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Yapilan ¢alismada HDPE malzeme sinifindan olan ve yeralti su ve gaz naklinde yogun olarak kullanilan

PE100 malzemenin deneysel olarak alin kaynak islemi gergeklestirilmistir. Calismada g farkh kaynak
Anahtar Kelimeler  sicakligi, ¢ farkli birlestirme basincinda ve tic fakli isitma siresi kullanilarak kaynakli baglanti
Alin kaynak; PE100;  gerceklestirilmistir. Elde edilen veriler istatistiksel veri analiz programinda (Design Expert 12°)
Yizey Cevap degerlendirilerek ele alinmistir. Calismada degisken segimimiz ve parametrelerimiz farkli olup “Yiizey cevap
Metodu. metodu” (RSM) ile optimizasyonu gergeklestirilmistir. Elde edilen optimum parametreler ile Uretilmis olan
numuneler hem g¢ekme testi hem de hidrostatik mukavemet testlerine tabi tutularak sonuglar
degerlendirilmistir. Alin kaynagl sonucunda optimum parametreler (223°C, 15 bar, 120 sn) belirlenmis ve

maksimum ¢ekme dayanimi degerinin, 19,50 MPa oldugu tespit edilmistir.

Optimization of the Effect of Welding Parameters on Joint Strength in

Butt Welding of HDPE Pipes by Surface Response Method

Abstract
In the study, butt welding process of PE100 material, which is of HDPE material class and is used

extensively in underground water and gas transportation, has been carried out experimentally. In the
Keywords study, welded joints were performed using three different welding temperatures, three different joint
Butt welding; pressures and three different heating times. The data obtained were evaluated and handled in the
PE100; Response statistical data analysis program (Design Expert 12®). In the study, our variable selection and parameters
Surface Method are different, and optimization was carried out with the " Response Surface Methodology" (RSM). The
(RSM). samples produced with the optimum parameters obtained were subjected to both tensile test and
hydrostatic strength tests and the results were evaluated. As a result of butt welding, optimum parameters
(223°C, 15 bar, 120 sec) were determined and the maximum tensile strength value was determined to be

19.50 MPa.

© Afyon Kocatepe Universitesi
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HDPE Borularin Alin Kaynaginda Kaynak Parametrelerinin Birlesme Mukavemetine Etkisi, Dagli, Demirer, Yumat

1. Giris

GUnUmuizde cesitli sivilarin (petrol, dogalgaz ve

icme suyu vb.) dagitim hatlarinda, polietilen

borular yilksek dayanikliik, korozyon direnci,
esneklik ve hafiflik gibi avantajlarindan dolayi
yaygin olarak kullanilmaktadir (Walsh, 2017). Ek
(HDPE)

hammaddesi, alcak yogunluklu polietilene kiyasla

olarak yiksek yogunluklu polietilen
daha ylksek mekanik 6zelliklere sahip oldugu igin
yliksek basinca maruz birakilacak uygulamalarda
sikhkla kullanilmaktadir (Frederick ve digerleri,
2009). Borularin birbirine eklenmesi amaci ile
elektro ve alin olmak Uzere iki tir flzyon cesidi
kullanilmaktadir (Chen ve digerleri, 1997). Sicak alin
kaynak flizyon islemi, birbiri ile birlestirilecek her iki
borunun da temas ylzeylerinde yumusama
noktasina ulasilana kadar isitilmasini iceren bir
termo-flizyon yéntemidir (Doaei, 2018). Ek olarak,
farkli et kalinhigindaki borularin birlestirilmesi icin
elektrofizyon metodu kullanilirken, ayni et
kahnhgindaki borular igin ise, sicak eleman alin

kaynagi kullanilmaktadir (Akkurt, 2013).

Bu konuda yapilmis makale ¢alismalari literatiirde
taranarak asagida verilmistir.

Sheng ve arkadaslarinin yapmis oldugu calismada,
alin kaynak islemi ile birlestirilmis olan polietilen
borularin baglanti bdlgelerinde olusan soruna
etkisi

arastirilmistir. Orta yogunlukta polietilen (MDPE)

yonelik  kaynak islemi  kusurlarinin
hammaddesi ile uretilmis borular kullaniimistir.
MDPE hammaddeli alin

birlestirilmis olan borularin, boru baglantilarinin

kaynak yontemi ile

kalitesi kaynak hatalarindan 6nemli derecede
etkilenmektedir. Bu makalede yanhs kaynak islemi
MDPE boru baglantilari

etkisini gostermek amaci ile, cekme, egme, ezilme

sonucunun, Uzerindeki
ve yorulma testleri uygulanip yorumlanmistir. Ug
farkl capta (@ 110-225-315) SDR11, MDPE borular
kullanilmistir. Cekme testi, @110 ve 315 mm
borularin alin kaynak islemi sonrasi elde edilen
numunelere uygulanmistir. Her bir ¢cap icin ayri ayri
Gger numune alinip gekme testine tabi tutulmustur.
Birinci numunede, kaynak islemi sorunsuz
yapilmistir. ikinci numunede ise, yapilan kusurlu

kaynak islemi sonrasi kiresel hata olusmustur.

Uglinci numune, yanlis kaynak islemi sonucu
olusan ¢izgisel kusura sahip numunedir. EEme ve
ezilme testleri de bu sekilde yapilarak sonuclar
tartisilmistir. Elde edilen verilerden, sadece bir tane
olusan kaynak hatasinin bile uzun sireli kullanimda
borularin  baglanti bolgelerinde arizalanmalari
hizlandirdigi  sonucuna ulasmiglardir (Sheng ve

digerleri, 2016).

Tarek ve arkadaslarinin yapmis oldugu bilimsel
calismada ise, polietilen boru malzemeleri igin
uygulanan gerinim orani (%birim sekil degistirme),
kalinhk ve kaynagin kirilma toklugu (J-R) egrisi
Uzerindeki etkisi incelenmistir. Makalenin amaci,
alin  kaynak metodu ile baglanti islemleri
gerceklestirilmis olan HDPE (SDR11, @315 mm)
borularin gerinim orani, numune kalinhg ve

kaynagin kirilma toklugu Uzerindeki etkisinin
arastirilmasidir. Cekme testi alin kaynak islemli
numunelere ve kaynak olmamis numunelere
uygulanip karsilastiriimistir. Cekme testi
numuneleri, farkli vida hizlari (10-500 mm/dk)
kullanilarak

gerceklestirilmistir. Deneysel

calismalarda  kullanilan alin  kaynak islemi
parametreleri su sekildedir: kaynak sicakhg 220°C,
Isitma basinci 13 bar, dengeleme siiresi 13sn,
Isitma stiresi 286 sn, basing olusturma siiresi 15 sn,
soguma siresi 2100 sn ve flizyon siresi 2115 sn
olarak belirlenmistir. Calisma sonucunda, ¢ekme
cihazi vida hizinin hem kaynaklh hem kaynaksiz
numunelerin kirilma toklugu Ulzerinde onemli bir
etkiye sahip oldugu gozlemlenmistir (Tarek ve

digerleri, 2014).

Bir baska deneysel calismada ise, Chai Z. ve

arkadaslari  spor havuzunda su temini igin

kullanilacak HDPE boru hattinin sicaklik alan

dagilimi similasyonu Uzerine inceleme
yapmislardir. @200 mm HDPE (SDR17), boru
malzemeleri kullaniimistir. Kaynak basinci (0,2

MPa), isitma sidresi (70-120 sn), isitici ¢ikarma
suresi (6-8 sn), sogutma siresi (10-16 dk) ve farkli
kaynak sicaklk degerleri (190-240°C) kullanilarak
alin kaynak islemleri gerceklestirilmistir. En iyi
kaynak kalitesi icin calisiimasi gereken
parametreler, 0,2 MPa kaynak basinci, 210-230°C
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kaynak sicakhgi araligi olarak belirlemislerdir (Chai
ve digerleri, 2018).

Uzun ve Kocamanin yapmis oldugu baska bir
literatlr calismasinda ise, HDPE 100 borularin sicak
eleman alin kaynagiyla birlestirilmesinde kaynak
sicakligl parametresinin birlestirme mukavemetine
etkisi incelenmistir. Malzeme olarak dis capi @120
mm olan SDR12 HDPE 100 borular kullaniimistir.
Sadece kaynak sicakliklari degistirilerek (200°C,
225°C ve 250°C), diger kaynak parametreleri sabit
tutulup, sicak plaka

kaynak islemi

gerceklestirilmistir  (yanastirma ve birlestirme
basinci 6 bar, yanastirma siresi 25 sn, 1sitma siresi
120 sn, isitici cikartma ve birlestirme siiresi 6 sn ve
sogutma sidresi 12 sn). Farkh kaynak sicakhk
parametreleri ile alin kaynak islemine tabi tutulan
borulardan standarda uygun olarak hazirlanmis
olan deney numunelerine  ¢ekme  testi
uygulanmistir. Cekme deneyi sonuclarina gore,
kaynak sicakhgr 2252C olarak segilen birlestirmede,
digerlerine gore daha yiksek ¢cekme mukavemeti
(18 MPa) degeri elde edilmistir (Uzun & Kocaman,

2018).

Cocard ve arkadaslar istatistiksel veri analiz
programi (minitab) kullanarak, ylizey cevap metodu
(HDPE-PE100)

optimum kaynak prosedirinin

ile Polietilen boru hatlari igin
olusturulmasi
Uzerine c¢alisma yapmislardir. 3110 mm SDR 11
HDPE boru kullaniimistir. Degisken parametreleri
0,6-2 MPa,

yanastirma siresi (t;) 10-30 sn, 1sitma siresi (t,) 80-

olarak, (yanastirma basinci (P,)
140 sn, birlestirme siiresi (t;)10-780 sn ve kaynak
sicakhigl 200-230°C) kullanilarak, toplamda 32 adet
deney gerceklestirilmistir. Ek olarak numuneler
cekme testine tabi tutulmustur. Deneysel
calismalar sonucu optimum calisma parametreleri,
P;: 1,55 MPa, t;: 30sn, t,. 140 sn, ts : 212sn ve
kaynak sicakligi :200°C olarak bulunmustur (Cocard
ve digerleri, 2009).

Akkurt ve arkadasi sicak alin kaynak yontemi ile
farkh sicakliklarda birlestirilen PE dogalgaz transfer
hatlarinin  glivenirliklerinin arastirilmasi Uzerine
¢alisma yapmislardir. 125 mm ¢aph PE100 borularin
birlestirme islemleri farkli ortam sicakhklarinda (-

25°C ile +60°C arasinda) gergeklestirilmistir. Ortam

sicakligi  hari¢ tim parametreler sabit olarak

secilmistir.  Ortam sicaklik farklarinin  kaynak
kalitesine etkisi arastirilmistir. Numuneler hem
cekme hem de hidrostatik i¢ basing testine tabi
tutulmustur. Yapilan c¢alismalar sonucu, ortam
sicakhginin kaynak kalitesi Uzerinde o6nemli bir
etkiye sahip oldugu gorilmistir. Yapilan cekme
testlerinde -15°C ve altindaki ortam sicakliklarinda
yapilan kaynak islemlerinde kaynak bolgesinde
kopmalar meydana gelirken, diger tim ortam
sicaklklarinda kaynak bolgesi disinda kopmalar
meydana gelmektedir (boru (zerinde). En iyi
kaynak islemi 45°C civarindaki ortam sicakliginda
bulunmustur. Maksimum c¢ekme kuvveti 8000 N,
kopma kuvveti ise 4000 N olarak bulunmustur.
Hidrostatik i¢ basing testlerinde ise, -15, -20 ve -25
°C ortam sicakhiginda kaynak islemi gerceklestirilen
numunelerin i¢ basing testi sonucunda kaynak
bolgesi kisimlarinda kopmalar meydana gelirken, -
10 °C tzerindeki sicaklik ile gerceklestirilen kaynak
islemi  sonrasi i¢ basing testi uygulanan
numunelerde ise kopma kaynak kismi disinda (boru
kisminda) gerceklesmistir (Akkurt & Sarag, 2015).

Pathak ve arkadaslari ise HDPE boru (@ 82 mm, 8
mm  kalinlk)

elektrofizyon ve alin kaynak

proseslerinin  denenmesi ve  optimizasyonu
Uzerinde calisma yapmistir. Deneysel c¢alismalar
istatistiksel veri analiz programi olan minitab
kullanilarak, elektroflizyon ve alin kaynak icinde
ayri ayri 9 deney gerceklestirilmistir. Elektrofiizyon
kaynak icin degisken parametreler, kaynak voltaji
(38,5-40,5V), temas stiresi (140-160 sn), soguma
siresi (8-12 dk) olarak belirlenmis ve sicakhk
dagihmina olan etkileri incelenmistir. Alin kaynak
islemi icin ise, degisken parametreler olarak kaynak
sicakhgr (210-220°C), yaklasma basinci (18-22 bar)
ve kaynak basinci (20-30 bar) olarak belirlenmis,
sicakhk dagilimi ve gerilme direncine olan etkileri
incelenmistir. Yapilan deneysel calismalar sonucu
elektrofiizyon (39,5-150°C -12 dk) ve alin kaynak
(215°C — 18 bar- 20 bar) yéntemleri icin, optimum
parametreler belirlenmistir (Pathak & Pradhan,
2020).

Design Expert programinin kullanildigi literatir
taramalari ise asagida ac¢iklanmaktadir;
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Erglil ve arkadaslarinin yapmis oldugu bir baska
calismada ise, Gg farkli akim degeri (4, 8 ve 12 A),
akim uygulama siresi (3, 6 ve 9 saat) ve ortam
sicakhginda (20, 25 ve 30 °C) Box-Behnken tasarimi
dikkate alinarak yapilmistir. Deneylerden elde
edilen yanitlar Design Expert 11.0.5 programinda
analiz edilerek HST (sargl en sicak nokta sicakligi)
icin matematiksel bir tahmin modeli gelistirilmis ve
parametrelerin optimum degerleri elde edilerek
maksimum HST tahmin

digerleri, 2019).

edilmistir (Ergll ve

Hilmioglu’nun yapmis oldugu bir baska c¢alismada
ise, sicaklik (60, 70, 80 °C), katalizor miktari (0.1-
0.55-1 %.) ve reaktan baslangic molar oraninin (1:1,
3:1, 5:1) asit donldsimi Gzerindeki etkileri Design
Expert programi kullanilarak incelenmistir. Etil
asetat sentezi Design Expert program ile optimize
edilmistir. Deneysel veriler ile model verilerinin
birbirleriyle uyumlu oldugu gorilmastir (Hilmioglu,
2022).

Bu makalede yapilan galismada HDPE malzeme
sinifindan olan ve yeralti su ve gaz naklinde yogun
olarak kullanilan PE100 malzemenin deneysel
olarak alin kaynak

islemi gerceklestirilmistir.

Calismada ¢ farkh kaynak sicakhgi, U¢ farkl

birlestirme basinci ve ¢ fakh Isitma siresi
HDPE 100 kaynakli

baglantilari gerceklestirilmistir. Elde edilen veriler

kullanilarak borularin
istatistiksel veri analiz programinda (Design Expert
12®) degerlendirilerek ele alinmistir. Calismada
degisken secimimiz ve parametrelerimiz farkli olup
“Yizey cevap metodu” (RSM: Response Surface
Metot) ile optimizasyonu gerceklestirilmistir. Elde
edilen optimum parametreler ile Uretilmis olan
numuneler hem ¢ekme testi hem de hidrostatik
mukavemet testlerine tabi tutularak sonuclar

degerlendirilmistir. Calismanin literattirden

0zglinlGigli ise, deneysel verilerin cevap (¢cekme

dayanimi) Gzerindeki etkisinin Design Expert

programi kullanilarak incelenmesidir. Ek olarak
yapilan cekme ve hidrostatik basing testi dncesi ve
numunelerin  verisel

sonrasl karsilastiriimalari

gerceklestirilmistir.

2. Malzeme ve Yontem
2.1.Malzeme

Sicak elaman alin kaynak yontemiyle birlestirilen
HDPE (PE100) Tablo 1’de
verilmistir. Birlestirilecek borunun et kalinligi 10
mm, dis ¢capt §110 mm (SDR11) ve boyu 100 mm
olarak secilmistir.

borunun ozellikleri

Tablo 1. HDPE (PE100) boru malzemesinin mekanik

ozellikleri

Teknik Ozellikler ~ PE 100 Birim Standart
Yogunluk 0,957 g/cm’ 1SO 1183
Viskozite degeri 360 cmi/g ISO 1628-3
Erime Akis Hizi 0.20
(MFR) 1902C/5 oleo g/10dak 1SO 1133
KG ’
Karbon siyahi

2-2,3 % I1SO 6964
orani
Karbon siyah

3 ISO 18553

dagihmi

2.2. Yontem

ilk asamada kaynak ile birlestirilecek olan PE100
malzemeden boru numuneler elektrikli testere
yardimi ile 200 cm boyunda kesilmistir. Alin kaynak
islemi icin numuneler kaynak makinasina Sekil 1'de
ki gibi konumlandirilarak yapilmaktadir. Sekil 2’de
bu konumlama isleminin bir fikstir yardimi ile
borularin ayni eksene nasil getirildigi
gosterilmektedir. Alin kaynak isleminde kullanilan
kaynak makinesinin 6zellikleri de Tablo 2’de

verilmistir.

=

Isiticn yiizeyi

Boru
i H| — 1.
£ 3
On isitma
0. iy T_ i _ 0._ Kaynak
C L1 baglantisi

Sekil 1. Plastik alin kaynak islemi asamalari gorseli
(Shapheek & Shrivastava, 2020)
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Sekil 2. PE100 borularin alin kaynak islemi icin fikstiire
alinmasi gorseli

Tablo 2. Plastik Alin Kaynak Makinesi Ozellikleri
Kaynatabilecegi Maksimum

Et Kalinhig1 (Basing Grubu) PN 16
Isitici Elektrik Glicu 230V -1,5 kW
Tiraglayia Elektrik Glicu 230V -0,81kW
Toplam Elektrik Sarfiyati 2,3 kW

Alin kaynak islemi kisaca tarif edersek (¢ adimda

gerceklesir. ilk adimda birlestirilecek  boru
ylzeylerinin paralelligi icin tiraslanmasi, ikinci
adimda sitict disk  formundaki  elemanin

birlestirilecek borularin arasina yerlestirilmesi ile

ergime noktasina getirilmesi islemi ve sonrasinda
ise 1sitici diskin aradan cikarilarak borularin basingla
birbirine eksen boyunca itilerek katilasma siiresince
bekletilmesi islemidir. ilk adimdaki tiraslama islemi
sonrasinda Sekil 3’te gorildigi UGzere isitict disk
araya girerek bir yanastirma islemi, P, basinci
altinda ve t; slresi boyunca yapilmaktadir. Daha
sonra ise, ikinci asama olan basingsiz (P:0) i1sitma
bolliminde ise, basing uygulanmadan Tablo 3’te
verilen degisken isitma siireleri ile 1sitma islemi
yapilmistir.

Basingsiz Isitma isleminden sonra, t; sliresince hizli
bir sekilde isitici ¢cikarilmakta ve daha sonra borular
birbirlerine yanastirilarak t, suresi boyunca
birlestirilmektedir. Son kademede ise, cihaz Tablo
3’'te belirlenen degisken P; basing degerine
ayarlanarak, bu basingta ve ts sliresince alin kaynak

islemi sogumaya (katilasmaya) birakilmistir.

Basmng
Birlegtirme basinct
Yanagtirma basinc: =)
by ::;r'.l:!: (P1) - 5 Bar
Faoteriir / Isitma basinca (Pa) 0 bar
Hasrncr P
IS SIS, 7 A siire
- > > = >

Yanastirma siiresi (t1) Isitina siiresi (t2)
25 sn

Birlegtirme siresi
(t4): 3 =n

Sogutma siiresi (i)
15 dke

Isttics cikartma
sliresi (3) -3 =n

Sekil 3. Sicak eleman alin kaynak isleminin basing-siireye bagli uygulama asamasi

Deneysel c¢alismamizda istatistiksel veri analiz

programi olarak Design Expert12® yazihm programi
kullanilmistir. Yontemi  olan

Yizey Cevap

istatistiksel veri analiz programi ile sistemin
cevabini etkileyen c¢ok sayida degisken bir arada ve
eszamanli olarak incelenebilmekte ve prosesin
islem parametrelerindeki degisime verdigi cevap-

yanit en az sayida deneme yapilarak en iyi sekilde

tanimlanabilmesi amaci ile Box-Behnken metodu
tercih edilmistir. ilk olarak, programa Tablo 3’te
belirlemis oldugumuz degiskenlerin minimum ve
maksimum degerleri girilmistir. Calismada Tablo
4'te belirtilen parametreler sabit tutulmustur.
Program tarafindan besi tekrarli olmak kaydi ile
toplam 17 deney 6nerilmistir (Tablo 6).
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Tablo 3. Degisken deney parametreleri ve seviyeleri

Seviye
-1 0 +1
Degiskenler Semboller (Minimum (Orta (Maksimum
deger) deger) deger)
Kaynak sicakligi (°c) A 200 225 250
Birlestirme basinci (bar) B 5 10 15
Isitma suresi (sn) C 40 80 120
2.2.1. istatistiksel Veri Analizi proses boyunca belirlenen noktalar arasinda
degisimlerin proses cevabina-yanitina etkisini

Bu calismada, @110 SDR 11, (Standart boyut orani,
borunun karsi
derecelendirilme yéntemi) HDPE (PE100) borularin;
kaynak sicakligi, birlestirme basinci ve i1sitma siresi

basinca dayaniklihginin

gibi (degisken) parametrelerinin maksimum ¢ekme
dayanimina (MPa) olan etkisi Varyans Analizi
(ANOVA), Ylizey Cevap Metodu (RSM) kullanilarak
degerlendirilmistir. RSM, bagimsiz degiskenler ve
bu degiskenlere bagh olarak tasarlanan deney
sisteminin verdigi cevaplar arasindaki iliskiye gore
sistemin degisken-cevap profilinin belirlendigi bir
optimizasyon teknigidir (Nigiz, 2019). Ylzey cevap
parametrelerin

metodu ile ¢ok degiskenli

kullanildigr  sistemlerde, zaman ve malzeme

tasarrufu saglanarak optimum calisiimasi gereken
sartlar sistem tarafindan belirlenmektedir.

Calismamizda kullanilan istatistiksel veri analiz

programi olan ylizey cevap metodunun amaci,

belirlemektir. Boylece belirlenen araliklarda olasi

degiskenlerin cevabini deney yapmaya gerek
kalmadan 6ngérmek mimkindir. Calisma sonunda
dogrulama

ongorilen optimum parametreler

deneyleri ile kontrol edilmistir.

Bu calismamizda, ¢ degisken faktor; kaynak
sicakligi, birlestirme basinci ve isitma siiresi olup

cevap ise maksimum ¢ekme dayanimi degeridir.

RSM ile
olusturulan deney sistemlerinde en az deney

Bu calismadaki deney tasarimi igin,

sayisini  olusturan Box-Behnken tasarimi tercih
edilmistir. Calismada kullanilacak deneysel tasarim
belirlendikten sonra maksimum ¢ekme dayanimina
etki eden parametreler, seviyeler belirlenmis ve
Tablo 3’te; sabit tutulan deney parametreleri ise

Tablo 4’te verilmistir.

Tablo 4. Sabit tutulan deney parametreleri

Sabit Parametreler Birimler Degerler Semboller
Yanastirma Siresi (sn) 25 t;
Yanastirma Basinci (bar) 5 P,
Isitici Cikarma Stiresi (sn) 5 t3
Birlestirme Siiresi (sn) 5 ty
Sogutma Suresi (dk) 15 ts
Ylrtiime Basinci* (bar) 10 -

* Yiiriime basinci: Her iki boruyu karsi karsiya getirirken olusan basingtir.
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2.2.2. Cekme Testi

PE100 plastik borular Sicak Alin Kaynak Makinesi ile
Tablo 6°da belirtilen parametreler kullanilarak
birlestirilmistir. Birlestirilerek elde edilen kaynakli
borularin Gzerinden standartlarda belirlenmis olan
olclilerde hazirlanmis olan numuneler her bir test
icin oda sicakhginda (23°C) ve %50 nem ortaminda
cekme testine tabi tutulmustur. Cekme deney
numuneleri TS 1SO 13953/ I1SO 11414 standardina

gore hazirlanmistir (Sekil 4).

Numunelerin et kalinligi 25 mm’den kii¢lik oldugu
icin, Tip A testi uygulanmistir (Sekil 5). Cekme cihazi
teknik ozellikleri Tablo 5’te verilmistir. Numunelere
cekme cihazinda 5 = 1 mm/min. ¢cekme hizi

test
(MPa)
degerleri bulunmustur (Tablo 6). Ayrica gekme testi

uygulanmustir. Deney numunelerinin

sonucunda maksimum ¢ekme dayanimi
ile deney numunelerinin siinek veya gevrek
kirilmalarina bakilarak, kaynak prosesi hakkinda
bilgi edinilmistir.

SES

N

9_

€
“

H

A Toplam uzuniuk (en az) 180

B Uclardaki geniglik 60+3

c Kenan paralel clan dar kismin uzunlugu Uygulanmaz

D Dar kismin genigligi 25+1

E Yarigap 51205

G Tutma yerleri arasindaki ilk mesafe 90+5
Tam et

H Kalinlik kalinhig:

| Cekme deliklerinin cap! 205

Sekil 4. Makine ile islenmis Tip A cekme deney numunelerinin boyutlari (Olgiiler mm’dir.)

Tablo 5. Cekme Cihazi ve Teknik Ozellikleri

5 2000 kN
® Cekme
2 s PLC
0 kapasitesi (kN) .
g Kontrollt
T Cekme hiz
[ 5+1
(mm/min)
TINIUS
Marka /Model
OLSEN
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2.2.3. Hidrostatik i¢ Basing Testi

Borularin zaman iginde basing karsisindaki

davranislarinin  kisaltilmis  ortam  sartlarinda
incelendigi testtir. Borulara yliksek basing¢ sartlar
borudaki

olusabilecek degisimler gbzlemlenmektedir. Kaynak

uygulanarak 50 yillik bir slrede
parametreleri verilen optimum ve optimuma yakin
toplamda 3 deney numunesi, TS EN I1SO 1167-2
standardina gére hazirlanarak, 165 saat 80°C’de
teste tabi
Standartlara uygun secilen numuneler iki ucundan

sicak su havuzunda tutulmustur.

kapama baslklari ile sizdirmayacak sekilde

kapatilmistir. icinde hava kalmayincaya kadar
sartlandirici yardimiyla istenilen sicakhiga getirilmis
Ardindan agirlik sebebiyle
basliklar

desteklenerek sartlandirilmis ortama tamamen

su ile doldurulur.

ovallesmemesi icin basing test ile
daldirilarak numune teste hazir hale getirilerek
islem gerceklestirilmistir. Sekil 6 ve 7'de i¢ basing

oncesi ve sonrasi numune gorseli verilmektedir.

-

. y ;i ol i My s . & a ”".-
Sekil 6. Hidrostatik i¢ basing testi hazirlik gorseli

Sekil 7. Hidrostatik i¢ basing testi sonrasi numune gorseli

3. RSM Analizi ve Sonuglarin irdelenmesi

Bu c¢alismada vyapilan deneylerin  tamami,
istatistiksel veri analiz programiyla belirlenen
parametreler ile gerceklestirilmistir. Program

tarafindan besi tekrarl olmak (izere toplam 17 adet
farkh degisken parametrede deneyler yapilmistir.

Farkli degisken parametreler kullanilarak
gerceklestirilen deneylerden elde edilen
numunelere uygulanan c¢ekme testi sonucu

bulunan maksimum c¢ekme dayanim degerleri
programa aktarilmistir (Tablo 6).

Tablo 6. RSM ile belirlenen degiskenler ve deney sonuglari

Deney Faktor 1 Faktor 2 Faktor 3 Cevap
Numarasi Kaynak Birlestirme Isitma Cekme
Sicakhg Basinci Suresi Dayanimi
(°c) (bar) (sn)  (N/mm’)
1 200 15 80 18,67
2 250 15 80 17,96
3 250 5 80 17,50
4 250 10 40 17,60
5 225 15 40 19,03
6 225 10 80 19,00
7 225 10 80 19,01
8 225 10 80 19,00
9 225 10 80 19,02
10 200 10 120 18,70
11 225 120 18,96
12 225 40 18,77
13 200 80 18,30
14 225 10 80 19,00
15 250 10 120 18,00
16 200 10 40 18,49
17 225 15 120 19,50
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Program tarafindan belirlenen regresyon modeli
Denklem (1)'deki gibi olusturulmustur.

Max. Cekme Dayanimi =

+19,01 — (0,3875* A) + (0,2038 * B) + (0,1588 * C) +
(0,0225*AB) +(0,0475 * AC) + (0,0700 * BC) —
(0,8830*A%) — (0,0155* B?) + (0,0745 * C) (1)
Bu denkleme gore, A faktori yani kaynak sicakligi
en etkin faktor olarak gorilmektedir. Kaynak
sicakhgl degerindeki artis, cekme dayanim degeri

Gzerinde negatif yonde bir etki olusturmaktadir.

Fakat B (birlestirme basinci) ve C (isitma siiresi)
faktorleri ise ¢cekme dayanimi lizerinde pozitif bir

etkiye sahiptir. Bu faktorlerin sayisal oranlarindaki
artis, cekme dayanim degerleri (izerinde de dogru
orantili bir artisa sebep olmaktadir. Elde edilen
modelin denklemi ANOVA analizinde kontrol
edildiginde Kuadratik Model’in (Tablo 7) bu tasarim
icin uygun oldugu gérilmistir. Onerilen model
icin, “F” anlamlilik degeri daha yilksek, hata degeri
olasiligl ise 0,05’ten daha diisiik bulunmustur. Bu
verilerde, modelimizin deneysel ¢alismamiz icgin
uygun
2021).

oldugunu gostermektedir(Yiimaz&Ertiirk,

Tablo 7. Anova analizi ile model belirleme gorseli

Kareler Serbestlesme Kareler .. ..
Kaynak . F Degeri p Degeri
Toplami Derecesi (df) Ortalamasi
Lineer 1,73 3 0,5783 2,26 0,1304
2FI 0,0306 3 0,0102 0,0309 0,9922
Kuadratik 3,30 3 1,10 4986,35 <0,0001
Kubik 0,00123 3 0,0004 5,10 0,0746
Tablo 8. Kuadratik model icin ANOVA tablosu
Kareler  Serbestlesme Kareler .. L.
Kaynak . F Degeri p Degeri
Toplami  Derecesi (df) Ortalamasi
Model 5,07 9 0,5630 2550,96 <0,0001 Anlaml
Kaynak Sicakhigi (A) 1,20 1 1,20 5442,56 <0,0001
Birlestirme Basinci (B) 0,3321 1 0,3321 1504,72 <0,0001
Isitma Suresi (C) 0,2016 1 0,2016 913,45 <0,0001
AB 0,0020 1 0,0020 9,17 0,0191
AC 0,0090 1 0,0090 40,89 0,0004
BC 0,0196 1 0,0196 88,80 <0,0001
A 3,28 1 3,28 14873,99 <0,0001
B> 0,0010 1 0,0010 4,58 0,0695
c? 0,0234 1 0,0234 105,88 <0,0001
Artan 0,0015 7 0,0002
. Anlamh
Model uygunsuzlugu 0,0012 3 0,0004 5,10 0,0746 Desi
egi
Hata 0,0003 4 0,0001
Toplam 5,07 16
Standart Sapma 0,0149 R’ 0,9997
Ortalama 18,62 Ayarlanmis R? 0,9993
Varyasyon katsayisi (%) 0,0798 Tahmin Edilen 0,9960
Yeterli Hassasiyet 175,8542
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Elde edilen modelin ve modeldeki katsayilarin
dogrulugunu belirleyen F testi ve parametrelerin
maksimum ¢ekme dayanimina katkisini belirlemek
icin varyans analizi (ANOVA) yapilmis sonuglari
Tablo 8de verilmistir. Anova analizi sonucu elde
edilen Tablo 8'de degiskenlerin cevap lzerindeki
etkisinin 6nem derecesi ‘F-degeri’ ve ‘Kareler
toplami’ degerleri ile kiyaslanir. ‘F-degeri’ ve
‘Kareler toplami’ degerleri sayisal olarak buyik olan
faktor cevap Uzerindeki en etkili faktérdir. F degeri
ne kadar artarsa model dogrulugu da ayni oranda
artmaktadir (Nigiz, 2018). P degerinin (hata degeri
olasihgl) 0,05'ten kigilk olmasi dnemlidir. p<0,05
ise, program tarafindan Numunelere c¢ekme
cihazinda 5 £+ 1 mm/min. cekme hizi uygulanmistir.
onerilen deneylerin laboratuvar sartlarinda elde
edilen sonuglarin %95’inin program tarafindan elde
edilen model ile agiklanabilecegini gostermektedir
(Myers&Montgomery,1995).Tablo 8 incelendiginde
2550,96 F degeri ile modelin ve A (Kaynak Sicakligi),
B (Birlestirme basinci), C (Isitma siresi), model
(p<0.0001)

gorilmektedir. R? (ayarlanmis) = 0,9997 degeri de

parametrelerinin  anlamh  oldugu
deneysel cevaptaki varyansin %99,97’sinin ikinci

dereceden modelle acgiklanabilecegini ifade

etmektedir.

Ek olarak, yiiksek regresyon katsayisi (R°)'nin 1’e

yakin  olmasi model tarafindan o6ngorilen
degerlerin deneysel veriler ile uyum icerisinde

oldugunu gostermektedir (Nigiz, 2018).

Deneysel ve RSM denklemi kullanilarak elde edilen
tahmini maksimum c¢ekme dayanimi degerlerinin
Sekil 8'de
gozlemlenmistir. Bu, modelde kullanilan kuadratik

goriilecegi gibi uyumlu oldugu
regresyon modelinin deney tasarimindaki herhangi
bir degiskendeki cevap faktorlerini hesaplamak icin
uygun olabilecegini gostermektedir. Sekil 8'deki
modele gore gercek ve tahmin edilen donlisimlerin
uyumlu oldugu goriilmektedir. Tahmin edilen deger
ile gercek donlsim degerlerinin
bakildiginda
gorllmektedir. Grafikte bulunan ¢izgiden herhangi

dagilimina

normallik  kosulunun  saglandigl
bir sapma gorilmemektedir (Yilmaz & Ertirk,

2021).

19,5

15 ~ i

185 4

18

175

Tahmin edilen degerler

17

T T T T T T

17 17,5 18 185 18 18,5
Gergek degerler

Sekil 8. Deneysel ve RSM maksimum ¢ekme dayanimi
degerleri kiyaslamasi

Sekil 9'da gercek degerler ile kalan degerlerin
uyumlulugu gosterilmektedir. Verilerimizin grafik
Uzerindeki kirmizi limit degerleri arasinda olmasi
uygun oldugu anlamina gelmektedir. Grafigin
dagilimi da limit degerlerinin disina tasmamistir,
sonug¢ olarak uygun bulunmustur (Uzunogullari,

2010; Shapheek & Shrivasta, 2020).

&00
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-bZI:I_
a
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17 175 18 185 b ] 95
Gergek degerler

Sekil 9. Gergek ve kalan degerler grafigi

Sekil 10’da tim deneyler kirmizi sinir cizgileri

arasinda  ve herhangi bir  sinir  asimi

bulunmamaktadir. Bu sebeple program tarafindan
tekrar  edilmesi

gereken  bir deney 06n

gorilmemistir.
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Deney numarasi

Sekil 10. Deney numarasi ve kalan degerler grafigi

3.1. Proses degiskenlerinin RSM’ye etkisi

3.1.1 Kaynak sicakhigi ve birlestirme basincinin
¢ekme dayanimina etkisi

Sekil 11'de 3D vylzey grafigi ile i1sitma siresi 80
sn’de sabit tutulup, birlesme basinci ve kaynak
maksimum  ¢ekme

sicakhgr  degiskenlerinin

dayanimi Gzerindeki etkisi goriilmektedir.

Gekme dayanimi (N/mm?)

Eaymak
sicakhig (C)

Birlegtirme
basmnc: (Bar)

Sekil 11. Sabit isitma siresinde (80 sn), kaynak sicakligi
ve birlesme basincinin maksimum ¢ekme dayanimi
Gizerindeki es zamanl etkisi

U¢ boyutlu grafikte kaynak sicakhig degerinin
artmasi ile maksimum c¢ekme dayanimi degerleri
baslangicta artis géstermis fakat 230°C ‘nin lzerine
cikildiginda ise, cevap degerleri giderek azalmistir.

230°C’ye kadar olan uygulamalarda, yapi icerisinde
kristal olarak bulunan zincirlerin ¢ogu 1isi etkisi ile
amorf forma doénlismektedir. Boylece zincirler
birbirleri tGzerinden kolayca akarak iyi bir yapisma
mukavemeti sergilemekte ve homojen bir yapi

olusmaktadir.

Daha sonra uygulanan sogutma islemi ile zincirlerin
cogu kristal forma donismis olup Uzerlerine
uygulanan ¢ekme kuvvetine dayanimlari daha fazla
olmaktadir. PE100 malzeme, vyiksek molekil
agirhigina sahip yari kristal yapida ve mekanik
ozellikleri diger polietilen malzemelere gore yiiksek

bir polimer malzemedir.

Uzerinde
Tablo 6’daki
maksimum c¢ekme dayanimi degerlerinde disme

Fakat  230°C’nin
uygulandiginda,

kaynak  sicakhgi

veriler 1siginda

egilimi gorilmektedir.

Bunun sebebi ise, ylksek sicaklik artisi ile yapi
icerisindeki zincirlerde konformasyonel bozulmalar
meydana geldigi duslinilmektedir. Bu durumda
cekme dayanim degerlerini disiirmektedir.

Birlestirme  basinci  degerlerindeki artis ile

maksimum ¢ekme dayanimi verilerinde dogru
orantili bir artis gozlenmistir. Bunun sebebi ise,
uygulanan basing kuvveti ile eriyik halde bulunan
polimer zincirlerine daha iyi yoénlendirme yapilarak,
yapl icerisinde diizglin bir form almasinin saglandigi
disltnllmektedir. Boylece yapi icerisinde kristal
(duzenli) bolge orani artis gosterecek ve buna bagh

olarak mekanik 6zelliklerde artis olacaktir.

3.1.2. Kaynak sicakhdi ve i1sitma siiresinin ¢ekme
dayanimina etkisi

Sekil 12’de
Uzerinde ¢ok blyik bir etki olusturmadigl tespit

Isitma slresi degisiminin cevap

edilmis olup bu silrenin gereginden uzun tutulmasi
durumunda, alin kaynak bolgesinin asiri erimesi ile
zincirinde bozunmalar

polimer meydana

gelebilecektir.
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Celone
Dayvammi(Nmm?)

Kaynak
Sicakligs ()

Sekil 12. Sabit birlesme basincinda (10 bar), kaynak
sicakhgi ve i1sitma siresinin max. gekme dayanimi
Gzerindeki es zamanli etkisi

= -

250

_—
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3.1.3. Optimum deney kosullarinin belirlenmesi

Degisken  parametrelerin  maksimum  ¢ekme
dayanimi Uzerindeki etkileri incelendikten sonra,
optimum parametre degerleri Design Expert 12

programinda elde edilmistir.

Elde edilen optimum parametre degerleri ve bu
degerlere karsilik gelen maksimum ¢ekme dayanimi
Sekil 13’te verilmistir.

1|

i5

Birlegtinme Basmce: 14,709

| e |

175 19,5

|

Celome Davanira: 19 5003

Sekil 13. Optimum parametreler ve en yiiksek cekme dayanimi degeri

Bitln faktorler birlikte degerlendirildiginde, en
yliksek cekme dayanimi elde etmek amaci ile
program tarafindan degiskenler icin Onerilen
degerler Sekil 13'te gosterilmektedir. 19,50MPa’lik
cekme dayanim degeri elde etmek amaci ile
optimum deney kosullarinda, kaynak sicakhgi,
223°C, birlestirme basinci 15 bar ve isitma siresi

120 sn olarak 6ngorilmustdr.

Ek olarak, program tarafindan farkh
parametrelerde toplam 100 deney tasarlanmistir.
Tasarlanan 100 deney arasindan optimum ve
optimuma yakin toplam 3 deney parametresi
(deney no :1, 2 ve 3) belirlenmistir. Belirlenen
parametrelerde alin kaynak islemi yapilmis olup,
numuneler ¢cekme ve hidrostatik i¢ basing testine

tabi tutulmustur.

4. Cekme Testi Sonuglari

ilk olarak, Design Expert programi tarafindan
belirlenmis olan farkli degisken parametreler ile
gerceklestirilen (Tablo 6) alin kaynak islemi yapilan
17 adet numunenin ¢cekme testi sonrasi gorselleri
Sekil 14 ‘de verilmistir.
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Sekil 14. Cekme testi sonrasi kopan numune gorselleri

Cekme testi asamasinda numunelerin kaynak

birlesim  bolgesinden  gevrek veya  sinek

ayrilmalarina bakilarak kaynagin saghkh olup
olmadigi goézlemlenmistir. Sonug¢ olarak, ylksek
kaynak sicakligi kullanilan numunelerde (deney 2,
15 gibi) daha gevrek bir kopma go6zlemlenirken
daha sicakliginin  kullanildig

numunelerde (deney 11) ise slinek bir kopma

disuk kaynak
meydana gelmistir. Uzun ve arkadasinin yapmis
oldugu calismada, PE100 borularin g farkli (200,
225 ve 250°C) kaynak sicakligindaki ¢ekme testi
sonucunda 250°C deki numunelerde kopma uzama
degerlerini daha diisik tespit etmislerdir. Bu sonug
¢aismamizi  destekler niteliktedir (Uzun &

Kocaman, 2018).
4.1. Optimum deney numunelerinin Cekme Testi

Deneysel parametreler sonucu analiz programinin
belirlemis oldugu optimum ve optimuma vyakin
(Tablo 9)
deneyleri yapilmistir. Bu veriler 1siginda kaynak

deney verileri ile ayrica dogrulama
islemi yapilmis olan numuneler ¢cekme testine tabi
tutulmus (Sekil 15) ve cekme gerilme (N/mm?)
degerlerine karsilik % uzama grafigi Sekil 16’da
gosterilmistir.

Tablo 9. Optimum ve optimuma yakin deneylerin alin
kaynak islemi parametreleri

Kaynak Birlestirme Isitma Cekme
Deney . L
Numaras Sicaklig Basinci Suresi Dayanimi
u 1
(°c) (bar) (sn) (N/mm?)
1 222,945 14,709 119,644 19,500
2 220,446 14,547 119,617 19,501
3 219,989 14,739 118,867 19,503

a) b)

Sekil 15. Cekme testi 6ncesi (a) ve sonrasi (b) numune
gorselleri

Gerilme - %Uzama Grafigi

‘w 15
o
2
o 10
E
g S5
U]

0
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—1223C 220C
% Uzama

223°C optimum parametrelerin kullanildigi deney numunesi,
220°C: Optimuma yakin parametrelerin kullanildigi deney
numuneleri ortalamasi

Sekil 16. Optimum ve optimuma yakin deney
numunelerinin Gerilme-% Uzama grafigi

Cekme testi grafik sonuclarina gore optimum
deneysel parametreler kullanilarak gerceklestirilen
alin kaynakli numunelerin 223°C’de ¢cekme dayanim
degeri 21MPa olup diger numunelere kiyasla (20
MPa) daha yiiksek tespit edilmistir. Ayrica %kopma
uzama degeri de diger numunelere kiyasla daha
ylksektir. Akkurt ve arkadaslarinin yapmis oldugu
calismada ise, cekme dayanim degerleri, 21-27 MPa
arasinda bulunmaktadir (Akkurt & Sarag, 2015).
Zhigiang ve arkadaslarinin yapmis oldugu diger bir
calismada ise en iyi kaynak kalitesinin 210-230°C
araliginda oldugu belirtilmistir (Cai ve digerleri,
2018).

Sonu¢ olarak, program tarafindan optimum
deneysel parametreler icin (223°C) hesaplanan
(teorik) maksimum ¢ekme dayanim degeri, 19,50
MPa iken, deneysel olarak bulunan maksimum
cekme dayanim degeri, 21 MPa’dir. Bu degerler ile
deneysel veriler ve teorik veriler arasindaki % hata

payi asagidaki denklem yardimi ile hesaplanmistir.
% Hata =[deneysel deder-teorik deder] / teorik deder x %100

% Hata=[(21- 19,50) / 19,50] X 100 = %7,69 olarak
bulunmustur. Bu sonu¢ bize, deneysel veriler ile

%7,69;
oldugunu

teorik veriler arasindaki tutarsizhigin

dogruluk  oraninin  da  %92,31

gostermektedir.
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4.2. Hidrostatik i¢ basing testi ve Cekme testi

Optimum ve optimuma yakin toplamda (¢ adet
deney parametreleri ile gerceklestirilen alin kaynak
hidrostatik i
basing testine tabi tutulmustur. Bu test sonrasi

islemlerinden sonra numuneler

standartlara uygun sekilde hazirlanan deney
numunelerine ¢ekme testi uygulanmistir. Boylece
numunelerin  alin kalitesi
tahribatli

edilmis ve kesit alana uygulanan maksimum ¢cekme

kaynak prosesinin
muayene testi sonrasinda da analiz

dayanimi(N/mm?) gézlemlenmistir. Hidrostatik i¢
basing test siresi boyunca deney numunelerinde
herhangi bir sizma ve patlama hasari olusmamistir.
Dolayisi ile test sonucu hasarsiz olarak
kaydedilmistir. Hidrostatik i¢c basing testi sonrasi
(T.S.) cekme deneyine tabi tutulan numunelerin,
Gerilme-%Uzama grafigi ortalama degeri Sekil
17’de verilmistir. 223°C kaynak sicakhgi kullanilarak
gerceklestirilen deney numunelerinin  ¢ekme
dayaniminda %52 oraninda azalma gozlemlenirken,
220°C kaynak sicakliginda ise, %55 oraninda azalma
tespit edilmistir. % Kopmada uzama degerlerine

bakildiginda hidrostatik i¢c basing testi oncesine

kiyasla %31 oraninda azalma gostermistir.
Beklenildigi Uizere tahribath muayene sonrasi
numunelerin  mekanik 0Ozelliklerinde azalmalar

meydana gelmektedir. Fakat, Sekil 17’de deney
cekme testindeki
slinektir. Ek

numunelerinin alin  kaynak bdlgesinde ayrilma

numunelerinin kopma

davranislari olarak, deney

meydana gelmemistir. Kopma daha c¢ok boru
bolgesinde (kaynak bolgesi disinda) gerceklesmistir.
Bu sonu¢ bize kaynak kalitesinin ve kaynak
parametrelerinin

optimum oldugunu

gostermektedir.

Gerilme - %Uzama Grafigi
25
20 ——
N | ——ma3c

20 C

Gerilme (MPa)

--220C
(T5)
----- 223 C

(T.s}

0 5 10 15 20 25 30 35

% Uzama

Sekil 17. Hidrostatik i¢ basing dncesi ve sonrasi Gerilme-
% uzama grafigi ve numuneleri

5. Sonuglar

PE100 boru malzemesiyle yapilan alin kaynagi
isleminde asagidaki sonuglar elde edilmistir:

e RSM’nin optimum tavsiye edilen proses
223°C,
birlestirme basinci 15 bar ve i1sitma siresi

sartlarinin proses sicakhigi
120 sn oldugu, kaynak sicakhgl da en etkin
faktor

parametreler kullanilarak gerceklestirilen

olarak ongorilmustir. Bu

dogrulama deneyleri ile alin kaynakl

numunelerin  deneysel sonuglarda en
yliksek ¢cekme dayanim degerinin (21MPa)
oldugu tespit edilmistir.

e Yiizey Cevap Metodu ile deneysel veriler
arasindaki dogruluk oraninin da %92,31
oldugunu belirlenmistir. Program
tarafindan analiz edilerek tahmin edilen
veriler ile deney sonucu bulunan (gercek)
verilerin uyumlu oldugu goérilmustdr.

e Sicakhk (250°C)

sonucunda numunelerde %kopma uzama

arttikca cekme testi
degerlerinde %17 oraninda azalma tespit
edilmistir.

e Hidrostatik i¢c basing testi sonrasi 223°C
kaynak sicakhgindaki numunelerde ¢ekme
dayanimi degerinde %52; 220°C kaynak
sicakliginda ise %55 oraninda azalma tespit
edilmistir.

e Hidrostatik i¢c basing testi sonrasi 223°C
kaynak sicakhgindaki numunelerde
%kopma uzama degerinde % 31.25, 220°C
kaynak sicakliginda ise %30.20 oraninda
azalma tespit edilmistir.
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Akiskan madde tasiyan vylzeylerin hidrofobik malzemelerle kaplanmasi slrtiinme faktorinin

azaltlmasinda etkili sonuglar gostermektedir. Bu ¢alismada hidrofobik 6zellik sergileyen
floroetilenpropilen (FEP) malzemenin hidrofobik davranisini artirmak igin ilave edilen nano grafen
katkisinin Uretim parametrelerinden katki orani, kiirleme sicakhgl ve kirleme siiresi parametreleri
Anahtar kelimeler optimize edilmistir. Optimize edilen li¢ parametre igin Ug¢ farkli seviye literatir kaynaklarindan
belirlenmistir. Bu seviyeler grafen katki oranlari igin agirlikga %1, %2, %3, kirleme sicakliklari igin 200 °C,
300 °C, 400 °C ve kurleme sureleri icin ise 30 dak, 40 dak, 50 dak olarak uygulanmistir. L9 Taguchi

dizisine uygun sekilde AISI 304 sac malzeme yiizeylerine floroetilenpropilen/grafen karisimi uygulanmis

FEP; Kiirleme Sartlari;
Taguchi Metodu; Yizey

Mihendisligi; Temas
ve kirleme islemi firinda tamamlanmistir. Optimizasyon islemi yizeylere birakilan su damlasinin temas

Aot acilari yanitlarina gore gergeklestirilmistir. Floroetilenpropilen igerisine ilave edilen grafenin optimum
katki orani %1, kiirleme sicakhginin optimum degeri 400 °C ve kirleme sliresinin optimum degerinin ise
40 dak oldugu tespit edilmistir. Varyans analizinden temas agilari lzerinde en etkili parametrenin
%96.78 oranla kirleme sicakhgl oldugu belirlenmistir. Floroetilenpropilen kaplama malzemesine ilave
edilen katkilara optimum Gretim parametrelerin uygulanmasi pompa, tiirbin, tesisat vb. uygulamalarda

enerji tasarrufuna katkida bulunabilecegi sonucuna varilmistir.
Optimization of Manufacturing Parameters for Fluorinated Ethylene
Propylene (FEP)/Graphene Hydrophobic Coatings

Abstract
The coating of surfaces carrying fluid with hydrophobic materials has shown effective results in

reducing friction factors. In this study, the optimization of manufacturing parameters, including the
additive ratio, curing temperature, and curing time was conducted to enhance the hydrophobic
behavior of fluorinated ethylene propylene (FEP) material by incorporating nano graphene additives.
Three different levels for the optimized parameters were determined based on the literature sources.
These levels were set as 1% wt, 2% wt, and 3% wt for graphene additive ratios, 200 °C, 300 °C, and 400
°C for curing temperatures, and 30 min, 40 min, and 50 min for curing times. Following the L9 Taguchi

Keywords
FEP; Curing Conditions;
Taguchi Method;
Surface Engineering;
Contact Angle

design, the FEP/graphene mixture was applied to AISI 304 stainless steel surfaces, and the curing
process was completed in an oven. The optimization process was performed based on the response of
water droplet contact angles on the surfaces. The optimum graphene additive ratio was determined as
1%, the optimum curing temperature was 400 °C, and the optimum curing time was found to be 40 min.
Variance analysis revealed that the curing temperature had the most significant effect on the contact
angles with a contribution rate of 96.78%. Applying the optimal manufacturing parameters to the FEP
coating material with added additives can contribute to energy savings in applications such as pumps,
turbines, and pipelines.

Afyon Kocatepe Universitesi
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1. Introduction

In the majority of engineering applications, fluid
substances are transported from one place to
another to carry out processes (Yumurtaci and
Sarigil, 2011). One way to achieve energy savings
in the transportation of fluid substances is by
reducing the friction losses occurring in pipelines.
The decrease in the friction factor reduces pressure
drop, thus enabling energy conservation. With the
recent advancements in surface coating
technologies, low surface energy materials can be
produced, resulting in the creation of hydrophobic,
These

eliminate the no-slip condition at the fluid-solid

or water-repellent, surfaces. surfaces

interface, reducing the shear stress and
consequently decreasing the frictional force
(Voronov et al. 2007; Choo et al. 2007). It is applied
in industrial sectors due to its stated properties.
Therefore, surfaces are coated with hydrophobic
materials. In line with this objective, the literature
studies are as follows. Tanaka and Kawakami
(1982) suggested the use of surface engineering
technology to prepare hydrophobic and wear-
resistant composite coatings by incorporating
carbon fibers, graphene, or carbon nanotubes into
pure hydrophobic polytetrafluoroethylene (PTFE)
coatings. They aimed to enhance the hardness and
wear resistance of the coatings (Tanaka and
Kawakami, 1982). Takahashi et al. (2011) processed
PTFE using reactive ion etching in a plasma reactor
with Ar, CF4, N5, and O, gases, resulting in surfaces
with different wetting properties. Particularly, they
obtained a surface with a water contact angle
higher than 150° after CF, plasma treatment,
demonstrating reduced friction of water droplets
(Takahashi et al. 2011). Wang et al. (2015)
produced hydrophobic coatings by physically
blending SiO, and PTFE nanoparticles. They found
that the coating surface filled with hydrophobic
SiO, exhibited better homogeneity compared to
untreated SiO,, and the maximum measured
contact angle on the composite coating surface
was 163.1° (Wang et al. 2015). Nemati et al. (2016)
used a spin

coating method to prepare

PTFE/graphene oxide composite coatings on

stainless steel substrates, showing that a volume

fraction of 15% graphene oxide could significantly
reduce the friction coefficient and wear rate
(Nemati et al. 2016). Wu et al. (2019) created a
composite coating using carbon fiber-reinforced
PTFE and reported that when the mass fraction of
carbon fiber was 20%, the water contact angle
reached 122.0+2.0°, indicating excellent
hydrophobic properties (Wu et al. 2019). Chen et
al. (2022) prepared PTFE/Al,O; composites at 340
°C for 30 minutes. They observed that these
composites formed a water contact angle of 135°
(Chen et al. 2022). Furthermore, Wang et al. (2022)
prepared carbon fiber-reinforced PTFE composite
coatings on 35CrMo steel substrates using a one-
step spray method, followed by laser surface
modification. They investigated the effects of
coatings with 10%, 20%, and 30% carbon fiber
content on the contact angle, friction coefficient,
and wear rate. They found that the 30% carbon
fiber-reinforced coating exhibited the strongest
hydrophobic characteristic (Wang et al. 2022).

It is commonly observed in the literature that
fluorinated ethylene propylene (FEP) and PTFE
materials are frequently used to impart
The addition of

graphene, silica, alumina, carbon fiber, carbon

hydrophobicity to surfaces.

nanotubes, and other materials to these
mentioned polymers has been found to enhance
the hydrophobicity of the resulting composite
materials, thereby reducing the friction occurring
on the surface. Furthermore, to achieve a
hydrophobic surface, coatings are prepared with
various manufacturing parameters such as particle
size, reinforcement ratio, coating thickness, coating
type, curing temperature, curing time, etc. The
literature studies investigating the effects of these
parameters are as follows. Lin et al. (2016) found
that curing PTFE material at 230°C for 50 min
resulted in a hierarchical structure characterized by
microspheres with numerous nano-pores on the
surface, providing excellent water repellency (Lin et
al. 2016). Bansal et al. (2020) examined the
influence  of coating thickness on the
hydrophobicity of PTFE coatings and concluded
that the PTFE coating with the minimum thickness

among the selected thickness parameters exhibited
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superhydrophobic behavior with a contact angle of
159° (Bansal et al. 2020). Ayyagari et al. (2021)
examined the influence of nanoparticle
concentration, percentage of PTFE polymer, and
rotational coating speed (rpm) on various
properties of the coating such as contact angle,
roll-off angle, scratch hardness, adhesion, and
They

formulation for achieving higher contact angles and

thickness. also determined a coating
mechanical properties (Ayyagari et al. 2021). Sun et
al. (2021) demonstrated that the addition of
graphene nanoparticle additives to PTFE coatings
which

decreased up to a 2% additive ratio, followed by a

reduced the amount of wear, rapidly
slower decrease. The minimum wear rate was
achieved in the composite with at least a 10%
nanoparticle addition (Sun et al. 2021). Overall,
considering the literature, it is observed that
hydrophobic coatings applied to material surfaces
involve various variable parameters. In this regard,
there are numerous studies in the literature. The
most influential parameters in enhancing the
hydrophobic behavior of FEP and PTFE materials
are the type and ratio of additives, coating

thickness, curing temperature, curing time, etc.

optimization of these parameters, it can be stated
that further contributions are still needed in this
field.

In this study, the manufacturing parameters of

FEP/graphene  hydrophobic  coatings were
optimized using the Taguchi method. The graphene
additive ratio, curing temperature, and curing time
were considered as the three parameters, each
with three levels. The optimum levels for these
three parameters were determined based on the
contact angles of water droplets deposited on the
Additionally,

conducted to perform statistical evaluations.

surface. variance analysis was

2. Material and Methods
2.1 Material

AISI 304
extensively in applications such as pumps, turbines,

stainless steel material was used
and pipelines due to its high corrosion resistance
performance (Akinlabi et al. 2019). The chemical
composition of the AISI 304 sheet material used in
this study is given in Table 1 (Ozakin and Kurgan,
2022). Sheet material samples were cut into
dimensions of 30 x 30 x 1 (mm?®). The surfaces of

the substrate material were cleaned with acetone

Although there have been studies on the )
and prepared for the coating process.
Table 1. Chemical composition of AISI 304 substrate (Ozakin and Kurgan, 2022)
Chemical composition (%wt)
Fe c Si Mn P s Cr Ni Cu Al v Co w Mo

Balance  0.016 0.412 1.466 0.040 0.007

18.273

7.887 0.196  0.007 0.084 0.230 0.011 0.125

2.2 Methods

Within the scope of the study, it was decided to
optimize the parameters of graphene content,
curing temperature, and curing time for the
hydrophobic
in the

literature, a L9 Taguchi experimental design was

manufacturing of FEP/graphene

coatings. Based on the information
planned with three levels for each parameter (Sun
et al., 2021; Pehlivan and Ozbey, 2022). The
experimental layout conforming to the Taguchi L9

orthogonal array is presented in Table 2.

Table 2. Taguchi experimental design

Experiment No Control Factor

Graphene Curing Curing
additive Temperature time
ratio (°c) (min)
(% wt)

1 1 200 30
2 1 300 40
3 1 400 50
4 2 200 40
5 2 300 50
6 2 400 30
7 3 200 50
8 3 300 30
9 3 400 40

Figure 1 presents the sequential methods used in
the experimental study. In the first stage, nano-
sized graphene (5 nm thickness, 30 um diameter;
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Nanografi Inc.) was added to the FEP material
obtained from the market at 1% wt, 2% wt, and 3%
wt ratios. The mixtures were prepared using a
mechanical homogenizer. The obtained mixtures

FEP+Graphene (1%, 2%, 3%)

-

Determination of contact angles

were then sprayed onto the substrate surfaces
using a spray gun to achieve a homogeneous
distribution, following the experimental design.

— el
Temperatures ("C) Times (min)
200, 300, 400 30, 40, 50
Curing
HENR
HENB
HENR

L9 orthogonal array samples

Figure 1. Methods used in the experimental study

The curing process in the study was carried out
RS400 furnace. The
temperature and curing time parameters were

using a Refsan curing
linearly increased from room temperature to the
curing temperatures to enhance the adhesion of
the coating, and they were maintained at those
temperatures for 10 min. After the 10 min period,
the experimental samples were left to cool inside
the furnace. For example, in experiment number 1,
the FEP mixture with a 1% graphene additive
reached 200°C within a linear temperature increase
of 20 min and was kept at this temperature for 10
min. Subsequently, it cooled down in the furnace
until it reached room temperature. The samples
prepared according to the L9 orthogonal array used
in the study are shown in Figure 2.

Experiment No:1 Experiment No: 2 Experiment No: 3

Experiment No: 4 Experiment No: 5 Experiment No: 6

Experiment No: 7

Experiment No: 8

Experiment No: 9

Figure 2. Samples prepared in accordance with the L9
orthogonal array

Contact angles were measured using a contact
angle goniometer (Attension Theta Flex, Biolin
Scientific, Sweden) at room temperature. A 5 uL
water droplet was placed on the sample surfaces,
and the image of the droplet was captured in a
planar manner using a high-speed camera. The
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contact angles were measured at two different
points, one on the right side and one on the left
side of each image obtained from the samples. The
contact angle value was calculated as the average
of these two measurements. The measured contact
angles from the samples prepared according to the
L9 orthogonal array are shown in Figure 3. The
analyses of the Taguchi method and the analysis of
variance (ANOVA) were conducted using Minitab
18 software.

O

Experiment No: 3

-

Experiment No: 2

Experiment No:1

b
b
p

Experiment No: 4 Experiment No: 5 Experiment No: 6

0.

Experiment No: 9

-

Experiment No: 8

-

Experiment No: 7

Figure 3. Measured contact angles

3. Results and Discussion

The Taguchi
optimization of the manufacturing parameters of

method was employed for the
FEP/graphene hydrophobic coatings. Signal-to-
noise ratios (S/N) were calculated based on the
observed contact angles of water droplets placed
on the test samples prepared according to the L9
orthogonal array. The contact angle of the water
droplet on the material surface, being 90° or
above, is an indication of the surface
hydrophobicity (Ma et al., 2007). Therefore, the
larger the contact angle, the more hydrophobic the
surface is. Based on this principle, the S/N ratios
were determined using the criterion of "larger is
better." The S/N value was calculated according to
Equation 1.

n

S _ 101 ! ! 1
TR O
1=

Table 3 presents the values of contact angles
obtained from the experimental studies conducted
according to the L9 orthogonal array, along with
the signal-to-noise (S/N) ratios determined based
on the criterion of "larger is better" for the contact
angle responses. The results in Table 3
demonstrate that the FEP coating with 1%
graphene addition, cured at 400°C for 50 min,
exhibits the maximum contact angle. In contrast,
the coating with 3% graphene addition, cured at
200°C for 50 min, shows the minimum contact
angle. It was observed that the materials cured at
400°C exhibit significantly higher contact angles on
their surfaces.

Table 3. Experimental contact angles and S/N ratios

Parameters Results S/!\l
Experi Ratios
ment Grap'h‘ene Curing Curing Contact Contact
additive temper .
No . time angle angle
ratio ature (min) ) (dB)
(%) ()]
1 1 200 30 87.13 38.8034
2 1 300 40 91.69 39.2464
3 1 400 50 116.25 41.3079
4 2 200 40 87.63 38.8531
5 2 300 50 87.19 38.8093
6 2 400 30 112.17 40.9975
7 3 200 50 80.60 38.1267
8 3 300 30 90.06 39.0906
9 3 400 40 114.84 41.2019

The optimal conditions for achieving a high contact
angle are shown in Figure 4 through the main
effect plots and in Table 4 through the contact
angle responses in terms of the S/N ratios. The
magnitude of the S/N ratio is the most important
indicator for identifying the optimal values. In
Figure 4, an increase in graphene addition leads to
a decrease in the S/N ratio. Among the three
addition levels of graphene (1-3%), the optimal
addition ratio is 1%. Similarly, as the curing
temperature increases, the S/N ratio also
increases. Among the curing temperatures used in
the study (200-400°C), the optimal temperature is
400°C. Additionally, the optimal curing time is
observed to be 40 min, which corresponds to the

higher S/N ratio.
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Figure 4. Main effect plots for S/N ratios of contact angles

Table 4 shows the order used to determine the
effect of parameters in the analysis of contact
angles. From this analysis, it was determined that
the curing temperature is the most influential
parameter, followed by the curing time, and the
least influential parameter is the graphene addition
ratio. The optimal parameters were found to be 1%
graphene addition ratio, 400°C curing temperature,
and 40 min of curing time. As mentioned earlier, it
was observed that materials cured at 400°C
exhibited significantly higher contact angles on
their surfaces. The use of a 1% graphene addition
ratio contributed to achieving maximum contact
angle on the surfaces. It was also observed that
surfaces coated with a curing time of 40 min had
the maximum contact angle.

Table 4. Signal-to-Noise (S/N) ratios derived from
contact angles responses

Level Graphene Curing Curing time
additive ratio (%) temperature (°C) (min)
1 39.79 38.59 39.63
2 39.55 39.05 39.77
3 39.47 41.17 39.41
Delta 0.31 2.57 0.35
Rank 3 1 2

Analysis of variance (ANOVA) was conducted to
determine the effect of coating parameters on the
contact angles. ANOVA was applied with a 95%
confidence level and a 5% significance level. Table
5 presents the results of variance analysis for the
contact angles. According to the ANOVA results, it
was found that the curing temperature is the most
significant parameter with a contribution rate of
96.78% on the contact angles. This was followed by
the graphene addition ratio with a contribution
rate of 1.15%. The parameter with the least impact
on the contact angles was determined to be the
curing time with a contribution rate of 1.11%. One
of the striking findings of the study was the
significance of the curing temperature as the most
important parameter, with an optimal point
determined to be 400°C. This is believed to be
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related to the better spreading of FEP on the
substrate material at temperatures above its

melting point (Barhoumi et al. 2022). This finding

indicates that it contributes to better hydrophobic
properties.

Table 5. Analysis of variance for contact angles

Source DF Seq SS Contribution Adj SS Adj MS F-Value P-Value
Graphene additive ratio (%) 2 17.68 1.15% 17.68 8.838 1.18 0.459
Curing temperature (°C) 2 1492.70 96.78% 1492.70 746.349 99.65 0.010
Curing time (min) 2 17.08 1.11% 17.08 8.542 1.14 0.467
Error 2 14.98 0.97% 14.98 7.489

Total 8 1542.44 100.00%

4. Conclusion

This study aimed to optimize the manufacturing
parameters of nanographene added to FEP, a
hydrophobic coating, in order to reduce energy
requirements by minimizing the friction factor in
fluid transportation. The Taguchi method was
employed to optimize the additive ratios, curing
The Taguchi
optimization was based on the contact angle

temperatures, and curing times.

measurements of water droplets on the surface.
The experimental results yielded the following

outcomes.

e It was observed that the optimum
graphene addition ratio in FEP was 1%. The
optimum curing  temperature  was
determined to be 400°C. Lastly, the

optimum curing time was found to be 40
min.

e According to the variance analysis, the
curing temperature was identified as the
most influential parameter with a
contribution of 96.78% on the contact
angles. The graphene addition ratio and
curing time had contributions of 1.15% and
1.11% respectively. Considering these
ratios, it can be seen that the graphene
addition ratio and curing time had similar
effects.

e Among the parameters used in the
optimization, it was determined that the
curing temperature had the most
significant impact on the contact angles.

e The FEP/graphene composite materials
have shown promising results in reducing
the friction factor in the transportation of

fluids. Therefore, applying the optimal
manufacturing parameters to the FEP
coating material with added additives can
contribute to energy savings in applications
such as pumps, turbines, and pipelines.
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Bilyeli dovme prosesi, bir metalin yorulma ve stres korozyonuna karsi direncini artirmak icin uygulanan

mekanik bir ylzey islemidir. Bu ¢alismada, korozyon 6zelliklerinden dolay havacilik endistrisinde gelige

alternatif olarak kullanilan AA5754 H111 Aliminyum alagiminin bilyeli dévme islemi ile mekanik ve

korozyon ozelliklerinin arttirilmasi amacglanmistir. Bu galismada %100 yiizey 6rtme oraninda 3 farkh

Anahtar kelimeler bilye ¢api S110 (0,3 mm), S170 (0,4 mm), S230 (0,6 mm) ve 3 farkli Almen degerine sahip (8A-12A-15A)
AA 5754 H111; 3 gesit celik bilye ile dovme islemi uygulanmistir. Almen siddeti (A); bilye ¢api, bilye cinsi, plskiirtme
basinci, dévme slresi ve ylizey 6rtme oranina bagli olarak degisen bir 6lglim sistemidir. Elde edilen
numuneler Cr+6 (Alodin) kaplama islemine tabi tutulmustur. Her numune ¢ekme mukavemeti testi,

Bilyeli Dovme;
Korozyon;
Cr+6 Kaplama; puriazlalik testi ve tuz puskiirtme korozyon testine tabi tutulmustur. Yapilan deneyler sonucu AA5754
Almen Siddeti. H111 malzemesinde S170 (0,4mm) 15 Almen degerinde doévilen numunelerde malzemenin ¢ekme
mukavemeti degerinde %5,25 oraninda artis meydana gelmistir. Korozyon test sonucu ise $110 (0,3mm)
bilyesininde 15 Almenlik doévilmiis numunede korozyon hasari kismen olusmustur. S170 (0,4mm) 15
Almenlik doéviilmiis numune ise korozyon hasari gérilmemistir. Sonug olarak S170 bilyesi ve 15 Almen
siddetindeki prosese tabi tutulmus numunelerde hem korozyon direncinin hem de ¢ekme dayaniminin

arttig) tespit edilmistir.

The Effect of Shot Peening Process on the Mechanical Properties of
AA5754 Aluminum Alloy and a Perspective on Corrosion Characteristics
with Cr+6 Coating on Shot Peened Surfaces

Abstract

The Shot peening process is a mechanical surface treatment applied to increase the resistance of a

metal to fatigue and stress corrosion. In this study, it is aimed to increase the mechanical and corrosion
properties of AA 5754 H111 Aluminum alloy, which is used as an alternative to steel in the aviation

Keywords industry due to its corrosion properties, by shot peening process. In this study, 3 different steel ball
AA5454 H111; diameters $110 (0.3 mm), $170 (0.4 mm), S230 (0.6 mm) and 3 different Almen values (8A-12A-15A)
Shot Peening; with 100% surface coverage ball forging was applied. The obtained samples were subjected to Cr+6

Corrosion; (alodyne) coating process. Each sample was subjected to tensile strength test, roughness test and salt
Cr+6 Coating; spray corrosion test. As a result of the experiments, the tensile strength value of the material increased

Almen Intensity. by 5.25% in the samples forged at $170 (0.4mm) 15 Almen in AA5754 H111 material. As a result of the

corrosion test, the corrosion damage was partially formed in the 15 Almen forged sample in the S110
(0.3mm) ball. $170 (0.4mm) 15 Almen hammered sample showed no corrosion damage. As a result, it
was determined that both the corrosion resistance and tensile strength increased in the S170 ball and
the samples subjected to the process at 15 Almen intensity.

© Afyon Kocatepe Universitesi
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1. Girig

Bilyeli dévme (shot peening), kiiresel morfolojiye
sahip metallerin ve alasimlarin ylzey o6zelliklerinin
iyilestirilmesine ve ylksek sertlikteki bilyelerin
yliksek hizda tekrar tekrar malzeme vyizeyine
vurulmasina dayanan mekanik bir yizey isleme
(Mhaede, 2012). Yiksek hizlarda

firlatilan kiglk caph bilyelerin malzeme yiizeyine

yontemidir
tekrarli sonucu plastik deformasyon
(Alkan, 2016).
malzemenin tane vyapilarini incelterek, c¢cekme

garpmasi

tabakas! olusturur Bu durum
dayaniminda artis, ylizeyde artik gerilme olusumu,
ylzey ve ylizey alti bolgelerinde sertlik artisi olarak
dovme prosesinde bilyeler

gozlemlenir. Bilyeli

vasitasiyla malzemeye kinetik enerji aktarimi
saglanmaktadir. Bu enerjinin 6l¢tlmesi icin Almen
testi gelistirilmistir. Almen siddeti (A); bilye capi,
bilye cinsi, piskirtme basinci, dovme siresi ve
ylzey oOrtme oranina baglh olarak degisen bir
parametredir (Avcu,2018). Bilyeli dévme islemi,
metallerin ve alasimlarin ylzey ve ylizey
ozelliklerini, bilhassa artik basing gerilimi, sertlik ve
ylzey topografyasini degistirmeyi miumkin kilar.
Metallerin ve alasimlarin ylzey 6zelliklerinin,
ozellikle yorulma direnci, asinma direnci ve
korozyon direncinin 6nemli oldugu endistriyel
uygulamalar igin uygulanmasi nispeten kolay ve
ekonomik olmasi nedeniyle de vyaygin olarak

basvurulan bir yontemdir.

Bilyeli dovme, metalik malzemelerin ylizey ve ylizey
alti 6zelliklerini gelistirmek icin kullanilan bir soguk
sekil verme yontemidir. Malzemelerin yorulma
Omrind arttirmak icin de uygulanir. Yiksek hizlarda
firlatilan kiglk caph bilyelerin malzeme yiizeyine

tekrarli carpmasi sonucu plastik deformasyon
tabakasi olusturur. Uygulanan Almen siddeti
arttikca  plastik  deformasyon  kalinhigi  da

artmaktadir. Bilyeli dévme otomotiv ve havacilik
sektorlerinde sikhkla kullanilan ucuz ve erisilebilir
bir yéntemdir (Kocaman ve Demirer, 2022).

Bilyeli dovme islemi ile malzeme ylizeyinde belirli

bir derinligine kadar kalict basma gerilmesi

olusurken, ylzey altinda ise c¢cekme gerilmeleri

olusmaktadir.  Ylizeyde  olusturulan basma

gerilmeleri malzemenin  yorulma dayanimini

arttirmakta ve dolayisiyla parcalarin  calisma

2007).
Arastirmalarda c¢atlak baslangicini sinirlamasi ve

Oomirind de uzatmaktadir (Basaran,

catlagin  yayihmini  engellemesi, kalici basma
gerilmelerinin  yorulma Omrinl arttirict yonde
davranis gostermesi, ince taneli yapilarin mikro
sertlik arttinsi gostermesi genel olarak karsilasilan
onemli sonuglardir (Hongbin vd,1991; Tomlinson
vd,1987; Zammit,2013; Appel,2013). Bilyeli dovme
uygulamasi sadece potansiyel malzeme dayanimi
ylzey

ylzey

gelistirme  teknigi olmayip, malzeme

karakteristigini de gelistirmektedir Bu
gelistirme teknigi parcalarin yorulma ve korozyon
direnclerini, mekanik karakteristiklerini gelistirir

(Nouguier,2013; Kocan,2005).

Aliminyum malzemeler yiksek korozyon direnci,
ylksek 6zgll dayanim, kolay islenebilirlik, hafiflik
ozellikleriyle celikten sonra en yaygin kullanilan
mihendislik malzemeleridir. Aliminyum celik ile
daha hafiftir
tasarrufunun 6nem kazandigl savunma sanayinde,

kiyaslandiginda ¢ kat enerji
trenler, ucaklar, gemiler ve otomobiller gibi pek ¢ok
alanda tercih edilmektedir (Baser, 2012). Son
yillardaki gelismeler ile birlikte askeri araglarda hiz
ve manevra kabiliyetinin arttirilmasi 6nemli bir
konu olmustur. Celik malzemelerin yerini alacak
aliminyum alasimlarinin  mekanik 6zelliklerinin
¢ahismalarin baslica

iyilestirilmesi yapilan

amaglarindandir (Coskun, 2002).

GUnldmiuz endustrisinde dnemli bir malzeme olan
aliiminyum ve aliminyum alasimlari; yiksek 6zgiil

mukavemeti, dldstk yogunlugu ve kolay

kaliplanmasi  nedeniyle elektronik, havacilik,

savunma sanayi vb. bircok alanda kullaniimaktadir.
direnci,

Fakat dusliik asinma aliminyum ve

alasimlarinin  uygulamalarini  sinirlar.  Ayrica

kimyasal bilesimi nedeniyle aliminyum ve
alasimlari korozyona karsi hassastir. Alasimlama,
1sil islem ve ylizey kaplama islemleri, bu bahsedilen
aliiminyum alasim kusurlarini en aza indirmek igin
kullanitlir.  Bu islemler arasinda aliminyum
alasimlarini cevresel etkilerden korumak ve ylizey
ozelliklerini iyilestirmek icin ylzey kaplama
islemleri yaygin olarak kullanilmaktadir. Yilizey

islemleri malzemeye c¢ok iyi asinma direnci saglar
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1990).
omrinun

(Varol, Aliminyum alasiminin  yorulma

optimum  parametrelerin  altinda
uygulanan bilyeli dévme islemi ile gelistirildigini,
ancak bilyeli dovme siddetinin asirt  olmasi
durumunda ise yorulma dayaniminin azaldigini

belirtmislerdir (Trsko ve ark, 2014).

Havacilikta kullanilan Aliminyum alasimlarinin
bilyeli dévme ile ylizeyden itibaren belirli bir
derinlige kadar 6zelliklerinin gelistirmesi ¢alismalari
yapilmistir.  Nozul mesafesi, bilye pulskirtme
basinci, bilye carpma agisi ve bilyeli dévme siresi
gibi 6nemli islem parametrelerinin aliminyum
alasiminin - mikro sertligine ve artik basma
gerilmesine olan etkileri arastirilmis ve arastirma
sonucunda bu parametrelerin mikro sertligi ve artik
basma onemli etkiledigi

gerilmesini Olglde

belirlenmistir (Nam ve ark, 2015).

Bu deneysel calismada 5XXX serisi aliminyum
alasimi (AA5754 H111) malzemeye bilyeli dévme
prosesi uygulanarak yiizeyde plastik deformasyon
sertlesmesi ile ylizey sertligi arttirilarak mekanik
ozelliklerinden ¢ekme mukavemeti ve sertligin bir
miktar arttirilmasi hedeflenmistir. Bu durum ayni
zamanda yorulma dayanimini da olumlu yodnde
arttiracag bilinmektedir. Calismaya ayrica ek olarak
korozyon direncinin artirtiimasi icin elde edilen
dovilmus pirizla ylizeye Cr+6 (krom 6) kaplama
uygulamasi gergeklestirilmistir. Ek olarak yapilan

kimyasal kaplamanin genisletilmis ylizey alanina
daha fazla nifuz ederek kaplamanin daha uzun
slre tutunabilmesi de hedeflenmis bu kaplamanin
korozyon davranisi da calismada gorsel olarak
incelenmistir.

Literatirden farkh olarak calismamizda Almen
siddetinin malzemenin mekanik 6zelliklerine etkisi
arastirilmis ve ayrica bilyeli dovme Uzerine Cr+6
kaplamanin korozyon davranisi gorsel olarak
incelenmistir. ileriki calismalarda korozyon etkisi

daha detayli incelenecektir.

2. Malzeme ve y6ntem
2.1. Malzeme

AA5754 malzemesi mukavemetin yaninda korozyon

dayaniminin  da arandigi bodlgelerde tercih
edilmektedir. Yiksek kaynak kabiliyeti sebebiyle
ozellikle kaynakli birlestirmelerde, yakit tanki
Uretimi, gemi ve yat endustrisi ve rayh tasitlar, ucak
kargo kompartimanlari, nikleer endistrisi ve
otomotiv sanayisinde AA5754 alasiminin yogun
olarak kullanildigi alanlardir. H111, malzemenin
temper islemine tabi tutuldugunu gostermekte ve
bu malzemelerin ylizde uzama o6zelliginin yliksek
olmasi nedeniyle, soguk sekillendirmelerde tercih
AA5754 H111l malzemesine ait

kimyasal 6zellikler Tablo 1’de, mekanik 6zellikler ise

edilmektedir.

Tablo 2’de verilmistir.

Tablo 1. AA5754 H111 Alasiminin Kimyasal Ozellikleri

Elementler Si Fe Cu Mn

Mg Cr Zn Ti Diger Al

Kitlece % 0,27 0,36 0,08 0,29

2,8 0,05 0,13 0,04 0,03 Kalan

Tablo 2. AA5754 H111 Malzemesinin Mekanik Ozellikleri (Seykog¢ Aliiminyum)

T Akma Mukavemeti Cekme Mukavemeti Uzama Sertlik
emper (MPa) (MPa) % (HV)
H111 126 216 25 86
2.2. Yontem
Bilyeli dovme islemi SGM-1000G marka vakumlu tip dovme islemi uygulanmistir (Sekil 1). Ddévme

bilyeli dévme makinesinde yapilmistir. Manuel

ayarlamali olan ve makine igin gelistirilen

dizenekle aliiminyum numune plakalarina bilyeli

prosesinde kullanilan bilyelerin kodlanmasinda “S”
bilyenin gelik oldugunu, ardindan gelen numara ise
bilyenin in¢ cinsinden ¢apini vermektedir. Ornegin
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$230 bilyenin capi, 230x(10”) in¢‘dir (Basaran,
2007). Bilyelere ait SAE standardi ve tane boyutu

(bilye capi) Tablo 3’te verilmistir.

BiLYA HAZNESI

BiLYALI DOVME KABINi

BASINCLI HAVA

HAVA
KOMPRESORU

Sekil 1. Deneysel calismanin bilyeli dovme diizenegi

Tablo 3. Celik bilyelerin standardi ve ¢aplari (Karahan ve ince, 2015).

SAE

Tane Boyutu (mm)

S-70

S-110

S-170

S-230

S-280

S-330

S-390

S-460

S-550

S-660

S-780

0,20-0,40
0,30-0,60
0,40-0,70
0,60-0,90
0,70-1,00
0,90-1,20
1,00-1,40
1,20-1,70
1,40-2,00
1,70-2,40

2,00-2,40

Calismada islem parametreleri 3 farkli bilye (tane)
boyutuna sahip (5110, S170 ve S230) bilyelerle, g
farkl Almen siddetinde (9A, 12A ve 15 A) ve %100
ylizey ortme oraninda dovilmustiir. Tablo 4'te
proses detayl sekilde gdsterilmistir.

AA5754 H111
olcllerde kesilerek bilyeli dovme islemine farkli

aliminyum numuneleri uygun

Almen siddeti ve farkli bilye c¢aplarina tabi

tutulmustur. Elde edilen numuneler Cr+6 (Krom-6)
aliminyum kaplama proseslerinden gecirilerek

korozotif dayanim oOzellikleri daha yiliksek bir

kaplama elde edilmeye c¢alisiimistir. Bilyeli dovme
islemi sonrasi ylizey pirizlGgl ylzey profilometresi
ile Olgllmistir. Kaplanmis numuneler tuz sisi
testine tabi tutularak korozyona karsi direncleri
Nihai,
incelemek icin tahribath muayene yontemlerinden

karsilastirilmistir. mekanik  davranislari

olan c¢ekme testleri vyapilarak test asamasi
sonuglanmistir. Elde edilen sonuglar
degerlendirilerek  malzemelerin  farkh  proses

sartlarina gore ¢ekme dayanimlari ve kaplamanin
korozyon direncgleri karsilastirilarak tablo halinde
verilmistir.
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Tablo 4. Bilyeli dovme prosesi parametreleri

Malzeme Bilye Olgiisii  Yiizey Ortme Orani Almen Siddeti

100 8A

S110 100 12A

100 15A

100 8A

AA5754 H111 S170 100 12A
100 15A

100 8A

S230 100 12A

100 15A

Bilyeli doévme (shot peening) prosesi ile HADDE YONU

malzemelerde olusan ¢ekme dayanimi 6zelliklerini
incelemek igin her numune proses O©ncesi ve
Plaka
seklinde alinan malzeme uzerinden TRUMPF-82
CNC LAZER makinesi
kesilmistir. Cekme numunelerinin boyutlari Sekil

sonrasi ¢ekme testine tabi tutulmustur.

ile ¢cekme numuneleri
2’'de, hadde yonl ise Sekil 3° de gosterilmistir.
Cekme deneyleri SHIMADZU AGIC ¢ekme test
cihazinda gergeklestirilmistir. Bilyeli dévme islemi
Oncesi ve sonrasi ylizey plrizlilGginin 6lctlmesi
icin ART300 cihazi (Sekil 4) kullaniimistir. Yizey
Ozelliklerinin incelenmesi igin bilye ile doéviilen
plaka formundaki malzemelerden 10x10mm
boyutunda numuneler alinarak JEOL JSM-6060LV
taramali elektron mikroskobu (SEM) kullaniimistir.

89,00 165.00

t=3mm

20,00

R4Ull]

Sekil 2. Cekme numunesi boyutlari (ISO 6892-1)

Calismada aliminyum Gzerine uygulanan—Cr+6
(krom-6) kaplama malzemenin korozyon direncini
arttirmasi amacli uygulanmis olup enddistride ismi
yaygin
adlandiriimaktadir.

olarak “sarl kromat” olarak

Sekil 3. Levhadan Cekme numunelerinin hazirlanmasi

Sekil 4. Ylizey plruzluk 6l¢lim cihazi

Cr+6 kaplama genelde askeri alanda ve havacilik
sanayisinde kullanilmaktadir. Ornegin askeri alanda
silahlar ve tiifek namlularinda tercih edilmektedir.
Cr+6 kaplama icin numuneler 7 asamadan
gecirilmistir. Sekil 5’te islem asamalari
gosterilmistir. Calismada bilyeli dévme prosesi
oncesi ve sonrasinda tim numuneler krom
kaplama islemine tabi tutulmustur.
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Sekil 5. Cr+6 Kaplama Prosesi 6ncesi ve sonrasi

{ \ = = y \""‘
Sekil 6. Tuz Sisi Korozyon Test Asamasi

“Tuz puskirtme testi” olarak da bilinen Tuz Sisi
Testi,
koruyucu kaplamalarin ya da ytzeylerin korozyon

malzemeye Uretim sonrasi uygulanan
direncini tuz sisi altinda gozlemleme ve kalitesel
problemleri tespit etme imkani vermektedir. Bu
calismada bilyeli dévme parametreleri sonrasi
malzemeye vyapilan Cr+6 kaplamanin Almen
siddetine gore korozotif ozelliklerindeki degisimi
gozlenmek istenmistir. Sekil 6’da test dizenegi
verilmistir. Bilyeli dovme sonrasi TS EN I1SO 9227
standartina gére numuneler korozyon testine tabi

tutulmustur.

3. Deneysel Bulgular
3.1 Bilyeli Dévmenin Mekanik Ozelliklere Etkisi

AA5754 H111 malzemeden toplamda 60 numune
hazirlanmistir. Bu numuneler S110-S170-S230 bilye
caplarinda ve 8A, 12A ve 15A olacak sekilde
kombinasyonlanmistir. Deneysel c¢alismada bilye
capi ve Almen degeri artikca mekanik 6zelliklerdeki
degisim incelenmis ve bu proses sonrasi yapilan
kaplamanin ise korozyon direnci gozlemlenmistir.
Calisma sonunda bilye capi ve Almen siddetinin
mukavemet Ozelliklerinin artisi ile dogru orantili
olarak arttigi gozlemlenmistir (Sekil 7-9). S110
degerleri  Sekil 7'de
verilmistir. Maksimum mukavemet 6zelligi S230-

bilyesinin  mukavemet
12A degerindeki numune de gerceklesmistir. S110

ve S170 bilyelerinde Almen degeri arttikca
mukavemet Ozellikleri de artis gostermistir. S170
degerleri  Sekil 8'de

verilmistir. S230 bilyesinin ise 8A-12A degerlerinde

bilyesinin  mukavemet
mekanik artis gosterirken 15A degerinde disUs
yasanmistir. S230 bilyesinin mukavemet degerleri
Sekil 9’da verilmistir. Bunun sebebi bilye capi ve
almen degeri artikga malzemede olusan progses
stress artmis ve malzemelerde i¢ gerilmeler
meydana gelmistir. Bilye capi artikga malzeme
gevreklesmistir. S110 bilyede kopma uzamasi
%21,84

%14,97’ye dismistir. S110 bilyesinde malzemede

iken S230 bilyesinde kopma uzamasi

siinek bir kirlma meydana gelirken, S230 bilyesinde
gevrek kirlma meydana gelmistir. Bu sonuglar
kiyasladiginda bilye ¢api ve Almen degeri arttikca
malzemenin daha sert bir vyapi kazandig
gozlemlenmistir. Bilyeli dovme prosesi sonrasi elde

edilen mukavemet 6zellikleri Tablo 5’ de verilmistir.
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S110-8A-12A-15A

250
200
150
g
s ——S110-8A
S 100 ——5110-12A
-
e ——S5110-15A
O
Déviilmemis Numune
50
0
-50

% UZAMA

Sekil 7. S110 bilyesi ile 8A-12A-15A siddetindeki numunelerin Gerilme-% Uzama grafigi

S170-8A-12A-15A

250 ‘ ‘ ‘
200 . — ﬁ’,"r’-‘-”—«"/'.:“/:g ‘t‘ — —
Bt
v s
150~ . —
= —S5170-8A
b=
E 100—|—f—11/— — | ——S170-12A
—
g ——S170-15A
50|l ‘ Déviilmemis Numune
o
| \ \ |
-5 5 10 15 20 25
w I I I
% UZAMA

Sekil 8. S170 bilyesi ile 8A-12A-15A siddetindeki numunelerin Gerilme-% Uzama grafigi
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S$230-8A-12A-15A

250

200

150

100

GERILME MPa

50

:

|

‘ —S5230-8A
—S5230-12A

———S230-15A

Doéviilmemis Numune

-50
% UZAMA

10 15

20 25

Sekil 9. 5230 bilyesi ile 8A-12A-15A siddetindeki numunelerin Gerilme-% Uzama grafigi

Tablo 5. Proses 6ncesi ve sonrasi cekme mukavemeti degerleri

Malzeme ve Bilyeleri Almen Siddeti Cekme Mukavemeti (MPa)

Doviilmemis AA5754 H111 - 215,022
8A 218,171

S110 12A 218,421

15A 218,349

8A 221,032

S170 12A 222,678

15A 226,291

8A 225,110

S230 12A 226,183

15A 224,890

3.2 Almen Siddetinin Mekanik Ozelliklere Etkisi

Bilyeli dovme uygulanmadan 6nce yani déviilmemis
olan numunelerde ¢ekme dayanimi ortalama 215
MPa olup tim numunelerin dovilme prosesi
sonrasinda ¢cekme dayaniminda artis belirlenmistir.
Bilye capi arttikca ¢cekme dayanimi da artmistir.
S$110 bilyesinde Almen degeri arttikca cekme
dayaniminda (% 1,54°liik) artis gézlenmistir (Tablo
5). S170 de Almen degeri arttikca c¢ekme

dayaniminda artis gozlenirken S230 da diger
proseslerin disinda bir azalma gozlemlenmistir.
Cekme dayanimi  12A degerine kadar artis
gosterirken 5A de ise bir miktar (%5) azalma
meydana gelmistir (Sekil 12, Tablo 5). Bunun sebebi
ise bilye capi ve Almen degeri arttikgca malzemede
olusan i¢ gerilmelerin ve stres artisinin mekanik
ozelliklerde kismi bir azalmaya neden oldugu
disinidlmektedir.
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8A DEGERLERI
250 ‘
\
200 ‘— — ———\—\—
g 150 — — ]
s
s ——5110-8A
=
o« —S5170-8A
G} 100 — —t— 1
—5230-8A
50—1—
-5 0 5 10 15 20 25
%UZAMA
Sekil 10. Farkli Bilye Turiine gore 8A siddetindeki Gerilme-%Uzama degerleri
12A
250
200 ‘— - - -\ A\
g 150 - —H——
=
s —5110
= ‘
[~ —S170
o] 100—|——f—f/— I R
— 5230
50—|— —
-5 0 5 10 15 20 25
% UZAMA

Sekil 11. Farkli Bilye Tirline gore 12A siddetindeki Gerilme-%Uzama degerleri
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250

200

150

100

GERILME MPA

50

—S110
—S5170
—S5230

(]

-50

% UZAMA

15 20 25

Sekil 12. Farkli Bilye Tirline gore 15A siddetindeki Gerilme-%Uzama degerleri

AA 5754 H111 numuneleri S110, S170 ve S230 celik
kullanilarak 8-12-15 Almen siddetinde
isleme alinan numunelerin ¢ekme test sonuglari
Sekil 10-11-12 de detayh
Bilyelerin almen siddeti ve bilye capi ile deney

bilyeler

olarak verilmistir.

parcasinin ylzeyine uyguladiklari bombardimanin
etkisi ile mekanik 6zellikleri dogrudan etkilemistir.
Cekme mukavemetindeki artis Almen siddetiyle
dogru orantili bir sekilde artmistir. Buradaki artis
peklesme sonucunda ylizeyde meydana gelen artik
basma gerilmesi olusumu ve tane vyapilarindaki
deformasyonlar ile iliskilendirilebilir
2022).
incelendiginde bilye capi arttikca malzeme de
peklesme siddeti

arttikca ise malzemenin mekanik o6zelliklerinde

plastik

(Kocaman  ve Demirer, Tablolar

meydana gelmistir. Almen

iyilesme meydana gelmistir.

3.3 Bilyeli D6vme Prosesinde Malzeme Yiizey
piiriizliigii

Bu calismada bilyeli ddvme prosesi sonrasi kaplama
yapilacagl icin ylzey purtzlGlugi blyik énem arz
etmektedir. Bilyeli dévme prosesi sonrasi bilye ¢api
ve Almen siddeti arttikca malzeme vyizeyinde
plrizlilik degerlerinde artis meydana gelmistir.
S$110 ve S170 celik bilyelerinde bilyeli dévme
prosesi sonrasinda Ra (ortalama purazlilik)
degerinde meydana gelen degisim Sekil 13’de
verilmistir. S110 bilyesinde 8A degerinde Ra=3,179

iken 15A degerinde 4,394’a yukselmistir. Ylizey

purazliligindeki artis %38,2'dir. S170 bilyesinde
8A degerinde Ra=3,450 iken 15A degerinde
Ra=5,852'ye yilkselmistir. Ylzey puruzlaligindeki
artis %69,2’dir. S230 bilyesinde ylzey purizlGluga,
ylizey profilometresinin standartindan buylk
oldugu icin ol¢clim alinamamistir. Bilye capi ve
Almen malzemenin  ylzey

degeri  arttik¢a

plritzlaligiinde dogrusal artis gozlenmistir.

$110-5170 Bilyalarinin Ra degerleri

T |

12A 15A
ALMEN DEGERLERI

Sekil 13. S110-S170 Bilyelerin Almen degerlerine gore

ortalama Ra piruzlUlik degerleri

RA DEGERLERI
o = N w =Y v o ~

ms110 ms170

3.4 Tuz sisi korozyon testi sonuglari

Bilyeli dovme islemi ardindan numunelere Cr+6
kaplama prosesi uygulanmistir. Yapilan kaplama
numunelerin ilk

sonrasinda goruntdileri

fotograflanmistir.  Korozyon testi sonrasinda

kaplamanin ylzeyde tutunma kabiliyeti gorsel
olarak tespiti icin tuz testi sonrasinda da numune
fotograflari  karsilastirma  amacgh  alinmistir.

Korozyon testleri EN TS ISO 9227 standartina gore
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gerceklestirilmistir. Cozeltinin Ph degeri 6,851'de
sabit tutulmustur (Sekil 14). Test sonrasi bilyeli
dovme prosesinin bazi parametreleri malzemeyi
gorsel olarak korozyona ugratmadig
gbzlemlenmistir. Bazi numunelerde ise korozyon
testi sonrasi korozyonun kaplamaya kismen zarar
verdigi gorllmistir. Korozyon testi oOncesi ve
sonrasi numune resimleri Sekil 15’de verilmistir.

y R rrv—

Sekil 14. Cozeltinin Ph degeri 6lgimi

(a) S110 Bilyesi 8A-12-15A korozyon testi 6ncesi

!‘

b) S110 Bilyesi 8A-12-15A korozyon testi sonrasi

c) S170 Bilyesi 8A-12-15A korozyon testi dncesi

e) 5230 Bilyesi 8A-12-15A korozyon testi 6ncesi
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f) S230 Bilyesi 8A-12-15A korozyon testi sonrasi

Sekil 15. Farkli bilye capi ve Almen siddetine gore
korozyon testi 6ncesi ve sonrasi gorselleri

3.5 SEM incelenmesi
Bilyeli dovme ile birlikte vylzeyde plastik
deformasyonlar meydana gelmistir. Bilyelerin

(A) S110-8A

{D) 5110-12A

(B) 5170-8A

(E) S170-12A

mevcut kitlesi ve hiziyla olusturdugu kinetik eneriji
ylizeye aktarilmistir. Ylizeyde kirilan ve ezilen tane
yapilari sonunda yeni bir yilizey formu olusmustur
(Kocaman ve Demirer, 2022).

Sekil 16’da bilyeli dovme islemi uygulanan AA5754
H111 aliminyum alagiminin SEM gorintileri
verilmistir. Numunelerin SEM goriintileri JEOL
marka JSM 6060LV model cihazda gekilmistir. Bilye
¢ap! ve Almen degeri arttikga malzeme ylzeyindeki
topografik yapidaki tepe gukur farki artmistir. Bu
sonuglar parazialik degeri ile karsilastirdiginda
bilye ¢api ve almen degeri arttikca malzeme
degerinde de artis

ylzeyinin  pardazlaluk

gbzlemlenmistir.

Numunelerin SEM gorintileri arastirildiginda bilye
capi arttikca plastik deformasyon ve tepe-cukur
olusumunun arttigi goézlenmistir. Almen siddeti
arttikca ylizeydeki cukur olusumlari daha belirgin
yapilmis
calismalariile tutarlihk gostermektedir.

hale gelmistir. Bu Onceki literatlir

(C) 5230-8A

(F) s230-12A

(H) §11D-15A

(G) $170-15A

(i) 5230-15A

Sekil 16. S110, S170, S230 bilye g¢aplarinda, 8A-12A-15A siddetindeki numunelerin SEM goriintisi
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4. Tartisma ve Sonug

AA5754 H111 aliminyum alasimina 3 farkh bilye

¢apinda (S110-S170-S230) ve 3 farkh Almen
siddetinde (8A-12A-15A) bilyeli dévme prosesi
uygulanmistir.  Bilyeli dovme prosesi sonrasi
numunelere Cr+6 kaplama uygulanmistir.

Numuneler tuz sisi teknigi ile korozyon testine
sokulup sonrasinda mekanik 6zellikleri (cekme testi
ve ylzey parazlalik testi) incelenmistir. Bilyeli
dovme prosesi sonrasi Cr+6 kaplamanin korozif
etkisi
ile vyapilan

ozelliklerindeki incelenmistir. Aliminyum

alasimlar bilyeli doévme islemleri
incelendiginde Wanga ve arkadaslari (2011), farkh
dovilen AA6061 T6 malzemesini

incelemisler ve basing arttikca ylizey purizlGluga,

basinglarda

plastik deformasyon kalinhg ve korozyon

direncinde artis oldugunu tespit etmislerdir
(Alkan,2014). Korozyon testi sonrasi elde edilen

sonuglarin literatlire uygun oldugu gozlemlenmistir.

Bu calisma sonunda asagidaki sonuglar tespit

edilmistir:

e Bilye capl arttikca malzemenin purazlilik

degerlerinde artis meydana gelistir.

e Almen degeri arttikga plrizltlik degerlerinde
artis tespit edilmistir. S110 ve S170 bilyelerinde
siraslyla %38,21 ve %69,62 puruzlik artisi tespit
edilmistir. Blylk bilye capinda pirizlilik daha da

artmis ve cihazin 06l¢im skalasini astigl igin
Olcilememistir.
e Bilye c¢api arttikca malzemenin mekanik

ozelliklerinde de artis belirlenmistir. S170 (0,4mm)
bilyesinde 15 Almen siddetinde déviilen numunede
¢ekme testleri sonucu %5,25’lik mekanik artig

5. Kaynaklar

Alkan, Z., Varol, R., & Server, R. 2016. Bilyeli dévme
uygulanmis AA1050 alliminyum malzemenin
metalografik incelenmesi. Sileyman Demirel
Universitesi Fen Bilimleri Enstitiisii Dergisi,
Vol.20 (3) 524-529.

Alkan, Z., 2014. Aliiminyum Alasimlarinda Bilyal
Doévmenin Fiziksel, Mekanik ve

Ozelliklerine Etkisi,

Ylzey

Siileyman Demirel

meydana gelmistir. AA5754 H111 malzemesine
yapilan ¢cekme testlerinde buna en yakin deger ise
$230 bilyesinde (0,6mm) ve 12 Almen degerinde
S110 bilyesinde
ise 15 Almende c¢ekme dayaniminda

%5,19 artis tespit edilmistir.
(0,3mm)
(%1,54) artis gerceklesmistir.

e Korozyon testi sonrasi numuneler gozle muayene
edilmistir. S230 bilyesi ile uygulanan proseslerde
numuneler korozyon testinde basarisiz olmustur.
Bunun sebebi ylizeye firlatilan bilye c¢aplarinin
blylk olmasi nedeni ile kaplamanin temas ettigi
ylzey alani diger dusik bilye caplarina gore
kiicilmistiir. Bu sebeple malzeme yilzeyinde
kimyasal temasin az olmasi, ylizeyde daha az Cr+6
kaplanmasina neden olmustur. Korozyon testi

sonrasli ylizeyde belirgin dokilmeler gorilmdistdr.

e Korozyon testi sonrasi S170 ve S230 bilye ile

dovilen numunelerde renk acilimi meydana
gelmistir. S110 -8A prosesi uygulanan numunelerde

ise renk agmasi gdzlemlenmemistir.

e Korozyon testinde S170-12A prosesine tabi
tutulan numuneler de ise renk acihimi ¢ok disik
diizeyde gozlemlenmistir.

e S170-15A prosesine tabi tutulan numuneler
cekme dayanimi bakimindan en yiiksek dayanima
sahipken ayni zamanda korozyon testinde de en az
renk kaybina yani en disiik asinmaya ugramistir.

Tesekkiir

Bu calisma TUBITAK 2209-A programi kapsaminda
(Proje N0:1919B01220946) desteklenmistir.
Fen Bilimleri

Universitesi Enstitiisi,Doktora

Tezi,101s, Isparta.

F. 2013. Atomic level observations of
mechanical damage in shot peened TiAl,
Philosophical Magazine, Vol.93 ( 1-3), 2-21.

Appel,

Avcu, E. 2018. Bilyali dévme parametrelerinin
AA7075 T6 aliminyum alasiminin yizey alti
dzelliklerine etkisi, GU J SCi, Part C, Vol.6
(4), 741-752.

130



AA5754 H111 Aliiminyum Alasiminin Bilyeli Dévme Prosesi ve Cr+6 Kaplama Uyqulamasi, Bozkurt and Demirer

Basaran, A. 2007. Toz Metal Pargalara Isil ve
Mekanik Yiizey islemlerin Birlikte
Uygulanabilirliginin Arastirilmasi, Doktora tezi,
Siileyman Demirel Universitesi Fen Bilimleri
Enstitiisii, Makina Miihendisligi Anabilim Dali,
Isparta, s192.

Baser, Z., T. 2012. Aliminyum alasimlarini ve
otomotiv endustirinde kullanimi. Miihendis ve
makina, Vol.53 (635), 51-58.

Coskun, K. 2002. Hadde alliminyum alasimlarinin
ucaklarda kullanilmasi, Yiiksek lisans tezi,
Istanbul  Teknik  Universitesi Fen  Bilimleri
Universitesi.

Hongbin, X., Qing, C., ve Eryu, S., Dengzhen, W.,
Zhaohong, C., ve Zhengle, W. 1991. The effect of
shot peening on rolling contact fatigue
behaviour and its crack initiation and
propagation in carburized steel, Wear, Vol.151
(1), 77-86.

Karahan, B., ince, U. 2015. Bilya Piskiirtmenin
(Shot Peening) Teknik-Teknolojideki Yolculugu
ve Soguk Doévme Prosesine Adaptasyonu,
http://depark.com/derin/Ekim2015/Index/2.ht
ml, s74-90.

Kocan, M., Rack, H. J.,, Wagner, L. 2005. Fatigue
performance of metastable titanium alloys:
Effects of microstructure and surface finish,
Journal of Materials Engineering  and
Performance, Vol. 14 (6), Dec. JIMEPEG 14,765-
772.

Kocaman, A, Demirer, A. 2021. AA6061 T6
Aliminyum Alasiminda Bilyeli Dévme isleminin
Mekanik Ozelliklere Etkisinin incelenmesi, Afyon
Kocatepe Universitesi Uluslararasi Miihendislik
Teknolojileri ve Uygulamali , Vol.4 (2), 49-58.

Mhaede, M. 2012. Influence of surface treatments
on surface layer properties, fatigue and
corrosion fatigue performance of AA7075 T73 .
Materials & Design, Vol. 41, 61-66.

Nam, Y. S., Jeong, Y., Shin, B., & Byun, J. 2015.
Enhancing surface layer properties of an aircraft
aluminum alloy by shot peening using response
surface methodology., Materials &
Design,Vol.83 (4),566- 576.

Nouguier-Lehon, C., Zarwel, M., Diviani, C., Hertz,
D., Zahouani, H., Hoc, T. 2013. Surface impact
analysis in shot peening process, Wear, Vol.302
(1-2) ,1058-1063.

Seykog Aliminyum. 2023. AA 5754 H111:
https://seykoc.com.tr/icerik/5754 ?dil=tr
adresinden.

Tomlinson, W. J., Moule, R. T., Blount, G. N., 1987.
The effect of shot peening on the cavitation
erosion of pure iron and austenitic stainless
steel in distilued and 1% salt waters, Wear,
Vol.118, 233 - 242.

Trsko, L., Guagliano, M., Bokuvka, O., Novy, F.,
Jambor, M., & Florkova, Z. 2017. Influence of
Severe Shot Peening on the Surface State and
Ultra-High-Cycle Fatigue Behavior of an AW
7075 Aluminum Alloy. Journal of materials
engineering and performanceNol.26, 2784 -
2797.

Varol, R. 1990. 2024 Aliminyum alasiminin
yorulma émri (zerine farkli bilyeli dévme islem
parametrelerinin etkisi. Doktora Tezi, Selcuk
Universitesi Fen Bilimleri Enstitiisii, Konya.

Wanga, Z., Jiang, C., Gan, X., Chen, Y., Ji, V. 2011.
Influence of shot peening on the fatigue life of
laser hardened 17-4PH steel, International
Journal of Fatigue, Vol.33 (4), 549-556.

Zammit, A., Abela, S., Wagner, L., Mhaede, M.,
Grech, M. 2013. Tribological behaviour of shot
peened Cu-Ni austempered ductile iron, Wear,
Vol.302 (1-2), 829-836.

131



Afyon Kocatepe Universitesi Uluslararasi Miihendislik Teknolojileri ve Uygulamal

Bilimler Dergisi

Afyon Kocatepe University International Journal of Engineering
Technology and Applied Sciences

AKU IJETAS Cilt 6(2) (2023) Aralik (132-145s) AKU JETAS Vol 6(2) (2023) December (132-145 pp)
DOI:10.53448/akuumubd.1302120

Arastirma Makalesi / Research Article
Direncli Punta Kaynagi Prosesinin KNN ve CART Makine Ogrenimi
Teknikleri ile Degerlendirilmesi

Sena PEKSIN', Soydan SERTTAS?

12 Kitahya Dumlupinar University, Faculty of Engineering, Department of Computer Engineering, Kiitahya, Turkey.
Ye-mail: senapksnn@gmail.com, ORCID: 0000-0003-2537-890X

%e-mail: soydan.serttas@dpu.edu.tr, ORCID: 0000-0001-8887-8675

Received :25.05.2023; Accepted:20.10,2023
0z

Bir gesit direng kaynagi olan punta kaynagi, metal sac birlestirme isleminde kullanilan ve iretim

alaninda yaygin olarak bulunan bir kaynak uygulamasidir. Punta kaynak prosesi otomotiv endistrisi
basta olmak Uzere, radyator ve tel 6rgii tretimi gibi birgok liretim alaninda yaygin olarak kullanilir. Arag
Uretim bantlarinda punta kaynagi agirlikh olarak robotik uygulamalarla gergeklestirilmektedir. Endistri
4.0 ve dijital dénlsim trendleri benzeri gériilmemis bir veri biylimesine yol agmistir. Glinlimiiz imalat
Anahtar kelimeler sektoriinde kalite, bakim ve Uretim silreglerinin izlenmesi, tahmini ve optimizasyonu konularinda
makine Ogrenimi ve veri bilimi algoritmalarinin glicinden yararlaniimaktadir. Makine 6grenimi

Direngli Punta Kaynagi;
algoritmalarinin  uygulanmasi deneylerin siresini kisaltmanin yani sira deneysel maliyeti de

Kaynak Parametreleri,
Makine Ogrenimi; azaltmaktadir. Bu ¢alisma, gergek Uretim sahasinda robotik kollarla uygulanan punta kaynaginin
’ izlenerek, kaynak arglimanlarinin ideal punta normlari igerisinde olup olmadiginin tespitini

amaglamaktadir. ideal parametre normlari degerlendirilirken KNN (K-En Yakin Komsu) ve CART

Otomotiv Endustrisi.

(Siniflandirma ve Regresyon Agaci) makine 6grenimi algoritmalari kullaniimistir. Calisma tretimdeki
gercek verileri kullanabilmek icin TOFAS fabrikasinda yapilmistir ve pilot hat olarak govde tretim montaj
hatti segilmistir. Arastirmada kullanilan veri seti 2023 vyili gilincel kaynak parametrelerinden
olusmaktadir. Veri kiimesi tzerinde makine 6grenimi algoritmalari galistirilarak her bir algoritmanin
basarim degerlendirmesine bakilmis ve en uygun tahminleme yontemi belirlenmistir. Yapilan
deneylerde en iyi F1-Skor degeri %93 ile CART modeli tarafindan elde edilmistir.

Evaluation Of The Resistance Spot Welding Process With KNN and CART
Machine Learning Techniques

Abstract
Spot welding, a type of resistance welding, is a welding application widely used in the production area

and it is a common method for joining metal sheets. The spot-welding process is widely used in many
production areas, especially in the automotive industry, radiator, and wire mesh production. Spot
welding in car production lines is mainly performed by robotic applications. Industry 4.0 and digital
transformation trends have led to unprecedented data growth. Nowadays, the manufacturing industry

Keywords
benefits from the power of machine learning and data science algorithms to monitor production

Resistance Spot
Welding; Welding
Parameters; Machine

processes and make predictions for quality, maintenance, and production optimization. Applying
machine learning algorithms reduces the duration and cost of experiments. This study aims to confirm

Learning; Automotive whether the spot welding, applied by robotic arms, is within the ideal spot-welding norms, in real

Industry production area. The ideal parameter norms were evaluated by using KNN and CART machine learning

algorithms. To use real production data, this study was executed in the body production assembly line,
which is selected as the pilot area, at TOFAS factory. The data set used in this research consists of the
welding parameters of the current year, 2023. By running machine learning algorithms on the dataset,
the performance evaluation of each algorithm was examined and the most appropriate estimation
method was determined. In the experiments, the best F1-Score value was obtained by the CART model
with 93%.
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1. Introduction

One of the primary objectives of the digitization
process is the automation of activities within
production domains. Digital transformation may be
defined as a system that permits the rapid analysis
and more efficient utilization of information within
business information

processes  employing

technologies (Klglkvardar and Aslan 2021).

Through digitization in manufacturing processes,
errors caused by workers can be minimized, and
processes can be made autonomous. While various
error modes occur in the automotive sector during
the production stage, measures are taken to
minimize these errors. However, sometimes errors
cannot be detected and result in high costs. Digital
systems can instantly detect any issues during the
production process and necessary interventions
When
information can be quickly shared with informed

can be made. quality issues arise,
personnel, and production processes can be halted
to make adjustments for quality production. In this
way, an increase in quality and efficiency can be

achieved in the production process (IntRes. 1).

Spot welding machines can benefit from digital
transformation processes to make production
processes more efficient. For example, spot
welding machines can automatically weld materials
together using pre-defined welding parameters
that can be adjusted automatically. This eliminates
the need for manual adjustments and makes
welding processes more precise and repeatable,
eliminating the trial-and-error approach to learning

efficiency.

In the automotive industry, resistance spot welding
machines serve as crucial welding tools. These
machines perform the welding process by applying
an electrical current to the metal pieces between
two electrodes. Electrodes are the instruments
used to join the metal parts and are brought into
contact with the workpiece to ensure connectivity
between the metal plates. At this stage, the applied
pressure is slightly increased to initiate the passage

of electrical current. The current flows in

accordance with the predetermined current
intensity and duration, heating the workpiece. The
initiated by the

pressure exerted by the electrodes

melting process commences,
on the
workpiece. The molten region is allowed to cool for
a few seconds without relieving the pressure
applied by the electrodes. Subsequently, the
pressure on the electrodes is released, and they
move apart. The welding process is completed
during this phase (IntRes. 2). The utilization of
resistance spot welding machines in the

automotive industry contributes to reducing

welding costs during the manufacturing process.
These machines operate swiftly and precisely,
reducing

production time and enhancing

production efficiency (Dai et al. 2022).

Applied
Pressure

Workpieces

Electrical
Current L_

Copper Electrodes Welding Spot

Electric Holder '

Figure 1. Spot Welding Principle. (IntRes. 3).

In the automotive industry, weld quality holds

paramount significance as the safety and
performance of manufactured vehicles are directly
correlated with the quality of welding. A critical
step in enhancing weld quality is the accurate
determination of welding parameters. Through a
review of literature and assistance from the expert
system employed in the study (comprising two
welding experts working in the factory and welding
documentation), the parameters influencing weld
quality have been identified as follows: welding
current, welding duration, welding pressure, and

electrode life.

These parameters are adjusted based on the
properties of the material to be welded. Achieving
this balance is possible through trial and error
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methods. Standards set by factories are also crucial
in maintaining this balance in welding processes.
Factories develop specific standards for welding
parameters based on their experience. These
standards aim to enhance the quality and reliability
of the welding process. It is important that the
parameters obtained through trial and error
methods are in compliance with factory standards,
and adjustments are made as necessary. This
ensures that the welding connection can be
executed according to desired standards and
expectations.

Finding the correct welding parameters is often a
challenging and costly process. Each resistance
welding machine has a controller that oversees
parameter settings, and all adjustments are made
through this system. Adaptive welding control
systems like BOS 6000 are used to monitor,
analyze, and automatically adjust welding
parameters in real-time. These systems track
within tolerances

welding errors predefined

throughout the welding process (Akgul 2017).

For instance, parameters such as welding current,
voltage, and duration can be monitored and
automatically adjusted in real-time by adaptive
welding control systems. This minimizes welding
errors during the welding process and maintains a
high level of welding connection quality (Kas and
Das 2019).

Proper adjustment of these parameters affecting
quality can lead to energy savings, prevention of
excessive nugget formation, reduction in cycle
times, and improvement in product quality during
the manufacturing process. Incorrectly set
parameters can lead to various issues during the
production process and even result in low-quality

products (Selova and Aydin 2019).

The objective of this study is to present machine
learning approaches using digital solutions to
reduce errors in resistance spot welding (RSW)
processes, one of the primary welding applications
utilized in the automotive industry.

To achieve this goal, data analyses were conducted

using real field data and various process
parameters obtained by sensors in a specific
industrial Resistance Spot Welding (RSW) scenario
and applications at TOFAS, one of the leading
the automotive
different

through

manufacturing companies in

industry. In  this  study, process

parameters acquired sensors were
analyzed using K-Nearest Neighbors (KNN) and
Classification and Regression Trees (CART) machine
learning models, and insights were gained
regarding the status of the welding process

conducted using real field data.

2. Literature Review

In recent years, machine learning has garnered
substantial significance within the realm of
industrial applications, with spot-welding machines
representing a notable sector of interest. The
integration of machine learning methods into spot
welding machinery holds the promise of enhancing
elevating  operational

production  processes,

efficiency, and mitigating expenditure. The
academic literature encompasses a plethora of
studies dedicated to the analysis of factors
influencing welding quality. Furthermore, there has
been a surge in research endeavors specifically
focusing on the application of machine learning

techniques in this domain.

In a study conducted by Zhou et al. (2018), a
comprehensive comparison of diverse machine
learning approaches was conducted for quality
monitoring, primarily relying on time series data
derived from resistance spot welding processes.
The research encompassed critical phases of data
preprocessing and feature engineering. The study
harnessed datasets generated through a simulation
model. Furthermore, an iterative methodology was
introduced within the research to amalgamate data
collection and analysis seamlessly.

In the practical application segment, rudimentary
features were extracted from the data acquired
through simulations. Subsequent to a meticulous
feature selection process, three distinct machine
learning techniques were employed to construct
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various data-driven models. These models were
implemented using the MATLAB tool, SciXMiner.
The study embarked on modeling endeavors by
conducting hyperparameter selection. The findings
from this investigation illuminated the superiority
of the Multi-Layer Perceptron algorithm over the K-
Nearest Neighbor (KNN) algorithm.

Xing et al. (2018) proposed an approach for real-
time quality monitoring of resistance spot welding
(RSW) processes. In their research, they conducted
modeling utilizing dynamic resistance signals
gathered and processed from actual production
Random  Forest

scenarios, employing the

classification algorithm. The study classified
welding quality into three distinct levels: cold
welding, satisfactory welding, and expulsion cases.
Cross-validation techniques were employed, and a
rigorous 10-fold cross-validation procedure was
executed to compare test prediction errors and
misclassifications. The outcomes demonstrated
that the Random Forest algorithm achieved an

impressive performance level of 98.8%.

In accordance with the findings of Gavidel et al.
(2019), they conducted an exhaustive analysis of
prediction models' performance using RSW data
derived from an  American  automotive
manufacturer. A comparative assessment was
carried out among commonly utilized prediction
The dataset

training, validation,

algorithms. underwent rigorous
and testing for modeling
purposes. The research incorporated bootstrapping
and statistical hypothesis tests for a comprehensive
performance evaluation. The Deep Neural Network
(DNN) model, employed for predicting nugget
(weld size) width, exhibited the highest accuracy
and exhibited lower variability. Consequently, the
DNN model was recommended for processing
highly nonlinear and intricate data, such as that
encountered in RSW processes. Additionally, the K-
Nearest Neighbors (KNN) and KStar models were
their

commendable performance. The study suggested

also scrutinized and were noted for
that future research endeavors might explore
scenarios where welding does not occur within the

dataset.

Literature review reveals significant progress in
predicting welding quality. The methods employed
in these studies have shown promising potential in
accurately identifying faulty welding points in the
RSW process, as well as the ability to generalize
with a small number of samples. This highlights
their significance in improving the overall quality of
spot welding.

3. Materials and Methods

Spot welding represents a widely employed
technique within the automotive industry (Liu et al.
2020). In this procedure, variables including the
welding type, material characteristics, and welding
parameters collectively dictate the welding quality.
Given the myriad permutations of these variables,
visual assessment of welding quality becomes a
formidable challenge. Consequently, machine
learning emerges as a viable approach for modeling
spot welding data. Machine learning augments the
learning capability of computer systems through
the capacity to glean insights from data. Within the
realm of spot welding machines, machine learning
techniques encompass classification, clustering,
and regression analysis. These methodologies offer
valuable insights into the current state of resources
and contribute to enhancing the efficiency of

production processes.
3.1 Data Set

In the manufacturing facility, each robot arm is
equipped with a timer controller. Real-time,
vehicle-specific welding parameters are obtained
through communication between the
timers/controllers in the body production line
section of Tofas factory models and the PLC
(Programmable Logic Controller). This enables the
collection of customized welding data for each
vehicle, which is then stored in a database. This
dataset comprises two distinct classes of welding
data: good welds (OK) and defective welds (Not
OK). It is known that a modern vehicle body
undergoes approximately 4,000 to 6,000 spot
welds on average. Therefore, the dataset to be
modeled is quite extensive. In machine learning,
the significance of data cannot be overstated. If the

data quality is low, one should not expect favorable

135



Evaluation of the RSW Process with KNN and CART Machine Learning Techniques, Peksin and Serttas

results. Hence, regardless of the task at hand,
having high-quality data is crucial.

One of the most pivotal facets of this study
pertains to the data collection phase, given the
pivotal role of obtaining precise data to ensure
accurate outcomes. The process of solely collecting
data from the factory was conducted through a
project that combines welding parameters with
chassis codes, which resulted in a valuable and
dataset. This
collection from 14 machines located on the body

unique process involved data
assembly line where the study was conducted. The
data obtained from the actual field is 7 GB per day.
Processing all of the data and performing model
training through machine learning algorithms is
very difficult and costly. It necessitates access to
technical equipment furnished with high GPU
capabilities. Consequently, our study constrained
data processing to a selected timeframe, leading to
a dataset comprising 16,397 observation units
(rows) and 174 variables. The memory footprint for

this dataset approximates 21 MB.

Among the 174 variables within the dataset, 137
can be categorized as categorical, 35 as numerical,
and 2 as cardinal variables. These variables

primarily represent scalar magnitudes. Our
independent variable is categorical, specifically
categorized as "Okay" and "Not Okay" thereby
framing our research problem as a classification

task.

The category "Good Weld" signifies a successful
and dependable welding process that aligns with
the desired quality standards. Conversely, the "Bad
Weld" category denotes a welding process falling
short of the required quality criteria, indicative of a
weld. The
representation of both "Good" and "Bad" sources

flawed or unreliable visual

can be found in Figure 2.

The first step in this process is to determine
whether the welding process parameters fall within
the ideal range of parameter values. This is
accomplished through the use of KNN and CART
models.

In accordance with existing literature, it is advisable
to treat our independent variable as categorical.
Consequently, the independent variable featuring
categorical options, namely "Okay" and "Not okay"
was converted into numerical format via Label
Encoding techniques. This encoding operation
streamlines subsequent transactions during the
application of machine learning or data analysis
techniques on our dataset (IntRes. 4).

Metallographic picture

Good spot-weld

Incomplete fused joint

Figure 2.Results of spot-weld inspection. (Ambroziak
2015).

In the subsequent phase of the study, feature
extraction procedures were executed. Feature
selection, aimed at diminishing the number of
features in the dataset to enhance model
efficiency, contrasts with feature extraction, which
entails the transformation of existing dataset
features into novel features. Employing
appropriate techniques for feature selection and
extraction holds the potential to ameliorate the
model's performance and render the dataset more
comprehensible and manageable (IntRes. 5).

Achieving an connection

optimal  welding

necessitates a delicate equilibrium between
current intensity and welding duration. This
equilibrium is contingent upon the material
properties of the workpiece and the specific
welding requisites. The material type and thickness
play pivotal roles in ensuring an adequate heat
supply for the welding connection. Moreover, the
correct welding duration should align with the
coalesce

material's capacity to melt and
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seamlessly. The attainment of this equilibrium is
typically realized through iterative trial and error
methods.

standards established by
manufacturing facilities hold significant importance

Conversely, the

in achieving the requisite balance within welding
processes. Factories formulate specific standards
and guidelines for welding parameters, drawing
upon their accumulated experience and expertise.
These
overarching goal of elevating the quality and

standards are formulated with the
dependability of the welding process. It s
imperative that parameters derived through trial
and error methods align consistently with these
factory-established norms, necessitating
adjustments whenever discrepancies arise. This
practice ensures that welding connections are
executed in accordance with the envisioned

standards and anticipated outcomes.

Throughout the process of feature selection and

extraction from the dataset, variables were
judiciously reduced based on insights provided by
welding experts at the manufacturing facility.
Drawing from insights offered by welding experts
at the manufacturing facility and referencing the
literature, novel variables

pertinent were

introduced, encompassing  pivotal welding
parameters exerting influence on weld quality. An
exemplary parameter is Joule's Law, characterized

as a scalar quantity.

Spot welding machines operate in alignment with
Joule's Law, which elucidates the conversion of
electrical energy into thermal energy. As electric
current traverses the workpieces, it generates heat
by virtue of encountering resistance.

The resistance between the two parts causes the
electrons to lose energy due to friction and
collisions during their passage. This energy loss
leads to heat concentration at the junction and
melting of the parts.

Q=(?*Rxt)

Formula 1. Joule Law.

As the formula indicates, a high current is required
to achieve sufficient heat in the welding process.
When the current intensity and welding time are
properly adjusted, the necessary heat for the
welding joint is generated. Joule's law is crucial for
an efficient welding process.

In spot welding, it is imperative to execute the
process at specific values of current, resistance,
and time. Within the dataset, prescribed tolerance
values for current, resistance, and time are
provided. Guided by this information, feature
extraction was carried out by categorizing observed
values as either erroneous or accurate, contingent
upon their alignment with the prescribed tolerance
ranges. Values falling outside these tolerance
ranges are categorized as erroneous, as they have
the potential to detrimentally impact weld quality.
Conversely, values falling within the tolerance
ranges signify that the weld aligns with the desired

standards and can be classified as accurate.

Through this feature extraction, the difference

between the realized scalar values and the
required scalar values is calculated, allowing for the
classification of erroneous and accurate instances.
As a result, the adherence of crucial parameters
such as current, resistance, and time to the
specified tolerance values can be evaluated,
thereby assessing the compliance of the weld with

the desired standards.

Subsequently, these variables were incorporated
into the dataset. Fundamental statistical attributes,
such as mean, standard deviation, median,
minimum, and maximum, were scrutinized for
numerical variables within the dataset. Correlation
analysis was conducted to gauge the
interrelationships between variables and the target
variable. Furthermore, new variables were
generated using the Binary Features method,
leveraging existing variables in the "true-false" or

"yes-no" format.

As a result of the pre-processing stage, our initial
set of 174 variables has been notably reduced to 53
variables. This feature selection method has had a
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substantial impact on streamlining our training
time.

Subsequently, the next phase involved the
implementation of One Hot Encoding (OHE). OHE is
a widely adopted technique for numerically
representing categorical variables, as machine
learning models tend to perform optimally with
numerical data. Under OHE, each distinct category
within a categorical variable is transformed into an
individual column, assuming binary values of 0 or 1.
The advantages of OHE encompass its simplicity,
versatility, and compatibility with a broad spectrum
of machine learning algorithms. However, it is
essential to acknowledge its disadvantages, which
encompass an expansion in the number of
categorical variables and the overall dataset size
due to the creation of additional columns. This
expansion may entail elevated computational costs

and a heightened risk of overfitting (IntRes. 6).

In the next stage, the study has advanced to the

modeling phase, wherein the dataset was

subjected to two distinct machine learning
algorithms.
3.2 Methodology

Within the scope of this investigation, spot-welding
data specific to vehicles was acquired through
integration with Programmable Logic Controllers
(PLCs) embedded within the production line.
spot-welding data was
PostgreSQL
database. Throughout the entire study, the Python

Subsequently, this

systematically stored within a
programming language served as the predominant

tool of choice.

Following the culmination of data collection, a
series of essential data preprocessing steps were
meticulously executed. These steps encompassed
rectifying variable names within the dataset,
exploratory data

conducting analysis, and

generating summary statistics.

_ Spot Weld Machine

Controller

\ The dataset is prepared by o
performing Feature Enginerring Hyperparameter optimization
is opplied and the model is
gy Normalization processes to make
m " validated using cross
it suitable for machine learning Id "
algortihms. Naguon.
Data Pre-| Processlng Model Valldatlon
Data Collection Modellmg Result

The KNN ve CART
algorithms are compared,
and the sitable model is
selected.

\

(=S

Figure 3. The architecture used in comparing different

The dataset is modeled with
CART and KNN algorithms.

Real welding parameters are
obtained from an actual
automotive factory.

models for spot welding quality detection with
machine learning techniques.

Concurrently, the data underwent a thorough
scrutiny to detect missing observations and
outliers, while novel variables were introduced,
and variables exhibiting low information content
were expunged from the dataset. Subsequently,
the variables were distinctly categorized based on
their types,

including the identification and

classification of categorical and numerical
variables. To facilitate subsequent analysis,
categorical variables were converted into a

numerical format, and standardization procedures
were implemented.

Model performance assessment was carried out
using the cross-validation method. In addition, the
most suitable hyperparameter combination of the
used machine learning algorithm was found
according to the determined success metric with
model

hyperparameter  optimization.  The

complexity was balanced, and overfitting and
underfitting were attempted to be avoided.
Machine learning algorithms were selected as a
result of a literature review and modeling was

performed.

In this study, K-Nearest Neighbor (KNN) and CART
(Classification and Regression Trees) techniques
were used to determine whether the welding
parameters are within the ideal norm range.
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Distribution of Categorical and Numerical Variables

Categorical

72.7%

Numerical

Figure 4. Distribution of Categorical and Numerical
Variables.

3.2.1 K-Nearest Neighbors (KNN) Model

K-Nearest Neighbors (KNN) is a machine learning
algorithm wused in classification or regression

problems. Essentially, it finds the K nearest
neighbours for a sample and uses the class labels
or output values of these neighbours to make a
prediction. KNN is a non-parametric algorithm,
meaning there is no predefined model structure
and it makes predictions based solely on the

features of the training data (IntRes. 7).

In the of this
hyperparameter values for the KNN algorithm were

context study, the optimal
determined utilizing the GridSearchCV method.
GridSearchCV

hyperparameter combinations, ultimately selecting

systematically explores various
the configuration that yields the best performance.

Key hyperparameters for the KNN algorithm

encompass elements such as "n_neighbors,"
"weights," "algorithm," "p," "metric,"
"metric_params," and "n_jobs." Notably,

"n_neighbors" specifies the number of neighbors
considered in proximity. The term "n_neighbors"
elucidates its role as the "number of neighbors" or
"numeric neighbors." The "weights"
hyperparameter enables the weighting of neighbor
influence, with "uniform" signifying equal influence
for all neighbors, while "distance" implies an
inverse effect based on their proximity to the
sample. The "metric" hyperparameter dictates the
distance measure

employed for neighbor

identification. For instance, the "euclidean" metric

while the
metric relies on the Manhattan

adopts the Euclidean distance,

"manhattan”

distance. The "p" hyperparameter defines the
power value within the chosen metric for neighbor
calculation, with "p=1" employing the Manhattan

distance and "p=2" employing the Euclidean

distance.

Following the optimization process, the
hyperparameters were configured as follows:
"n_neighbors" was set to 3, "weights" to 'uniform,’

"algorithm" to ‘'auto," "p" to 2, "metric" to
'minkowski,' "metric_params" to None, and
"n_jobs" to None. These meticulously tuned

hyperparameters have markedly contributed to the
superior performance achieved by the KNN model
in this study.

3.2.2 CART (Classification and Regression Trees

When examining the modeling and classification of
spot-welding data, the CART (Classification and
Regression Trees) algorithm is frequently used as
one of the methods (Zhang et al. 2014). CART is a
decision tree algorithm that represents data in a
tree structure and performs classification
operations. The CART algorithm tries to create the
most homogeneous subgroups by dividing the data
and performs the classification process in this way
(IntRes. 8).

used in

Entropy and Gini are the criterias

classification methods such as decision tree
algorithm. The algorithm in Formula 2 uses Gini
impurity criteria for

and Entropy impurity

classification problems. Gini impurity can be
expressed as the "Gini Principle" or "Gini Purity".
The Gini impurity criterion is the probability of

misclassifying any randomly selected example.
G=1- Z(pi?

Formula 2. Gini impurity formula, which measures the
homogeneity of classes (Smith 2015).

Entropy, alternatively referred to as "Entropy" or
"Confusion" in Turkish, represents a metric applied
in the context of classification problems to assess

the node's purity. Formula 3 elucidates the
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operational principle of the Entropy algorithm.
When a dataset comprises instances associated
with diverse classes, it exhibits increased disorder
and consequently registers a higher entropy value.
In essence, the entropy metric quantifies the
degree of disorder within a dataset, with elevated
entropy values signifying datasets characterized by
a more pronounced intermixing of example classes
(IntRes. 9).

E = —Xp_ * log2(p_i)

Formula 3. Formula for entropy, which is a measure of
the homogeneity of classes.

In the context of the CART algorithm, various
hyperparameters were employed to fine-tune its
performance. The optimal hyperparameter
combination for the CART algorithm is delineated
as follows: The 'gini' criterion was utilized in
conjunction with the Gini impurity measure, CCP
alpha was configured at 0.0, a maximum tree depth
was imposed at 3 levels, leaf nodes mandated a
minimum of 1 sample, node splitting necessitated a
minimum of 2 samples, 'random_state' was set to
17 to ensure reproducibility, and the 'best' strategy

was adopted for node splitting.

To enhance the model's performance, a 5-fold
cross-validation approach and hyperparameter
optimization through the GridSearchCV method
were implemented. Cross-validation served as a
to assess the model's

means capacity for

generalization. This methodology entails the
partitioning of the dataset into training and test
sets, a process repeated multiple times with
varying datasets to provide comprehensive insights

into the model's generalizability (IntRes. 10).

4. Results

In this study, the performance of various machine
learning techniques was assessed using various
evaluation metrics. The key metrics used in this
evaluation include precision, recall, F1 score, and
accuracy. These four performance criteria were
used to evaluate the accuracy of the model. The
differences in model

study examined the

performance outcomes between the Holdout and

Cross Validation methods. Furthermore,
hyperparameter optimization was leveraged to
identify the most suitable combination of

hyperparameters for the machine learning
algorithm, guided by the specified performance

metric.

The KNN model,
Holdout
assessment by partitioning the dataset into training

constructed employing the

method, underwent performance

and test subsets. Initially, the dataset was

randomly bifurcated into these two segments.

To evaluate model performance in classification
problems, the classification report function was
employed. This function furnishes a range of
metrics including accuracy, precision, recall, and F1
score, which are instrumental in the assessment of
The outcomes of this

model performance.

evaluation are presented in Table 1.

Table 1. Classification Report Results for Haldout
Method Training Error

Precision Recall F1-Score
0 (Okay) 0.99 0.86 0.92
1 (Not Okay) 0.97 0.73 0.83

Table 2. Classification Report Results for Haldout
Method Test Error

Precision Recall F1-Score
0 (Okay) 0.96 0.82 0.88
1 (Not Okay) 0.93 0.65 0.76

Analyzing the outcomes, high precision values are
achieved for both the training and test errors of the
"Okay" class. This indicates that a significant
portion of the samples predicted as "Okay" by the
model is indeed correct. However, there is a slight
difference in the recall values between the training
and test errors. The training error shows a higher
recall value, while the test error demonstrates a
slightly lower recall value. This suggests that the
model fits better to the training data and may miss
some "Okay" examples in general.

In the case of the "Not Okay" class, both the
training and test errors manifest elevated precision
values. Nevertheless, the recall values are higher in
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the training error in contrast to the test error. This
indicates that the model adeptly identifies the
majority of samples predicted as "Not Okay" but
encounters challenges in capturing certain genuine
"Not Okay" samples.

These findings imply that the model may benefit

from further refinement or hyperparameter

optimization. Consequently, to enhance
performance, hyperparameter optimization was
executed through the GridSearchCV method, and
the results of a 5-fold cross-validation utilizing the
Cross Validation technique are presented in Table

3.

Table 3. 5-fold cross-validation model results for KNN

algorithm.
Accuracy F1- Score Roc AUC
(%) (%) (%)
Mean 99.58 68.57 90.21

Following hyperparameter optimization, the pivotal
parameter of the algorithm, namely the number of
neighbors, has been ascertained to be 3. The
results derived from the 5-fold cross-validation
utilizing the optimal parameters are delineated in
Table 4.

Table 4. With hyperparameter optimization 5-fold cross-
validation model results for the KNN algorithm.

Accuracy F1- Score Roc AUC
(%) (%) (%)

Mean 99.70 80.86 90.23

When comparing the outcomes presented in Table
3 and Table 4, it evident that
hyperparameter optimization has

becomes
yielded a
substantial enhancement in the model's
performance. The "Mean" values in Table 3 were
obtained with default parameter settings, devoid
of any hyperparameter optimization. Under these
circumstances, the model attained an accuracy of
99.58%, an F1 score of 68.57%, and a Roc AUC of
90.21%.

execution of

However, subsequent to the

hyperparameter optimization, the outcomes

illustrated in Table 4 were achieved. These findings

manifest a significant upswing in model

performance as a result of judicious parameter
tuning. The accuracy (99.70%), F1 score (80.86%),
and Roc AUC (90.23%) values in Table 4 underscore
the substantial and superior performance gains
realized through hyperparameter optimization.

This underscores the pivotal role of selecting

appropriate parameters in machine learning
models, as hyperparameters wield significant
influence over the model's performance.

Hyperparameter optimization facilitates enhanced

model generalization, more effective pattern
recognition within the dataset, and ultimately

elevates overall performance.

In our model, we harnessed the Validation Curve

function. This function orchestrates a cross-
validation procedure to scrutinize the model's
performance across various hyperparameter values
and elucidates how alterations in hyperparameters

impact the model's efficacy on the training set.

The function generates multiple training sets with

varying sizes while maintaining consistent
hyperparameter values. Subsequently, it computes
the performance metrics for both the training and
validation sets for each configuration. This process
culminates in a graphical representation illustrating
between

the relationship hyperparameter

adjustments and performance. This iterative
analysis aids in discerning which hyperparameter

values yield optimal model performance.

In our study, we focused on the KNN model, with
the hyperparameter "n_neighbors" under scrutiny.
"n_neighbors" represents a crucial hyperparameter
in the KNN algorithm as it determines the number
of neighbors considered for classification. We
systematically calculated and compared the
training set accuracy (train_score) and test set
accuracy (test_score) across various values of

"n_neighbors" ranging from 1 to 10.

In Figures 5, there are two lines representing the
scores on the training set (usually higher) and the
test set. Generally, increasing the value of k is a
good choice for improving model performance and
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achieving better generalization. However, very high
k values can also affect model performance, and it
is important to choose an optimal value to reduce
overfitting.

Therefore, a delicate equilibrium must be struck
when selecting the optimal "k" value. Lower "k"
values tend to imbue the model with increased
complexity, while higher "k" values can adversely
Finding the
process of

affect generalization performance.
ideal "k"
experimentation with different values,

value necessitates a
closely
followed by meticulous evaluation of the model's
performance. Achieving this balance is pivotal in

attaining the finest results.

Upon scrutinizing the accuracy scores of both the
training and test sets, a discernible pattern
emerges: as the "k" value ascends, the accuracy
score for the training set experiences a gradual
descent. This phenomenon is attributed to the
model's diminishing complexity as a higher "k"
leads to a more generalized approach. However, it
is noteworthy that the accuracy score for the test
set exhibits an upswing when "k" equals 3. This
pivotal point signifies that an increment in the "k"
enhances the model's

value capacity for

generalization, effectively optimizing its

performance.

Validation Curve for KNeighborsClassifier

1.0 4 —— Training Score
—— Validation Score

0.9 1

o 0.81

0.7 4

0.6 4

2 4 6 8 10
Number of n_neighbors

Figure 5. F1-Score Performance of the KNN model for
different values of n_neighbors.

In summary, the optimal "k" value for our model
was found to be "k = 3," delivering the highest
performance. Conversely, elevating the "k" value

excessively can detrimentally impact the model's
performance. Hence, it is of paramount importance
to meticulously select an appropriate "k" value,
striking a balance to mitigate overfitting and attain
optimal results.

Validation Curve for KNeighborsClassifier

—— Training Score
0.92 —— Validation Score

2 4 6 8 10
Number of n_neighbors

Figure 6. Roc AUC Performance of the KNN model for
different values of n_neighbors.

Similar procedures were executed for the CART
algorithm. Table 5 exhibits the outcomes of 5-fold
cross-validation for the CART model.

Table 5. 5-fold cross-validation model results for the
CART algorithm.

Accuracy F1 Score Roc AUC
(%) (%) c
Mean 92.00 78.73 94.63

The optimal parameter values for the CART
algorithm were determined through GridSearchCV,
resulting in 'max_depth' being set to 1 and
'min_samples_split' set to 2. These parameter
selections were made to enhance the model's

overall performance.

Following this, a cross-validation procedure was
executed on the 'cart_final' model. Employing the
cross_validate function, a 5-fold cross-validation
was carried out, and the model's performance was
assessed utilizing metrics such as 'accuracy,' 'f1,’
and 'roc_auc.'

This  iterative  process encompassed the
identification of optimal parameter values for the
CART GridSearchCV and the

subsequent execution of cross-validation on the

algorithm via
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resultant 'cart_final' model. These steps play a
pivotal role in optimizing the performance of the
CART algorithm, ensuring superior generalization.

Table 6 presents the results of 5-fold cross-
validation following hyperparameter optimization
for the CART model.

Table 6. With hyperparameter optimization 5-fold cross-
validation model results for the CART algorithm.

Accuracy F1- Score Roc AUC
(%) (%) (%)
Mean 99.87 92.49 93.41

Validation Curve for DecisionTreeClassifier

1.00

0.98

0.96

fl

0.94

0.92 — Training Score

—— Validation Score

2 4 6 8 10
Number of max_depth

Figure 7. Performance of CART model for different
values of 'max_depth’ hyperparameter.

Validation Curve for DecisionTreeClassifier

roc_auc

0.94 — Training Score
—— Validation Score
0.93
2 4 6 8 10

Number of max_depth
Figure 8. Roc AUC Performance of the CART model for
different values of max_depth.

4.1. KNN and CART Comparison

Table 7 displays the performance metrics obtained
from 5-fold cross-validation after the appropriate
hyperparameters were selected for both the KNN
and CART models within the same dataset.

Table 7. Comparison of KNN and CART algorithms.

Accuracy 1 seore (%) Roc AUC( %)
(%)
KNN 0.99 0.80 0.90
CART 0.99 0.92 0.93

The graph depicted in Figure 9 illustrates the Roc
AUC values for both of the algorithms.

Model Performance

roc_auc

& &
& N

Figure 9. ROC AUC values of KNN and CART models.

In this study, a comparative analysis was conducted
between the KNN and CART algorithms. Table 7
presents the performance metrics, including
Accuracy, F1 Score, and ROC AUC, derived from the
5-fold cross-validation results for both models.
Upon scrutinizing the outcomes, it becomes
evident that both models exhibit notably high
accuracy values. While the CART model attains an
F1 Score of 0.92, the KNN model obtains a slightly
lower F1 Score of 0.80. Additionally, concerning the
ROC AUC score, the CART model outperforms the
KNN model, displaying a higher value. These
findings collectively suggest that, for the dataset
the CART model
outperforms the KNN model. Nevertheless, it's

employed in this study,
essential to recognize that results may vary when
applied to different datasets, and various other
factors should be taken into consideration when
selecting an appropriate model.

The study conducted by Zhou et al. (2018) involved

a comparison of diverse machine learning

approaches for quality monitoring in resistance
spot welding (RSW) based on time-series data.
Their neural

research revealed that artificial
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networks outperformed K-nearest neighbors in
terms of the "Error Within 5%" performance
metric. This metric assesses the percentage of
predictions with relative errors smaller than 5% of
the reference value, and the study reported a
success rate of 90% for this criterion.

In our study, we utilized ROC AUC as the
performance metric. We achieved a success rate of
90% for ROC AUC. It is important to note that these
two studies employed different performance
metrics, each focusing on a different aspect. Error
Within 5% emphasizes the relative errors of
predictions, while ROC AUC evaluates the model's
ability to accurately distinguish between classes in

a classification problem.

Hence, directly comparing these two studies can be
challenging due to the application of dissimilar
performance metrics and potential disparities in
datasets, methodologies, and research objectives.
It is imperative to consider various factors when
interpreting these results. Discrepancies in
datasets, data dimensions, feature sets, and other
experimental conditions may exist. Furthermore,
aspects such as data partitioning, feature selection
strategies, and hyperparameter tuning can exert a
notable influence on the final outcomes. In
conclusion, each study pursued its own unique
objectives and employed specific performance
metrics, and both studies attained significant
success by machine

harnessing learning

techniques.

5. Discussion and Conclusion

Upon a comprehensive review of the existing
evident that the
predominant focus of prior studies primarily

literature, it becomes
revolves around the optimization of welding
parameters. These studies have traditionally been
within controlled

conducted laboratory

environments, often constrained by limited
datasets. However, the extent to which models
developed based on such laboratory data can be
reliably applied to genuine industrial production

conditions remains a subject of ongoing discourse.

Consequently, our study makes a substantial

contribution to the automotive sector by

harnessing authentic production data and
delivering results under real-world operational
settings. Moreover, in contrast to numerous
existing studies that compare the performance of
various machine learning algorithms, our research
augments the literature by evaluating these
within  the
data,

algorithm demonstrates superior efficacy.

algorithms context of genuine

production thereby determining which

The results obtained using real data demonstrate
the capability to successfully predict whether the
quality of an occurring resource falls within the
ideal norm range. These findings emphasize the
effectiveness of managing

potential resource

quality processes and optimizing resource
parameters. As a continuation of this study, further
tests can be conducted with larger datasets, and
techniques to address challenges such as class
imbalance can be explored. To further enhance our
findings, it is necessary to employ different
machine learning algorithms and conduct model
training under appropriate conditions. Our results
make a significant contribution to the literature by
demonstrating the effective prediction of resource

parameters in the automotive sector.
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