been implemented both in the

been observed

internal structure of the management system and
in the public and local public services extending to
the cities and offered to the public. KBS and GIS
systems that we see in almost all cities today,
traffic order, occupancy-space information used in
parking lots, visualization of public spaces (parks,
etc.) and applications etc. are the applications that
facilitate the life of the city. The transition to smart
administrations has become more than the return
of the era and the preference of the governor, and
has become the preference of the people living in
the city [14].

In this study, IoT based atmel AVR microcontroller
card has been used within the scope of smart life
and smart management which is one of the basic
elements of smart urbanism applications and the
environmental measurement parameters such as
light level, air quality, temperature and humidity
have been monitored by using an environmental
sensors of an monitoring was performed with
cloud-based, IoT support. It was measured by
sensors and transferred to the cloud and then to
the internet environment. These findings were
evaluated and evaluated to provide the most
suitable working environment in terms of energy
efficiency.

2. METHOD

Within the scope of smart management and life
application, Arduino UNO, Arduino Ethernet
shield and public building's
environment, temperature, humidity, light level,
CO2 gas levels were measured and monitored

office office

throughout the day. Following and evaluating
these data over the internet, they were transferred
to the cloud platform, which is a cloud computing
server, and then evaluated.
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2.1 Hardware Components

Arduino Uno includes a microcontroller with all of
the components, 14 digital input-output pins are
available and 6 of them can be used as PWM
outputs. In addition, 6 analog inputs, 1 16 MHz
crystal oscillator, USB output can be used.

Arduino Ethernet Shield is an electronic board
with Wiznet W5100 ethernet chip. By installing
this card on top of an arduino and connecting to an
internet network with RJ45, the Arduino card can
be opened to the internet. Arduino ethernet shield
is compatible with TCP and UDP [15].

Air Quality Measurement Sensor (MQ-135) A gas
sensor that calculates the ambient air quality by
measuring the amount of NH3, NOx, alcohol
vapor, benzene, smoke and CO2 gases [16].

It accurately measures the concentration of sulfur,
benzene, water vapor, smoke and other harmful
gases (NH3, NOx, Alcohol, CO2, etc.).
Temperature and Humidity Measurement Sensor
The DHT-11 is a digital temperature and humidity
sensor. It uses the capacitive humidity sensor and
thermistor inside. It transmits the data of the
sensors to the digital output pin. The sensor
outputs every 2 seconds. The maximum operating
current is 2.5 mA. It works with 5% sensitivity for
20-80% humidity. It can measure 0-50 °C [17].

LDR photo-resistance decreases non-linearly as the
amount of light falling on it increases. Therefore,
the increase in light intensity causes the resistance
value to decrease, and the decrease in light
intensity causes the resistance value to increase.
LDR (Light Dependent Resistor), in Turkish,
means light-dependent resistance. Another name
is photo resistance. Although LDR was a type of
resistance, it was also a passive sensor [18].

Figure 2: Electronic circuit.
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2.2 Cloud Software

ThingSpeak is an IoT analytical platform service
that enables the collection, visualization, and
analysis of live data streams in the cloud.
ThingSpeak provides instant visualization of data
sent by devices to ThingSpeak. With the ability to
run MATLAB code, it is often used for online
analysis and data processing at the time the
content is entered, and for prototyping loT systems
that require analytics. An IoT system includes all
these elements. ThingSpeak is located in the cloud
part of the diagram and provides a platform for
collecting and analyzing data from sensors
connected to the Internet [19].

data collection and
analysis

CIThingSpeak

]
~
-
(]
& " /
RN y =l

smart connected
devices

algorithm
development
sensor analysis

adad 3 o1

Figure 3: The general architecture of the system.

3. FINDINGS AND DISCUSSIONS

[Mlumiuance level is a very important factor for
fast, safe and accurate vision of employees. It has
been proved by scientific researches that it has an
impact on employee performance, health and
behavior. Flares due to insufficient or excessive
lighting are examples of poor lighting. Poor
lighting can jeopardize safety in the working
environment, as well as blurred vision, pain and
fatigue in the eyes, dry eye and headache. In a
nutshell, economy is provided with a proper
lighting system, work efficiency is increased,
accidents that may be experienced are prevented,
working environment comfort is provided and
most importantly, human health is protected.

In the system, the data obtained from the
illuminance level measurement sensor is converted
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into a 'luxury’ unit in the code block created by the
Arduino IDE.

The level of illumination required in the general
office areas is determined as 500 lux and the values
of the data monitored during the day are
determined over the internet, at what times of day
and for how long.

In the light of the data obtained, it was determined
in which periods the quality and clean air
requirement in the office was needed during
working hours. Carbon dioxide (CO2) is very
important for determining indoor air quality.
There is 0.03 vol% CO2 in the atmosphere. In
outdoor environments, 330-500 ppm CO2 can be
found according to environmental effects. Under
normal conditions, CO2 is present indoors and
although it is not a toxic gas, it can create oxygen
deficiency and increase the risk of suffocation.
When the CO2 concentration exceeds 35,000 ppm,
breathing nerve receptors are triggered, leading to
respiratory failure. Various disturbances may
occur depending on the indoor air quality. These
are defined as ‘closed building syndrome, sick
building syndrome and building related diseases.

The data obtained from the findings, depending on
the temperature and humidity changes in the
office, the heating and cooling systems during the
day were examined to learn about when the circuit
will be need to activated or deactivated.

lluminance
Level

Nt

Date

Figure 4: [lluminance level measurement data.

There is a central heating and cooling system in
most of the management and living areas.
However, it is known that in central systems,
temperature
neighboring offices. Even if they have the same
internal temperature, the heat perception of the

differences occur between two

users may be different from each other. For
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example, one can say that an office with a
temperature of 22 degrees is hot and the other can
say that it is cold. As it can be understood from
this situation, despite the thermostat, users'
comfort understanding of temperature is different.
As a result, it is seen that dry thermometers only
adjust the temperature according to certain
temperature values without considering comfort
status. In room thermostats, the lack of
temperature adjustment according to certain
standards creates a disadvantage in terms of
energy efficiency. The users are cooled by giving
heat to the environment by sweating according to
the activity they perform.

This affects the amount of humidity in the
environment and creates differences in the sensed
temperatures according to the relative humidity in
the environment. In the findings found in the
examination made in Figure 3; in the working
environment, during the working hours, the level
of illumination is mostly above 500 lux.

Temperature

2(
16:00 18. Ap:

Date

Figure 5: Temperature measurument data.

It is understood that it falls below this value
during working hours and lunch time. As a result
of the examination made in Figure 4; In the
measured office environment, the temperature
values are above 25 degrees Celsius over a large
period of time. However, the fact that the office
environment in which the data is received is sun-
facing side has an effect. However, it was observed
that the heating system was activated in the whole
building with the effect of seasonal conditions.
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Humidity

Date

Figure 6: Humidity measurement data.

Figure 5 showed that the moisture content of the
sample was observed in the 25-30% band. Figure 6
the data quality
measurement sensor to the cloud system. In the
analysis made on the image, it is seen that the
amount of harmful gas in the air is slightly below
200 ppm during the day.

shows sent from the air

Air
Quality

Dare

Figure 7: Air quality measurement data.

4. RESULTS AND RECOMMENDATIONS

In this study, “smart city” is defined. The necessity
of smart urbanism services has been mentioned
and the social and economic benefits of smart city
have been revealed. The systems and services
created by cities such as Amsterdam, Copenhagen
and Barcelona, which are examples of smart cities
in the world, are mentioned. The steps towards
the smart cities in Turkey were researched. In the
study carried out within the scope of smart living
and smart management, which is one of the basic
elements of smart urbanism applications, light
level, air quality, temperature and humidity
measurements were made by following an existing
public administration building by using loT-based
Arduino and its components. These findings,
which are measured by sensors and transferred to
the cloud and then to the internet environment, are
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evaluated and discussed which steps can be taken
in order to provide energy efficiency, optimal
working and living environment.

As a result of the data obtained from the LDR of
the light level measurement sensor in the created
system, it was observed that a luminous level
exceeds this value for a large part of the day in a
living and management building with a light level
requirement of 500 lux. The environment that is
followed is a section where the illumination is high
during the day. It is understood that a lighting
control system can be established to open, close or
reduce the lighting elements according to the
changes in luminance levels and thus to achieve a
large degree of energy efficiency.

In another analysis system, data from temperature
and humidity sensors were examined. Humidity
and temperature changes observed in the system
established in the administration building were
observed. Temperatures are above 25 degrees for
most of the day. However, the fact that the
environment in which the data is received is sun-
facing side has an effect. However, it was observed
that the heating system was activated in the whole
building with the effect of seasonal conditions. The
moisture content is 30% moist. It is ideal for the
ambient humidity to be in the range of 50-55% to
ensure optimum temperature sensation. In
addition, it is observed that the consumption is
unnecessarily increased due to the fact that the
heating systems are activated especially during the

mid seasons.

It is understood that if an intelligent management
system is adapted to the changes in temperature
and humidity during the day by means of remote
monitoring and control systems, an effective way
can be established in energy efficiency.

In the method made with the air quality
measurement sensor, the air quality in the office
environment was also monitored during the day
and the periods during which the air had to be
cleaned were examined. When the results were
analyzed, it was observed that the ambient air
values were 200 ppm. 400 ppm value was
determined as critical value for ambient air and it
was found that these values were not reached in
the light of data. With the increase in this rate,
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syndromes such as sleepiness, fatigue and
boredom may begin to be seen in the people in the

environment.

As ventilation devices cause high levels of energy
consumption, it is concluded that energy efficient
smart building solutions can be created by
determining the times when ventilation systems
will be commissioned and deactivated in the light
of these data.
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OZ: Enerjinin depolanabilmesi; enerji iiretimi, iletimi ve dagitimi kadar énemlidir. Ozellikle son yillarda yapilan
calismalar enerjinin depolanip daha uzun siire kullanilabilmesi, her alanda temiz ve giivenilir enerji elde edilebilmesi
adina yapilmaktadir. Bu sebeple enerji depolama sistemlerinin, biiyiik bir alanini kaplayan bataryalar ile ilgili yapilan
arastirmalar da, biiyiik onem tasimaktadir. Son yillarda batarya sistemlerinde lityum iyon bataryalar 6n plana ¢ikmakta
ve neredeyse her alanda kullanilmaktadir. Demir katkili Lityum piller ise en ¢ok arastirilan ve farkli tekniklerle iiretilen
batarya cesitlerindendir. Kaynak ulasimimin kolay, daha az maliyetli olabilecegi, yiiksek sicakliklarda calisabilme
esnekligi ve uzun siireli kullanimi ile dikkat ¢eken LiFePOu bataryalar ile ilgili her gegcen giin yeni galismalar
yapilmaktadir. Bu ¢alismada, LiFePOx« katot malzemelerine odaklanildi ve gelecekteki arastirmalar i¢in yeni anlayislar
kesfetmek i¢in son ¢alismalarin incelenmesi yapilmistir.

Anahtar Kelimeler: LiFePOs, enerji, lityum, batarya, Li-ion.

ABSTRACT: Energy storage devices have important for energy generation, transmission and distribution studies. In
the last years, studies about energy storage devices and their use for a long period have been focused on clean, trustful,
and cheap ways. For this reason, batteries as energy storage systems have great importance. In the last decades, most
battery systems consist of Li-ion cells for better performance. Lithium batteries containing iron are one of the most
studied and used cathode materials which produced different techniques. New studies on LiFePOus batteries have been
carried out attention with their easy access to resources, less costly, flexibility which working at high temperatures, and
long-term use. In this study, we focus on the LiFePOu cathode materials and reviewed the recent studies the explore
new insights for future research.

Keywords: LiFePOs, energy, lithium, batteries, Li-ion.

L bilinmektedir. Lityum iyon bataryalar (LIB);
1. GIRIS

Lityum iyon bataryalar, deneysel olarak yarim
hiicre piller ve biiyiik Olgekli uygulamalar icin
gelistirilmekte ve tam hiicre olarak da iiretilip, ticari
olarak da kullanilmaktadir. Diger bataryalara gore
daha yiiksek verimlilige sahip olmasindan dolay1
lityum pillerin mevcut kullanimi ve gelecekteki
kullanim1 giderek artacaktir. Ote yandan lityum
iyon pillerin Onemli Olglide iyi bir elektrik
potansiyeli saglayabildigi, kiigiik boyutlarina
ragmen biiyiik kapasitelere cikabildigi

Ezgi Giiltek, Orcid: 0000-0002-4045-3712 / Serdar Altin, Orcid: 0000-0002-4590-907X

sagladiklar yiiksek enerji yogunlugu, uzun ¢evirim
omrii ve hafiflik gibi avantajlarindan dolay1; cep
telefony, tablet, bilgisayar gibi neredeyse tiim kiigiik
elektronik yaygin olarak
kullanilmaktadir. LIB’ ler, farkli kompozitler ile
tiretilmek tizere bir¢ok calismaya konu olmustur.
Bunlar; lityum kobalt oksit (LCO), lityum nikel
manganez kobalt oksit (NMC), lityum siilfiir,
lityum demir fosfat (LFP) gibi farkli kompozitler ile
ilgili gelismelerdir [1]. LFP, 6zellikle hibrit elektrikli
araglar gibi genis formattaki modiiller i¢in dikkat

cihazlarda

ceken, en popiiler katot malzemesi olarak
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goriilmektedir. Bu nedenle de LFP iizerine yapilan
farkli tiretim, sentezleme gibi gelismeler de dnem
arz etmektedir.

LFP bataryalarin iiretim asamasinda; kinetik ve
termal faktorler, kullamilan elektrolitin tiirii veya
miktar;,  kullamilan  separatorler, katkilama
maddeleri ve oranlari, sentezleme sekli (kat1 hal,
sprey piroliz, dehidrasyon, sulu yikama vb.),
kalsinasyon asamalar1 gibi; kisacas1 uygulanan
prosediirler siirekli degismektedir. Ve bu
prosediirler, giincellenerek yeni batarya diinyasi
aydinlatilmaktadir. Bu calismada da 6zellikle LFP
diinyada yapilan giincel
calismalar, rezerv durumundaki degisiklikler,
maliyet hesaplamalarindaki degisimler, ticari
olarak bulundugu konum ve geri doniisiimii ile
ilgili gelismeler ele alinmaktadr.

bataryalar ile ilgili

2. LFP BATARYALARIN URETIMi, YASAM
DONGUSU, KULLANIM ALANLARI

LEP piller, LiFePOs tabanh katot ve grafit tabanh
anottan olusan en giivenli lityum iyon pil
tiirlerindendir. Giivenlik sistemleri, uzay ve ugak
araclari, hibrit ve elektrikli araglar igin oldukca
onemli batarya sistemlerindendir. Paul Baboo ve
arkadaslarinin  [2] yaptigr c¢alismada, CR2032
madeni LFP hiicresi yarim ve tam hiicre olarak
tiretilmistir. Agirlikca %80" LFP, %151 siiper
%5’
kalinliktaki malzemede akim toplayici olarak
aliminyum folyo kullanilmistir. Anot ise; bakir
folyo tizerine %90 grafit, %5 asetilen karbon siyahi
ve %5 baglayict kullamilarak olusturulmustur.

karbon, de baglayicidan olusan 60mm

Ayiria olarak Celgard 3501 ve elektrolit olarak
EC:DMC (50:50) kullanilmigtir. Bu ¢alismada ilk
olarak LFP bataryalarda baglayicinin 6nemini ve
ozelligini belirlemek igin farkli baglayicilar ayni
oranda kullanilmis ve sonuglar degerlendirilmistir.
Elde edilen verilere goére baglayici olarak en iyi
yapisma mukavemeti ve dayamklilik KynarFlex
(PVDF) 2801-00 baglayicida, en kotii sonucun ise
Kynar PowerFlex LBG baglayicisinin oldugu ve
kiitlesinin %95 =+ 2 geriye  kaldig1
gozlemlenmistir.

sini

Yarim ve tam hiicrelerin elektrokimyasal testleri,
mikroyapisal goriintiileri, yilizey kompozisyon
haritalar1 ve liretim asamasindaki katot kaplamalar
icin genel verileri barindiran ayni zamanda 25
dongii ile analizlerinin yapilip diflizyonunun
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belirlenmesini kapsayan bu c¢alisma, LFP pillere
iliskin genis bir bilgi kaynagi olmustur. Yapilan EIS
ve CV testlerinde, KynarFlex ® PVDF 2801-00
baglayicili katodun; yapiskan, yalitkan kopolimere
atfedilen en yiiksek dirence ve en diisiik Li+ iyon
sahip oldugunu ortaya
¢ikarmustir [2]. Grafit-Li yari hiicreleri, literatiirdeki
bir¢ok calismada da gozlemlenen ve analiz edilen
lityum interkalasyonuna ve SEI olusumuna karsilik
gelen ¢ok asamali gecisler sergilemistir ve tam

diflizyon katsayisina

grafit-LFP hiicresi, yar hiicre kapasitesinden daha
diisiik bir kapasite gostermistir [3], [4].

Sekil 1’ de gosterildigi gibi bu calisma sonucunda
tiim hiicreler 152 + 1 mAh/g LFP desarj kapasitesi
sergilemistir. PVDF baglayicili LFP katodu, hem
sarj hem de desarjda en diiz plato sergilemis ve bu
da Lit+ iyon diflizyonunda en diisiik direnci
gOstermistir. iki  baglayicl LFP
kaplamalarindaki daha yiiksek iyon direncinin yani
sira, bunlar ayrica sarj ve desarj arasinda PVDF
baglayicili LFP kaplamaya gore daha diisiik
kulombik verim gostermektedir.

Diger ile

Elektrokimyasal cift katman (EDL)
kapasitansindaki (en diisitk frekansta 1/Zim)
farkliliklar da farklh LFP kaplamalari arasinda
gozlenmektedir ve PVDF baglayicili LFP kaplamas:

en diisiik EDL kapasitansini sergilemektedir.

Sekil 2. de de gosterildigi gibi, elde edilen CV
analizlerine bakilacak olursa c sikkinda verilen Li-
LFP (LBG) yarim hiicresi i¢in hesaplanan difiizyon
katsayis1 degerleri, Li-LFP (PVDEF)’ten daha yiiksek
olmustur. Li-LFP (2801-00) baglayicili yarim hiicre
batarya i¢in elde edilen cv grafiginden hesaplanan
degerlerde ise, anodik adimda bu katot baglayiciyla
daha yiiksek dirence dair ek karutlarla birlikte,
difiizyon yoluyla yiiksek diizeyde kontrollii bir
dongiiye tepe
goriilmiistiir.

isaret eden genis noktalar
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Sekil 1: Li-LFP pil hiicreleri i¢in 0,05 C'de kapasite Katotlarin 6mriinti tamamlamasimin ardindan
test grafikleri. (a) PVDEF baglayic [2]; (b) yapilan karakterizasyonu, daha onceki
KynarFlex ® PVDF 2801-00 baglayici [2]; (c) Kynar calismalarda da karsilasilan pil yaslanmas: ile
PowerFlex ® LBG baglayici ile hazirlanan katotlar iliskili beklenen sonuglar1 ortaya ¢ikarmustir. [5,6].

[2]. Pil 6mriintin azalmas:i ile SEI olusumuna bagh
porlarin tikanmasi (li¢ baglayicidan herhangi biri
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ile tim katotlarda) ve elektrolitin eser miktarda
nem veya oksijen ile yan reaksiyonlar olusturmasi,
elektrolit tuzunun indirgenmesi nedeniyle LiPF6,
RCO20Li ve Li2CO3 'ten (epoksit gruplar:)
karbonat ¢oziiciilerin ayrismasi, yiizey catlamasi ve
parcalanmast  gozlemlenmistir. Grafit-Li yar1
lityum interkalasyonuna SEI
olusumuna karsilik gelen ¢ok asamali gegisler
sergilemistir.

hiicreleri, ve

Batarya sistemlerinde katot malzemesinin 6nemi
yadsinamaz. Ancak bu ¢alisma, batarya tiretiminde
dikkat  ¢ekmektedir.
Deneysel calismalarda bazen elektrolitin bir damla
eksik ya da fazla eklenmesi, ayirict hiicrenin ufak
bir tutmasi kalinhigi, kapatilma
esnasindaki fazla pres ya da milimetrik bir

baglayicinin ~ dnemine

toz veya
gevsekligin bile pil performansina biiyiik etki ettigi
gozlemlenmektedir. Bu nedenle c¢alismalarda
batarya malzemelerini tiimden ele almak oldukca
onemlidir. Bu malzemelerin tiirii, teknik o6zellikleri
ne kadar Onemli ise malzemelerin ve tabii ki
katotlarin sentezlenme sekli ve asamalar1 da ¢ok
¢ok Onemlidir. Suttison, Pengpat ve arkadaslar
tarafindan yapilan calismada da bu sebeple; LFP
tabanli katot malzemeleri iretilmistir. Bu tiretim
icin 3 sentez kosulu saglanmis; LFP katkili NiO,
NMC ve (NH4)2HPO4, nitrojen gaz akis1 yontemi
ile sentezlenmistir. LFP katkil1 NiO, 600°C ve 700°C'
de bes saat firinlanmistir. Bes saat boyunca 550°C'
de tiip firinda 1sitilan LEP ile katkili NMC ve NMC
katkili LFP ve (NH4)2HPO4; 550°C ve 600°C' de bes

saat firinlanmusgtir.

Yapilan DTA, SEM, XRD analizlerine bakilarak
cam-kristallenme  i¢cin  uygun  kalsinasyon
sicakliginin 550°-600°C oldugu gozlemlenmistir [1].
LFP tozlarmin tiretiminin basariyla gerceklestigi
bildirilmis, elektrokimyasal performans
incelemelerinin devam ettigi Dbelirtilmistir. Bu
baglamda yapilan bir ¢ok arastirmada kalsinasyon
sicakliginin 550-600°C araligini tercih edilmesi, bu

savin verimli olabildigini desteklemektedir.

Haziran 2022’ de Farisi vd. tarafindan yapilan bir
calisma ile yayimlanan arastirmada, VRLA piller ile
LFP pillerin kiyaslamas1 yapilmistir. Hali hazirda
kullanilan bir sistem icin iiretimden farkli boyutta
yapilmus bir ¢alisma olarak oldukca dikkat ¢ekici bir
aragtirmadir. Elektrikli araclar ve Ozellikle e-
bisikletler birgok avantaji sebebiyle diinyada
Ozellikle de Avrupa’da oldukga popiiler bir
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konuma sahiptir. Valf ayarl kursun asit batarya
(VRLA) elektrikli araglar igin en yaygin enerji
kaynagidir. Ancak zayif enerji yogunlugu nedeni
ile kullanicilar igin agir ve gilivensiz olarak
goriilmiis, LFP bataryalarin bu sistemler icin bir
¢Ozlim olabilecegi diistiniilmiistiir. Bu ¢alisma igin
kullamilan materyaller; Selis e-bisiklet tipi
Mandalika, 36V, 12 Ah, 12 valf ayarhh kursun asit
akii (VRLA) ve LFP 18650 12 serisi, 10 adet paralel
36V 12Ah ile diizenleme, batarya yonetim sistemi
ve test uygulamalar1 olmustur.

VRLA bataryalar yerine paralel baglanan LFP
bataryalar i¢in maksimum voltaj, maksimum akim,
dahili direng, mesafe kat etme, enerji yogunlugu ve
kapasite testleri yapilmistir. Batarya voltaj
kararliligi, Arduino-ide ve BMS sistem testleri de
yapilmustir. Farkli akimlar icin, C hizinda yapilan
taramalar ve diger testler sonucunda elde edilen
veriler Tablo 1" de gosterilmistir [7].

Tablo 1: Kursun asit ve LFP pil arasindaki test
sonuglari karsilagtirmasi [7].

Parametreler LFP Pil 36V, 18Ah 'VRLA Pil 36V, 12Ah

Max. Gerilim (V) 41 39
Max. Akim (A) 45 24
Dabhili Direng (m€) 29 7
Mesafe (km) 50.16 37.83
Enerji Yogunlugu (Wh/g) 0.117 0.0387
Hiicre Tasarimi 12510P 18S
Kapasite (mAh) 18000 12000
Watt uzaklik (Wh/km) 12.92 11.42

Tablo 1 i¢in mesafe testi Selis e-bisiklet tizerinde
yapilmustir. Bir cevrim ©Olger ile bisiklet; takip
uygulamasi kullanilip GPS ile donatilmustir. LFP pil
toplam 50,16 km mesafe katedebilirken, VRLA pilli
bisiklet 37,83 km mesafe almistir. VRLA pillerinin
LFP pillere gore daha diisitk enerji yogunlugu
gosterdigi Ol¢limlere bakarak yorum yapan Farisi
ve arkadaslary; LFP pillerin enerji yogunlugu 117
Wh/kg iken, VRLA sadece 38,7 Wh/kg olmustur bu
sonuglar da LFP pillerin 6zgiil enerjisinin 110-175
Wh/kg, VRLA icin ise 30-4- Wh/kg oldugunu
gostermektedir.

Calisma sonucunda; dogaya en az zarar vermesi,
temiz atik {iretmesi, kiiciik boyutlarda olusu,
kiitlesel olarak daha hafif olmasi, Tablo 1’de de
goriildiigii gibi daha yiiksek kapasite saglamasi,
daha fazla mesafe katedebilmesi, yiiksek enerji
yogunlugu gibi

saglamasi bir¢ok avantajinin
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goriilmesi dolayisiyla LFP bataryalarin elektrikli
araglar icin ¢ok iyi bir secenek oldugu belirtilmistir.

Daha 6nce baglayici ile ilgili yorumlanan ¢alismaya
benzer bir baska yapilan ¢alisma ise Weng ve Peng
bilimcilere aittir. LFP piller igin, elektrolit ve
baglayici materyallerinin pil performansindaki
deneysel  bir  asama
kaydedilmistir. Cevre dostu, diisiik maliyetli olusu
ve glivenligi sebebi ile ticari olarak da ¢ok tercih
edilen lityum iyon pillerden LiFePOu katotlu piller
icin, yaygin olarak polivinilden flortir PVDEF ve
PTFE baglayicilar kullanilmaktadir. Ancak hiicre
iiretim siireglerinde PVDF baglayicisini ¢6zmek
tizere ¢oziicli olarak, N-metil-2-pirolidon (NMP)
¢oziiclisii kullanilmaktadir. Flor, pildeki kararhi LiF
tireten bozunma iriinlerinden biridir. Yiiksek
sicaklikta PVDF; LiF ve HF olusturmak ig¢in anot
lityum metal ve elektrolit ile kolayca reaksiyona

etkisi  arastirilarak

girmektedir ve bu da i¢ yapinin tahrip olmasina yol
agmaktadir. Bu flor
baglayicilarin daha verimli ve faydali oldugu

nedenle icermeyen

diisiiniilerek bu ¢alisma yapilmstir.

Tipik bir anyonik protein olarak PASP, flor
icermeyen bir baglayicidir. Bu calismada LFP
katotlarinda su bazli bir baglayict olan PASP
kullanilarak analizler yapilmaistir.

CR2025 madeni calismada
ayrintilar1 ile verilen prosediir dahilinde PASP
baglayicit ile {iretilen, FTIR ve SEM analizleri
yapilmis olan LFP Kkatotlar1 ve diger materyaller

para hiicrelerine,

yerlestirilerek {iretim asamasi tamamlanmis olan
pillerin elektrokimyasal analizleri de yapilmistir.
Bu calismalar neticesinde, PASP ile LFP tiretiminin
basariyla gergeklestirildigi; 1C akim yogunlugunda
ve C hizinda 40 dongiliden sonra bile spesifik
kapasite kaybinin olmadigi, kapasite tutulumunun
%93,2 oldugu ve 152 mAh/g kapasite sagladig:
belirtilmistir [8].

Sekil 3’ te gosterildigi gibi PVDF ile iiretilmis olan
LFP piller ile tiim analiz testleri asamasinda
kiyaslamalar yapilmis,
performansina  istiin
gosterilmistir [8].

PASP baglayicinin  pil

bir etkisinin oldugu
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Sekil 3: PVDF veya PASP ile iiretilmis LFP
katotlarinin elektrokimyasal performanslar:: (a) 1
C'de sarj-desarj egrileri, (b) 0,2 Cila 5 C arasindaki
kapasite grafikleri [8].

Lityum bataryalarin tercih edilmesindeki en 6nemli
ozelliklerden birinin yiiksek sicakliklarda iyi
performans verebilmesi oldugunu pek cok yerde
dile getirmistik. Diisiik sicakliklarda da pil
performansi oldukg¢a 6nemlidir. Bu nedenle Meng
ve arkadaslari, 0 altinda lityum iyon bataryalarin
elektrokimyasal reaksiyonlarin1 inceleyen bir
calismaya imza attilar. Kapsamli bir malzeme
aragtirmasi iceren bu calismada LFP katotuna ait
¢ozlimlemeler ele alinacak olursa; dusiik sicaklik
araligi 0 ile -20°C olarak segilmistir. LFP bataryalar
ile birlikte anot, elektrolit ve katot olarak LVP,
NCM, LMR kullanilarak temel kinetik konular
incelenmistir. Yapilan diisiik sicaklik performans
analizlerinde LFP’lerin altindaki
sicakliklarda ticari uygulamalarin gelistirilmesinde
biiyiik sorun teskil ettigi tespit edilmistir. Ilk desarj
esnasinda kapasitesinin hizla diistiigii kapasite

sifirin

tutma oraninin da hem tek basina hem de
kiyaslanan diger katotlar arasinda yeterli olmadigi
on gortlmiistiir [17].
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Sekil 4: LFP ve diger katotlarin 0 ile -20 °C
sicakliklar1 arasindaki dlgiimlerde kapasite tutma
oranlar1 [17].

Sekil 4'te de goriildiigii gibi kapasite tutma orani
yani bir nevi kapasite kayb1 en cok LFP katot
malzemesinde gozlemlenmistir [17]. Kapasite
tutma var olan kapasiteden kullanima baslandig:
andan itibaren kalan kapasiteyi gosterirken aymni
zamanda ne kadar kapasite kaybettigini de gosterir.
Batarya sistemleri icin ise kapasite kayb1 ya da
tutma oldukca Onemlidir. Bu, hem pil omriinii
uzatir veya kisaltir, hem de ¢alisma performansini
hizlica diisiiriir veya devamlilik saglar.

Sekil 5'te gortildiigii gibi LiFePOs ortogonal olivin
yapiya sahiptir [18].

Sekil 5: LiFePOs olivin yapisi [18].

Bu yapt 1997  Goodenough  tarafindan
kesfedilmistir. Lit+ iyonlarimin LiFePOs igin ilk
eklenmesi ise 2000 yilinda gerceklesmistir. Bu
eklenme acgik¢a, LiFePOs ile FePO+ tin iki fazh
tepkimesi anlamina gelmektedir [19]. Yillarca
yapilan bir¢ok arastirmada giivenliginin iyi olmast
sebebi ile LFP oldukca tercih edilmistir ancak, son
yillarda ile LFP/Grafen

yapilan calismalar
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kompozitinin 2C’de 700 dongiliden sonra %11.2
kapasite kayb1 ile harika bir dongiisel oOzellik
sergiledigi gozlemlenmistir.

Yapilan sicaklik analizlerine bakilarak LFP icin
soguk ortam performansini iyilestirmek iizere bazi

teoriler iiretilmistir. LFP katotlarinda agir
elektrokimyasal reaksiyon kinetigini
iyilestirebilmek icin, elektronik ve iyonik

iletkenliklerin dogrudan degisebildiginden, karbon
ve diger bilesenler ile yapisal tasarim Oncelik
olmalidir. Bunun yarusira, toplu yiikleme ile, eksiye
diisen sicakliklarda Li+ iyonlarinin diftizyon hizini
artirmak tizere, LFP katodunun kristal hacmini
bliylitmenin de etkili bir
distintilmiistiir [17].

yontem  olacag:

3. LFP BATARYALARDA REZERV ve
MALIYET ARASTIRMALARI

Diinya {izerinde degisen siyasi, ekonomik ve askeri
politikalar; yer alti ve yer fiistii kaynaklarin
bulundugu jeopolitik konumlar, bu kaynaklarin
cikarilmasi-islenmesi-ulagtirilmast ~ konusundaki
hususlar, giderek enerji talebinin artmasi ve bu
sebeple kaynak arayisinda hatta gizlenmesinde
gecen giin farklilik
gostermektedir. Xu ve arkadaslar, bu konuda
yakin zamanda yaptiklar1 ¢alismada oOzellikle

otomotiv sektoriine yon veren lityum iyon esasl

yasanan problemler her

piller i¢in malzeme talebine iligskin endiseleri konu
edinmiglerdir.

Bu calismada yiiriitiilen senaryolar Uluslararasi
Enerji Ajansi'nin 2030 a kadar yiiriitmiis olduklari
filo arastirmalarina dayandirilarak kurulmustur.
Kaynak elde edilmesi aymi zamanda; mevcut
hiikiimet politikalarini igeren Stated Policies (STEP)
scenario (Belirtilen politikalar senaryosu) ve
Paris’in iklim hedefleriyle uyumlu Siirdiiriilebilir
Kalkinma Senaryosu (SD) dogrultusunda elektrikli
araclar icin belirlenmektedir. Pilli elektrikli araclar
(BEV), plug-in hibrit elektrikli araglar (PHEV) ve
elektrikli araglar (EV) i¢cin NCM, NCA ve LFP
bataryalar mevzu bahis sistemi saglayabilmektedir.
Bu arastirmaya gore otomotiv sektoriinde LiFePOs
bataryalarin kullaniminin diger bataryalara gore
daha Onciil
malzemelerin ¢ok olmasi nedeni ile daha diisiik
tretim maliyetleri, daha 1iyi termal kararlilik
dolayisiyla yiiksek giivenilirlik ve daha uzun

artacagini ongormektedir.
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cevirim Omrii saglamasi en biiyiik tercih nedeni
olacaktir. LFP' lerin hafif hizmet tipi EV' lerde daha
yaygn bir sekilde kullanulmasina yonelik beklenti
tahminleri bulunmaktadir. Ornegin Tesla, kisa siire
o6nce Model 3'lin Cin versiyonunu LEFP pillerle
donatacagini duyurmustur [9]. Sekil 6’da gosterilen
bu senaryoda, LFP pillerin, tipik orta boy BEV' ler
i¢in paket diizeyinde 129 Wh/kg 6zgiil enerjiye ve
ortalama 20 yillik 6mre sahip olacagi, 2030-2050
yillar1 arasinda %60 pazar payma sahip olacag: on
goriilmektedir [10].

100%
80%
= 60%
":
N 40%
=9
20%
0%
2020 2030 2040 2050
Yillar
ELFP B NCM622
B NCMI55-Grafit - (Si) = NCM523
BNCMB811-Grafit - (Si) wNCMI111
B NCM622-Grafit - (Si) mNCA

Sekil 6: 2020-2050 arasinda baz1 pillerin ve LFP
pilin pazar pay1 ve gelecek 6ngoriisii [10].

Sonug olarak Xu ve arkadaslarimin yapmis oldugu
bu calismada, LFP bataryalarin ve kullanilan
malzemelerinin 2020-2022 arasinda diinyadaki
talep ve kaynak eldesinin %70’in iistiinde oldugu
belirtilmektedir. Gelecek tahmini igin yatirim
arastirmalar1 ve Tesla, BatPac gibi kriterlere gore
degerlendirilmis ve piyasa talebinin ve rezervinin
LFP batarya yoniinde biiyiik oranda olacag:
belirtilmistir. Ancak bu calisma {izerine “Avrupa
Komisyonu” tarafindan yiiksek tedarik riski, “kritik
hammadde” olarak adlandirilan fosforun LFP piller
i¢in rezervinin kisitlanmasi gerektigi konusunda
ikilem yasandigini duyurmustur [10]. Bu ¢alismaya
binaen, fosforun neden kritik hammadde olarak
adlandirildiginin da ayri bir arastirma konusu
olacag diisiiniilmektedir.
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Baska bir calismada ise Spears ve ark. birgok
tilkenin gida sektorii igin de 6nemli yeri olan fosfor
bakimindan ithalat bagimhiligina dikkat ¢ekmistir.
Fosfor talebinin suanda sadece birka¢ {lke
tarafindan karsilandigini, bunlardan besinin
diinyadaki fosfat kaya rezervlerinin %85 ini
kontrol ettigini; %70'inin ise sadece FAS’ a ait
oldugunu belirtmistir. Cin fosfor {ireten bir iilke
olarak ihracatmi kisitlamis ve yerel arzlarmi
korumay1 uygun bulmustur. Subat 2022 itibariyle
Rusya-Ukrayna ihtilafi piyasadaki fosfor rezervi ve
ithalatin1 endiseye sokmus ve kaynak ulagimin
azaltmistir. Ciinkii, bu bolgelerin fosfor i¢in, gida ve
giibre ihracat1 oldukca yaygin olmustur. Yine tiim
diinyay1 etkisi altina alan COVID-19 salgini sebebi
ile bu siirecte, enerji fiyatlarindaki artislar, arz
kontrolii ve ticaret politikalarinin da bir sonucu
olarak kiiresel fosfor fiyatlarinin, 2 katindan fazla
arttig1 belirlenmistir. Tabii ki bu fiyat artiss LFP
batarya {iretim fiyatlari1 da temin edilmesinin
maliyetini de artirmistir. Bu artislarin sonucunda
LEV (diisiik emisyonlu araglar) piyasasinda LFP
bataryalarin ~ kullanilmasmndan  6tiirii  arag
fiyatlarinda da biiyiik artis gozlemlenmistir. Fosfat
kayasi i¢in emtia fiyatlarina iliskin arsivler Diinya
Bankasi’'ndan temin edilebilmektedir. Bu kaynak
ulasimi sorunlarina karsin yaptiklar: arastirmada;
LFP bataryalarin geri doniistimiinde fosforun
tekrar kazaniminin kaynak artist agisindan 6nemli
olacagl, 6rnegin kanalizasyon baglantilarinin 2050
yilina kadar kiiresel olarak 4 milyar artacagi ve
idrar saptirma ile baglantilarin 2 katina cikarak
tarima geri doniistiiriilen fosforun yilda 1,3 Mt' a
ulagmasina yol acilabilecegi tahmin edilmektedir.
Geleneksel kanalizasyon baglantilarindan yilda
kalan 3 Mt (Ornegin, igeriginde yiiksek demir
bulundurmasi nedeni ile tarimda yeniden kullanim
icin daha az uygun olan vivianit formunda),
ekonomik fizibilite olmasima ragmen LFP pillerde
tekrardan kullamim igin umut vaat ettigi
belirtilmistir [11]. Bu calisma aym zamanda, 4.
baslikta bahsedilen tekrar kullanim-geri doniisiim
konusunda da 1stk tutan bir gelisme olarak
goriilmektedir.

Xu ve arkadasglari, Spears ve arkadaglarinin yaptigi
bu c¢alismaya yamnit olarak, hafif elektrikli
araclardaki fosfor talebi endisesini ele almiglardir.

Spears ve arkadaslarmin hesaplamalariin dogru
oldugunu belirten bu calisma daha ¢ok fosfor
iizerine yogunlasmadaki boslugu ele alarak, fosfor
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talebinde belirsizliklerin oldugunu belirttiler. Bu
belirsizliklerin en biiyiik sebebinin fosfor iceren bu
pillerin geri doniisiimiindeki gelismelerin yetersiz
olmasidir. 2050 yilina kadar, yaklasik 1Mt fosfor
icerikli olan elektrikli araclarmn, pil kullanim
Omriiniin sona yaklasabilecegi 6n goriilmektedir.
Pil geri doniisimiiniin Oniimiizdeki 10 yil
icerisinde %90 varlik  gosterecegi
varsayilir ise, 2050° ye kadar kiimiilatif fosfor
talebinin, yaklagik %20'sinin kapali dongii geri

oraninda

dontistimii ile karsilanabilecegi diisiiniilmektedir.
Bu durumda, talebin tahminen fti¢te biri olan
yaklasik 0,9 Mt fosfor, 2050'de kapali déngii geri
dontistimii ile saglanabilecektir [20].

35
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S 25
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Sekil 7: Omriinii tamamlamis pillerde fosfor igin
¢ikis [20].

Sekil 77 de gosterildigi gibi fosfor kapali geri
doniisimii sorunu ¢oziillemedigi takdirde 2050
yillarinda, EV’lerde pil kullanim omriiniin sona
yaklasmasi muhtemel olacaktir. SD ve STEP
senaryolari Spears ve ark. Tarafindan [11] ayrintili
olarak anlatilmistir.

Sekil 8 de ise 2020-2050'de kapali dongii geri
donlisim oranimin  kiimiilatif talep azalmasi
tizerindeki etkisi gosterilmistir [20].

Xu ve arkadaslar1 bu baglamda, fosforun kapali geri
doniisimiiniin ~ dnemini

calismaya katildiklarim

vurgulayarak diger
ancak fosforun diger
bilinen malzemelere (lityum, kobalt, nikel, grafit
gibi) kiyasla rezerv agisindan biiyiik bir sorun tegkil
etmedigini savunmuslardir [20]. Ancak fosfor geri
dontistimii sorununun ¢oziilmedigi takdirde, fosfor
rezervinin ne oranda kriz ¢ikaracagina dair bir
bilgiye de yer vermemislerdir.
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Sekil 8: 2020-2050'de fosfor igin kapal dongii geri
doniistim oraninin kiimiilatif talep azalmasi
tizerindeki etkisi [20].

Sun, Ouyang ve Hao ekibinin yaptig1 calisma
lityum demir fosfat bataryalarda lityum rezervi ve
fiyat artiglari ile ilgili en giincel arastirma olmustur.
Tahmin edilecegi gibi tiim fiyat artislar1 gibi Aralik
2020 ile Nisan 2022 arasinda; lityum karbonat,
kobalt siilfat, nikel stilfat ve NCM-811 ve LFP
katotlarinin ve elektrolitlerinin fiyatlar1 %100” den
fazla artmistir. Ton basmna yapilan artislardaki
dalgalanmalar karsisinda hammadde tedarikgileri
glicsiiz kalmis, maliyetler de hizla artmistir. Ancak
bu artiglar elektrikli araclarin talebinde bir diisiise
sebep olmamustir. Sekil 9'da lityum rezervine bagh
olarak batarya
gosterilmistir [12].

sistemlerindeki talepler

LiFePOs katotun fiyati bu siirecte %330 artisla
25.000 $/ton” a, elektrolitin ise %160 artigla 17.000
$/ton” yiikselmistir. Bu fiyat artislarina bagli olarak
da EV fiyat artis1 da %50 oraninda olmustur. Sekil 6
ile son 2 yila kadarki lityum rezervi ve elektrikli
araglara kullanimini gosteren grafik verilmistir [13].

2005 -2021 yillar arasinda lityum maden iiretimi 5
kat artarken, mevcut rezerv de 5 kat genisleyerek 22
milyon tona ulasmistir. Bu fiyat artislarinin 2025 ve
sonrasinda diisiise gececegi diisiiniilmektedir [12].
Rezerv verileri USGS'den alinmistir [13].
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Sekil 9: Lityum madenciligi {iretimi (rezerv) ve
nihai tretim [12].
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Sekil 10: Lityum bazli pillerin lityum rezervi [13].

4. LFP BATARYALARDA GERIi DONUSUM
ve 2. EL KULLANIMI

Batarya sistemlerinde kullanilan her malzemenin
imha edilmesi veya geri doniistiiriilerek fayda
saglanabilmesi olduk¢a uzun asamalardan gecerek,
zor ve ayrintili kimyasal islemlere dayanmaktadir.
Bu islemlerin cevreye en az zarar vererek yapilmasi
enerjide temiz ve giivenilir olmak adina dnem arz
etmektedir. Ciinkii kullanilan materyaller, pil dmrii
bittiginden itibaren kimyasal reaksiyonlar
sonucunda masum kalmamaktadir.

Bu alanda yaptig1 calismada Wang, Lu ve ark. LFP
pillerin  geri kazamlmas: siirecinde, katot
malzemelerinin Al folyodan ayrilmasinda baslica;
fiziksel ayirma, yiiksek sicaklik ayirma, ¢ozelti
ayirma  ve ¢Oziicii ayirma  yollariin
kullanilabileceginden  bahsetmektedir. = Birgok
kimyasal ayirma siirecine maruz birakilan omri
bitmis LFP pillerde, LiFePO4" iin kristal yapis1 ve
butiinliigli  korunabilmekte ve boylece katot
malzemeleri ile Al folyo tam ve etkili olarak
ayrilabilmektedir. Kullanim: sona eren LFP
pillerinin dogrudan geri doniistiiriilmesi icin kar
marji kiiciiktiir ve flor oranmi nispeten diisiik
olmasina ragmen, kontrol edilmesi ve ortadan
kaldirilmasi zorlu bir risk tasimaktadir. LFP’ nin
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geri doniisiimii sematik diyagrami Sekil 11’ de
gosterilmistir [14].

o:.:.

O |
LFP Katot tozu sentez, doniisiim

Desarj/Kirma
Eleme
l Agr metal adsorbanlan o
Yeni elektrotlar st
% 4
Reien o Fotokatalistler
izl Oksijen evrimi
bLFP Qe katalizbrleri R .
atarya R
: Kati faz sentezi b
Asit lig- 1slak sentez Déniigim
Mekanokimyasal aktivasyon destekli
Hidrotermal onarm

&%
su a:‘ni:l;;i?;z :.ml ‘ '

Yeni elektrot Fotodegradasyon

malzemesi

Sekil 11: LFP pillerin islevsel malzemelerinin
yenilenmesi ve doniistiiriilmesinin sematik
diyagrami [14].

Halihazirda, kullanimdan kaldirilmis LFP pilleri
tizerindeki kaynak kullanimi arastirmasi, esas
olarak lityumun segici olarak c¢ikarilmasina
odaklanmaktadir. Bununla birlikte, pilin demontaj,
asit ligi, kimyasal ¢Okeltme ve rejenerasyon
kacmilmaz  olarak enerji kimyasallar1
tiiketmektedir ve enerji LIB' lerinin tanitiminin asil
amacini olumsuz yonde etkileyebilecek sera gazi

ve

emisyonlar1 ve ikincil atiklarin olusmasina neden
olmaktadir. Bu nedenle, enerji/kimyasal tiiketimi ve
atik {iretiminde onemli bir azalma ile lityum igin
diisiik karbonlu ve yesil bir ekstraksiyon teknolojisi
gelistirmenin acil oldugu sonucuna varilmaktadir
[14]. Bu emisyon ve atiklarin gevreye oldugu gibi
islemleri gerceklestirerek dogrudan temasta olan
calismacilarin da saglhigmin tehdit altinda olacag:
asikardir. Bu calismaya ek olarak; geri doniisiim
asamasinda insan sagliginin etkilenme orani, varsa
can kaybi veya kalict hasarlar gibi tespitlerin
yapilmasi yeni teknoloji gelistirmenin aciliyetini de
destekleyecek ve hizlandiracaktir.

Wheleer ve arkadaslari, LFP bataryalarin 2. yasam
dongiisti  i¢in yaptiklar elektrikli
araglarda kullamilip Omrii biten LFP piller
kullanilmisgtir. 18650 hiicre ve prizmatik hiicrelerin
kullanildig1 analizlerde C/3 ve 2C oranlarinda sarj
ve ayrilma sarji, desarj tipi gibi parametreler
belirlenmistir. Geri doniisiimde izlenen prosediir;
pil sokiiliip elektrot
karakterizasyonunun  yapilmasi, agik devre
potansiyelinin hesaplanmasi, negatif elektrot faz
gecis tespitinin yapilmas: seklinde olmustur. Tim

calismada

hiicresinin
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arastirmalarin sonucunda 1000 ile 3500 cycle
arasindaki bir dongii evresinden sonra pillerin
kullanilmaz hale geldigi, pillerin kullanim
negatif  elektrotun
hizland1g1 gozlemlenmistir [15]. Pil geri doniistimii

sirasinda yaslanmasinin

kiyaslanarak cevreye etkisi de arastirilmis ve Sekil
12’ deki grafikte belirtilmistir [16].
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Sekil 12: Yasam dongiisii asamalariin ¢evresel
etkilere katkis1 [16].

Bu sonuglandirmada yedi cevresel etki gostergesi
almmastir: Abiyotik Tiiketim (ADP elementleri),
Abiyotik Tiiketim (ADP fosili), Kiiresel Isinma
Potansiyeli (GWP), Asitlesme Potansiyeli (AP),
Otrofikasyon Potansiyeli (EP), Ozon Tabakasi
Tiiketim Potansiyeli (ODP) ve Fotokimya Ozon
Olusturma Potansiyeli (POCP). Tim veriler goz
oniinde Wheleer
arkadaslari, LFP bataryalarda geri doniisiimiin

bulunduruldugunda ve
cevresel faydalarmin yani tekrar kazaniminin
onemli oldugunu belirtirken; LFP piller icin
hidrometalurjik geri doniisiim siirecinin bahsedilen
tim cevresel yiiklerin azaltilmasmna yardima
oldugunu vurgulamiglardir [15], [16].

Elde edilen sonuglandirmadan da anlasilacag:
tizere, pil geri doniisimii fiziksel, kimyasal,
miihendislik bilgileri oldugu gibi, biyolojik bilgileri
de icermekte hatta GWP sonuglarina bakilarak
ekonomik siyasal sonuglar1 da icinde
barindirmaktadir. Diinya olarak iklimsel kriz ve
meterolojik dengesizlikler g0z
bulundurulacak olursa; hizla ve en ¢ok tiiketimi

ve
oniinde

olan LFP bataryalarin yarattigi bu atik ve etkiler
birikerek ve biiyliyerek, kocaman bir mesele haline
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gelebilir. Bu sebeple elde edilen veriler oldukca
carpicidir.

5. SONUC

Bu calismada LiFePOs bataryalar ile ilgili giincel
calismalar 6zellikle 2022 yilina ait yeni yaymlanan
dikkat c¢eken arastirmalar
yapilmistir. Bu c¢alisama LFP pillerin; tim enerji
sektorii ve akademik arastirmalar i¢in 6nemli bir

ve ele alinarak

yere sahip oldugunu, yapilan arastirmalar ile
oneminin giderek arttigini; tiretim tekniklerinin
gelistirildigini ve farkli yontemler ve katkilama
oranlartyla yapildigini ve {izerinde calisildiging,
batarya sisteminde katot malzemenin {iretimi kadar
baglayici, anot, elektrolit gibi materyallerin de pil
performansinda  Onemli oldugunu
gostermistir. Ticari piyasada LFP bataryalara
yonelimin giderek arttigi, hatta tiim kiiresel

etkileri

sorunlara ve fiyat artislarina ragmen arz-talebin
katlanarak arttig1 gozlemlenmistir. bu
asamada yapilan analizlere bakilarak tahmin

Yine

analizlerinde 2025 yil itibari ile mali yiikselislerin
azalacag1, rezerv sahibi {iilkelerin yerel kullanima
onem verecegi ancak Ozellikle otomotiv sektoriinde
daha cevreci, giivenilir, uzun omiirlii, ytiksek enerji
yogunlugu ve uzun menzil vaat etmesi ile 6n plana
¢kan batarya sistemlerinden biri olacag:
goriilmektedir. 2020-2022 yillar1 arasinda LFP
batarya
yapildigy,
diinya

iizerine bir¢ok deneysel
analizlerinin 6nemsendigi,
LFP’ye

duyuruldugu ve geri doniisiimiiniin zor ancak bir

calismanin
maliyet
markalarinin yoneliminin
o kadar ¢nemli oldugu tespit edilmistir. Enerji
depolama sistemlerinde geri doniisiim asamasinin,
insan dogasindaki dogum-yasam-6liim ¢emberine
benzer sekilde sonlanmasi hatta kritik cevresel
sorunlardaki giivenlik diizeyinin iist seviyelere
¢ikarilarak Omiir sonlanmasmin yapilmasimin
gerekliligine dikkat ¢ekilmistir.

Bu calisma ile LFP bataryalarin iiretimden, ticari

kullanima, maliyet performansina ve geri
dontistimiine kadar bir¢ok asamada fizik, kimya,
miihendislik ve malzeme bilimleri gibi alanlarda
kapsamli c¢alismalarin yapilmasmin gerekliligi,
tiretiminde pil kapasitesinin elde edilen 150-180
mAh/g bandindan yukar: g¢ikarabilmesinin farkl
oranlar kullanilarak yapilabilecegi, geri doniisiim
icin daha fazla calismaya ve giivenlik 6nlemine

ihtiya¢ duyuldugu saptanmustur.
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ABSTRACT: The use of aluminum, one of the three most commonly used metals in the world, is increasing. This
requires a closer investigation at aluminum and research for the production of new techniques. These studies are
particularly important in 7xxx series aluminum. Due to the properties of 7075 Al such as strength/weight, corrosion
resistance, alloy metallicity and etc 7075 Al is used vary of welding techniques. This study examines the structure and
mechanical properties of the 7075 aluminum metals through different types of welding, but also compares the important
mechanical and strength outcomes, such as rigidity, tensile stress and yield stress.

Keywords: Aluminum 7075, microstructure, welding, haz, aging

0Z: Diinya {izerinde 6nemi giderek artan ve gok kullanilan 3 metalden biri olan aliiminyumun kullanimi artmaktadir.
Bu durum aliiminyumu daha yakindan incelemeye ve yeni {iretim teknikleriyle imal edilmesi i¢in arastirilmaya gerekli
kilmaktadir. Ozellikle 7xxx serisi aliiminyumlarda bu aragtirmalar Snemli bir yer tutar. Sahip oldugu 6zellikler ile 7075
aliminyum, mukavemet/agirlik, korozyon direnci, alasim metalligine uyumlulugu vb. sebeplerle cesitli kaynak
metotlarinda kullanimini arttimaktadir. Bu calismada, 7075 aliiminyum metallerine farkl tipte kaynaklama islemi
yapilmasiyla elde edilen icyap: ve mekanik 6zellikleri incelenmekte, bununla beraber sertlik, akma gerilmesi ve gekme
gerilmesi gibi 6nemli mekanik ve mukavemet sonuglari kendi aralarinda kiyaslanmaktadir.

Anahtar Kelimeler: Aliiminyum 7075, icyap, kaynak, 1eb, yaslandirma

1. INTRODUCTION

Aluminum is one of the metals with the highest
amount of reserves in the world. The melting
temperature of aluminum (Al) is 660°C. Since it can
bond with various elements, it can be used in
different industrial products. It is often used in
materials. In addition, it can be produced by mixing
with titanium and composite materials. Aluminum
alloys, which have a wide range of uses from

automotive to industry, are preferred because of
their specific strength and low weight [1-3].
However, Aluminum is a metal which difficult to
machine in production methods such as welding
and machining [3-7].

Aluminum series from 2xxx to 8xxx are frequently
used in the aerospace and transportation vehicle
manufacturing industries. This makes it necessary
to combine the material with welding methods [8-
10]. In aluminum welding ; Thermal and electrical
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conductivity, refractory aluminum oxide (AI2 O3 )
formation tendency,
coefficient make this welding more difficult than
steel welding [11-17]. This is because to its
precipitation hardening. Low specific density,

high thermal expansion

strong strength [18-21], good mechanical and
natural aging properties [19] of 7075 Al (Al-Zn-Mg-
Cu) metal increases its use in the mentioned sectors
[22-25].

Aluminum alloys to structural
deformation. Welding deformations, which is
called hot cracking or hot tearing, are observed in
various heat-treated aluminum [20]. In the heat
treated 7xxx series aluminum; Alloys 7075, 7079
and 7078 can be welded. However, the heat affected
zone: HAZ (Isidan Etkilenmis Bolge: IEB) of the
material are more brittle than the other regions [23,
26-33].
extremely sensitive to weld cracking due to the high

are prone

Especially 7XXX series Aluminum is

amount of copper it contains [24]. Since the
solidification temperature is low in this alloy and
the melting range is wide [24,25], the difference in
solidification rate at the material interface can cause
cracks due to shrinkage stress. The way to prevent
solidification cracking is to improve the grain
structure of the fusion region.

7075
precipitation hardening. The aim here is to increase
its strength. The strength of this material is obtained
by aging heat treatments such as T6. The material,
which is taken into solution by heat treatments such
as T6, is stress relieving with controlled amount of

aluminum alloy is strengthened by

stretching and artificially or naturally aged and
used [24,25]. Precipitation hardening causes the
temperature of the alloy to be raised to the single-
phase region where all the precipitates are
dissolved [26-29]. To form a saturated solution in
the alloy, a process called quenching is applied.
Natural aging and artificial aging are observed at
the temperature of the sediments. This may occur
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slowly or rapidly. For example, the T6 temper
condition is achieved by aging for 24 hours at 120
°C or 10 hours at 140 °C. [30-37]. A major challenge
with this type of material is the availability of fusion
welding , as the weld is susceptible to solidification
cracking, porosity. Therefore, improved welding
methods are desired at IEB [38 -40].

Laser beam welding is preferred because of its high
thermal and electrical conductivity [41]. It is a IEB
joining method for high speed and quality
production in aluminum alloys. Some aluminum
series have problems such as porosity due to
solidification cracking [41,42].

TIG welding is one of the processes frequently used
in industry to fuse the materials with high quality
[43]. It allows to combine the metals with arc
welding application. The material is welded by
applying the heat of an electric arc between the
tungsten sieve and metals [44,45].

FSW  (Friction Stir Welding) friction heating
interface deformation results in a junction formed
by heat and solid-state diffusion [46,47].

The purpose of this review is to examine the
applicability,  limitations, = advantages and
disadvantages of laser beam. TIG welding applied
to 7075 aluminum alloys, which are used in
advanced technology systems where high strength
aluminum is needed and draws conclusions about
hardness, yield and tensile stresses.

2. MATERIALS AND METHODS

In this review, 8 different experiments were
examined, the properties found in laser beam, TIG
and FSW welding applied to 7075 Aluminum
material are given in Table 1.



Cubuk Kurt, Cavdar / TUR MUH. ARAS. VE EGIT D. 1(2), 120-128, (2022)

Table 1: Different types of welding methods applied to 7075 Al material.

No Welding Base Results Ref.
Method Material
*Aluminum
Laser Beam 7075 The max tensile strength of the sample was measured as 94
1 Base *D6AC MPa and the aluminum fusion line in the Steel/Aluminum [2]
Structural joint was broken.
Steel
2 Las;ral::am *A1 7075-T6 A hardness of 125 HV was observed in the IEB. [19]
Laser Beam *Al The tensile strength of the welded joint was 365 MPa.
3 and 7075-T6 Softening was observed according to the base material [52]
TIG Welding 8 8 '
. The highest tensile strength after the first welding cycle was
*
4 TIG Welding Al 7075 measured as 176 MPa. [49]
5 TIG Welding * A;g;l;];:m The yield strength of the w;l{tli)ead part was measured as 200 (53]
*Al 2024
6 FSW The yield stress after welding was measured as 325MPa. [48]
*Al 7075
*Al 7075-
T651
” FSW Originating from each other [50]
AS 7075-RS 5083 tensile strength was measured as 367 MPa.
*Al 5083-
Hi111
Al The lowest hardness value in the microstructure was seen at
v w
FSW AA7075- 51
8 Té651 100 mm/min welding speed. Was seen on IEB at 106 HV. [>1]

Bao et al. [2], 7075 aluminum and D6AC alloy steel
are used. Required laser power is 1.20 kW for
welding. In steel/aluminum joints, the contact
surfaces were milled. 396 W laser beam power and
650 mm/min welding speed parameters were taken
for welding. Hayat [19] used 2 mm thick aluminum
sheets in his study. It was carried out under a
vacuum of 70 bar. The welding current was set to 20—
25mA. 7075 weld specimen etched with Keller fluid.
Hardness measurements was made in two
sequential repetitions. First SEM, then EDS was
used. The microstructure of stress was investigated.
Song et al. [52] used 7075-T6 aluminum. Sample
plates for welding have dimensions of 200 mm x 100
mm x 1 mm. 1.2 mm diameter welding wires were
used as filler metal. 7075-T6 Al sheet was forehead
welded on one side with one pass using the laser-
TIG hybrid welding method. The micro hardness
distribution was examined using a with a load of 300
g. Prathan et al. [49] used AA 7075 aluminum
material in their studies. The size of the 6 mm thick
sheet metal was 300 mm x 200 mm. TIG welding was
performed after the sheet material was cut. They

used nine base parameters in their experiments.
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The diameter of the filler rod to be used during
welding was measured as 2 mm. A total of 9 welds
with double V forehead joints were prepared using
TIG welding parameters. Welded at a current of 130
Amps at 15 L/min. After the Rockwell hardness test,
tensile tests were performed on all welds. Temmar et
al. [53] used 7075-T6 aluminum alloy in their studies.
Welding was carried out at 100-140 Amps, 12.5 Volts
and 12.7 mm/sec. They used argon gas as shielding
gas. Aging process was carried out after welding.
Hardness was measured with a Vickers micro
hardness device under 500 g load. Investigations for
surfaces such as IEB were made. Cavailere et al. [48]
used the FSW welding method in their work. The
boards were 2.5 mm thick. The welding tool was
fixed clockwise to the rotating axle. Weld cross
section was measured with an instrument with a
load of 200 gf for 15 seconds. Tensile tests were
performed to evaluate the static properties of
welded joints. The mechanical results during fatigue
fracture were analyzed with a microscopic view of
the welded joints. In their study, according to
Kalemba Rec et al. [50] performed friction stir
welding of Al 7075-T651 and Al 5083-H111 alloys.
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The test pieces were 200 x 75 x 6 mm and combined
with two different forehead welds. Xu et al. In their
work [51], 6 mm thick AA7075-T651 aluminum alloy
rolled sheets were used for experiments. FSW was
performed from 100 mm/min to 400 mm/min. It was
carried out along the rolling direction with welding
speeds. Sections of samples taken perpendicular to
the basee direction were used in microstructure
SEM was
characterization analysis. Vickers micro hardness

studies. used for microstructural
was measured at 1, 3 and 5 mm from the bottom
surface of the samples using a computerized
hardness tester with a load of 200 g and a loading

time of 20 s.

3. FINDINGS AND DISCUSSION
3.1 Hardness Findings

The hardness results of the welding joint of the Al
7075 base material was given in Table 2. When the
hardness results were examined, in study number 2
[19], it was found that the hardest region in the
welded 7075 alloy joint was the phase region. For
TIG welding, the hardness was measured as 175 HV.
In study number 3 [52], the micro hardness
gmicroradually increases with respect to the base
material as one moves from the fusion zone towards
the edge. HV hardness results were obtained from a

maximum distance of 2 mm from the center of the
fusion zone. The hardness rised up to 150 HV. The
hardness increased according to distance from the
welding point and eventually reached the base
material value (approximately 185 HV). In study 5
[53], the stiffness of the fusion zone was found to be
a minimum of 84 HV near the weld centerline. It was
observed that there was 95 HV near the border of
the fusion zone, giving variable result. In study
number 6 [48] the first observation was made at a 4
mm aperture from the IEB point. In this region,
mostly parent material grains were observed. This
region, in addition to corresponding to the heat
affected region, infers that the hardness is lower than
the base metal. The highest hardness was measured
as 170 HV. In the study number 7 [50], 145 HV
hardness was found for Al 7075 — 5083 weld. They
measured 85 HV for AS 5083-RS 7075 welding. In
addition, the highest hardness value was observed
on the Al 7075 side (approximately 150 HV). It was
observed that the hardness decreased in IEB for both
welding tests. It is understood that when there is a 4
mm wide structure in the IEB region on the 7075 side
of the weld and the hardness is reduced by
approximately 25%. In study number 8 [51], welded
at 100 mm/min. The hardness was found to be 106
HV. The hardness in IEB was lower than the
different type of material applied to 7075 Aluminum
material.

Table 2: Hardness results of different types of welding methods applied to 7075 aluminum material.

No  Welding Method Base Material Results Ref.
2 Laser Beam Base *Al 7075-T6 A hardness of 175 HV was observed in the IEB. [19]
L B d
3 a,Is,Ieé I:a]rgr; iiln *Al It was observed that the micro hardness increased to [52]
y 7075-T6 150 HV at a distance of IEB.
Welding
5 TIG Welding %Al 7075-T6 It has been obser'ved that th.er'e is 95 HV near the (53]
border of the fusion zone, giving variable results.
FSW *Al 2024 . .
6 *A1 7075 The highest hardness is 170 HV. [48]
” FSW *Al 7075-T651 The highest hardness is 189 HV on the Aluminum [50]
*Al 5083-H111 7075 side.
* . .
8 FSW Al The lowest hardness value in the microstructure was [51]

AA7075- T651

seen at 106 HV in the IEB.

3.2 Yield Stress Findings

The yield stress results of the weld joint made with
Al17075 were given in Table 3. When the yield stress
was examined, in study number 2 [19], the yield
strength at the weld at 20 mA was measured as 208
MPa. Material elongation varies between 6.7% and
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11%. In study 5 [53], the yield strength of the non-
welded part was measured to be 404 MPa, while the
yield strength of the material after TIG welding was
found to be 200 MPa. The yield of post-weld aged
joints was measured as 216 MPa. Precipitate
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formation was observed in the sample. It was
examined that there was a 9% increase in strength in
the connection. In study number 6 [48], the base
strengths of 2024 and 7075 metals were measured as
380 MPa and 503 MPa, respectively, and the yield
stress after welding was 325 MPa. Good ductility
was observed at the joints of the piece. When the
yield stress evaluated, it is said that the results were

at a good level. In study number 7 [50], the yield
strength of the weld for AS 7075-RS 5083 was found
to be 302 MPa with a standard deviation of 1.2%. For
the AS 5083-RS 7075 sample, it was observed as 305
MPa. Fracture was observed in all samples where
5083 material was located.

Table 3: Yield stress results of different types of welding methods applied to 7075 aluminum material.

No Welding Method Base Material Results Ref.

. Yield strength of 208 MPa at 20 mA was measured as

* -
2 Laser Beam Base Aluminum 7075-T6 205 MPa at 25 mA. [19]
5 TIG Welding *Aluminum 7075-T6 The yield strength of the welded part was measured as (53]
200 MPa.

6 FSW *Aluminum 2024 The yield stress in the finished material after welding 48
*Aluminum 7075 was measured as 325 MPa. (48]

. In the AS 5083-RS 7075 specimen, the yield stress was

FSW *Al 7075-T651

7 wmmum observed as 305 MPa. The results for both samples are [50]

*Al 5083-H111

similar.

3.3 Tensile Stress Findings

The tensile stress results of the weld joint of Al 7075
base material was given in Table 4. When the tensile
stress results are examined, it is observed that the
tensile strength at 20 mA is 297 MPa in study
number 2 [19]. In study number 3 [49], tensile
strength was found to be 176 MPa. It understood that
the maximum tensile strength increase was 183 MPa.
In the study, in which 140 A and 17 L/min gas flow
rate were included in the parameters, it was
understood that it would give better tensile strength
by narrowing the gap. In the experiment on 6 mm
AA 7075 sheet material, it was observed that the gas
flow rate and current made significant changes on
the final tensile strength of the welds in TIG welding.
In study number 4 [50], the tensile strength of the AS
7075-RS 5083 sample was found to be 367 MPa. The
tensile strength of the other sample was 365 MPa
with a standard deviation of 0.8%. It is concluded
that the weld samples have an effect on the material
composition but not the tensile properties. In study
number 6 [52], the tensile strength of the piece after
welding was measured as 365 MPa. It was published
that the fusion region was the weakest region. It was
observed that all welded regions were broken in this
region. As a result of the study, it was examined that
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the whole rolled joint has a relatively good
deformability. In study number 5 [51], plastic
deformation occurred in the IEB. In the study, the
maximum tensile stress for aluminum 7075 material
was measured as 585 MPa. The final tensile strength
of the parts produced at each welding speed was
observed as 515 MPa. In the study number 7 [2], in
the welding process, the heat conduction and tensile
deformation of the material was affected, leaving a
large residual stress on the end joints. The maximum
tensile strength of the attachment point was
measured as 94 MPa. In the study number 8 [53], it
was observed that after aging process welding was
applied to the material due to increase the tensile
strength in the weld composition region. It also
showed that the fusion zone of the weld of the 7075
aluminum alloy has a significant effect on reducing
the impact energy. On welded 7075 aluminum
sample, micro cracks are visible. It is published that
this condition causes low tensile strength. The
tensile strength of the welded part is 508 MPa. The
tensile strength in the IEB region after welding
found as 248 MPa with 9% elongation.
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Table 4: Tensile stress results in different types of welding methods applied to 7075 aluminum material.

No Welding Method Base Material Results Ref.
*Aluminum 7075
1 Laser Beam Base *D6AC Structural Max tensile strength was preferred as 94 MPa. [2]
Steel
. The tensile strength of welding at 20 mA was found to
* -
2 Laser Beam Base Aluminum 707516 597 MPa, and at 25 mA it was found to be 256 MPa, L)
Laser B.eam anc% TIG *Aluminum 7075-T6 The stljength of the sample aftel.~ processing is 365 M.Pa. [52]
Hybrid Welding Softening was observed according to the base material.
4 TIG Welding *Aluminum 7075 The highest tensile strength after the first welding cycle [49]
was measured as 176 MPa.
. . After welding, the tensile strength of the finished piece
* -
> TIG Welding Aluminum 7075-T6 was found 248 MPa with an elongation of 9% (53]
7 FSW *Aluminum 7075-T651 Originating from each other AS 7075-RS 5083 tensile [50]
*RS 5083-H111 strength was measured as 367 MPa.
*Aluminum . .
8 FSW The tensile strength is 515 MPa. [51]

AA7075- T651

3.4 Other Findings and Discussion

When the other findings of the welding joint made
to the Al 7075 base material were examined, it is
published. In study number 1 [2], max tensile
strength was preferred as 94 MPa. In the heat
affected area while the aluminum side is in dendrite
structure with dense distribution, on the steel side,
a structure consisting of coarse austenite grains is
among the findings. In study number 2 [19],
deposited phase formations were observed in the
base area. When SEM images examined, the fusion
region consists of thinner grains than the IES region.
Average grain size varies between 5-48 microns. In
addition, precipitation in the material can cause
cracks in the fusion zone. In study 3 [52], it is
observed that after rolling, the density increases in
the IEB and phase region, respectively, in the laser-
TIG hybrid welded joint. Four regions with
distinctive microstructural features were seen after
laser-TIG hybrid welding. Due to rapid heating and
cooling production techniques, unstable crystalline
microstructures are seen in the sample. This crystal
structure was observed throughout the heat
dissipation region. No significant structural
changes were seen in the IES and fusion site. The
coarse sedimented phases in this region were
dispersed within the surface. In the study number 4
[49] that the presence of the FSW welding line
reduces the fatigue behavior of the material. In
study 5 [53], it was found that the reinforcement
behavior of TIG welding in the IEB was related to
the balance of the dissolution, reversal and
precipitation processes throughout the IEB.
However, it was understood that this situation will
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only occur when it is compared with the main
material study number 7 [50], it was seen that the
yield of the tensile strength of the weld is above
100% even in soft alloys (5083). In study number 8
[51], 15.9% elongation at break was observed for the
base material. The long holding time and high
temperature reached during FSW resulted in larger
grains and intermetallic particles.

4. CONCLUSION

In this study, the mechanical and microstructure
properties
Aluminum metal when combined with laser, TIG

of the materials containing 7075
and FSW welding methods were investigated.
Obtained results were given below:

o The highest tensile strength is seen in study
5 using FSW welding. It is understood that
the ultimate tensile strength is 515 MPa.

e It is seen that the aging treatments is
applied to aluminum 7075 after FSW
welding increase the hardness in the weld
zone.

¢ Inthe examined welding methods, it is seen
that the area under the influence of heat
(IEB) is between 1.5 mm and 4 mm. It is
examined for laser welding between 1.5
mm and 3 mm, for TIG welding between 2
mm and 4 mm, and for FSW welding
between 2.5 mm and 4 mm.

e It is seen that the phase densities increase
due to sudden temperature changes at the
IEB.
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¢ InTIG welding, when the gas flow rate and
current increases, the final tensile strength
of the weld increases.
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