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Melih CANLIDINCY", Mustafa GULESEN?

! Kiitahya Dumlupinar Universitesi, Miihendislik Fakiiltesi, Makine Miihendisligi Béliimii, Kiitahya, Tiirkiye,
Orcid ID: https://orcid.org/0000-0002-4011-9490, melih.canlidinc@dpu.edu.tr

2 Kiitahya Dumlupimar Universitesi, Miihendislik Fakiiltesi, Makine Miihendisligi Boliimii, Kiitahya, Tiirkiye,
Orcid ID: https://orcid.org/0000-0001-8781-2746, mustafa.gulesen@dpu.edu.tr

Gelis/ Received: 04.10.2022; Kabul / Accepted: 14.12.2022

OZET: Giinliik hayatta ve g¢alisma kosullarinda elle nesne kaldirma eylemi yaygin olarak
uygulanmaktadir. Elle nesne kaldirma eylemi insan viicut eklemlerinde cesitli yiiklenmeler
olusturmaktadir. Arastirmalara gore 6zellikle bel bolgesi kaldirma hareketinden en c¢ok etkilenen
bolgedir ve kaldirma hareketi sirasinda bel bolgesindeki omurlar incelendiginde, moment kolunun en
yiiksek oldugu L5/S1 eklemindeki yiiklenme en yiiksektir. Elle nesne kaldirma hareketinde L5/S1
eklemine etkisinin incelendigi aragtirmalarda, kaldirma hareketi nesnenin iki yanindaki nesne
tabanindan belirli yilikseklikteki tutamaglardan tutularak gerceklestirilmektedir. Bu ¢alismada
katilimcilar elle kaldirma hareketini 6nceki ¢aligmalardan farkli olarak kutularin altindan kavrayarak
gergeklestirmislerdir. Deneylerde katilimcilarin 16 kg kiitleli ve 3 farkli ebattaki kutularin 2 farkh
kaldirma teknigi olan ¢omelerek ve egilerek kaldirma hareketi sirasinda L5/S1 ekleminde olusan
yiiklerin degerlendirilmesi yapilmistir. Kaldirma hareketleri Microsoft Kinect v2 kamerayla
kaydedilmistir. Kutularin elle kaldirma hareketinin L5/S1 eklemine etkisini incelemek amaciyla
OpenSim biyomekanik model yazilimi1 kullanilmistir. Kullanilan biyomekanik modele aktarilan insan
viicut eklemleri konum verilerinin ters kinematik analiziyle eklem agilari, ters dinamik analiziyle ise
eklem torklar elde edilmistir. Daha sonra eklem reaksiyon analizi yapilarak L5/S1 eklemine binen
yiikler degerlendirilmistir. Deneyler sonucunda kiigiik, orta ve biiylik kutularda ¢omelerek kaldirma
hareketinde L5/S1 eklemine etkiyen kompresyon kuvvetleri egilerek kaldirmaya gore %8.8-9.1-9.6
oraninda artig, egilerek kaldirma hareketinde L5/S1 eklemine etkiyen kesme kuvvetleri ¢omelerek
kaldirmaya gore %24.5-25.7-27.4 oraninda artig gostermistir.

Anahtar Kelimeler: Kaldirma teknikleri, Kinectv2, Kas-iskelet sistemi, OpenSim.
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Investigation of the Effect of Box Weight on L5/S1 Joint in Manual Lifting

ABSTRACT: Manual lifting is widely practiced in daily life and working conditions. The act of
lifting objects by hand creates various loads on the human body joints. According to researches,
especially the lumbar region is the region most affected by the lifting movement, and when the
vertebrae in the lumbar region are examined during the lifting movement, the load on the L5/S1 joint,
where the moment arm is the highest, is the highest. In studies examining the effect of manual object
lifting on the L5/S1 joint, the lifting movement is carried out by holding the handles at a certain height
from the object base on both sides of the object. In this study, the participants performed the manual
lifting movement by grasping the bottom of the boxes, unlike previous studies. In the experiments,
the loads formed on the L5/S1 joint were evaluated during the lifting movement of the participants
by crouching and bending, which are 2 different lifting techniques of boxes of 16 kg mass and 3
different sizes. Lifting movements were recorded with the Microsoft Kinect v2 camera. OpenSim
biomechanical model software was used to examine the effect of manual lifting of the boxes on the
L5/S1 joint. Joint angles were obtained by inverse kinematic analysis of the position data of human
body joints transferred to the used biomechanical model, and joint torques were obtained by inverse
dynamic analysis. Afterwards, joint reaction analysis was performed and loads on the L5/S1 joint
were evaluated. As a result of the experiments, the compression forces acting on the L5/S1 joint
increased by 8.8-9.1-9.6% in the squat lifting movement in small, medium and large boxes compared
to the stoop lift, and the shear forces acting on the L5/S1 joint in the stoop lifting movement increased
by 24.5-25.7-27.4% compared to the squat lifting.

Keywords: Lifting techniques, Kinectv2, Musculoskeletal system, OpenSim.

1. GIRIS

Endiistriyel islerde teknolojik gelismelere ve otomasyonun yayginlagsmasina ragmen bir¢ok
sektorde cesitli isler ¢ogunlukla elle yapilmaktadir. Elle kaldirma hareketi yapilirken sik ve
tekrarlayan manuel agirlik kaldirma aktiviteleri ve uygun olmayan viicut duruslari kas-iskelet sistemi
rahatsizliklarina yol agabilir. Kaldirma ve indirmeden kaynaklanan asir1 efordan kaynaklanan bel
agrisi, elle malzeme tasima calisanlari i¢in 6nemli bir yaralanma ve hastalik kaynagidir.

Bel rahatsizliklari, malzeme tasima isleriyle ilgili kas-iskelet sistemi hastaliklarinin 6nemli bir
boliimiinii olusturmaktadir. Diinyadaki meslek hastaliklarinin yaklagik %40't ve ABD'de %38'i bel
hastaliklarindan kaynaklanmaktadir. Bu bozukluklar ise devam edememenin 6nemli nedenleridir
(Bureau of Labor Statistics, 2019).

Ulusal Is Saghg ve Giivenligi Enstitiisii (NIOSH), kutu kaldirma sirasinda olusabilecek bel
yaralanmalarinin tahmini i¢in kaldirma denklemini olusturmustur. Ancak, kaldirma denklemi, statik
kosullarla ugrasirken dinamik kaldirma hareketinin etkilerini incelemek i¢in uygun bir ara¢ degildir.
(Bruno ve ark., 2015). Kaldirma hareketi dinamik olarak gerceklestiginden, kaldirmanin gévde
eklemleri {izerindeki yiiklerinin -tork ve kuvvetlerin- analizi statik hesaplarin yani sira dinamik
hesaplar ile yapilmalidir.

Ergonomik olarak uygun olmayan duruslar, 6zellikle agir nesneleri kaldirirken, manuel
malzeme tasiyicilart sirt yaralanmalari gelistirme riskini artirir (Rajaee ve ark., 2015; Jia ve ark.,
2011). Cogu calisma, L5/S1 disk sikistirma kuvvetinin, kaldirma gorevleri sirasindaki bel
gerilmelerinin ana indiikleyicisi olarak roliine dair ampirik kanitlar saglar (Faber ve ark., 2020). En
biiylik moment kolu L5/S1 diskine etki ettiginden kaldirma sirasinda diger disklere gore daha fazla
gerilmeye maruz kalir. Bu nedenle, ¢comelerek kaldirma (dizler biikiilii ve sirt diimdiiz) endiistriyel
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caligsanlara ve sporculara (6zellikle haltercilere) agirlik kaldirmak i¢in dogru durus olarak Onerilir,
clinkli ¢comelerek kaldirma sirasinda L5/S1 diskine daha az moment yerlestirilir ve yiiklenmeler
belden bacaklara aktarilir (McGill ve ark., 2013).

Kaldirma hareketini inceleyen caligmalarda, egilme ve ¢comelme kaldirma teknigi olarak
tamimlanmistir (Koopman ve ark., 2018; Matthew ve ark., 2019; Vilas-Boas ve ark., 2019). Genel
olarak, agir nesneleri kaldirmak i¢in ¢dmelerek kaldirma onerilir, ¢iinkii bu teknigin, kaldirma tizerine
egilmeye kiyasla daha diisiik disk sikistirmasi ve kesme kuvvetleri ile sonuglandigina inanilir. Ote
yandan, egilerek kaldirma, ¢comelerek kaldirmaya kiyasla daha yiiksek disk sikistirmasina ve kesme
kuvvetlerine neden oldugu i¢in hafif nesneleri kaldirmakla sinirlandirilmalidir (Roozbahani ve ark.,
2021). Egilerek kaldirma sirasinda gozlenen yiiksek disk sikistirmasi, L5S1 eklemi etrafindaki
yiiksek egilme momentinden kaynaklanmaktadir (Gholipour ve ark., 2016).

Kaldirma aktiviteleri sirasinda lomber omurga, spinal yiiklenmeyi tahmin etmek i¢in bircok
biyomekanik model gelistirilmistir. Koopman ve ark. 2018, alt sirt yliklemesini mekanik olarak
incelenmistir. Faber ve ark. L5/S1 momentlerini tahmin etmek i¢in bir biyomekanik model
tasarlanmigtir (Faber ve ark., 2020). Bu modeller tasarlanirken L5/S1 eklemi ve diger viicut
parcalarinin konum bilgilerine ihtiya¢ duyulmaktadir. Bu ihtiyaci karsilamak i¢in hareket yakalama
sistemleri kullanilmaktadir. Bunlardan en yaygin olarak kullanilani, viicutta belirli noktalara cilt
iizerine yerlestirilen isaretleyicilerle yapilan hareket yakalama sistemidir. Isaretcilerden ve
sensorlerden elde edilen konum bilgileri, viicut eklemlerinin konumunu tahmin etmek i¢in kullanilir.
Ancak bu sistemin uygulanmasinda cesitli zorluklar vardir. Oncelikle sistemin kurulum maliyeti
yiiksektir ve Ozel hareket takip laboratuvarlarina ihtiya¢ vardir. Sahada yapilmasi planlanan
caligmalarda 6l¢iim yapmay1 zorlastirmaktadir (Gholipour ve ark., 2016).

Sonraki ¢aligmalarda arastirmacilar, isaretgiler ve sensorler kullanarak hareket izleme sistemine
alternatif yontemler aragtirmistir. Bu calismalarin bazilarinda isaretsiz hareket yakalama yontemi
kullanilmistir. Bu yontemde, isaretcilerle hareket yakalamaya kiyasla diisiik maliyeti ve kullanim
kolaylig1 nedeniyle Kinect v2 kamera kullanimi tercih edilmistir. Kinect v2, insan viicudu iskelet
tanimlama fonksiyonuna sahip olmasi, tasinabilirlik ve kullanim kolaylig1 gibi avantajlara sahiptir.
Bu c¢alismalara 6rnek olarak Vilas-Boas ve ark. 2019, yiiriiylis analizi i¢in bir Kinect kamerasi
kullanmistir, Roozbahani ve ark. insan hareketlerinin gergek zamanli simiilasyonlarini kullanmistir
(Roozbahani ve ark. 2021).

Elle nesne kaldirma hareketinin viicut uzuvlarina etkisini arastirmalara baktigimizda kaldirma
hareketi, kaldirilan nesnenin (kutu, kasa vb.) her iki tarafinda bulunan ve belirli yiikseklikteki
tutamaclardan tutularak yapilmistir. Fakat gilinliik hayatimizda bu tarz yiikler, tutama¢ olmadan
zeminden (nesnenin altindan) kavranarak kaldirilmaktadir. Daha gercekei bir sonug elde edilmesi
acisindan, bu ¢alismada kutularin altindan tutularak elle kaldirma hareketinin L5/S1 eklemine etkisi
incelenmigstir. Egilerek ve ¢comelerek kaldirma gorevleri sirasinda L5/S1 eklemine etkiyen yiiklerin
tahmini i¢in Kinect iskelet modelinden elde edilen 6l¢iimlerin, bir biyomekanik modele aktarilarak
ve dinamik analiz sonuglar1 6nceki ¢alismalarin sonuclariyla degerlendirilmistir.

2. MATERYAL VE YONTEM

Bu calisma saglikli ii¢ erkek katilimer (erkek; yas: 28+4, boy: 178+5 cm, agirlik: 78+6 kg)
tarafindan yapilmistir. Katilimcilar caligmaya baslamadan once bilgilendirilmis ve ¢alisma boyunca
ilgili hareket teknikleri denetlenmistir.
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Katilimeilar iki standart kaldirma teknigi olan egilerek ve ¢omelerek kaldirma tekniklerini
uygulamisgtir. Katilimeilara iki kaldirma teknigi s6zli olarak anlatilmis ve gercek dlgiimlerden once
denemeler yapilmistir. Egilerek kaldirma hareketi sirasinda, katilimeilara yerdeki kutuyu altindan iki
elle tutarak dik konuma kaldirmak i¢in dizlerini tamamen uzatmalar1 ve gévdelerini egmeleri talimati
verilmistir (Sekil 1a); ¢omelerek kaldirma hareketinde ise dizler tam fleksiyonda, topuklar
kaldirilarak ve govde dik duruma yakin olarak gergeklestirilmistir (Sekil 1b) (McGill ve ark., 2013).

(a) o O
5 e

N

(b) O

O
_ 5/
VO e
| =]

—

Sekil 1. Elle kaldirma teknikleri a) Comelerek kaldirma, b) Egilerek kaldirma

Katilimcilardan 16 kg kiitleli 3 farkli ebattaki kutuyla kaldirma hareketlerini yapmasi
istenmistir. Kaldirilan kutularin boyutlan kiiciik (38x28x18 cm), orta (45x32x25 cm) ve biiyiik
(40x40x35cm) olarak belirlenmistir. Her bir kaldirma hareketinde kutu, sagital diizlemin ortasina
yerlestirmigtir. Katilimci kutuyu 0 cm yiikseklikten (yerden) iki eliyle simetrik olarak kaldird: ve bel
hizasinda ayakta tutmustur.

Katilimciya ¢omelerek ve one egilme kaldirma teknigini (kaldirma sirasinda dizler ve govde
hafifce biikiilii) benimsemesi talimat1 verilmistir. Pelvisin lateral pozisyonu fleksiyon ve burulma
torklarin1 degistirebileceginden, katilimcinin kaldirma boyunca ayaklarini kaydirmasma izin
verilmemistir (Plamondon ve ark., 1995). Ayrica, L5/S1 ekleminin yiikleme {izerindeki zaman
etkisini en aza indirmek igin katilimcidan kaldirmayi yaklasik iki saniyede (ilk kaldirmadan ayakta
duran kutuyu bel hizasinda tutana kadar) tamamlamasi istenmistir. Her kaldirma kosulu i¢in bes
tekrar (toplam 15 kaldirma) yapilmustir. Alti kaldirma kosulu rastgele atanmis ve katilimciya her
kaldirma kosulu arasinda oturma pozisyonunda dinlenmesi i¢in bes dakika verilmistir.

Kinematik veriler, tek bir Kinect v2 sensorii kullanilarak toplanmistir. Bu sensor ile kaldirma
hareketi sirasinda 30Hz Ornekleme hizinda veriler toplanmistir. Kinetik analizde yer reaksiyon
kuvvetlerini (GRF) ve momentleri (Medical GmbH - Almanya) tespit etmek i¢in 100 Hz 6rnekleme
hizina sahip Zebris FDM 2 platformu kullanilmistir. Eklem agilarin1 ve momentlerini hesaplamak
icin Olgiilen veriler OpenSim 4.0'da uygulanan standart bir kas-iskelet sistemi modelleme is akist
kullanilarak islenmistir (Seth ve ark., 2018; Delp ve ark., 2007). Calismada kullanilan iskelet-kas
modeli i¢in Rajagopal ve ark. 2016, olusturdugu kas-iskelet modeli referans alinmistir. Kutunun
etkisini modele eklemek i¢in kutunun agirliginin yarisi sag ve sol elin kiitlesine eklenmistir.
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[lk olarak kullanilan iskelet-kas modeli, katilimcinin antropometrisine gore dlgeklendirilmistir.
Olgeklendirmeden sonra, ii¢c boyutlu eklem agilar1 veya viicut eklem kinematigi olusturmak igin ters
kinematik aract kullanilmistir. Burada Kinect v2'den insan viicut eklemlerinin konum verileri ve
Zebris FDM 2 platformundan yer reaksiyon kuvveti (GRF) verileri OpenSim'deki biyomekanik insan
modeline girilmistir. Sekil 2’deki viicut eklem konum bilgisiyle ters kinematik hesaplama yontemi
kullanilarak viicut eklem agilar1 hesaplanmistir (Rajagopal ve ark., 2016).

Daha sonra L5/S1 eklem momentlerini belirlemek i¢in ters dinamik kullanilmistir. Elde edilen
verilerle OpenSim'in Ters Dinamik Araci kullanilarak L5/S1 eklem momentleri hesaplanmaistir.

Ters Dinamik araci tarafindan elde edilen tam viicut hareketinde genellestirilmis konumlari (q),
hizlar1 (q) ve ivmeleri (G) olusturmak igin gerekli olan her bir eklemdeki genellestirilmis kuvvetleri
(t) belirlemek i¢in esitlik (1) kullanilarak hareket denklemi ¢oziilmiistiir.

M(@)G+C(q,q9)+G(q@) =1 1)

Kiitle matrisinin (M) ivmesinden kaynaklanan kuvvetlere ek olarak, Coriolis kuvvetleri (C) ve
yer¢ekimi kuvvetleri (G) de dikkate alinmistir.

Sekil 2. Biyomekanik modelin a) ¢omelerek ve b) egilerek kaldirma hareketlerimin OpenSim yazilimdaki gésterimi

Son olarak, modele etki eden yiiklerden tiiretilen birlestirilmis govdeler arasinda aktarilan
bileske kuvvetleri hesaplamak i¢in eklem reaksiyon analizi yapilmistir. Lomber spinal ytik, yer¢ekimi
ivmesi ve eklem momenti girdisi ile dinamik denklemler ¢oziilerek hesaplanmistir.

3. BULGULAR VE TARTISMA

Bu calismada, elle yiik kaldirma hareketinde kutu boyutlarinin bireylerin bel bolgesi
yaralanmalarinda en yiiksek riske sahip olan L5/S1 eklemine olan etkisi incelenmistir. Kaldirma
hareketi analizinde OpenSim yaziliminda bir tiim viicut biyomekanik modeli kullanilmistir. Kaldirma
hareketi olarak iki farkli kaldirma teknigi olan ¢omelerek ve egilerek kaldirma teknikleri esas
almmistir. Calismaya 3 saglikli erkek katilimer katilmistir.

Katilimcilar kutuyu kendi rahat kaldirma hizinda gergeklestirmistir. 16 kg kiitleli kiictik, orta
ve bliylik kutularin egilerek ve ¢omelerek kaldirma hareketinde lomber (bel) bolgenin eklem hareket
aciklig1 degerleri kiiciik, orta ve biiyiik kutularda oldukca benzer olup Sekil 3’te gosterilmistir. Bel
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bolgesi eklem ag1 degerlerinde kiiciik, orta ve biiyiik kutularda egilerek ve ¢omelerek kaldirma
teknikleri arasinda 6nemli dl¢ilide farkli oldugu tespit edilmistir.

Eklem agilari (%)

40

50 60

Kaldirma déngiisii (%)

=—Fgilerek Kaldima

—Comelerek Kaldirma

Sekil 3. Comelerek ve egilerek kaldirma hareketinde lomber eklem agilart

Comelerek ve egilerek kaldirma sirasinda farkli kutu boyutlart igin L5/S1 eklemi momentleri
Sekil 4'te gosterilmistir. L5/S1 eklem kuvvetinde sikistirma, kesme kuvvetleri ve ekstansiyon
momenti tepe degerleri, kaldirmadan hemen sonra meydana geldi (Sekil 4-6). Comelerek
kaldirmadaki moment degerleri kaldirma siiresince egilerek kaldirmadan daha fazlaydi. 16 kg kiitle
kaldirma hareketinde L5/S1 eklemi moment degerleri incelendiginde ¢omelerek kaldirmanin egilerek
kaldirmaya gore kiigiik, orta ve biliylik mega kutu boyutlarinda %8.5-9.3 arasinda arttig1 tespit

edilmistir.

200

150

Moment (Nm)

50

0
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40 50 60
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[ filerek Kaldirma
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Sekil 4. Comelerek ve egilerek kaldirma hareketinde L5/S1 ekstansiyon momentleri

Kaldirma hareketinde L5/S1 eklemi kompresyon kuvvetleri tepe degerleri incelendiginde
egilerek kaldirmada 4418N ile 4627N (birim kg basina N degerleri; 56.64 N/kg — 59.32 N/kg) ve
comelerek kaldirmada 4833N ile 5029N (61.96 N/kg — 64.47 N/kg) arasinda oldugu ve ¢omelerek
kaldirmanin egilerek kaldirmaya gore kiigiik, orta ve biiyiik kutu boyutlarinda %8.8-9.1-9.6 arasinda

arttigi tespit edilmistir (Sekil 5).
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Sekil 5. Comelerek ve egilerek kaldirma hareketinde L5/S1 eklemi kompresyon kuvvetleri

Kaldirma hareketinde L5/S1 eklemi kesme kuvvetleri tepe degerleri incelendiginde egilerek
kaldirmada 1568N ile 1693N (birim kg basina N degerleri; 20.11 N/kg — 21.71 N/kg) ve ¢omelerek
kaldirmada 1249N ile 1359N (16.02 N/kg — 17.42 N/kg) arasinda oldugu ve ¢omelerek kaldirmanin

egilerek kaldirmaya gore kiiglik, orta ve biiylik kutu boyutlarinda %24.5-25.7-27.4 arasinda azaldig1
tespit edilmistir (Sekil 6).
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Sekil 6. Comelerek ve egilerek kaldirma hareketinde L5/S1 eklemi kesme kuvvetleri

Bu bulgular birim kg bagina N degerleri olarak degerlendirildiginde, Beaucage- Gauvreau ve
ark. tarafindan benzer katilimci1 ve gorevler i¢in yapilan ¢caligmalarla Sekil 7°de karsilastiriimistir. Bu
karsilagtirma sonucunda kesme kuvveti sonuglarimiz,16kg i¢in egilerek ve ¢omelerek kaldirmada
strastyla %3.1-2.5 yiiksek oldugu tespit edilmistir. Bunun nedeni olarak Beaucage- Gauvreau ve
ark.’nin yapmis oldugu ¢alismada kaldirilan yiikiin 15kg olmasindan kaynaklandig1 diisiiniilmektedir.
Kingma ve ark.larinin ¢caligmasinda kaldirilan yiikiin 15kg oldugu ve tutamag yiiksekliginden dolay1
calismamizdaki kesme kuvveti degerleriyle kiyaslandinda egilerek kaldirmada %11.8 yiiksek oldugu,
comelerek kaldirmada ise %16.6 diisiik oldugu goriilmiistiir. Ayrica bu farkliligin nedeni olarak
calismamizda kaldirma hareketinin kutu altindan yapilarak L5/S1 eklemi moment kolunun uzamasi
oldugu diisiliniilmektedir.
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Sekil 7. Comelerek ve egilerek kaldirma hareketinde L5/S1 eklemi kesme kuvvetlerinin karsilastirilmast.

Sikistirma kuvvetlerini Beaucage- Gauvreau ve ark.nin calismasiyla karsilastirdigimizda
sonuglarimiz,16kg icin egilerek ve ¢omelerek kaldirmada sirasiyla %3.5-2.3 yiiksek oldugu Sekil
8‘de tespit edilmistir. Bunun nedeni olarak Beaucage- Gauvreau ve ark.’nin yapmis oldugu ¢aligmada
kaldirilan yiikiin 15kg olmasindan kaynaklandigi diistiniilmektedir. Kingma ve ark.larinin
caligmasinda kaldirilan yiikiin 15kg oldugu ve tutamag yliksekliginden dolay1 ¢aligmamizdaki kesme
kuvveti degerleriyle kiyaslandinda egilerek kaldirmada %6 diistik oldugu, ¢comelerek kaldirmada ise
%16.8 yiiksek oldugu goriilmistiir. Ayrica bu farkliligin nedeni olarak calismamizda kaldirma
hareketinin kutu altindan yapilarak L5/S1 eklemi moment kolunun uzamasi oldugu diigiiniilmektedir.

L5/S1 Sikistirma Kuvvetleri
70
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Sekil 8. Comelerek ve egilerek kaldirma hareketinde L5/S1 eklemi sikistirma kuvvetlerinin karsilastiriimasi.

4. SONUC

Bu calismada, elle yiik kaldirma hareketinin bireylerin bel bolgesi yaralanmalarinda en ytiksek
riske sahip olan L5/S1 eklemine olan etkisi incelenmistir. 16 kg kiitleli kiiciik, orta ve biiyiik kutularin
altindan tutularak zeminden kaldirma hareketi esnasinda L5/S1 ekleminde olusturdugu yiiklenmeler
hesaplanmigtir. Kaldirma hareketi analizinde OpenSim yaziliminda bir tiim viicut biyomekanik
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modeli kullanilmistir. Kaldirma hareketi olarak iki farkli kaldirma teknigi olan ¢omelerek ve egilerek
kaldirma teknikleri esas alinmistir.

Deneyler sonucunda kiigiik, orta ve biiyiik kutularda ¢omelerek kaldirma hareketinde L5/S1
eklemine etkiyen sikistirma kuvvetleri, egilerek kaldirmaya gore sirastyla %8.8-9.1-9.6 oraninda
artis, egilerek kaldirma hareketinde L5/S1 eklemine etkiyen kesme kuvvetleri, comelerek kaldirmaya
gore sirastyla 9%24.5-25.7-27.4 oraninda artis gdstermistir. Kutu ebatlarindaki artig, egilerek ve
comelerek kaldirma hareketlerinde kesme kuvveti ve sikistirma kuvvetlerinin artmasina neden
olmustur.

Kesme ve sikistirma kuvvet sonuglari egilerek ve ¢omelerek kaldirma i¢in Beaucage- Gauvreau
ve ark. tarafindan bulunanlara benzerdi. Kesme kuvvetleri i¢cin model tahminlerinin biiytikligi,
egilerek kaldirmada Kingma ve ark. tarafindan elde edilenlerden daha yiiksek, ¢omelerek kaldirmada
ise daha diisiik bulunmustur. Sikigtirma kuvvetleri i¢in model tahminlerinin biiyiikligii ise egilerek
kaldirmada Kingma ve ark. tarafindan elde edilenlerden daha diisiik, comelerek kaldirmada ise daha
yiiksek bulunmustur.

OpenSim yazilimmin ve biyomekanik modellemelerin acik kaynak kodlu olmasi ve diinya
capinda calismalarda kullanilmis olmasi, calismada kullanilan model ve yazilimi giivenilir
kilmaktadir.

5. CIKAR CATISMASI

Yazarlar, bilinen herhangi bir ¢ikar ¢atismasi veya herhangi bir kurum/kurulus ya da kisi ile
ortak c¢ikar bulunmadigini onaylamaktadirlar.

6. YAZAR KATKISI

Melih CANLIDINC ve Mustafa GULESEN calismanin deneysel tasarim siireclerinde,
deneylerin yapilmasinda, sonuglarin elde edilerek biyomekanik modele aktarilmasi ve sonuglarin elde
edilerek yorumlanmasi siireclerine katki saglamistir.
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Hotspot Yontemi Kullanilarak Deneysel ve Sonlu Elemanlar Yontemi ile Kaynakh Baglanti
Gerilmelerinin Karsilastirilmasi

OZET: Kaynakli yapilari amaci, is pargasi ve ana malzeme olarak tanimlanan iki farkli yapiyi
birlestirmek ve ylikleme kosullarini1 giivenli bir sekilde karsilayarak elastik deformasyon bdlgesinde
kalmalarini saglamaktir. Ozellikle ince taneli yapi celiklerinin kaynagi yapilirken 6n 1sitma, kaynak
hiz1, koruyucu gaz se¢imi, dolgu teli secimi, gerilim, akim degerleri gibi kaynak parametreleri HAZ
bolgesinin mekanik 6zelliklerini ve genel yapiy1 etkilemektedir. Gerinim Olger sensorler, x, y, z
eksenine bagli olarak statik yiikler tarafindan zorlanan yapilar i¢in normal gerilme ve kayma gerilme
degerlerini verebilmektedir. Kaynakli baglantilarda hotspot gerilme yontemi, sonlu elemanlar
yontemi ve deneysel calismalarda daha dogru sonuglar vermektedir. Bu c¢aligmada iki farkli
numunede S960QL c¢eligi, MAG kaynag kullanilarak is parcasi ve ana malzeme birlestirilmistir.
Hotspot gerilme yontemi ile hazirlanan numunelere bagli gerinim OGlger sensorlerinden veriler
alimmuastir. Sonlu elemanlar yontemi kullanilarak farkli parametrelerde modeller analiz edilmis ve
deneysel veriler ile karsilastirilmistir. Karsilastirma sonucunda hotspot gerilme yontemi ile en dogru
kaynakli baglant1 analizi modellemesi deney ve analiz sonuglari ile belirlenmis ve %89 dogruluk
orani ile kanitlanmistir.

Anahtar Kelimeler: Sonlu Elemanlar Metodu, Kaynakli Baglantilarda Gerilme, Hotspot Gerilme,
Gerinim Olger Sensor.

1. INTRODUCTION

Finite element analysis in welded joints is performed using many different modeling
techniques. The results of the applied finite element modelling methods can cause great changes. The
International Welding Institute proposes four methods including the hotspot stress method for the
structural stresses and fatigue life values occurring at the welding toe and at the weld root (Niemi et
al., 2018). Scientific studies conducted in recent years show that the hotspot method gives results
closer to the tests performed (Igbal et al., 2020). Calculation of analytical formulations is not effective
due to the discontinuities and hotspot stresses occurring in the weld seam. If the structures are
complex, and due to some basic formulation deficiency, finite element analysis reveals more practical
and accurate results (Ali et al., 2020; Meyghani et al., 2019). Different finite element modeling
techniques are used in hotspot stress calculations and the stresses are calculated in the most ideal way
(Igbal et al., 2020). If the discontinuities that will occur in the weld pool are included in the
calculations, the stress value should be multiplied by the stress magnification factor (km) (Hobbacher,
2016).

By using the hotspot stress method, fatigue life calculations can also be made with the forces
under static and dynamic loads in the weld seam. For the fatigue life, values are determined according
to the FAT tables found in W documents according to the workpiece to be welded and the main
material form (Dong et al., 2019; Shin et al., 2021). Finite element welding modeling can be done in
2 different types as shell modeling and solid modeling (Niemi et al., 2018). There are also different
modeling variants for shell and solid modeling. The shape of the structure affects the results of the
solid and shell modeling technique. (Kim et al., 2015; Yamamoto et al., 2020). However, some shell
modeling techniques in studies gave results close to 88% accuracy to according to some experimental
results (Biiylikbayram et al., 2015).

Strain gauge sensors are used to measure the strain values in local areas and according to the
Hooke’s law, the elasticity modulus and stress values of the material are found. It is used to measure
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the residual stresses in welded joints and to measure the local stresses as a result of static and dynamic
loads (Feng et al., 2020; Li et al., 2017). It has different types of bridging and strain gauge strain

measurement studies with Wheatstone bridging type are generally performed in studies (Giiven &
Rende, 2020).

Structural hot-spot stress
Non-linear stress peak

Weld toe

Strain gauge A

Strain gauge B

Member
thickness

-
—
o J—
-
-
-
-
-

Figure 1. Hotspot stress linear extrapolation and linearized stress (Niemi et al., 2018)

LAAALIAR
-

In experimental studies, hotspot stress at the welding tip can be measured by sticking 2 strain
gauges at 0.4t and 1t distances as strain gauge positions, where t is the thickness of the metal. In finite
element analysis, the same stress value can be obtained by using fine mesh. In Ansys Mechanical, the
sum of membrane and bending stress is determined with linearized stress, and linear extrapolation is
made to the welding toe for 2 different locations. Figure 1 shows that hotspot stress linear
extrapolation and linearized stress, and linear extrapolation is made to the welding toe for 2 different
locations.

In test studies, the hotspot stress is calculated according to Equation (1) by taking linear

extrapolation from A and B positions given in Figure 1 and the size of maximum element is 0.4t in
finite element model (Niemi et al., 2018):

O-hS = 1'670-0.4t - 0'670-1t (1)

According to the quadratic extrapolation used in bending stresses in the finite element method,

the hotspot stress at maximum 0.4t mesh element size is calculated according to Equation (2) (Niemi
etal., 2018):

Ons = 2.5200.4¢ — 2.2405.9; + 0.720, 4¢ (2)

While shell modeling of the welded joint in the finite element method, it may vary depending
on the shape of the weld seam in cases such as double sided, single sided, full penetration and half

penetration. Double sided, half penetration and full penetration FEM (Finite Element Method) of
welded joint models are shown in Figure 2:
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Shell FE with thickness:
Shell FE with increased h=e
thickness: ti=e, + g

& > *

\

Shell FE with increased )
thickness: t,=¢; + g /- Shell FE with
thickness: t= €,

tshell =t

Figure 2. Double side, half penetration and full penetration FEM welded joint models (Eriksson et al., 2003; Niemi et
al., 2018).

In the finite element method, singularity can affect the results while evaluating. While solid
modeling the of welded joint, this situation should be considered while obtaining hotspot stress and
results.

2. MATERIALS AND METHODS

2. 1. Experimental Setup and Materials
In the tests performed, the welding processes were applied to the S960QL steel for each
material. In structures with high moment and axial load requirements such as mobile cranes, this type
of ultra-high strength fine grain structural steel is preferred and therefore S960QL was chosen for this
purpose. In order to compare the samples, parts with 2 different weld lengths were used. Both samples
were made in one pass and the same welding parameters were used for comparison purposes. Table
1 shows the chemical compositions of S960QL.

Table 1. S960QL Chemical compositions
C% Si% Mn% P% S% Cr% Ni% Mo% V% Ti% Cu%

017 022 124 001 0.001 0.2 0.06 0.597 0.04 0.002 0.02

The filler material used for the welding process was low alloyed OK AristoRod 89 (ESAB)
welding wire; its mechanical properties, which is given in Table 3, do not exceed the mechanical
properties of S960QL. The filling material OK AristoRod 89 has a yield strength of 920 MPa and a
tensile strength of 940 MPa. Table 2 shows the chemical compositions of OK AristoRod 89 welding
filler metal.
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Table 2. OK Aristorod 89 Chemical compositions

JournalMM (2023), 4(1) 11-22

Element Percentage of Content (%)
Cc 0.17
Si 0.80
Mn 1.75
Cr 0.41
Ni 2.22
Mo 0.53

Throat thickness in welded joints may vary depending on welding parameters. Welding
parameters were determined according to the welding thickness specified in the study. Table 4 shows

the welding parameters.

Table 3. Mechanical Properties of S960QL

Element

Value

Yield Strength - Rpo.2 - MPa
Elasticity Modulus - E - GPa
Tensile Strength - Rm - MPa
Elongation — A5 - %

Poisson Ratio - v

1027

203.4

1066

16

0.33

M21 (80% Ar, 20% CO2) gas mixture was chosen as shielding gas. Due to the discontinuities
that may occur in the weld seam after welding, the most ideal weld seam samples were prepared and
made available for testing by performing visual inspection, penetration test and ultrasonic test.

Table 4. Welding Parameters

Sample 1 Sample 2

Parameter

Weld Length — mm

Welding Throat Thickness — mm
Pre heating - °C

Voltage - V

Current - |

Arc Length - mm

Wire Feeding Speed - m/min

20 30

3 3

100 100
20-25 20-25

200 -210 200 -210

5 5

8 8
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Figure 3 shows the experimental setup and data acquisition software interface. Hydraulic
cylinders are used to break the weld seam in the experimental setup, and force values are acquired
with the pressure sensors connected. Dewesoft software and data acquisition card were used in order
to collect data from strain gauge and pressure sensors.

Figure 3. Experimental setup and software interface

The strain gauge locations on the sample are given in Figure 4. In the experiments, the sample
thicknesses were chosen as 20 mm, and the 2 strain gauges were placed at 0.4t and 1t distances from
the weld toe. In the finite element analysis, shell and solid modeling with maximum 0.4t element size
were prepared and experimental data and analysis results were compared.

110 mm

STRAiNaGAUGES
.".',
y a "
I T .
b,afo,6t]

Figure 4. Strain gauge location and strained surface size in the simulation
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2. 2. Welded Joint FEM Models
The contact areas are defined by share topology and frictional contact. Path definitions were
made according to Equation (1) and Equation (2), and the stress values were taken from path points.
Figure 5 shows the SHL and SLD FEM welding models prepared for the Finite Element Analysis.

SHL-1 SHL-2

SHL-3 SLD-1

SLD-2
Figure 5. Prepared SHL (Shell) and SLD (Solid) FEM welding models
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SHL1-3 models are defined as shell, while, SLD1-2 models are defined as solid. The mesh
qualities for the shell and solid models are the same, and the mesh element quality is 0.85. Mesh
structure consist of 5852 nodes and 4854 elements for shell models, and 18247 nodes and 15864
elements for solid models. The maximum element size of the mesh is 4 mm, and quadratic —
hexagonal mesh types were used in the models. For the evaluation of FEM analysis results, Equation
(1) and Equation (2) were applied and results were obtained only for the break/failure points. Hotspot
stress method gives results closer to the experiments.

3. RESULTS AND DISCUSSION

For verification, 2 different samples with weld lengths of 20 mm and 30 mm were prepared and
a test setup was prepared for testing of these samples, and strain gauge sensors were attached to these
samples according to the weld tip distances specified in the hotspot stress. In the hotspot stress
method, force was applied until the specimen failed and normal stress values were collected. In FEM
analysis, the same force values were defined according to different weld models and 2 different
equations, and the results were analyzed. In FEM software, welded fasteners can be defined with
different models as shell and solid. In this study, results were obtained according to different weld
modeling as shell and solid in 2 different equations in the hotspot stress method. In complex
structures, analytical calculation methods and calculating stress values in the weld area are not
preferred in terms of time and difficulty, therefore FEM analysis is preferred. In the FEM model, the
analysis modeling of welded structures may differ in the results. In order for welded structures to
combine different structures and meet the forces coming to this structure safely, analyzes should be
evaluated with the most accurate FEM welding model.

3. 1. Results for Equation (1)

The results of Equation (1) applied for Sample 1 are given in Figure 6. As a result of the
experiments, breaking of the weld occurred at 11138 N in Sample 1 and 16516 N in Sample 2. In
Figure 6, for Equation (1), the closest results according to Sample 1 are SHL-3 and SHL-1 modeling.
The accuracy rate was 68.34% for SHL-3 and 56.22% for SHL-1.

1600

1400 1350,8

1200 1026 mSample 1
$ 1000 93947 oo 890  ggo mSHL- 1
%’ 200 SHL-2
uw
2 600 SHL-3
(V]

400 ESLD-1

500 mSLD-2

0

Figure 6. Results of Equation (1) for Sample 1.
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In Figure 7, the analysis results of Sample 2 for Equation (1) are given. Accordingly, the
closest results were SHL-3 and SHL-1 modeling. The accuracy rate was 86.20% for SHL-3 and

73.49%. for SHL-1.

1400
1172,18
1200
1030 |
B Sample 2
= 1000 926,57 gec 881
© 815 mSHL-1
= 800
- B 5HL-2
i
g 60 = SHL-3
w
400 m5LD-1
200 mSLD-2
0

Figure 7. Results of Equation (1) for Sample 2.

3. 2. Results for Equation (2)
In Figure 8, results for Equation (2) are given according to Sample 1. Therefore, the closest

results were SHL-3 and SHL-1 modeling. The accuracy rate was 71.21% for SHL-3 and 60.19% for
SHL-1.

1600
400 1350,8
1200 e 1c 1048,84 m Sample 1
£ 1000 8704 919,08 oc0 76 moHL-1
%— 200 W SHL-2
g c00 m SHL-3
400 m5LD-1
200 W 5LD-2
0

Figure 8. Results of Equation 2 for Sample 1

In Figure 9, the results for Equation (2) are given according to Sample 2. Hence, the closest
results were SHL-3 and SHL-1 modeling. The accuracy rate was 89.47% for SHL-3 and 88.90% for

SHL-1.
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1400

1172,18

1200

1055,08 1060,52

m Sample 2

1000 856,52 893,32

799,52 mSHL-1
m SHL-2

SHL-3

E5LD-1

mSLD-2

According to the destructive test results applied, their tensile strength was seen to be over 1172
MPa. According to the test results and a study by Schroepfer et al. (Schroepfer et al., 2015), it was
determined that the HAZ region is suitable in terms of mechanical properties. Thus, welding
parameters were evaluated appropriately. The fracture instant and test sample for the 2nd sample are
shown in Figure 10, with an accuracy of 89.47% according to (a) SHL-3 FEM welded joint modeling
approach and (b) test results. In a study performed as a dynamic analysis in the literature
(Biiyiikbayram et al., 2015), it is seen that the SHL-2 model has an accuracy rate of approximately
88%. In this study, SHL-3 was combined from the edge of the workpiece to the surface of the main
material with a bond called share topology in welding modeling. According to the other study in the
literature, the difference is thought to be due to dynamic loading and bond type.

800

600

Stress (MPa)

400

200

0
Figure 9. Results of Equation (2) for Sample 2

Figure 10. Instant of fracture (a) SHL-3 (b) Sample 2.

In FEM analyzes of structures with high moment and axial loads, especially attention should
be paid to the selection of welded joint modeling type to ensure structural safety. As a result of this
study, SHL-3 modeling with quadratic extrapolation is recommended for static analyzes.
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4. CONSLUSION

In this study, results were evaluated with 2 different equations with the stress values taken from
different distances from the weld toe according to IIW documents in FEM software. According to the
results obtained, it has been predicted that the same modeling can be used in complex structures. The
results obtained as a result of experimental measurements with strain gauge according to prepared
Sample 1 and Sample 2 were compared with the FEM analyze. According to the results:

1. Indicated in Figure 6, 7, 8 and 9, it was seen that SHL-3 and SHL-1 weld modeling gave
more accurate with an accuracy rate of 89%.

2. According to the experiment forced by static loading, more accurate results were obtained
according to the quadratic extrapolation equation given in Equation (2).

3. In the literature (Biiyiikbayram et al., 2015), it has been observed that some shell modeling
techniques give results close to 88%, according to dynamically forced experimental results. In this
study, which was performed statically, it is seen that SHL-3 and SHL-1 models made with share
topology give more accurate results.

4. According to the welding parameters selected for S960QL ultra high strength steels, this
design has been found to have sufficient tensile strength (1172 MPa).
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practical. The wear of the contact guides, which guide the wire at the tip of the welding torches, but
most importantly, provide electrical current transmission, may cause the production time to be
extended and the calibration period to be minimized. In this study, the most worn part of the contact
guides used in the Gas Welding robots were assembled by making pins from doped and undoped
copper powders using the powder metallurgy method. The wear performance was compared by
making the obtained pin driven contact guides under mass production conditions. In the study,
pressing and sintering processes were carried out with Cu and Cu+W powders. The hardness of the
contact guides was characterized by their microstructure and XRD results. It was observed that CuW5
and Cuw10 powder mixtures were more successful.
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1. INTRODUCTION

Arc welding processes such as gas metal arc welding (also known as MIG/MAG) and gas
tungsten arc welding (also widely referred to T1G), are commonly used in both manual and automatic
welding operations of various structural materials, i.e. steels and stainless steels in industry (Durgutlu
and Guleng, 1999; Ezer and Cam, 2022; Serindag and Cam, 2022; Serindag et al, 2022). In the
MIG/MAG welding method, the welding torch has been developed to carry out the tasks of
transmitting the current from the power cable to the electrode, and also transferring the shielding gas
to protect the weld pool and arc plasma. It is also a tool to create an electric arc between the workpiece
and the tip of electrode required for sustaining the welding operation. MIG/MAG torches are in
general made of copper alloy with a high current conductivity and reliable high temperature operation.
However, the high welding current values used in robotic systems increase the average temperature
in welding torches. This causes the temperature of torches and especially the contact runner or wire
guide, which is in direct contact with the arc plasma, rise to significantly high temperatures and thus
accelerates their wear rates tremendously (Kou, 2002; Adam et al., 2001; Shimizu et al., 2006). By
coating the wire guide surface using the electro-spark method with the intermetallic materials, the
amount of wear was highly reduced and the adhesion of metal droplets to the wire guide surface by
splashing was also prevented to a large extent (Yazar et al., 2022). As in many mechanical systems
with moving parts, such as machine, wear is the prime cause that leads to the operational failure. One
of the solutions to this problem is to use wear resistant hard phases in materials with soft matrix. In
hard phase containing composites, however, effects of applied load onto the surface, pin shear rate
and volume fraction of second phase in the matrix have been studied to observe the shift in the wear
behaviour between mild and severe modes, for example, in SiC reinforced copper matrix composites,
increasing SiC ratio or decreasing the test shear rate under dry sliding wear, it delays the formation
of severe wear up to the point where mild and severe transition is observed (Zhang et al., 2008; Singla
et al., 2009). SiC particles in the metal matrix composite usually act as the load bearing artefact and
reduce the extent of frictional deformation in the subsurface region. The separation of the metal matrix
and damaged subsurface region due to microcrack propagation during repeated loads is the primary
wear mechanism. The heat generated during the sliding operation, i.e. thermally activated subsurface
deformation plays an important role in tearing and separating the surface layer from the substrate
material, which is the case for severe wear condition (Zhang et al., 2008; Gautam et al., 2008). As in
SiC reinforced metal matrix composites, ceramic particle reinforcements can also improve high-
temperature mechanical properties as well as their wear properties without severely deteriorating the
electrical and thermal conductivity of the matrix. Therefore, second phase particle-reinforced copper
matrix composites are of interest in many industrial applications such as switch or relay contact
materials, load bearing wear-resistant and heat-resistant materials, brush materials, and torch nozzle
materials (Jamwal et al., 2020; Donghua and Dongdong, 2014; Dube et al., 2009). In industrial
applications, high wear resistance is a well-defined property for copper matrix composites. Some
earlier studies showed that, the property of base material is also the dominant controlling factor in
addition to external operational factors as mentioned above i.e. the ambient temperature, test load
and shear rate to affect the friction and wear performance of composites (Selvakumar and Vettivel,
2013; Deshpande and Lin, 2006; Tjong and Lau, 2000; Dhokey and Paretkar, 2007). As tungsten does
not dissolve in copper i.e. they are immiscible, Cu+W is traditionally considered a composite
material. However, the WCu composite prepared by standard powder metallurgy is low in density
and its microstructure is generally irregular, resulting in a reduction in high temperature wear
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resistance and arc ablation resistance. In addition, severe wear occurs due to sliding contact at high
loads and high speeds. In both aluminum alloys and Al>O3/Al alloy composites, the occurrence of
severe wear is also affected by normal load, sliding speed, and sliding distance, and is characterized
by significant increase in wear rate, large surface wear, and even large-scale material transfer to the
counter surface (Deuis et al., 1997; Zou et al., 2020; Childs, 1980).

In order to increase the wear resistance of the wire contact runners or guides used in MIG/MAG
torches and consequently to improve the production costs by increasing the service life, the
production of pins obtained by sintering of pure Cu and W powders and the in situ wire wear
performance were investigated.

2. MATERIALS AND METHODS

The chemical composition and mechanical properties of 1.8 mm thick Cu coated commercially
produced FEE 340 steel used in the experiments are shown in Table 1. SG2 quality 1 mm welding
wire was used as the welding wire and its chemical composition and mechanical properties are also
shown Table 1. In situ welding tests were carried out with manifold HB 205 mixed gas i.e. shielding
gas. The properties of the shielding gas are given Table 2.

Table 1. Chemical properties (% by weight) and mechanical properties of 1.8 mm FEE 340 steel and SG2 quality 1 mm
welding wire.

C Mn Al P S oy, MPa omax,MPa % Elongation
012 15 0.015 0.03 0.03 340 410 23
0.06 11 <0.005 0.012 0.011 430 540 28

Ductile-brittle transition temperature (°C): -29, Impact (J): 70

Table 2. HB 205 Standard shielding gas mixture (% by volume).
Argon Carbondioxide Oxygen

HB 205 93 5 2

In this study, Fronius Transpuls Synergic 4000 brand gas arc welding machine was integrated
to ABB brand robot and used. The chemical composition and mechanical properties of the pin-
mounted contact tip are given Table 3.

Table 3. Chemical composition (wt%) and mechanical properties of the contact tip.

omax, % Hardness-
Cu cr 2r oy, MPa MPa  Elongation Brinell) (HB30)
Kalan 0,3-1,2 0,03-0,3 10 400 13 130

The performances of a commercially purchased contact tip (Figure 1) with a hole diameter of
1.18 mm and a sintered pin mounted contact tip were compared with the test process ABB brand gas
metal arc welding robot (Figure 1).
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Figure 1. Image of ABB gas metal arc welding robot. ABB arc welding robot contact guide image (hole diameter 1.18
mm).

During the arc welding process, as the wire passes through the hole at the contact tip, the wear
resistance decreases with the high heat generated during welding, the diameter of the hole grows and
in some cases this hole is closed or becomes completely unusable with spatters. In order to eliminate
the above-mentioned reasons, the pin mounting hole with a depth of 5 mm and a diameter of 4 mm
was discharged from the end part of the wire contact guide (Figure 1), where the wear was intense,
and the pin was produced and then assembled into this hollow tip. On the inside of the contact runner,
there is a channel of 1 mm from one end to the other for the passage of the welding wire with a
diameter of 1 mm.

POWDER FILLING

1.2 MM CONTACT
§ TIP HOLE

Figure 2. Contact guide pin in compression die (Above); image of compressed pin (Left-Below) in contact guide pin
(Right-Below). In terms of the way the die is made, a pin passes through its middle and forms the inner hole of the
contact tip.

Cu (325 mesh) and W (12 micron) powders were used in the production of the pins used in this
study. Ambient conditions were kept the same for all mixtures during powder weighing and
compaction processes.
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Table 4. Mixing ratios of powders used in this study (wt. %)

Specimen Code w Cu
Cuws 5 95
Cuw10 10 90
Cuw15s 15 85
Cu 0 100

The powder mixtures were contained in glass tubes at the amounts given in Table 4 and were
mixed in the mixing drum for 24 hours in order to mix them homogeneously. In order to prevent the
powder mixtures from being affected by the ambient humidity, they were stored in a low humidity
environment and in tightly closed containers. The metal+ceramic powder mixture and pure metal
powders, which were mixed in the rotating drum for 12 hours, were pressed in a powder compression
die (Figure 2 a, b) under 20 tons of load at a feed rate of 2 mm/min. Subsequently, as shown in Figure
2¢, a dimensional check was made before the centre pin bar was removed. The pin, which was to be
mounted in the contact guide, reached the raw strength and was ready for sintering. Pre sintering
compaction ratio of the contact runners/pins at this stage was calculated to be approximately 91% by
measuring dimensions, weight and calculating through densities of each component. Electric
resistance heat treatment furnace, which can reach a temperature of 1100C, was used for sintering of
compressed pins. The contact guide was made ready for the assembly operation by sintering at 720C
for 75 minutes under Argon gas (12 It/min) in the well type sintering furnace. After sintering, the
compaction rate increased to 95%. During sintering, free sintering was preferred and samples were
placed on the ceramic boat in the heat treatment furnace. A 1.2 mm drill bit was used to guide the
pin-mounted contact guides to the gap where the gas metal arc welding wire would pass. After the
welding process, the pieces that were tested in the wire erosion device were sliced for microscopic
examination (Figure 3a). The final version assembled on the robot welding machine is given in Figure
3b. In situ parameters for testing the produced contact pins: 135 Amps and welding torch travel speed
of 2 m/min.

Figure 3. a) Close-up image of the general view of the contact guide cut with the wire erosion machine, b) Image of the
part with the assembly of the contact guide pin.
3. RESULTS AND DISCUSSION

The nozzles and contact guides of welding torches, which provide gas flow to the welding area,
are more exposed to the thermal effect from the arc and heat up to a temperature of 180-320 °C and
above when operated continuously for several minutes without insufficient cooling (Adam et al.,

27



Yazar M., Talas S. JournalMM (2023), 4(1) 23-37

2001). The resistivity values that increase with increasing temperatures increase the electrical
resistance of the wire/surface contact and cause more heating. More importantly, with increasing
temperature, the tribo performance of the material is seriously affected, and the wear of the guides
that are not cooled enough accelerates. In addition to reducing the guide replacement time, the worn
guide makes it difficult to draw the weld seam properly, and it prevents the welding seams from
appearing smoothly by making right-left movements of the wire (Adam et al., 2001; Shimizu et al.,
2006). In this case, it becomes difficult to visually accept the weld seam.

3.1 In-situ Test Results of Pin-mounted Contact Guides

In situ tests of Cu and CuW pins produced by powder metallurgy were made under real
production conditions. The performance of the contact guides produced by the commercial forming
method and the performance of the parts produced by powder metallurgy were tested at this stage. In
Table 5, in situ production numbers of pinless contact guides and contact tips produced by powder
metallurgy are shown. The results show that the pin-containing contact tips produced by powder
metallurgy outperformed the commercial contact tips. It is a surpisingly good result to achieve with
a pin produced with pure Cu powder that does not contain Cr and Zr, with a production difference of
only 8%. Since it does not outperform the commercial contact tips production numbers, no further
work has been done on it. Although the heat transfer is quite high with the use of pure Cu, it is thought
that the very small amount of porosity between the powders reduces the wire/surface contact area and
therefore delays the abrasion. In addition, they are subject to very easy deformation and deformation,
as long as the wire surface roughness is very good, they do not adversely affect the tribological

properties.
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Figure 4. a) Cu (100%) sintered pin visual, b) Cu (100%) contact guide visual to be tested in mass production, c) Cu
(100%) contact guide visuals with mass production trial.

Table 5. Cu contact guide production numbers and difference percentage.
Ratio Commercial tips Contact tip with pin  Diff. (%)

Cu (%100) 71732 66284 8

Tests of the Cu-W series were performed twice to test the repeatability of the observed
performance. Among the tests performed, CuW5 and CuW10 samples gave the best results, and these
samples were tested for mass production. The mass production test was terminated due to the chassis
(short circuit). Except for a general color change, ie blackening, there is no macroscopic damage to
the contact runners. Blockage due to build-up damage from spatter is very limited, but wear-related
damage is more pronounced.
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Figure 5. A) 1) Cuws5, 2) Cuw10 and 3) CuW15 contact guide images with mass production trial. B) 1) Cuws5, 2)
Cuw10, 3) Cuw15 before mass production trial, 4) Cuw5, 5) CuW10 and 6) CuW15 contact guides visuals with mass
production trial.

Table 6. Cu-W contact guide production numbers (Test 1 and Test 2) and difference in percentage.

Mixture Commercial Contact tip with pin (Test 1/2)  Diff. (%)
Cu-W (%95-5) 71732 96248/89892 (-%7) 34/25
Cu-W (%90-10) 71732 92616/100788 (+8%) 29/41
Cu-W (%85-15) 71732 87168/96248 (+%9) 22/34

3.2 Microscopic Study

Optical pictures of the contact tips in the Cu-W series, which are polished and taken after cutting
vertically, are given in Figure 6-8. As seen in Figure 6, 7 and 8 that copper contact tips has blank,
featureless microstructure compared to W containing contact pins. Contact pins are also featureless
but this is because the both W containing pin and holding contact pins are not etched. Contact pin
containing W shows W particles in black spots, mostly homogeneously distributed within the matrix
and the number density appears to be increasing as the W powder additives are increasing in
percentage. The interparticle distance in general may be an effective measuring comparison for the
evaluation of results, that is, with CuW15 the interparticle distance is obviously lower and higher
with Cuw5. CuwW10 may have optimum distance as comparison to CuW15 and CuWS5 specimens.
During the test process or during the cutting phase, it is observed that the W powders are displaced
and gaps appearing as porosity are formed. So, it is seen that the number of black gaps in the contact
runners given in Figures 7 and 8 has decreased. The low wear resistance of some CuW pins exposed
to high temperatures is explained by the lower high temperature wear resistance and arc ablation
resistance of CuW composites produced with standard powder metallurgy, resulting in different wear
resistances (Zou et al., 2020). As seen in Figure 6a, it has been determined that the contact tips were
welded to the main terminal body, and it is thought that the pin tips, which reach very high
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temperatures during the test phase, will be joined in this way both due to the high current effect and
also due to the high ambient temperature. Hole widths show the amount of wear. It is seen that the
cross-sectional ratios (AR) of the hole sizes are 1.33, 1.28 and 1.44 mm, respectively, taking into
account the Cuw15, Cuw10 and CuWS5 samples. In this case, it is seen that the CuW5 sample is

exposed to the most wear. However, the least change or the least proportional deviation was seen in
the 90/10 sample.

WIRE SPACE

WEAR ZONE

<)

Figure 6. a) CuW15 microstructure image, b) pin and wire drive cavity 200x magnification, ¢) CuW15 close-up image
(hole dimensions 1.768mm x 1.321mm AR:1.33).

<)

Figure 7. a) CuW10 microstructure image, b) Contact guide (pin) and wire feed hole 200x magnification, tested in mass
production, ¢) CuW10 close-up image (Hole dimensions 1.768mm x 1.375mm, AR:1.28)
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Figure 8. a) CuW5 microstructure image, b) Contact guide (pin) and wire feed hole 200x magnification, ¢) CuW5
close-up image (hole dimensions 1.929mm x 1.339mm, AR: 1.44).

Wear analysis of the cross-sections of the contact guide pins is given in Figure 9. From the
sections, it was observed that the inner part of the CuW sinters at CuwW15 and CuWS5 ratios were
covered with oxide, but at CuwW10 ratios, the sintered pin was not oxidized or oxidized very little.
Another important criterion is the hole expansion rates. This ratio will give information about the
amount of wear and therefore about the wear resistance. While CuW15 sample was exposed to 35.4%
expansion, CuW10 sample showed 11.5% expansion. Since the CuwW5 sample expanded by 31.5%,
the best ranking in terms of abrasion resistance is CuW10, Cuw5 and CuwW15.

3.3 SEM Results

The wear surface pictures of Cu, CuW15, Cuw10 and CuWS5 series, which were tested in situ,
are given in Figure 10. The wear characteristics of the pure Cu sample and Cuw5, CuW10 and
CuW15 samples given in Figure 10a differ. While the pure Cu wear in Figure 10a contains very deep
wear marks, the Cuws5 in Figure 10b and CuW10 in Figure 10c are sufficiently superficial. The other
non-superficial wear trace was seen on the CuwW15 sample. Although it is not expected that the wear
marks are deep or have a fragmented appearance, it can be explained by the exposure of the matrix
to arc heat, not sintering at high enough temperatures, insufficient sintering time or high additive
ratio. It is thought that the increase in wear with the increase in the additive ratio, the increase in the
amount of W powder in the electrical resistance and the increase in the temperature with the joule
effect, and the subsequent softening of the wire contact surface, may cause both the W powders to
break off and the formation of porosity and the deepening of the wear marks. It has been observed
that similar excessive wear traces are very few or absent in CuwW10 and CuW5 samples formed by
sintering copper and W powder additive. As seen in Figure 10, the fact that the wear is linear and
superficial is due to the welding wire going as close to the surface as possible and the matrix being
soft. Particularly, it is observed that the wear and also the convection heat from the welding arc
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increases the temperature at the tip, where it is quite high, and in this case, the active gas, CO2, reacts
actively in this region, under high heat energy in the arc column created by the arc plasma, and a part
of the Oz in the gas mixture.

«

LY

Ry

I
PIN INTERIOR ZONE »

c)

Figure 9. Close-up image of the cross-section of the contact guide (pin) a)CuW15, b)CuwW10 and c)CuW5) tested in
mass production.

(Lancaster, 1984) should be expected to form oxides. Intermittent initiation of the protective gas flow
during each new weld seam initiation of the continuous gas flow may cause sudden oxidation and
nitriding of the contact runners in contact with the ambient air. In addition, the presence of oxygen in
the gas mixture used and the effect of high temperature show that oxide formation is possible in the
same way. It should be noted that thermally induced material softening inhibits mechanical mixing
of wear particles, although material transfer and retransfer processes occur in the severe wear regime.
When the main wear mechanism is scraping material adhesion, contamination, and delamination, as
the mechanism suggested in the above section, the parts exposed to cyclic loads between the sliding
surfaces may become trapped in the matrix or matrix particle interface due to fatigue. The fact that
W particles in Cu matrix are not exposed to deformation or are exposed to very little due to their
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hardness compared to Cu matrix, and the interfacial bond strength with Cu is low (Ma et al., 2018;
Chen et al., 2016) causes W powders to break off from the matrix and cause abrasion or scraping.

i\ Signal A = SE1 Mag= 1.00KX .
b) W wo = 28 mm B oooky  TEST3 Cu%os-wxs

Mag= 1.00KX

EHT =20.00 kV TEST 3 Cu%90-W%10

d) MAG: 1000 x  HV:20.0 kV. WD:27.3 mm

Figure 10. SEM wear trace images from Cu, CuW5, Cuw10 and CuW15 specimens

As can be seen in Figure 11, as a result of the line analysis taken from the regions where wear
occurs and where it does not occur, the amount of Cu in the uneroded region is higher. It is thought
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that the sinter surface is rich in Cu before the wear occurs, a homogeneous layer is formed by the
combination of Cu powders on the surface during heat treatment, or it is enriched in Cu by plastering
the softer Cu powders on the surface during pressing. The reduction of Cu in the worn parts (Figure
11a and b) causes oxidation and removal from the environment with the effect of corrosion, either by
the abrasion of the surface of the welding wire or by the convection of Cu or by the effect of high
temperature and the oxygen in the mixed gas.

Rl 11623
MAG: 100 x__ HV: 20.0 kV_WD: 26.8 mm

T T T
2000 4000 6000

b)
Figure 11. SEM and EDX analyzes of the wear surfaces of Cul0W and Cu5W samples

Regarding the softening of the surface and sub-surface areas close to the wire and matrix contact
surface during the movement of the welding wire at the contact tips, arc instability may occur during
sliding because the welding wire receives the electric current from different points under the
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continuous friction effect of the abrasive. When surface materials adhere to the opposing surface and
show plastic deformation in the shear direction, microcracking may start at some weak bonding sites,
particularly the particle-Cu interface. The softened material under shear and compressive stress is
then pushed forward by the abrasive to form a thick shear layer. As subsurface deformation continues,
cracks coalesce and grow, forming an interface between the abrasive material and the substrate at a
given depth. As the tip of the subsurface crack approaches the contact surface, some layer of surface
material is broken off and separated from the substrate, i.e. the matrix. Figures 10 and 11 show the
condition of Cu-W sinter material after testing and the wear process of these composites.

4. CONCLUSIONS

The pins prepared with powder metallurgy containing Cu and 5%, 10% and 15% W were
mounted on the MIG/MAG contact tips, and the following results were obtained as a result of the in
situ production tests of the contact tips produced in this way:

1. According to test results, the wear trace appearances showed that the samples with the lowest
(% 5) and the highest amount (%15) of additives experienced more wear than that of CuwW10 sample
due to the high amount of particle which reduces the interparticle distance.

2. The wire wear traces also show negative change at the contact tips according to the amount
of additive, i.e. 5% and 15% W additions are poor in resistance in wire erosion.

3. Short-circuit damage was observed after 89892 mm long arc welding for Cuw5 and 100788
mm for CuW10. This indicates that CuW10 sample is more resistant to wear damage due to better
number of particles i.e. optimum interparticle distance.

4. For CuW15 sample, the test was terminated due to the wear on the tip after the 96248 mm
long welding, and the targeted numbers were also reached. However, the length of weld is still high
with Cuw10 specimens.

5. When the wear traces are compared, Cu, CuW5 and CuW15 specimens appears to have
suffered from deeper and wider form of wear whereas, the traces of CuW10 specimens spears to be
shallow and less distorted due to the presence of optimum amount of W particles.
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ABSTRACT: UHMWRPE (Ultra High Molecular Weight Polyethylene) is a widely used polymer due
to its superior mechanical properties. The microstructural, mechanical, and tribological properties of
this polymer material produced by the compression molding technique significantly depend on the
production parameters. The different molding pressures and temperatures dramatically impact the
properties of the material. In this study, UHMWPE polymer samples were produced at three different
molding pressures (150 Bar, 250 Bar, and 350 Bar) and molding temperatures (120°C, 150°C, and
180°C) using the compression molding technique. The microstructural, mechanical, and tribological
properties of the samples were examined. It is observed that low-temperature molding production
parameters cause an increase in strength. On the other hand, this situation enables decreased ductility.
It has been determined that as the molding temperatures increase, ductility increase in all the same
molding pressure groups. Similarly, it was observed that increasing the molding pressure in the same
temperature group increased the strength of the material. It has been determined that there is an
optimum molding pressure and temperature for wear resistance. It has been observed that the
coefficient of friction (COF) behavior is not much affected by the molding parameters.
Agglomeration of polymer particles is envisaged as the main reason for forming optimum pressure
and temperature conditions in wear resistance. Agglomerated particles in the microstructure reduce
bonding strength and deteriorate wear resistance. The study determined the optimum molding
pressure (250 Bar) and temperature (150°C) for the production of UHMWPE material by a
compression molding technique.
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1. INTRODUCTION

A significant number of mechanical components are made of polymer materials in engineering
applications (Ginzburg et al., 2006; Sar1 and Salman, 2016). Polymers cover a primary technological
sector due to their simple forming capabilities and economical production methods (Feyzullahoglu
and Saffak, 2008; Kumar et al., 2017). Engineering polymers, in particular, are utilized due to their
superior mechanical and tribological qualities in the automotive and aviation industries (Dearn et al.,
2013; Ginzburg et al., 2006; Rymuza, 2013). These advanced polymers are frequently used in friction
applications (Panin et al., 2015). They are a perfect substitute for many materials because of their
superior wear resistance, low lubrication requirement, lightweight, and affordable price (Kog, 2011;
Sar1 and Salman, 2016). Bearings and bearing mechanisms are among the areas that utilize the most
frequent candidate for metallic materials (Ginzburg et al., 2006). Due to their low density and superior
wear resistance, and low friction characteristics, polymeric bearings can function without lubrication
(Dearn et al., 2013). The main reason for the superior tribological performance of polymer materials
is the monomolecular films that form at the contact surfaces (Bahadur, 2000; Hiiseyin and Yetgin,
2010). These films, which develop between contacting bodies, have cohesive bonds that are more
powerful than adhesive bonds (Bahadur, 2000; Jintang, 2000). Ultra-high molecular weight
polyethylene (UHMWRPE) is one of the most widely used polymer materials for bearing parts.
UHMWPE is a type of polymer formed due to the bonding of 4 to 6 million molecules (Giirgen, 2019;
Uzuner and Gediktas, 2010). Compared to other polymers, UHMWPE has a high impact on toughness
(Hiiseyin and Yetgin, 2010). They produce a transfer film more rapidly than other polymers due to
their high molecular density (Rymuza, 2013). UHMWPE is widely used in engineering applications
due to its low friction behavior and superior wear resistance (Tong et al., 2003).

UHMWPE has been examined in several research articles since it is utilized to produce rolling
bearing parts (Hiiseyin and Yetgin, 2010; Panin et al., 2015; Uzuner and Gediktas, 2010). The wear
rate and COF behavior of the polymers under various speeds and loads were examined in the
researches. UHMWPE material can be employed in applications requiring a superior wear resistance
and COF, based on the literature research (Hiiseyin and Yetgin, 2010; Sar1 and Salman, 2016; Uzuner
and Gediktasg, 2010). Studies on the tribological performance of polymers are very complex compared
to metallic materials. The main reason is that the formed transfer film layer depends on the shear rate,
pressure, surface roughness, and temperature (Wu et al., 2002). When the literature is examined, it is
seen that the tribological performance of UHMWPE has been investigated superficially. The wear
and friction behavior of cast UHMWPE material under dry conditions were investigated. As a result
of the researches, it was determined that the COF decreases with increasing load and increases with
increasing sliding speed (Hiiseyin and Yetgin, 2010; Sar1 and Salman, 2016). The tribological
performance of twelve different polymeric materials was investigated concerning sliding distance and
surface pressure (Uzuner and Gediktas, 2010). The COF increased with increasing sliding speeds and
decreased at high surface pressures. It was also observed that UHMWPE exhibits superior wear
resistance in all groups. Another study investigated the effect of the contact of UHMWPE and
polished steel on the tribological and microstructural properties. It was found that while the COF
decreases with the shear rate at low pressures, it decreases much more at high pressures. This situation
was explained by the fact that the lamellar structure of the UHMWPE material in the crystalline
region remained parallel throughout the movement at low pressures (Klapperich et al., 1999).
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When the studies are examined, the tribological performance of the UHMWPE material varies
significantly due to the sliding speed, contact pressure, surface roughness, temperature, and
environmental conditions. This observed fluctuation is thought to be due to uncertainty in the
production conditions. In this study, UHMWPE samples were produced at three different molding
pressures and temperatures. The microstructural, mechanical, and tribological properties of
UHMWPE specimens were analysed by tests. The production parameters have been optimized.

2. MATERIALS AND METHODS

In the study, UHMWPE (43951, Alfa Aesar) was used as the rolling bearing material. The
thermophysical properties of the material used in the experimental studies are shown in Table 1. 2
grams of UHMWPE powder was used in the compression molding technique. The molding process
was performed for 5 minutes (3 minutes of heating and 2 minutes of cooling cycles).

Table 1. Thermophysical properties of UHMWPE powder material used in the experimental studies

Material Name UHMWPE
Formula (CH2CH2)n
Melting Point 150°C
Autoignition Temperature 343°C
Molecular Weight 3-6 million
Average Particle Size 150 um
Density 0.945 g/cm?®

The samples were produced at three different pressures, 150 Bar, 250 Bar, and 350 Bar, and
three different temperatures, 120°C, 150°C, and 180°C, respectively. The production algorithm used
in the experimental studies is shown in Table 2. Struers CitoPress-1 hot mounting press device was
used to produce the samples.

Table 2. Sample production plan used in the experimental studies

Molding Molding
Sample Code Pressure (Bar) Temperature (°C)
1 120
2 150 150
3 180
4 120
5 250 150
6 180
7 120
8 350 150
9 180

The microstructural analysis of the produced samples was performed under Nikon Clemex
optical microscope. The microhardness of the samples was measured using a Future Tech FM-800
device at a load of 100gf and a dwelling time of 20 seconds. The mean hardness for each control
group was calculated using the average of three hardness tests. The standard deviation was used as
an error function to minimize uncertainty. Having completed optical microscopy and hardness
analysis, wear tests were applied to the samples using the CSM tribometer. The tests were carried out
in ball-on-disc type according to ASTM G-99 norm. A @3 mm diameter ball (containing 90% WC
and 10%Co) was used as an abrasive counter body. The counter body ball has a hardness of 91.6
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HRA. The wear test was performed in a rotating projectile with a 4 mm radius, a load of 10N, and
470 RPM (20 cm/s linear speed), 500 meters wear distance. The instantaneous data collection rate of
the wear test was chosen as 10 Hz. The surface depth and width of the wear tracks formed after the
tests and the average surface profile of the samples immediately after production were carried out
using the Mitutoyo SJ-400 surface profilometer. Average surface profiles were obtained as Ra, Ry,
and Rq for 2,4 mm. Both average and worn surface profile scanning was performed in accordance
with the ISO R97 norm. Raw data were processed using Gaussian Filtering Technique. Two profile
measurements were performed for each worn surface, and the average cross-sectional area was used
in the specific wear rate calculations. The measured maximum cross-sections are also exhibited as a
Figure in the study. In addition, the mean COF values of the samples were recorded and reported
during the experiments.

3. RESULTS AND DISCUSSION

3.1 Microstructural Analysis

Figure 1 shows macro structure photographs of the produced samples, UHMWPE powder and
hot molding device used in the experiments. When the photograph is examined, it shows that the
powder polymer material is lighter in color than the molded samples. Similarly, it is seen that the
samples produced at low temperatures are lighter in color than the samples produced at high
temperatures. It is known that this situation is due to higher crystallinity in polymer powder and
samples pressed at low temperatures (Wu et al., 2002). When the samples are examined in general, it
can be said that the light-colored samples contain more non-melting particles and voids. In addition,
as the molding temperature increases, the edges of the specimens turns from light colour to darker
colour. This incident shows that increasing the molding temperature improves the microstructure
crystallinity (Giirgen, 2019).

150 Bar

Figure 1. Macrostructure photographs of the produced samples, UHMWPE powder, and hot molding device used in
experiments

Figure 2 shows a comparative optical microstructure photo of the produced samples. As seen
from the optical microstructure analyses, solidification was detected in the samples without complete
dissolution at all temperatures at 150 Bar molding pressure (Samples 1, 2, and 3). This situation is
related to the fact that the applied pressure cannot sufficiently bond the molten UHMWPE powder
even though the temperature increases. These molten regions prevent the complete homogenization
of the microstructure. In the productions carried out with 250 Bar molding pressure, it is observed
that the partially molten regions have decreased but still exist in the microstructures (Samples 4, 5,
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and 6). In the production at 350 Bar molding pressure, it is seen that these formations completely melt
together with the increasing pressure and provide complete unity (Samples 7, 8, and 9). When the
microstructure of samples 7, 8, and 9 are examined, which has the highest production pressure, it was
seen that the microstructure was homogeneous, and the molten parts were eliminated.

Unmelted-particles

Unmelted particlés >

3.2 Surface Roughness Analysis

Table 1 and Figure 3 show the average surface roughness values and morphology of the surfaces
of the produced samples, respectively. When the results are examined, it is observed that the sample
with the highest average surface roughness value is sample 1, which belongs to the low molding
pressure and temperature. When these sample surfaces are examined, which have the highest average
surface roughness, discontinuities formed by semi-molten forms are observed. This production defect
is also observable in the optical microstructure photograph of the samples. Generally, the highest
differences between peak and depths (R;) are measured in the samples produced with the 120°C
molding temperature. Since the heat given in the samples in this group is lower than the melting
temperature of the UHMWPE material, it is not sufficient to melt it completely (Ge et al., 2003;
Giirgen, 2019; Xiong and Ge, 2001).
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Table 3. Average surface roughness values of the produced samples

Sample Code Ra(um) Rz(um) Rq(um)

1 0.28 2.0 0.38
2 0.28 1.9 0.38
3 0.34 2.1 0.44
4 0.28 1.8 0.35
5 0.15 1.1 0.20
3] 0.22 1.3 0.27
7 0.28 1.5 0.34
8 0.22 1.6 0.29
9 0.24 1.6 0.31
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Figure 3. Average surface profiles of the produced samples

3.3 Hardness Analysis

Table 2 and Figure 4 show the average microhardness values of the produced samples. The
analyzes are shown on the Vickers microhardness scale. As can be seen from the analyzes made, the
molding pressure has a direct effect on the hardness of the UHMWPE material. It is seen that the
hardness of the material increases with the increase of the molding pressure at the same molding
temperature. This incident is thought to be the reason for the high temperature and high-pressure
related bonding between the particles. As can be seen, the hardness alteration is not significant
between 150-350 Bar. This situation proves that the 150-350 Bar molding pressure shows a regular
alteration. Different studies also found similar results (Giirgen, 2019; Wang and Ge, 2007).

In contrast to the molding pressure, there appears to be a systematic alteration in the molding
temperature. When the results are examined, it is seen that the hardness decreases with increasing
molding temperature. It is known that as the molding temperature increases, the polymer material's
crystallinity decreases. With the recrystallization process after melting under high temperatures, the
degree of crystallinity decreases compared to the polymerized powder UHMWPE material. A high
degree of crystallinity can dramatically improve mechanical properties. Therefore, changes in
molding temperature directly affect the polymer material’s mechanical properties (Kanaga et al.,
2008; Oral et al., 2010). Therefore, one can infer that the polymers produced at high molding
temperatures exhibit more ductile plastic deformation.
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Table 4. The average microhardness data of the produced samples
Sample Measurements Mean
Code Groups (HV) Hardness
1 2 3 (HV)

1 120°C 960 8.10 6.70 8.13
2 150 Bar 150°C 730 7.10 6.80 7.07
3 180°C 6.60 6.10 5.90 6.20
4 120°C 8.50 8.00 8.60 8.37
5 250 Bar 150°C 720 7.10 7.60 7.30
6 180°C 6.20 6.20 7.10 6.50
7 120°C 940 8.70 8.00 8.70
8 350 Bar 150°C 750 730 7.70 7.50
9 180°C 6.80 6.30 6.90 6.67
10
[_| Hardness (HV) |
J. . n
% K3 i I
o i BB oL
4 PEDDNNNE N D e 00 S NN NN 0 DN DN D
PN B N B N BN S BN e .
8.13 7.06 6.21 8.36 7.31 6.53 8.72 7.54 6.66
0 3 | | \ | | \ | |

1 2 3 4 5 6 7 8 9

Sample Code
Figure 4. Average microhardness values of the produced samples

3.4 Wear Test

Table 3 and Figure 5 show the mean COF and wear rate values of the samples. The highest
wear rate was observed in the 150 Bar molding pressure group. This group also has the lowest
molding pressure. When the wear rates of the samples produced at different molding temperatures at
a constant molding pressure are examined, it is seen that the wear resistance is lower at 120°C
molding temperature, which is also the lowest molding temperature. It is seen that wear resistance
increases in productions carried out at 150°C and 180°C. When the mean COF values are examined,
the highest mean COF values are seen in samples 1, 2, and 3. These samples produced at the lowest
molding pressure (150 Bar) exhibited the highest friction behavior.
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Table 5. The mean COF and wear rates of the produced samples

Sample Area Measurements Mean area Wear Rate Mean COF
Code 1st ond (mm?) (10“*mm3/Nm)
1 0.11049 0.11677 0.1136300 5.711498320 0.107
2 0.07440 0.07868 0.0765400 3.847206560 0.106
3 0.10703 0.03867 0.0728500 3.661732400 0.088
4 0.03610 0.03266 0.0343800 1.728076320 0.077
5 0.02504 0.01405 0.0195450 0.982409880 0.047
6 0.02275 0.01779 0.0202700 1.018851280 0.071
7 0.02161 0.02251 0.0220600 1.108823840 0.074
8 0.02395 0.02201 0.0229800 1.155066720 0.058
9 0.02316 0.02264 0.0229000 1.151045600 0.067
10 0.15
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Figure 5. The mean COF and wear rates of the produced samples

Figure 6 shows the variation of the COF with the distance during the wear test. When the graphs
are examined, it is seen that the mean COF values of the samples at 150 Bar molding pressures are
higher than the other groups. This situation indicates that the bonding in these groups does not have
adequate load-carrying capacity due to the semi-molten form. It is thought that the fluctuations
formed during the test are semi-molten grains that break off from the surface and stuck in the contact
area during the test. This situation is also seen in the test results of other samples produced at low
molding temperatures. It is seen that the load-carrying ability of polymeric materials depends on a
drastically complete molten polymer particle by the use of increased molding pressure and
temperature (Sample 4-7). When the COF diagram of sample-5 is examined, no fluctuation is also
observed, with this sample performing the highest wear resistance. This phenomenon occurs since
the amount of fragmentation from the surface is not sufficient due to the high surface strength. A
similar situation can be seen in sample 8, molded at a temperature of 150°C and a pressure of 350
Bar. This sample behavior shows a critical threshold at the molding temperature, which is 150°C. It
is seen that increasing molding temperature causes an increase in the mean COF value. As the
molding temperature rises, crystallinity gets lower, and as a result, crystallinity decreases in the
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material. Therefore, polymeric materials molded at high temperatures are more ductile. Therefore,
the load-carrying capacity is reduced (Giirgen, 2019; Kanaga et al., 2008; Mourad et al., 2009; Oral
etal., 2010; Wu et al., 2002).
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Figure 6. Mean COF variation based on the distance for the produced samples

Figure 7 shows the optical microstructure of the worn surfaces. It is seen that abrasive and
adhesive wear are effective on the surfaces. Abrasive wear effects on the samples are seen as deep
traces and voids. The signs of adhesive wear could be seen as fragments from the surfaces due to the
increased temperature based on friction. When the surface of sample 1 with the highest wear rate is
examined, it is seen that both abrasive and adhesive wear signs are evident on the surface. Semi-
molten particles appear on the surface. These particles are on the surface and have low bonding
strength due to the low molding pressure and temperature. Fragmented particles could also be seen
in all 150 Bar molding pressure samples (1, 2, and 3). The particles ruptured from the contact zone
repetitively over time and fluctuated the friction behavior. A similar situation was observed at all low-
temperature and pressure molded samples (Samples 4 and 7). It is observed that the abrasive effects
are reduced in molding performed at 150°C temperature. Semi-molten particles are eliminated due to
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the high fusion in the microstructure. The wear effects are reduced. Therefore, the highest wear
resistance was observed in samples 5 and 8, respectively. Although the increase in the molding
temperature provided good bonding of the structure, it caused softening due to crystallinity and
weakened the microstructure against abrasive wear (Samples 6 and 9).

120°C

150°C

250 Bar 150 Bar

350 Bar

Figure 7. Optical microstructure images of the worn surfaces of the samples
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Figure 8. Highest measured cross-sectional surface profile of the worn surfaces of the samples
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Figure 8 shows the cross-sections of the worn surfaces. There are deep pits in the bottom of
the worn channels of samples 1, 4, and 7. These pits are the cavities formed in the microstructure due
to low molding pressure and temperature. Together with the formed worn channel, these voids
merged and affected the wear resistance adversely. With increasing molding pressure and
temperature, the voids decreased as the internal microstructure of the material was completely joined
(Samples 5, 6, and 8, 9). Samples 5 and 8 have the lowest worn area. One can infer that these samples
have optimum molding pressure and temperature combinations and exhibit the highest wear
resistance.

4. CONCLUSION

In this study, UHMWPE polymeric bearing material was produced by compression molding
technique at different molding pressures and temperatures. Factors affecting molding technique were
examined based on microstructure, mechanical and tribological properties. The obtained findings in
the experimental studies are summarized below.

e |t was determined that microstructural bonds were not sufficient at low molding temperatures.

e The samples produced at molding temperatures of 150°C and above exhibit better
microstructural properties such as good bonding and elimination of voids.

e It has been determined that the molding temperature is more effective than the molding
pressure in material properties. More ductile structures were obtained due to the increase in
crystallinity in the molding process at 180°C.

e Increasing molding pressure and temperature improves the powder consolidation, so the
hardness and wear resistance increase.

e Considering the results found, 250 Bar and 150°C were considered as the optimum molding
pressure and temperature that can be used for polymeric bearing production. The machine
parts produced from the samples with this combination would provide superior wear
resistance.
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OZET: Pomza tas1 siingerimsi, gozenekli ve volkanik olaylar sonucu olusmus volkanik bir kayagtir.
Pomzanin igeriginde SiO2 orani kayaca abraziflik, Al2O3 bilesimi ise atese ve 1s1ya yiiksek dayanim
ozelligi kazandirmaktadir. Pomza tasi insaat sektoriinde yaygin kullanilmakla birlikte tarim sektorii,
kimya sektorii, tekstil sektorii ve agindirici sanayi gibi endiistri alanlarinda da kullanilmaktadir. Bu
caligmada otomotiv endiistrisinde fren balatalari i¢in kullanilmak iizere pomza tast ile aliimina, piring
tozu, cashew, recine, c¢elik elyaf, grafit, barit maddelerinden farkli karisim oranlarinda fren balata
numuneleri iiretilmistir. Uretilen balata numunelerinin asinma orani ve siirtiinme katsayilar1 fren
balata test cihazinda 6l¢limii yapilmistir. Deney oncesi ve sonrasinda disk puiriizliliigi piirtizliilik
test cihazi ile ve balatalarin 6zgiil agirliklart Sl¢iilmiistir. Elde edilen degerlere gore en yiiksek
ortalama siirtlinme katsayisi P12 numunesinde 0.37, minimum asinma degeri P3 numunesinde
0.127x107 cm®*Nm, minimum piiriizliiliik degisimi P12 numunesinde %25.93 meydana gelmistir.
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Investigation of the Use of Pumice Stone as Automotive Friction Material

ABSTRACT: Pumice stone is a spongy, porous and volcanic rock formed as a result of volcanic
events. The ratio of SiO- in the content of pumice gives the rock abrasiveness, and the composition
of Al>Os3 provides high resistance to fire and heat. Although pumice stone is widely used in the
construction sector, it is also used in industrial areas such as the agriculture sector, the chemical
sector, the textile sector and the abrasive industry. In this study, brake lining samples were produced
from pumice stone and alumina, brass powder, cashew, resin, steel fiber, graphite, barite materials at
different mixing ratios to be used for brake linings in the automotive industry. The wear rate and
friction coefficients of the produced lining samples were measured in the brake lining tester. Before
and after the experiment, disc roughness and specific weights of the pads were measured with a
roughness tester. According to the values obtained, the highest average friction coefficient was 0.37
in the P12 sample, the minimum wear value was 0.127x10” cm®*/Nm in the P3 sample, and the
minimum roughness change was 25.93% in the P12 sample.

Keywords: Brake Pad, Friction Coefficient, Pumice Stone, Tribology, Wear

1. GIRIS

Diinyada ve Ulkemizde son yillarda artan niifus sayisina bagl olarak tasit sayilar1 da hizla
artmaktadir. Kasim 2022 itibariyle Tiirkiye’deki trafige kayith toplam tasit sayis1 26 milyon 349 bin
156 adettir (TUIK, 2022). Tasitlarin hareket esnasindaki kinetik enerjilerini absorbe ederek tasiti
yavaglatma veya durdurma gorevi géren emniyet sistemlerinden birisi de fren sistemleridir. Fren
pedalina her basildiginda yiiksek 1siya maruz kalan fren balatalar1 asir1 siirtiinmeden dolayi belirli bir
zamana kadar ¢aligmakta, fren balatasinin dmrii siiriis tarzina ve balatanin malzemesine bagl olarak
farklilik gosterse de genellikle 40-50 bin km civarlarinda degistirilmesi gerekmektedir (Toyota,
2022). Firmalar ve arastirmacilar daha Xkaliteli ve ekonomik fren balatalar1 {iretmek igin
caligmaktadirlar.

Fren balatalarindan genel olarak sicaklik, frenleme basinci ve hizdan bagimsiz bir siirtiinme
katsayis1 degeri saglamasi, siirtiinme katsayis1 degisiminin az olmasi, asinma direng degerinin yiiksek
olmasi, kampana ya da disk ylizeyini az asindirmasi, sicaklik degisimlerine kars1 dayanikli olmasi,
ayn1 zamanda saglia zararli maddeler i¢cermemesi beklenmektedir (Aras, 2019). Fren balata
kompozitleri, baglayict malzemeler, takviye elemanlari, yaglayicilar, siirtiinme diizenleyiciler ve
dolgu malzemelerini iceren cok bilesenli kompozitlerdir (Sugdzii ve Sugodzii, 2020). Fren
balatalarinda asbest kullanimi1 frenleme agisindan uygun olmasina ragmen kansorejen etkiye sahip
oldugu i¢in yasaklanmistir. Asbest yerine son yillarda alternatif malzeme kullanimi i¢in ¢aligmalar
artmistir. Tasit cinsine gore balata icerigi degismekte olup ticari fren balatasi {ireten firmalar balata
regetelerini gizli tutmaktadirlar. Yapilan ¢alismalar incelendiginde 6rnegin baglayici olarak fenolik
recine (Binda ve ark., 2020), takviye edici elyaflar (Singh ve ark., 2020), yaglayici1 grafit (Ahlawat
ve ark., 2019), siirtlinme diizenleyici aliimina (Pujari ve Srikiran, 2019) piring tozu (Jeganmohan ve
Sugozii, 2019), dolgu maddesi barit (Che ve ark., 2020), ugucu kiil (Ahlawat ve ark., 2019)
kullanilmaktadir.

Timur ve Kilig, balata 6zelliklerini iyilestirmek amaciyla balata bilesiminde mermer atiklarinin
tozunu kullanmiglardir. Mermer tozunun frenleme performansinda olumlu sonuglar verdigi
gozlemlenmis ayrica mermer atiklarinin degerlendirilmesi iiretim maliyetinin azaltilmasi agisindan
onemli oldugunu belirtilmislerdir (Timur ve Kilig, 2013).
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Yavuz ve Bayrakgeken, otomobiller i¢in huntit minerali esasli kompozit fren balatalari
iretmisler, fren balatasi standartlarina ve literatiirde yapilan ¢aligmalara benzer performans
sergiledigini ifade etmislerdir (Yavuz ve Bayrakceken, 2022).

Akincioglu, findik kabugu, ceviz kabugu, bor oksit, boraks ve wollastonite tozu kullanarak
organik, sagliga ve cevreye zararsiz fren balatalar1 tiretmistir. Farkli kompozisyonlar denenerek en
ideal karisim elde edilmek istenmistir. Asinma siirtiine testleri i¢cin Pin-on-disk, Chase tipi ve 6zel
tasarim cihazlar kullanmistir. Cihazlardan elde edilen siirtiinme katsayis1 degerleri biitiin numuneler
icin 0,30-0,55 p arasinda oldugunu ve test sonuglarinin standartlara uygun oldugunu belirtmistir
(Akincioglu, 2018).

Kchaou ve arkadaslar1 agirlikga %5, 10 ve 15 miscanthus lifi kullanarak yeni siirtlinme
malzemelerini gelistirmiglerdir. Siirtinme malzemelerini, uluslararasi standarda gore fiziksel,
mekanik ve mikroyapisal 6zellikleri acisindan test etmisler ve sonuglar, diger dogal liflerle ayni
egilimle faydali oldugunu ortaya koymuslardir. Bu nedenle, bu dogal bilesenin fren siirtiinme
malzemesinin gelistirilmesinde faydali oldugunu kanitlamislardir (Kchaou ve ark., 2021).

Tiirkiye de Maden ve Petrol Isleri Genel Miidiirliigiiniin (MAPEG) 2020 verilere gére; toplam
2,2 milyar ton pomza rezervimiz mevcut olup, 2021 pomza iiretimi yaklagik 8.7 milyon ton
civarmdadir (MAPEG, 2022). Ulkemizde bulunan kaynaklardan balata iiretiminin
gercgeklestirilmesiyle, balatalarin maliyeti azaltilacak ayrica pomza atiklarinin da degerlendirilmesi
saglanmig olacaktir. Pomza insaat sektoriinde, endiistriyel alanlarda (Anonim, 2022) tekstil, ziraat ve
kimya (Anonim, 2015) alanlarinda kullaniminin yani sira otomotiv sektoriinde fren balatalarinda
stirtiinme diizenleyici olarak da kullanilabilmektedir.

Bu calismada literatiirdeki ¢alismalardan farkli olarak balata kompoziti icerisinde siirtiinme
diizenleyici olarak agirlikga %3, %6, %9 ve %12 oranlarinda pomza tozu kullanilmistir. Uretilen
balata kompozitlerinin yogunluk, sertlik, asinma orani, siirtiinme katsayisi, sicaklik ve disk
plirtizliliigii deneysel olarak incelenmistir.

2. MATERYAL VE YONTEM

Kompozit yapida olan fren balatalari toz metaliirjisi tiretim yontemleri ile iretilmektedirler.
Fren balatalarinin istenilen 6zellikte performans sergilemeleri igin farkli 6zellikteki malzemelerin bir
arada kullanilmasi ve bu malzemelerin dogru se¢imi 6nemli olmakla birlikte kompozit yapiya uygun
malzemelerden fren balatalar: tiretilmesi gerekmektedir.

Yapilan ¢alismada fren balatas1 kompozitlerini olusturan celik elyaf, fenolik re¢ine, barit, grafit,
piring tozu, cashew maddeleri sabit oranlarda, aliimina ve pomza ise farkli oranlarda kullanilmistir.
Numune igerigi ve karisim oranlar1 agirlikca % olarak Cizelge 1°de verilmistir.

0.001g hassas terazi ile 6lgiilen kiitlece farkli oranlardaki balata tozlari daha sonra homojen
olarak karisabilmesi i¢in kinetik karistirict da 60 d/dk’ da 15 dakika karistirilmiglardir. Karigimi
yapilan tozlar 6 gozlii 25mm ¢apindaki kaliba konularak hidrolik pres ile 15 MPa basing altinda 150
°C sicaklikta 15 dakika preslenmistir. Kalip igin Yiizey sertligi ve malzemesi toz metaliirjisi tiretim
yontemine uygun olan 62 HRC genel imalat ¢eligi secilmistir. 40 tona kadar hidrolik presle
calisabilecek 6zellikte, kalibin i¢ kismindaki sicakligin anlik 6lgiilebildigi termokupl sicaklik sensorii
bulunmaktadir. Ayrica seramik rezistans ile sicakligin 0-400 °C arasinda kontrol edilebildigi elektrik
baglanti elemanlarini icermektedir.
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Cizelge 1. Numune igerigi ve karisim oranlar1 *

Ozellik Malzeme P3 P6 P9 P12

Pomza 3 6 9 12
Siirtiinme Aliimina 12 9 6
diizenleyici o

Piring tozu 5 5

Cashew 5 5
Baglayic1 Regine 15 15 15 15
Takviye edici  Celik elyaf 15 15 15 15
Yaglayic Grafit 5 5 5 5
Dolgu Barit 40 40 40 40

Toplam 100 100 100 100

* Agirlikea yiizdesel (%)

Presleme islemi sonrasi kaliptan c¢ikartilan numuneler, reginenin tamamen kiirlenmesi,
homojenligin tam olarak saglanmasi, iiretimde ortaya cikabilecek 1sil hatalari minimuma indirmek
icin 1s1l islem firininda 170 °C sicaklikta 5 saat siireyle kiirleme islemine tabi tutulmustur. Uretim
sonrasinda numunelerin 6zgiil agirlik karakterizasyonu JIS-D-4418 standardi kullanilarak Argimet
prensibine gore calisan bir aparatla dl¢iilmektedir. (Kchaou ve ark., 2021).

Pomza tozu agirlikg¢a %3, %6, %9 ve %12 oranlarinda kullanilarak 4 farkli oranda kompozit
fren balatast numunesi tretilmistir. (Sekil 1.) Numune bilesimleri igeriginde bulunan pomza
miktarina gore P3’den P12’ye kadar isimlendirilmistir. P harfinin sonundaki oran bilesim igerisinde
ne kadar oranda pomza oldugunu belirtmektedir.

o4

Hassas Tartim Karnigtirma

!

Sicak Kaliplama Kiirleme

r—.

Sekil 1. Numune iiretim basamaklari
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Sekil 2. Kinetik tip karistirici

Toz numuneler Sekil 2°de gosterilen kinetik tip toz karistiricinin karigtirma haznesine
konulduktan sonra istenilen yonde, 50 d/dk ile 150 d/dk araligindaki degisen devirlerde ve cihaz
tizerinde bulunan zaman rélesi ile istenilen siirede karistirilabilmektedir.

Pnomatik
Silindir
Balata
Numuneleri
Infrared Termometre
If".‘c’ Yik Hiicreleri
Unite
Sogutucu Fren Diski
Fan
Start-stop
Diigmeleri
Pndmatic -
regiilator Acil stop
Pako Salter
Manometre 220 V Priz Ekran USB
veri
Cikist
(@) (b)

Sekil 3. (a) Fren balata test cihazi (Yavuz ve Bayrakgeken, 2022) (b) Balata numunesi baglanti kismi

Bu calismada kullanilan fren balata test cihazi Sekil 3’de gosterilmistir. 11kW elektrik
motoruna, sicakligin 50 °C ile 400 °C derece arasinda sabit degerde kontrol edilebilmesini saglayacak
tiniteye ve PLC kontrol sistemine sahip fren balata test cihazinda motor hizi cihaz ekranindan
istenilen hiza ayarlanabilmekte, pnomatik yiikleme yapilabilen cihazda anlik olarak balatalarin
iizerindeki yiik degeri, siirtiinme kuvveti degeri ve infrared termometre sayesinde es zamanli olarak
sicaklik degerleri goriilebilmektedir. Test siiresince sicaklik, yiik ve siirtinme kuvveti degerleri kayit
altina alinmaktadir. Fren balata test cihazinda kiitlece farkli oranlardaki P3-P6-P9-P12 numunelerinin
siirtinme katsayisi, kiitle metoduyla asinma orani degerleri ve sicaklik dlgtimleri TS 555 (2019)
standardina gore deneysel olarak incelenmistir.
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3. BULGULAR VE TARTISMA

Sekil 4’te yogunluk lciim degerleri verilmistir. Yogunluk P3 numunesinde 2.652 g/cm?® P12
numunesinde 2.580 g/cm? olarak &lgiilmiistiir. Minimum yogunluk degeri maksimum yogunluk
degerlerinden %3 daha azdir. Fren balatasi kompoziti icerisindeki pomza miktar: arttikca, yogunluk
azalmistir. Pomza yogunlugu 2 g/cm?®, aliimina yogunlugu 3.95 g/cm® diir. Pomza yogunluk
degerinin aliimina yogunluk degerinden daha az olmasindan, numunelerin yogunluk degerlerinin
azalmis olabilecegi degerlendirilmistir. Matematiksel olarak Esitlik 1’ e gére asinma orani ile
yogunluk ters orantilidir. Numunelerde pomza miktari arttikga yogunluk azalmis, asinma orani artig
gostermistir.

AG

Wo =504 (1)

W, Asinma oranini [cm®/Nm],
AG: Agirlik kaybini [g],
S: Kayma mesafesini [m],

M: Yiikleme agirligini [N],
D: Asiman malzemenin yogunlugunu [g/cm?®] gostermektedir.

2,660
2,640
€ 2,620
S~
20
~ 2,600
E
oy
& 2,580
o
>
2,540
P3 P6 P9 P12

Numune kodu

Sekil 4. Numune yogunluk degerleri

Fren balatalar1 sertlik degerleri 6lgtimiinde farkli birgok cihaz kullanilmaktadir. Kullanilan
yontemlerden biri de Shore D cihazi ile dlgiimlerin yapilmasidir (Akincioglu ve ark., 2021). Sertlik
olgimii ASTM D2240 (2021) standardinda cam, elyaf, kauguk, plastik, recine vb. sert malzemelerin
sertlik ol¢timiinde kullanilan Shore D durometre sertlik 6l¢iim cihazinda gergeklestirilmistir (Sekil
5.) Dijital sertlik 6l¢iim cihazi 0-100 HD arahiginda 6l¢iim yapabilen, 0.5 HD hassasiyette, 0.1 mm
capinda igneye sahiptir. Asinmis yiizeye sahip her numune igin ti¢ farkli numuneden, bes farkl: 6l¢iim
noktasindan alinan degerlerin ortalamasi hesaplanmistir.
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Sekil 5. Shore D sertlik cihazi

Tiam numuneler igin Shore D sertlik 6lgtim sonuglart Sekil 6’da verilmistir. Sertlik degerleri
her numune kodu igin 5 farkli bolgeden ve 3 ayri numuneden elde edilen sonuglarin ortalamasi
alinarak belirlenmistir. Degerler birbirine yakin olmakla birlikte en yiiksek sertlik degeri ile en diigiik
sertlik degeri arasinda 0.8 Shore D kadar fark gorilmistir. Maksimum sertlik P12 numunesinde
olgiiliirken, minimum sertlik P3 numunesinde elde edilmistir. Numunelerin standart sapmasi 0.08
olarak hesaplanmistir. Fren balatasi igerisindeki Pomza miktarinin artisi ile sertlik degerlerinde artisin
meydana geldigi diistiniilebilir. Yiiksek sertlik bagdaki artistan kaynaklanmaktadir (Stadler ve ark.,
2007). Balatanin sertliginin artmasi aginma direncinin de artmasina sebep olmaktadir (Ademoh ve
Olabisi, 2015). Uretilen fren balatalarinin sertlik degerlerini fren balatalarmin kompozisyonlar ve
oranlari, liretim yontemleri gibi birgok etmen etkilemektedir (Maleque ve ark., 2012).

97
96,8
96,6

O 96,4
£ 96,2
9%

95,8
95,6
95,4
95,2

95

P3 P6 P9 P12

Numune kodu

Sertlik (Shor

Sekil 6. Shore D sertlik 6l¢tim sonuglart
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Disk piirazlilik testleri igin Time TR220 test cihazi kullaniimistir (Sekil 7).

Sekil 7. Piiriizliilik test cihazi

Disk yiizeyinde olusan Ra piiriizliliik degerleri, 6 m/s disk hizinda deney 6ncesi ve bir saatlik
calismadaki deney sonrasinda Sekil 8’de gosterilen disk tizerinde ti¢ farkli 6lgiim noktasindan
dlciilmiistiir. Olgiimler 40 um &Sl¢iim araliginda ve 2.5 mm dl¢iim uzunlugunda gergeklestirilmistir.
Olgiim sonuglarina gore deney dncesi ve deney sonrasindaki ii¢ 6l¢iim noktasindan alinan ortalama
disk pirizlilik degerleri karsilagtirilmastir.

;r

iE

Sekil 8. Disk piiriizliligii 6l¢im noktalar:

Disk piiriizliiliik degerleri deney 6ncesi ve sonrasi olmak iizere diskin 120’ser derecedeki sabit
noktalarindan Ra (Sekil 9) degerleri olciilmiistiir. Ug olgiimiin ortalamas: alinarak degerler
hesaplanmistir. Deney 6ncesi ve deney sonrasinda dlgiilen disk piriizliliikleri arasindaki yiizdesel
degisimin dikkate alinmasiyla sonuglarin yorumlanmasinda dogru sonuca gidilebilir. Ra degerleri
icin % olarak en kiigiik fark %25.93 P12 numunesinde, en yiiksek fark %27.79 olarak P3
numunesinde ol¢iilmistiir. Numunelerde yiizey piiriizliligii yiiksek olan malzemelerin aginma
direnci daha diisiik olmaktadir (Sugozii, 2016).
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Sekil 10. Asinma orani degerleri

Sekil 10’da tim numuneler i¢in asinma oran: degerleri gosterilmistir. Yapilan deneylerde
ortalama sicaklik degeri 150 °C civarinda olup, TS555 (2019) standardin da 150 °C igin aginma orani
degeri en fazla 0.7x10” cm3/Nm olmas: gerekmektedir.
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Sekil 11. P3 kayma mesafesine bagl siirtiinme katsayisi ve sicaklik grafigi
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Tim numuneler igin asinma orant degerleri bu degerin altindadir. Numune igerigindeki pomza
miktart ve sertlik degerleri arttikca asinma oran: degerleri artmigtir. Minimum aginma orani P3
numunesinde 0.127x10”7 cm3/Nm, maksimum asinma orani ise P12 numunesinde 0.328x10~ cm3/Nm
olgtlmiistiir.

Fren balata test cihazinda tiim numunelerin siirtinme Kkatsayisi igin olusturulan grafiklerde ¢
deney sonucunun ortalama degerleri grafik haline getirilmistir. Sekil 11°de agirlik¢a %3 pomza igeren
P3 kodlu fren balata numunesinin 30 dakika kayma mesafesindeki sicaklik ile siirtinme katsayisi
degerlerini gostermektedir. Temas yiizeyinde maksimum sicaklik 151.7 °C, siirtiinme katsayisi
ortalama 0.36, siirtiinme katsayis kararlilig: ise %67.38'dir.

P6
06
Zos 400
% 0,4 300 &
2 ~
503 200 =
(0] 0’2 - a» a» ap GO S G» @S @O D @ o> e S
Eo1 _,-”
S (4
£ 0 0
a 0 2000 4000 6000 8000 10000

Kayma mesafesi (m)

e S(irtinme katsayisi = = = Sicaklik

Sekil 12. P6 kayma mesafesine bagl: siirtiinme katsayis: ve sicaklik grafigi

Sekil 12 agirlikga %6 pomza igeren P6 kodlu fren balata numunesinin 30 dakika kayma
mesafesindeki sicaklik ile sirtinme katsayisi degerlerini gostermektedir. Temas yiizeyinde
maksimum sicaklik 137.1 °C, siirtiinme katsayisi1 ortalama 0.36, siirtiinme katsayis1 kararlilig: ise
%65.45'dir. Grafikler incelendiginde siirtiinme katsayisinda az miktarda olsa da inisli ¢ikigh stirekli
bir degisim goriilmektedir. Anderson yaptig1 ¢alismada siirtiinme siiresince disk yiizeyindeki temas
bolgelerinin i¢ine dogru 1sinin periyodik olarak siirekli degismesinden kaynaklandigini belirtmistir
(Anderson, 1992).
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Sekil 13. P9 kayma mesafesine bagl siirtiinme katsayisi ve sicaklik grafigi
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Sekil 13 agirlikga %9 pomza igeren P9 kodlu fren balata numunesinin 30 dakika kayma
mesafesindeki sicaklik ile siirtinme katsayisi degerlerini gostermektedir. Temas yiizeyinde
maksimum sicaklik 134.7 °C, siirtinme katsayisi ortalama 0.35, siirtinme Kkatsayisi kararliligi ise
%68.62'dir.
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Sekil 14. P12 kayma mesafesine bagl siirtiinme katsayisi ve sicakhik grafigi

Sekil 14 agirlik¢a %12 pomza iceren P12 kodlu fren balata numunesinin 30 dakika kayma
mesafesindeki sicaklik ile siirtinme katsayisi degerlerini gostermektedir. Temas yiizeyinde
maksimum sicakhik 127.3 °C, siirtinme katsayisi ortalama 0.37, siirtinme Kkatsayisi kararlilig1 ise
%77.87'dir.
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Sekil 15. P12 kayma mesafesine bagl siirtiinme katsayisi ve sicakhik grafigi

Sekil 15°de P3-P6-P9-P12 numunelerinin kayma mesafesine bagli siirtlinme katsayis1 grafigi
verilmigtir. Siirtinme katsayis1 egrilerinde siirtinme katsayis1 degerinin siirekli  degistigi
goriilmektedir. Siirtlinme katsayis1 grafiklerinde degerlerin siirekli degismesi, adhezif asinmadan
dolay1 kopan parcaciklarin meydana getirdigi yapisma ve tekrar kopma ile temas yiizeylerinin artmasi
ya da azalmasindan kaynaklanabilir (Stachowiak ve Batchelor, 2014).
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4. SONUC

Maden Tetkik Arama Genel Miidiirliigi raporlarinda farkli sektorlerde kullanildig: belirtilen,
pomza kullaniminin, fren balatalar {izerindeki etkisi incelenmistir. Ulkemizde bulunan kaynaklardan
balata iiretiminin gergeklestirilmesiyle, balatalarin maliyeti azalabilecektir. Pomza taginin endiistri de
bir¢ok alanda kullanilmasinin yani sira fren balata kompoziti olarak kullanilabilirliginin arastirilmasi
amaciyla deneysel caligmalar gerceklestirilmistir.

e Yogunluk degerleri 2.580-2.652 g/cm? degerleri arasinda ¢ikmustir ve literatiirde yapilan
caligmalara benzerlik gostermistir. Yogunlugun artmasi ile asinma orani ters oranti
gostermektedir. Numunelerde presleme basinci da yogunlugu etkilemektedir. (Sugdzii, 2016).

e Siirtlinme katsayisi ortalama degerleri dikkate alindi. Ortalama siirtiinme katsayist degeri en
fazla P12 kodlu numunede elde edildi. Sertligi yiiksek olan malzemelerin balata icerisinde yer
almasi slirtiinme testi esnasinda balata yiizeyinde siirtiinme tabakasi olusturmakta ve
balatalarin siirtinme katsayisint arttirmaktadir. Tiim numunelerin siirtliinme katsayisi
degerleri standart sinirlari igerisinde oldugu goriilmiistiir.

e Asinma orani degerlerinde minimum asinma orani istenilmektedir. Minimum aginma orani
P3 kodlu numunede 6l¢iildii ve tiim balata numuneleri fren balatas: standartlari i¢erisinde
¢ikmustir. Fren balatalar1 igin siirtinme katsayisi degerlerinin yiikksek olmasi aginma orani
degerlerinin ise minimum olmasi istenilmekte dolayis: ile gelistirilen fren balatalarinin bu
ozelliklere uygun olmasi gerekmektedir (Akagiindiiz ve ark., 2014).

e Disk piiriizliliigli diskin kullanim 6mri i¢in 6nemli bir degerlendirme olup, en fazla disk
plirtizliiliik degisimi P3 numunesinde %27.79 olarak 6l¢ililmiistiir. Genel olarak bakildiginda
disk piirtizliiliik degerlerinde degisim ¢ok azdir.

e Deney sirasinda disk yiizeyindeki sicaklik artisi en fazla P3 numunesinde 151.7 °C olarak
Ol¢iilmiistiir. Pomza miktar1 attikca maksimum disk sicakliginin azaldigi goriilmiistiir. Fren
balatalarindan istenen en 6nemli 6zelliklerden biri frenleme esnasinda siirtiinmeden dolay1
aciga cikan ara yiizey sicakligindaki artisa bagl olarak siirtiinme katsayisindaki degisimin
minimum seviyede olmasidir (Persson, 1994; Tabor, 1996).

Genel olarak, siirtinme katsayis1 ve asimnma orani degerleri incelendiginde tiretimi yapilan
numunelerde fren balatasi standartlarina uygun oldugu belirlenmistir (TS555, 2019). Bu ¢alismada
pomza tagindan iiretimi yapilan tiim karigim oranlart i¢in fren balatalarinda kullanilabilir oldugu
gozlemlenmistir. Ticari amagh olarak diinya ¢apinda otomobillerin yani sira kamyon, ¢ekici, golf
araci ve yaris otomobilleri gibi araclarda kullanilabilecektir.
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6. CIKAR CATISMASI
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ortak ¢ikar bulunmadigini onaylamaktadirlar.
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solution time is long. Meanwhile in SPH method, the interaction of the air and blast shock cannot be
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geometries.
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Table 1. Nomenclature and abbreviations

Term Definition Units
CONWEP Conventional Weapons Program
SPH Smooth Particle Hydrodynamics
ALE Arbitrary Lagrangian Eulerian
MM-ALE Multimaterial Ale
LBE Load Blast Enhanced
TNT Trinitrotoluene
UFC-3-340-02 Structures To Resist The Effects Of Accidental Explosions
Po Ambient Pressure
Psomax Peak Overpressure kPa
td Positive Phase Duration S
S0 Incoming Pressure Values subscript
Dso.min A Negative Shock Front With A Peak Amplitude kPa
td Negative Phase Duration
Z Scaled Distance m/kg'/3.
p,-(t) Static pressure at any time for Friedlander Equation kPa
qo Dynamic Pressure kPa
Cy,C,,C5,C,, Cs, Co Constants for ideal gases
p and p, Current and reference state densities for air kg/m?
p Function of, the internal energy of air ]
y Specific heat ratio
E Specific internal energy k] /kg
D Detonation velocity m/s
PCJ Chapman-Jouguet pressure kPa
A B Linear coefficients
R1,R2 and ® Nonlinear coefficients
The volume of detonation products / volumes of undetonated High
V =v/v, .
Explosive
P Pressure kPa
E Detonation energy per unit volume of the high explosive ]

1. INTRODUCTION

Air blast loadings should be taken into account at the design stage to minimize the damage to
structures, people, or vehicles in case of terrorist attacks, defence needs of countries, or explosion-
related accidents. Briefly; an explosion is an event that usually occurs with a sudden increase in
temperature and gas release, causing rapid volume expand and the release of extremely high energy,
accompanied by a very loud sound. From the centre of the explosive, the air creates a pressure
increase. This pressure change causes a pressure distribution called shock wave. In order to
investigate and model the effects of the blast loads on the structures, it is necessary to estimate the
shock wave parameters according to the explosive type, amount and the environment in which the
explosive is located. Experimental estimation of the blast load is costly and requires long processes.
Numerical calculation methods are promising and frequently used calculation methods in modelling
blast loads and structures exposed to blast loads.

Numerous studies have been conducted on the numerical calculation of the free air blast and
the comparison of various methodologies. In a study by Zakrisson et al., numerical and experimental

studies were carried out on two different scenarios. The first of these scenarios is the research in
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which a cylindrical NSP 71 explosive is detonated in a steel pot and the other is the study in which a
cylindrical NSP 71 explosive is detonated in free air. Zakrisson et al. modelled the test systems with
the empirical explosion loading method, also known as CONWEP, and the ALE Multimaterial group.
Apart from the two-dimensional modelling, they were also solved in 3D using the mapping method
with Cartesian mesh. Simulation and experimental results were compared in terms of impulse and
deflection on the target plate. According to the results of the research, the plate displacement was
estimated with a deviation of 9.4-11.1%, and the deviation in the total impulse was calculated as only
1.0-1.6% in the solution calculated using the ALE method (Zakrisson et al., 2011). Another research
conducted by Tabatabaei and Volz compared the LBE, MM-ALE, coupled MM-ALE with LBE
methods, in which a 36 kg TNT explosive was placed at a standoff distance of 168 cm from the target
concrete panel (Tabatabaei and Volz, 2012). The Cartesian mesh was applied in all numerical models,
and no mesh sensitivity analysis was performed in this study. The results of the two sensors measuring
the reflected pressure and the free air pressure were compared in terms of peak pressure values and
solution times. It was observed that in coupled method results at the sensor, for which the free air
pressure was calculated, largely overlapped with the test results, while the results of the reflected
pressure calculation were found to be below the test results in all methods. Fichera et al. worked on
the numerical modelling of explosions caused by landmines in the sand at different depths (Fichera,
and Scapin, 2013). The pressure peak values formed at different altitudes in the air as a result of the
explosion of 100 gr C4 explosive in a steel tube and sand environment simulated by the ALE method
were compared with the experimental data. The other test system is the comparison of the pressures
on the target plate in the air environment as a result of the explosion of 250 gr pentolite explosive
underground in the sand. All cases in this research by Fichera et al. were simulations of blasts at
different depths in a sand environment (Fichera and Scapin, 2013).

Trajkovski et al. performed a series of free air blast numerical simulations to investigate the
effects of mesh size and bias parameters on the incident and reflected pressure values using the MM-
ALE method (Trajkovskiet al., 2014). They also examined the effects of varying the standoff distance
of the target from the explosive on the reflected pressure. Accordingly, reflected pressure parameters
are negatively affected at distances less than 4 times the explosive diameter. Besides, they concluded
that at least 10 elements are required across the explosive radius. Han and Liu, unlike the others, used
the coupled MM-ALE method and compared the changes of incident pressures according to the scaled
distance values in UFC 3-340-02 guideline with numerical results. It was concluded that the coupled
MM-ALE method is useful in cases where the scaled distance is above 0.4, the problems that may
arise from large air elements can be compensated by increasing the air density up to a certain rate,
and larger air elements can be used in simulations where the scaled distance is relatively large (Han
and Liu, 2015). Flis and Dobrocinski, simulated hemispherical detonation waves on 1 kg of TNT
detonated on a 1m x 1m steel plate on the ground plane with the numerical methods CONWEP, MM-
ALE and SPH and concluded that the MMALE method is the only method that gives approximate
results in contact explosions (Flis and Dobrocinski, 2015). They observed that the CONWEP method
could not generate detonation waves in the correct form in explosions that were closer than three
times the charge radius and when the scaled distance was about 1 m/kgi. Rebelo and Cismasiu
modeled the free air blast on a 2.17m x 2.6 m steel plate from a standoff distance of 3 m with 8 kg
TNT, using the numerical methods CONWEP, MM-ALE and combined MM-ALE by modelling in
2D and 3D (Rebelo and Cismasiu, 2017). The pressures of 10 different points, two on the lower
surface of the part, two on the upper surface, and six in the explosive direction at different distances,
were compared with the test results. They concluded that the pressures on the bottom surface of the
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plate could not be obtained due to the lack of shading and focusing properties of the CONWEP
method. In addition, it follows that the use of the 2D to 3D mapping method shortened the solution
time considerably and the resolution precision was not impaired.

Different studies such as Erdik and Ugar’s study also compared blast loading techniques by
referencing Tabatatei and Volz's (2012) test design and findings (Erdik and Ugar, 2018). In terms of
incident pressure and reflected peak pressure, the pressure waves created by the explosion of 34 kg
of TNT over 1675 mm of a 1830x1830x165 mm steel plate were measured and estimated. In Erdik
and Ugar’s study, the hybrid technique was found to be effective when measured in terms of total
solution time and accuracy when compared to CONWEP, ALE, and combined MM-ALE methods
(Erdik and Ugar, 2018). Brief information regarding recent studies using numerical approaches to
evaluate and calculate blast loads was provided. This study differs from previous studies in that it
compares four alternative methodologies on the same experimental system and identifies crucial
parameters for spherical free-air blast modelling. When the amount of explosive material detonates,
it creates dense, high-pressure gases. The air surrounding the explosive is forced out from the centre
of the explosion and compressed as a result of the explosion at supersonic speed. Because, the air is
a compressible fluid, the pressure and density increase with a shock front up to a certain distance
from the centre of the explosion and then return to the atmospheric conditions (Baker, 1974).

The blast wave is described by a rapid increase in air pressure from the ambient (p,) to the point
of peak overpressure (ps, max) at a certain distance from the explosive. The pressure returns to
ambient pressure in time (td) known as the positive phase duration. The subscript "so" indicates
incoming pressure values, that is, the pressure value measured by a pressure transducer just behind
the shock front or parallel to the propagation of the shock front. Overpressure term is the pressure
increased above normal atmospheric pressure which is inflicted by the blast wave (Rigby, 2014).
After the positive phase, the negative phase period occurs due to the excessive expansion of the air.
In the negative phase, a negative shock front with a peak amplitude pg, min Occurs during td below

atmospheric pressure. At the end of the td period, the pressure returns to ambient pressure. An ideal
free air blast pressure-time graph can be found in previous literature (Rigby, 2014), and is obtained
by the time-dependent integration of the pressure change, that is, the area under the pulse pressure
time curve. When a blast wave strikes a rigid surface, mass, momentum, and energy are conserved at
the interface. As a result, the pressure, temperature, and density of the blast wave rise above their
initial values. The reflected pressure is the overpressure at a rigid surface, and its values are shown
by the subscript “r”. It is assumed that the detonation effect varies within a certain rule with the mass
of the explosive and the distance of the detonator from the target. The concept of scaled distance or
cube root similarity rule was proposed at separate times and independently by Cranz and Hopkinson
(Cranz, 1926), (Hopkinson, 1915); It reveals that there is a similarity between pressure, duration and
impacts for explosives of different masses and explosives at certain distances from the target as
described in a previous study (Rigby, 2014). For example, an explosion with mass W and distance R
has similar explosion pressures at a distance KR with mass K3W. The unit of scaled distance
expressed as Z will be m / kg'/3.

R
Z=—0 (1)

When the explosive diameter and the distance of the explosive to the target are K times; the
explosive mass would be K3 times. In this case, the scaled distance Z does not change. However, ta,
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which is the time to reach the maximum pressure, and td, which is the time to fall from the maximum
pressure to the ambient pressure, increase with K times. Therefore, the impulse also changes at the
same rate linearly. The relationship between the coefficient K, ta, i and td is linear. According to
UFC-3-340-02 guideline published by The United States Department of Defense “Structures to Resist
the Effects of Accidental Explosions, 2008 (formerly known as TM-5 1300) for empirical estimation
of blast load; where the scaled distance is the same, the maximum pressure and the reflected pressure
are considered the same.

With regards to previous literature studies, the current study aims to determine the incident and
reflected pressure values on the target as a result of blast waves in spherical waveforms of explosive
charge. Comparisons of experimental data with the outcomes of numerical calculations were also
taken into consideration in several investigations. This study's major goal is to compare the
experimental findings from the same scenario with all of the numerical approaches that have been
discussed in the literature for spherical free-air blast calculations. Numerical calculations and
modelling carried out with using LS-DYNA commercial software with version of V.4.5.24.

2. MATERIALS AND METHODS

An explosion in free air can simply be expressed as a shock wave propagating outward from
the centre of the explosive in a spherical form. Shock wave parameters can be obtained analytically
by solving the conservation equations of momentum, mass, and energy on the explosive side and the
free air side. Although the empirical method gives very fast and predictive results, numerical methods
have been developed for situations involving complex structures and explosives. Euler elements are
used for modelling compressible fluids such as air, and Lagrange-type elements in which the material
moves with the nodes are used for target structures. Although the explosion event is modelled very
precisely with these numerical methods, many parameters are needed. All these parameters are
explained below. On the other hand, detailed information about test setup is given.

2.1 CONWEP (LBE) Method

The CONWEP method implemented in LS-DYNA is based on the empirical blast loading
function based on TNT data from Kingery and Bulmash and the study of Randers-Pehrson and
Bannister (Randers et al., 1997), (Zakrisson et al., 2011), (Kingery and Bulmash, 1984). This blast
load, modelled with the *LOAD_BLAST_ENHANCED (LBE) calculation model in LS-DYNA,
serves to simulate an explosion in a Lagrange structure without the need to model any Euler domain.
Spherical or hemispherical blast loads can be simulated in the free-air blast environment. The load
acts on a surface consisting of a set of predefined segments, such as solid elements or shell elements.
The CONWEP method uses the Friedlander Equation (Eq.2) (Friedlander, 1946).

t\ —b=
pr(t) = Prmaks (1 - a) e ‘a (2)

Because high-order polynomial curve fitting is quite cumbersome, the estimation of shock wave
parameters for spherical and TNT explosives by scaled distance is expressed by a series of curves
which can be found in a previous study in the open literature (UFC 3-340-02, 2008). These curves
also form the basis of the CONWEP computer code, which calculates the explosion parameters using
the empirical method. It is also based on this work in the US Department of Defence (2008) Design
Guide UFC-3-340-02 (Hyde, 1991).
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For spherical TNT explosives, in cases where the explosive mass and the distance of the
explosive to the target are known, the maximum pressure reflected pressure, impulse and ta and td
graph on the graph in (UFC 3-340-02, 2008) correspond to the y value where the scaled distance
value on the x-axis cuts the relevant curve. But the impulses, td and ta also depend on the cube root
of the explosive mass. On the other hand, the pressure acting on the front side of the target could be
found by using the data on variation of peak dynamic pressure versus peak incident pressure (UFC
3-340-02, 2008). When correlating the P,, value attained from to the x-axis of variation of peak
dynamic pressure versus peak incident pressure, the dynamic pressure g, will be the point that
corresponds to the y-axis. Thus, the total pressure acting according to the drag coefficient of the target
surface can be calculated. In LS-DYNA application of this method, the crucial card is LOAD BLAST
ENHANCED which applies the LOS CONWEP pressure prediction to the surfaces in the model,
taking into account the explosive mass and standoff distance.

2.2 Smooth Particle Hydrodynamics (SPH) Method

The Smooth Particle Hydrodynamics (SPH) method is a technique that examines the change of
the particle over time, or in other words, follows the particle and uses Lagrangian equations in the
solution. In shock wave problems particle methods are not only in the approximate solution of
continuous fluid equations; states that it is a more fundamental approach than the continuity
equations, which includes molecular dynamics systems in its infrastructure, revealing the difficult
particle system equations. The SPH method can be used in solving hydrodynamic problems of field
variables, which are generally in the form of partial differential equations. For this, firstly, the
discretization of the domain of the problem, and then the field functions and the derivatives of these
functions, these partial differential equations are converted into ordinary differential equations that
depend only on time. Finally, these ordinary differential equations can be solved by any integration
method.

Particles are randomly dispersed throughout the field without interconnection. An integral
definition method (kernel approximation) is used to approximate the function valid in the domain.
After the kernel approach, another approach using particles is made and this is called "particle
approximation™. In this step, the function and derivative values of the particles distributed in the area
to be used in the definition of the integral are calculated by averaging the neighbourhoods of each
particle at a certain distance. The particle approach is iterated at each time step, and the function
values are updated at each step. The field variables functions, which are in the form of partial
differential equations, turn into ordinary differential equations after the particle approximation. After
this step, the solution of ordinary differential equations is done. One of the most important advantages
here is that the solution can be made with the "explicit" integration algorithm. That is, in each step,
the values obtained in the previous step are used to calculate the time variation of the field functions.
In SPH method, the explosive is defined with the material model HIGH EXPLOSIVE BURN, the
steel plate with the JOHNSON COOK material model, and the EOS of the explosive is defined with
the JWL (JONES WILKINGS LEE) card. The AUTOMATIC NODES TO SURFACE card is used
in modelling the contact between the particles and the steel plate surface. While the number of
particles used in the SPH method directly affects the convergence of the result, there are also some
important parameters. These;

SOFSCL,; Scale factor for constraint forces of soft constraint option

TSSFAC; Scale factor for the computed time step.

CSLH; Constant applied to the smoothing length of the particles.
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2.3 Arbitrary Lagrangian Eulerian (ALE) Method

Explosions involve high-pressure shock waves as well as liquid and gas flows. A Lagrangian
finite element mesh is not always possible in the explosive charge region. The time step per iteration
will be very small since the liquid-form elements around the explosive are severely deformed when
the Lagrangian mesh structure is applied, which significantly increases the computation time. Also,
there may be numerical approximation errors due to mesh distortions.

Frequently, fluid flow problems are determined using an Euler structure, but the need to
accurately monitor material mixing and material interfaces can become huge and computationally
takes a long time (Rigby, 2014). Also, Eulerian analysis usually requires a large number of elements
(Hallquist, 2006). The Lagrangian method is the approach in which solids are represented. With the
Lagrangian method, the nodes of the elements are connected to the material and do not separate from
each other, they move together. When the material is deformed, the mesh also deforms with the
material, but there is no mass transfer between the elements. Although the Lagrangian method is
efficient in terms of calculation time and the ease of application of boundary conditions, the most
common problem is the excessive deterioration of quality and the inability of analysis to converge at
high deformations. In ALE method, an arbitrary reference coordinate system is created in addition to
the Lagrange and Euler coordinate systems. With the following equation, the material derivative can
be arranged according to the reference coordinates (Messahel and Soulie, 2013).

Of(Xy) _ of(xi)

of (xy)
ac - o T Wi ax; (3)

In equation 3, X; is the Lagrangian coordinate, x; is the Euler coordinate, w; is the relative
velocity. When we denote the velocity of the material by v and the velocity of the mesh by u, the
relative velocity isw = v —u

Thus, the basic equations for the ALE formulation are given by the following conservation
equations:

Conservation of Mass;

ap _ av; ap
at ax; oW ax; (4)
Conservation of Momentum;
avi _ avi
PE—O'ij,j‘FPbi—PWia—xj ®)

In equations 4 and 5, gy ; is the stress tensor and is defined by, ¢ = —P.Id + . Here 7 is the

shear stress from the constitutive model and P is the pressure. For fluid and explosive gas, the pressure
is calculated by an equation of state.
Conservation of Energy;

OF OF
— = 03;V; j + pbiv; — pw; — 6
Poc = Ouvij + Pbivi — pwie (6)

In the Euler method, u = 0 is taken since the net does not move. Therefore, the relative velocity
w is equal to v, that is, the material velocity. In equation 6, pb;v; and pwj% are expressed as
]

advection terms. And it allows the material to move in the mesh (Messahel and Soulie, 2013). The
ALE method allows the element nodes to move independently and randomly, allowing the elements
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to deform without being warped even under high deformation so that the analysis converges and
reaches the solution while maintaining the high-quality mesh during the analysis. The ALE method
connects the mesh to the material as in the Lagrangian method but allows the mass transfer (the
material to flow through the mesh) as in the Euler method. The computational steps are divided into
the Lagrangian phase and the advection phase. The mesh structure can be advected to the original
shape or a more advantageous shape. Or it may not be advected at all.

The *MAT_NULL material card with a combination of *LINEAR_POLYNOMIAL Equation
of State card is used for modelling the ambient air. The pressure p is expressed as a function of, the
internal energy of air, and u=p /p, — 1, where p and p, are the current and reference state
densities, relatively (Rebelo and Cismasiu, 2017).

p = Co+ Cipt + Cou® + C3p® + (Cy + Cspt + Cop®)E (7

Inequation 7, Cy, C,, C5, C4, Cs, Cg are constants and for ideal gases, C; = C, = C3 = C, = Cs =
Ce, = 0and C, = Cs = y — 1 and the equation is reduced to the ideal gas equation of state.

p= U —1Ep/po (8)

In Equation 8, y is the specific heat ratio and E is the specific internal energy. The specific heat
ratio is the ratio of the heat capacity at a constant temperature to the heat capacity at a constant
volume. For air,y = 1,4. The specific internal energy of E = 253,4 kJ/kg gives an atmospheric
pressure of 101,36 kPa (Rigby, 2014). While modeling the detonation process, the material model
of the explosive and also the EOS should be determined.LS-DYNA typically uses MAT HIGH
EXPLOSIVE BURN card, which requires the density of the explosive to be defined, p, detonation
velocity, D, and Chapman-Jouguet pressure (PCJ). In the EOS_JWL (Jones-Wilkins-Lee Equation of
state), which is empirical, used for high explosives, the volume, pressure, and energy relationship of
the explosive is defined as follows (Lee et al., 1968).

w _ w _ wE
p=A(1—Rl—V)e RiV 4 B(1—R2—V)e RV 4 28 9)

In equation 9, A, B, R, R, and w are constants, V is volume and E is internal energy. The
parameters for air and Pentolite are shown in Table 2 with the JWL parameters.

Different from the SPH method, some characteristic cards are used in the ALE method to
simulate an explosion in the LS-DYNA software. These;

ALE MULTI MATERIAL GROUPS; The keyword used to model the interaction between
explosive and air elements also allows individual elements to contain more than one material (Luo et
al., 2004).

CONSTRAINED LAGRANGE IN SOLID; defines fluid structure interactions.

CONTROL ALE; allows the addition of reference pressure to the free surfaces of the ALE, this
keyword also allows the adjustment of various global parameters such as the advection method
(meth), the number of cycles between advection (nadv) and the smoothing controls.

HOURGLASS; Hourglass modes are non-physical, zero-energy modes that do not create any
stress or strain but can affect solution accuracy. It is used to reduce the unreal deformation of elements
in zero-energy modes.

MAT NULL; defines the material characteristics of the surrounding air.
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LINEAR POLYNOMIAL,; defines the equation of state parameters of the surrounding air.
EOS GRUNEISEN; defines the equation of state parameters of steel plate.

Table 2. ALE Parameters were used in this study (Schwer, 2016)

MAT_NULL
Po
= 1.225
< EOS_LINEAR_POLYNOMIAL
Co c c, Cs Ca Cs Ce E, v,
0.0 0.0 0.0 0.0 0.4 04 00 2556 1
MAT_HIGH_EXPLOSIVE_BURN
N Po D P
= 1650 7360 235
5 EOS_JWL
A B R, R, w E, v,
531.77 8.93 4.6 1.05 0.33 8 1
MAT_JOHNSON_COOK
@ Do G E PR A B N c M
=3 7.850e-06 77 203 0.3 035 0275 036  0.0022 1
32 ™ TR EPSO  CP PC  SPALL IT FMIN
Fs 1673 293 1 4400  -1000 1 1 le-6
22 EOS_GRUNEISEN
= c s1 2 S3  GAMAO A E, Vo
4596 1.49 0 0 217 046 0 0

2.4 Coupled MM-ALE with LBE Method

As described in the preceding section, empirical blast loads are applied to the air domain
simulated with the MM-ALE formulation in this linked approach known as Coupled MM-ALE with
LBE, which has significant benefits over using either methodology for air blast simulations (Slavik,
2009). The empirical method although computationally efficient is impractical if there is an obstacle
to the shock wave between the explosive and the target, which may cause any shock wave reflection,
or shock wave merging. In the empirical method, the blast energy focus resulting from shock wave
merging or reflection is not considered. A relatively large air domain and a relatively fine mesh
structure are required in the MM-ALE formulation. It causes high computational complexity than the
CONWEP method (Rebelo and Cismasiu, 2017).

In this method, which is a combination of ALE and CONWEP methods, the air domain is
modelled with the ALE formulation, while the pressure values caused by the explosion are applied to
the ALE layer known as the ambient layer with the empirical formulation in the
LOAD_BLAST_ENHANCED card. The blast wave propagates along the shock wave in the air
domain modelled as ALE. Due to the usage of strong features of each model without modelling
extensive air domains, Coupled MM-ALE with the LBE method can help to simulate shadowing and
focusing. (Slavik, 2009).

The Coupled MM-ALE with the LBE solver's primary drawback is the extensive air domain
that must often be included in the air blast model to prevent boundary effects. The necessity to use
very fine mesh resolution to appropriately resolve the air shock adds to the huge domain's computing
complexity (Slavik, 2009). Some special cards define this method as well.

INITIAL VOLUME FRACTION GEOMETRY; lets you fill a volume with ALE multi-material
groups.
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ALE REFERENCE SYSTEM GROUP; helps to adjust the air domain and related parameters
exposed to mesh expansion.

2.5 Test Descriptions

Explosion tests take place in a very short period, so the sensors and necessary hardware to be
used need to be very sensitive. On the other hand, due to the difficulty of procuring the necessary
explosive, academic studies in this field are also limited. For this reason, the experiments and results
described below in the literature belongs to Boyd (2000) were used in this study. Experimental test
report includes the test methodology, device specifications and the engineering parameters, that's why
in this study the numerical results had been compared according to Boyd's (2000) test report's results.

A square target mild steel plate (AS3678-250) with one an edge of 1200 mm and a thickness of
5 mm is fixed to a more rigid heavy steel frame with 24 high tensile bolts with a pre-tensioned with
11.06 N.m. moment by Boyd shown in Figure 1a (Boyd, 2000). One of these experiments was carried
out at a 500 mm standoff distance and 250 gr pentolite charge (E14). 100 mm of each side is fixed on
the concrete block, and 1000 mm of the plate is left to move freely with the explosion load. Necessary
sensors have been placed as can be seen in Figure 1b to record pressure, acceleration and displacement
data. Boyd's (Boyd, 2000) experiments were performed with the help of the LS-Dyna program for
numerical calculation with four different methods. SPH, ALE and Coupled MM-ALE with LBE
methods were solved separately with different mesh sizes, and their results were compared in terms
of mesh size and total computation time.

250 gr Pentolite
Explosive Charge _
—

5 mm Mild Steel Plates
1200 x 1200 mm. __

Concrete Blocks
—

Rigid Steel Structure

(a)

1200 mm

1000 mm

(b)
Figure 1. Experimental work showing (a) setup and instrumentation of Boyd’s study and (b) scheme of points that are
located on the plate for related sensors

According to Boyd’s (2000) test number E14 the peak overpressure was measured 9.4 MPa at
point P1 and 8.7 MPa at point P2.
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2.6 Numerical Analysis

Boyd's experimental study with 250 gr PETN explosive was solved with LS-DYNA finite
element software, using CONWEP, which solved the problem empirically, Coupled MM-ALE with
LBE, which solved the problem semi-empirically, and ALE, which solved it completely numerically.
SPH method uses hydrodynamic approaches which are generally in the form of partial differential
equations (Boyd, 2000).

In SPH method, four different simulations were carried out with a different number of particles.
The number of particles directly affects the convergence of the solution and also extends the solution
time. The simulation was modelled with 2176, 8176,137376 and 1114121 particles, respectively, and
SOFSCL=0.25, TSSFAC=0.001, and CSLH=1.2 were taken in these models. Figure 2 shows the
schematic representation of the numerical model using the SPH method.

Figure 2. Scheme of SPH (Smooth Particle Method)

In the finite element method, since the physical quantities are transferred over the elements and
nodes in the mesh structure, it is important to construct and select the mesh structure in order to model
the shock wave propagation in spherical form. Therefore, it is important that the number of elements
from the explosive core is so high that it can spread spherically and that it is arranged radially. For
this reason, a preliminary study was carried out to create the mesh structure and according to the
results of this first study, refinements were made in the regions under high pressure. Elements were
enlarged from the explosive core to the air environment boundary using the bias method. Afterwards,
different calculations were made by reducing the number of elements and the results were expected
to converge. Considering the convergence of the results and the solution time, the optimum number
of elements was determined for the convergent result.

To determine the mesh sensitivity for each method, different mesh structures were used, and
the results were compared in Table 3. For coarse meshes in both types of calculation methods (ALE
and Coupled MM-ALE with LBE) the approximate element size is chosen 25 mm. Especially in the
ALE method, the mesh size must be chosen very small relative to the air domain. For instance, in this
study, the minimum element size is 2.5 mm (in the condition of fine mesh) where the explosive
diameter is 63 mm. If the same element size is chosen in the whole model the computation time will
be extremely high likewise the total number of the element. Hence, the bias function was used in ALE
and Coupled MM-ALE with LBE models to increase element size from the core of the explosion to
the boundary of the air domain in direction of shock propagation. The bias function is used to adjust
the spacing ratio of nodes along the edge. This function is very useful for FEM problems where the
nodes need to be clustered intensively in a specific volume or area of the mesh structure.

All simulations were modelled in a 3D radial mesh structure in the Coupled MM-ALE with
LBE and ALE methods, where explosives and fluids are defined by the Euler formulation. The shock
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front formed by spherical explosives in the free air domain proceeds radially from the centre outward
due to its nature. Since the shock waveform is distorted in Cartesian mesh structures, a structure in
which the mesh size increases as a rule from the core to the outward with the radial mesh structure
by using a bias feature is used. The air domain and the spherical explosive mesh are shown in Figure
3. The form of the shock wave in the analysis with radial and Cartesian mesh is given in Figure 4.

Air Domain

Explosive

Charge

Figure 3. 3D radial mesh structure of explosive and air domain for ALE

As mentioned in the previous section, the CONWEP method works according to a mathematical
expression developed as a result of controlled experiments. Since these controlled experiments are
performed with TNT, they make a convergence with TNT equivalents in different types of explosives.
However, it is not very useful for complex analyses because the velocity of detonation and the amount
of energy released by each explosive is different. In addition, the CONWEP method offers an option
only for spherical or hemispherical explosions. TNT equivalent for pentolite explosive was taken as
1.12 and calculations were made accordingly (Kingery and Coulter, 1983).

In the ALE method, the steel plate is modelled as Lagrange, and explosives and fluids as Euler-
type elements. In this method, a large number of parameters are needed to estimate the blast physics.
The parameters required for this study were obtained from the literature. The advantage of the ALE
method is that it can be applied to all explosive types of different types and different geometries. The
time interval between outputs is defined as 0.001 whereas the scale factor for the computed time steps
is defined as 0.3.

In the solution with the Coupled MM-ALE with LBE method, the explosive is defined by the
determination of the initial detonation point in the air domain by using a VOLUME FRACTION
GEOMETRY card. The biggest advantage of this method is that it can produce solutions in a shorter
time compared to the ALE method and can be applied to different types of explosives and geometries.

Figure 4. The difference in shock propagation between the cartesian and radial mesh.
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On the other hand, the pressures acting on the monitoring points P1 and P2, on the target plate
were estimated according to the UFC-3-340-02 guideline and are shown in Table 5. The scaled
distance was calculated at 0.78 m / kg'/3 for points P1 and 0.82 m / kg'/? for point P2. In the
calculations for the front wall of the target, the ¢, the coefficient was taken as 1 and the pressure
acting on the relevant points was estimated (Karlos and Solomos, 2013).

of

Figure 5. Defining Boundary Conditions of the Plate

The steel plate had been stabled under steel flange that was bolted with 24 pieces high tensile
bolts with 11.06 [N.m.] in the test set up. According to report it is emphasized that the target plate's
1000 mm square central area were free to move. Since there is no any information about the bolts
types and locations, related region elements were assumed to be fixed elements in any direction. The
movements of the elements in the 200 mm wide part surrounding the plate in the X, y, z, rx, ry and rz
directions were fixed and the boundary conditions are determined (Figure 5).

2.7 Mesh Convergence Study

Mesh convergence was addressed in a series of calculations in which the element size was
progressively reduced with a refinement ratio of 1.5 in the ALE method, 1.25 in the hybrid method,
and 8 in the SPH method. In this study, the size of the square elements of the plate is taken as 12.5
mm. In addition, since the CONWEP algorithm doesn’t use air media, there are no relations between
mesh specifications and results. All the cases and methods to be solved are given in Table 3. At the
same time, the results obtained with different mesh qualities were compared with the experimental
results, and error rates were given. Relative error rates were calculated as below;

Calculated Value—Measured Value
€= x100 (10)

Measured Value

Roache calculated the convergence rate based on three results with a certain refinement rate

between mesh sizes as follows (Roache, 1998).
F3

p = log [2=2| /log(r) (12)

Here F; is the result of interest in different simulations and r is the mesh refinement ratio. When
the results of the three different methods are compared, there is an asymptotic convergence. The
following equation is used to obtain the convergence point (Roache, 1998).

Fo=Fy + (F, — F,)/(r? — 1) (12)
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Here, F, indicates the point at which the analysis will converge. The mesh convergence analysis
obtained for the three methods is given in Table 4. Mesh convergence analysis was performed only
for the P1 point results.

Table 3. Comparative results of ALE coupled MM-ALE with LBE methods with a different number of elements.

Number of - -
Mesh Approximate . Calculated Average Peak e-Relative Errors
Method Number EIem_ents / Mesh Sizes CPUtime Pressure at P1 for P1 (%)
Particles
ALE 1 158256~ 2°ommio250 - 21467 ~13.4 MPa 43%
mm (bias) seconds
ALE 2 106651 o/ mmto250 19245 ~14.5 MPa 54%
mm (bias) seconds
ALE 3 g2340 ~ Ammto250mm - 18831 ~14.9 MPa 59%
(bias) seconds
ALE 4 16301 55 mm t0 250 12305 ~17.2 MPa 83%
mm (bias) seconds
COUPLED 19112 _ o
MM-ALE 1 4098304 12.5 mm seconds 8.7 MPa -1%
COUPLED 13456
MM-ALE 2 3235912 16 mm seconds ~8.1 MPa -14%
COUPLED 11304 _ .
MM-ALE 3 2983506 20 mm seconds 6.9 MPa -27%
COUPLED 8306 _ o
MM-ALE 4 514304 25 mm seconds 5.1 MPa -46%
12.5 mm (Target 82379 N 0
SPH 1 1114121 Plate) seconds 19.1 MPa 103%
SPH 2 137376~ 125mm (Target 34521 ~22.5MPa 139%
Plate) seconds
SPH 3 8176 12.5mm (Target 7884 ~29.4 MPa 213%
Plate) seconds
12.5 mm (Target 2905 N 0
SPH 4 2176 Plate) seconds 35.2 MPa 274%

Table 4. Mesh convergence study for three methods

Refinement Converged Number of Converged Converged Peak Convergence Errors

Method . . ;
Ratio Elements / Particles Mesh Sizes Pressure at P1 for P1 (%)
ALE 15 - 1.6 mm ~12.95 MPa 7.64%
COUPLED MM-ALE 1.25 - 10.5 mm ~9.1 MPa 4.39%
SPH 8 379820 - ~17.42 MPa 9.64%

Element sizes and numbers that can be used in the numerical modelling to be done in the next
stage are given in Table 3. Since the convergence error rates are less than 10% and the increase in the
number of elements will increase the CPU time, the experimental comparison has been made with
the simulations with the smallest element sizes.

3. RESULTS AND DISCUSSION

The results of four different methods with finer mesh sizes and the empirically calculated results
with the help of the UFC-3-340-02 guideline are compared with the results of Boyd's (Boyd, 2000)
experimental study in Table 5.

Although the decrease in mesh size in the ALE and Coupled MM-ALE with LBE methods
increases the calculation time, it is seen that the calculated pressures converge to the experimental
results. The plate was used as low-carbon steel (AS3678-250) in the test system. The plate is exposed
to vibration as a result of the deflection of the plate with the blast pressure. Therefore, in the data read
by a pressure transducer fixed on the part, the pressure is in a fluctuating form as a result of the
acceleration acting on the part. For this reason, cases where the part is considered rigid give more
clean results in terms of peak pressures acting on the relevant points. Relevant diagrams for cases
where the plate is considered rigid are given in Figure 6 and 8. In cases where the plate is considered
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elastic, the pressure acting on the part causes accelerations and deflections and are given in Figure 7.
This causes fluctuations in the values of the pressure sensor fixed on the plate. The peak pressure at
P1 and P2 points and time graphs are given in Figure 7 for comparison with test data.

Table 5. Comparative results of CONWEP, ALE, Coupled MM-ALE and SPH methods and experimental study.

Error Rates Error Rates
Calculated . Calculated .
. According to According to
Method Explosive Charge Average Peak . Average Peak .
Experimental Experimental
Pressure at P1 Pressure at P2
Results at P1 Results at P2
E14 Experiment 250 gr Pentolite 9.4 MPa - 8.7 MPa
UFC-3-340-02 (UFC 3-
280 gr TNT 6.4 MPa 31.91% 5.8 MPa 33.34%
340-02, 2008)
CONWEP 280 gr TNT ~9.6 MPa 2.12% ~7.8 MPa 10.34%
ALE 250 gr Pentolite ~13.4 MPa 42.55% ~9.1 MPa 4.59%
COUPLED MM-ALE 250 gr Pentolite ~8.7 MPa 7.44% ~8.5 MPa 2.29%
SPH 250 gr Pentolite ~19.1 MPa 103.19% ~16.3 MPa 87.35%

When the results were examined, the CONWEP method gave the most approximate results
considering the calculation time and the calculated pressures. However, as the CONWEP method
uses TNT data, there is a time shift with respect to the test data as can be seen in Figure 6a and Figure
6b. This is because the TNT detonation velocity is higher than the pentolite detonation velocity.

With the decrease in element size, the peak pressure values in the ALE and SPH methods
decrease and converge to the required value, while there is an inverse relationship in the hybrid
method. The reason for this is that the pressure wave that occurs as a result of the explosion in the
hybrid method is modelled as a rapid volume expansion in the fluid media. The pressure increase as
a result of this expansion is carried over the Euler elements by the advection method.

When all the results are considered, it is observed that the hybrid method gives the most reliable
results in free air blast loading due to the solution time and more overlap with the experimental results.
In the ALE method, considering the mesh convergence analysis, it is seen that the peak pressure at
the P1 point will converge at 12.95 MPa. According to this result, an error of 37.7% is calculated.
Element size needs to be reduced for both air elements and explosive elements for more sensitive
solutions. In the solutions made by the SPH method, it is observed that the solution will converge at
17.42 MPa, thus creating an 85% error rate. Although the pressures calculated at both P1 and P2
points in the SPH method are considerably higher than the test values, the accuracy increases with
the increase in the number of particles. On the other hand, the time of the pressure wave reaching the
relevant points coincides with the test data.

It is observed that the slope of the pressure from the beginning to the peak is less than the test
data in ALE and SPH methods. This is due to the dimensions of the air elements at the point of contact
of the pressure with the plate. To shorten the total solution time, the element dimensions are increased
with the bias function starting from the center of the explosive. The size of the air elements at the
point of contact is relatively larger.

According to the results, the hybrid method has advantages over other methods in terms of both
solution time and convergence in completely spherical free air burst loading cases. However, in
complex geometries, the reflected pressure has a significant effect on the pressure acting on the target.
The effect of reflected pressure cannot be modelled in the hybrid method. For this reason, as can be
seen in Table 3, the peak pressure decreases as the element size decreases. In ALE and SPH methods,
there is an inverse relationship between element size and peak pressure. Compared to other methods,
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more fluctuations are observed in the SPH method. The reason for this is that the air domain is not
modelled. The appropriate calculation method selection criteria for different scenarios are given in
Table 6 below. Accordingly, criteria such as explosive geometry, fluid environment, solution time,
explosive type, and modelling of shock wave parameters are the most important parameters for
numerical design. In pressure transducers placed on the target plate, the vibration of the target causes
fluctuations in the pressure values.

Table 6. Summary of selection criteria of CONWEP, ALE, Coupled MM-ALE and SPH methods and experimental study.

Exolosive Tvoe of CPU Time Modelling of Modelling
Method P P . Blast Shock of Blast
Geometry Explosive .
Wave Media
CONWEP Spherical TNT Short Not Possible Not Possible
ALE Any Any Extremely Long Possible Possible
COUPLED
Spherical Any Moderate Possible Possible
MM-ALE
SPH Any Any Moderate Not Possible Not Possible
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Figure 6. Peak pressure-time diagram at point P1 and P2 when the plate is considered rigid, obtained by the
(a-b) CONWEP method (c-d) ALE method (e-f) coupled MM-ALE with LBE method (g-h) SPH method
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81



Savrukoglu, I., Aslantas, K.

JournalMM (2023), 4(1) 64-86

49 LS-DYNA keyword deck by L S-PrePost
| [ | CONWEP/LBE at P1 (on the sur
30
Segment No
g _A_ CONWEP/LBE
& _B_ EXPERIMENTAL STUDY
- 20 | {BOYD)
5
; 10+
E 0
10 Il Il | ] i
o 02 04 06 08
"‘i""o:g:am Time
(@)
40 LS-DYNA keyword deck by LS-PrePost
: | [ CONWEPILEBE at P2 (on the sut
i _A 793
30 Segment No
_A_ CONWEP/LBE
= _B_ EXPERIMENTAL STUDY
A (BOYD)
=
o
e
e
3
g
3
-10 1 E { L { i i
C 0.2 0.4 0.6 0.8 1
in=-0.01
Max=0.0074577 Time
(b)
40 LS-DYNA keyword deck by LS-PrePost
g | [ [ ALE at P1 (on the surface)
2 i A9
g a0 s -
L ! Segment No
S L i ALE
Q 20 i B EXPERIMENTAL STUDY
2k ; (BOYD)
g 10+ i
@ i
10 L f -
0 0.2 04 056 0.8
min=.0.00066605
max=0.022914 Time
(c)
40 LS-DYNA keyword deck by LS-PrePost
: I ' | : | ALE at P2 (on the surface)
—_- i [ o { i ‘ 7 AS
e 30
= 3 Segment No
) ALE
= | B EXPERIMENTAL STUDY
S 20 (BOYD)
e
3
o
-«
o
a 10+
s
3 L
o
g o }
s
o }
x |
40 i I i i | i :
( 0.2 04 0.6 08
min=1.779%e-06
max=0.019573 Time

82



Savrukoglu, I., Aslantas, K. JournalMM (2023), 4(1) 64-86

40 LS-DYNA keyword deck by LS-PrePost
! | [ MMALE-LBE at P1 (on the surface)
oy A2
3 3 Segment No
w _A_  MMALE-LBE COUPLED
] TR PR _B_ EXPERIMENTAL STUDY
& (BOYD)
2 20
2
-
3 _
"
g 10
o
8
® A
E 0
o
S bszazssabiereen lecnun rmmnatnanm g el oo ite naaaudes s s
L : ‘
-10 : - : :
0.2 04 0.6 038 1
min=0
Max=0.019365 Time
(e)
40 LS-DYNA keyword deck by LS-PrePost
| | MMALE-LBE at P2 (on the surface)
- & ]
30+ Segment No
_A_ MMALE-LBE COUPLED
- I _B_ EXPERIMENTAL STUDY
(8BOYD)

s

ot

Refiected Overpressure [GPa] (E-03)
$

1 Il

-10 . . : U T
! 02 04 06 08
min=0
max=0.030983 e
40 -S-DYNA keyword deck by LS-PrePost
I : [ | ' SPH METHOD at P1 (on the surface)
: : A _sqr-140544
0 [ ! Segment No
s B : i |_.A_ SPH
b EXPERIMENTAL STUDY
- 20 [BOYD)
Ld
o
[ "
e
z 10
s
& L
@
& 0
-10
[
min=0
max=0.0235
40 LS-DYNA keyword deck by LS-PrePost )
' [ : [ g : SPH METHOD at P2 (surface)
T i A _sqr-140662
30+ Segment No
= ] A SPH
S 1 |_B_ EXPERIMENTAL STUDY
uw 1 (BOYD)
- 20+ ;
= T
o }
= I i
® i
3 104 i
'l H
8 I :
B :
o H
& o +
40 I P 4 ;
[ 0.2 04 0.6 08 1
min=0
max=0.017491 Tine,

(h)
Figure 8. Peak pressure-time diagram at points P1 and P2, when the plate is considered elastic obtained by the (a-b)
CONWEP method (c-d) ALE method(e-f) coupled MM-ALE with LBE method (g-h) SPH method

83



Savrukoglu, I., Aslantas, K. JournalMM (2023), 4(1) 64-86

4. CONCLUSION

In this study, Boyd's (Boyd, 2000) experimental work on the target steel plate at a certain
distance under a spherical explosion load was tried to be verified by using different numerical
methods. As a result of different calculations, the following conclusions were reached.

Explosive type, geometry and ambient conditions may differ in real situations subject
to blast load. Therefore, it is not correct to call a certain calculation method more
reliable. Each method can be evaluated for analysis in different situations.

Although the ALE method and hybrid methods are using same approach, spherical
propagation of the waveform is mostly related with the both explosive and air domains
mesh structure. In ALE method it is obtained that the excessive error rate casused by
the mesh structure. Despite using the same parameters, the error rate in the hybrid
method is quite low.

In the literature, experimental studies have been exposed to structures exposed to
spherical or hemispherical explosion loads. More experiments are needed for explosives
of different geometries and different types, especially to accurately determine the
necessary parameters in the ALE and COUPLED MM-ALE with LBE methods.
Numerical methods present promising results, especially for mid-range blast charges
where the scaled distance is between 0.4 and 1.

In nonlinear analysis like blast loading, the scale factor for the computed time step must
be defined below 0,67. Reducing this value increases the solution time and can be solved
with different values to control the convergence of the solution.

As the element size gets smaller, numerical methods give more accurate results. As the
scaled distance decreases, the element size must also decrease.

Compared to other methods, the SPH method can be used in preliminary design
processes in terms of solution time and results. However, convergence studies should
be done regarding the particle number and SOFSCL, TSSFAC, and CSLH parameters.
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OZET: Bazalt elyaf (BF) yiizeyindeki kaplamanm, kirpilmis BF iceren polilaktid (PLA)
kompozitlerin mekanik, 1sisal-mekanik, eriyik akis ve morfolojik 6zelliklerine etkisi, cekme, darbe
ve Shore sertlik testleri, dinamik mekanik analiz (DMA), eriyik akis indeksi (MFI) ol¢iimleri ve
taramal1 elektron mikroskobu (SEM) karakterizasyon yontemleri kullanilarak rapor edilmistir.
Kaplanmis ve kaplanmamis BF'nin yiizey 6zelliklerini arastirmak i¢in kizilotesi spektroskopi analizi
uygulanmistir. Kompozit numuneler, eriyik karigtirma ve enjeksiyon kaliplama prosesi ile
hazirlanmigtir. BF'nin PLA matrisine yiizey yapismasinin iyilestirilmesi, kaplanmis BF ve
kaplanmamis BF iceren kompozitlerin mekanik test verilerinin karsilagtirilmast yardimiyla
degerlendirilmistir. BF yiizeyindeki silan kaplama, kaplanmamis BF'ye kiyasla depolama modiilii
degerlerinde artisa neden olmustur. Bunlara ek olarak, PLA'nin MFI degeri, BF eklenmesi ile ciddi
bir degisiklik gostermemistir. Kaplanmis BF ve PLA faz1 arasindaki yapismanin
gerceklestirilmesinden kaynaklanan performans artisi, kompozitlerin SEM mikrograflart ile
dogrulanmistir.

Anahtar Kelimeler: Polilaktit, Bazalt Elyaf, Polimer Kompozitler, Yiizey Kaplamasi.

*Sorumlu yazar / Corresponding author: carslan@bartin.edu.tr

Bu makaleye atif yapmak icin /To cite this article

Tayfun, U., Arslan, C., Dogan, M. (2023). Bazalt Elyaf Yiizeyindeki Silan Katmaniin Polilaktit Kompozitlerine
Giiglendirme Etkinliginin Degerlendirilmesi. Journal of Materials and Mechatronics: A (JournalMM), 4(1), 87-99.


https://doi.org/10.55546/jmm.1219384
https://orcid.org/0000-0001-5978-5162
https://orcid.org/0000-0002-5993-2983
https://orcid.org/0000-0001-9157-6504

Tayfun, U., Arslan, C., Dogan, M. JournalMM (2023), 4(1) 87-99

Evaluating Reinforcement Effectiveness of Silane Layer on Basalt Fiber Surface to Its
Composites with Polylactide

ABSTRACT: The effect of the covering layer on the basalt fiber (BF) surface on the mechanical,
thermo-mechanical, melt-flow, and morphological properties of polylactide (PLA) composites loaded
with chopped BF was reported by performing tensile, impact, and Shore hardness tests, dynamic
mechanical analysis (DMA), melt flow index (MFI) measurements, and scanning electron
microscopy (SEM) characterization methods. Infrared spectroscopy analysis was applied to
investigate the surface characteristics of desized and sized BF. Composite specimens were prepared
through the melt-compounding and injection molding processes. The improvement of BF surface
adhesion to PLA matrix was evaluated by comparing mechanical test data of composites containing
desized and sized BF. Silane covering on BF led to an increase in storage modulus values compared
to desized BF. Furthermore, the MFI of PLA did not change significantly with BF inclusions.
Performance enhancement caused by the establishment of adhesion between the BF and PLA phases
was confirmed by SEM micrographs of composites.

Keywords: Polylactide, Basalt Fiber, Polymer Composites, Surface Sizing.

1. GIRIS

Polilaktit (PLA), dogal kaynaklardan iiretilen, biyo-bozunur karakterde oldugundan ¢evreyle
uyumlu harman iiretim faaliyetlerinde kullanimi artan yeni nesil bir polimerdir. Son yillarda PLA
esasli kompozitlerine performans iyilestirme odakli calismalar hiz kazanmistir (Auras ve ark., 2004;
Bajpai ve ark., 2014; Nagarajan ve ark., 2016; Rasal ve ark., 2010). PLA'nin biyolojik olarak
parcalanarak bozunabilme 0Ozelligi ¢evre i¢in uyumlu cesitli iiriinlerde kullanimini arttirmigtir.
Yiiksek mekanik dayanim, biyo-uyumluluk ve geleneksel teknikler ile pratik islenebilme da dahil
olmak iizere biyolojik olarak parcalanabilme 6zelligi PLA’nin en 6nemli avantajidir (Dike, 2020;
Hasan ve ark., 2020; Ilyas ve ark., 2022; Murariu ve Dubois, 2016; Siakeng ve ark., 2019). Ote yandan
PLA’nin genis aralikta kullanimini kisitlayan hidrofobik yapi, zayif tokluk ve diisiik bozunma orant
gibi bazi1 smirlamalar mevcuttur. Bu yiizden PLA’nin endiistriyel uygulamalarda kullanimini
genisletmek amaciyla performans iyilestirme ¢alismalart devam etmektedir (Ahmad ve ark., 2015;
Akampumuza ve ark., 2017; Chauhan ve ark., 2022). Bunlara ek olarak, dogal lif iceren PLA esasli
kompozitlerin eklemeli imalat uygulamalarinda ii¢ boyutlu yazici filamenti olarak kullanimina dair
caligmalar da son yillarda ivme kazanmistir (Musa ve ark., 2022; Nasir ve ark., 2022, Sang ve ark.,
2019; Torun ve ark., 2021).

Bazalt elyafi, bazalt kayaglarinin eritilmesiyle siirekli ve kisa formlarda tiretilmektedir. BF,
mineral kayagctan elde edildiginden bitkisel bir lif olmamasina ragmen dogal lif olarak siniflandirilir.
Bazalt elyafin ana iireticileri baslica Rusya Federasyonu, Ukrayna, Cin, Norveg, Irlanda ve
Almanya’dir (Gur’ev ve ark., 2001; Jamshaid ve Mishra, 2016; Ross, 2006). Bazalt elyaf (BF),
yiiksek mukavemeti sayesinde ¢oguz harmanlarda (polimerik kompozitlerde) kullanimi gerek
akademik calismalar gerekse endiistri uygulamalar bazinda giin gectikce artan bir giiclendiricidir. BF,
yiiksek boy/cap ve yiizey alani/hacim oranina sahip oldugundan, polimerik yap1 igerisine
eklendiginde mekanik ozelliklerde iyilesme saglamaktadir. BF yiizeyine coguz ile uyumlu hale
getirmek i¢in kimyasal kaplama yontemleri uygulanmaktadir (Dhand ve ark., 2015; Fiore ve ark.,
2015; Khandelwal ve ark., 2020; Lilli ve ark., 2021; Singha, 2012).
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Literatiirde BF ile takviye edilmis PLA esashh kompozitlerin hazirlanmasi ve
karakterizasyonuna yonelik birkag aragtirma yapilmistir. Tabi ve ark. enjeksiyonla kaliplanmis uzun
BF dolgulu PLA kompozitleri tiretmistir (Tabi ve ark., 2014). Liu ve ark. BF yiizeyine uygun yiizey
islemi uygulamislar ve BF ile giiglendirilmis PLA mekanik 6zelliklerinde iyilestirmeler saptamistir
(Liu ve ark., 2012). Kurniawan ve ark. plazma polimerizasyonu uygulanan BF yiizey sonuglarini
aktarmistir. Plazma modifikasyonu, PLA/BF kompozitlerinin ¢ekme dayaniminda artisa neden
olmustur (Kurniawan ve ark., 2013). Kurniawan ve ark. baska bir ¢alismalarinda yiizeyi silanla
kaplanmis BF ile giiglendirilmis PLA kompozitlerinin yiiksek mekanik O6zellikleri sergiledigini
aktarmistir (Kurniawan ve ark., 2015). Shardella ve ark. BF yiizeyini ¢inkooksit ile modifiye ederek
PLA ile elyaf arasinda yiizeysel etkilesimi arttirmistir (Sbardella ve ark., 2021). Chen ve ark.
hazirladiklar1 PLA/BF kompozitlerinin sert doku onarim uygulamalarinda kullanim potansiyeline
sahip oldugunu 6ne siirmiislerdir (Chen ve ark., 2010). Diger bir ¢alismada, PLA matrisi BF ve odun
elyaf ile harmanlanarak, baski kaliplama ile sekillendirilen kompozitlerin 1s1 ve ses yalitim
performansi incelenmistir (Aykanat ve Ermeydan, 2022). Tabi ve ark. BF iceren PLA bazli
kompozitlerin uzun siireli kullanim gerektiren miihendislik uygulamalarinda yapisal kullanim
davraniglarini incelemistir (Tabi ve ark., 2016).

Bu galismada yiizeyi kaplanmis ve kaplanmamis BF numuneleri, PLA ile eriyik karigtirma
yontemiyle kompozitler hazirlanmistir. Test numuneleri enjeksiyon kaliplama islemi kullanilarak
hazirlanmistir. BF'nin PLA matrisine yiizey yapigmasinin iyilestirilmesi, kaplanmig BF ve
kaplanmamis BF igeren kompozitlerin mekanik test sonuglarin karsilastirilmasi yapilarak ortaya
konmustur. BF ile giiglendirilmis PLA esasli kompozitlerin ¢ekme dayanim, sertlik, darbe dayanim,
1s1sal mekanik, eriyik akis ve morfolojik davranislar: tespit edilmistir. Ozellikle eriyik akis hizi
sonuglari, PLA/BF kompozitlerin eklemeli imalat uygulamalarindaki islem parametrelerini ortaya
koymasi agisindan 6nem arz etmektedir.

2. MATERYAL VE YONTEM

Bu caligmada polilaktit matris olarak Natureworks LLC firmasimin Ingeo Biopolymer ticari
isimli Urtinii kullanilmistir. Bazalt elyaf 6 mm boyunda kirpilmis sekilde Tila Kompozit firmasindan
temin edilmistir. Endiistriyel olarak silan kaplanmis sekilde alinan BF icin her bir lif i¢in elyaf ¢ap1
13-20 um araliginda oldugu iiretici tarafindan bildirilmistir. Ticari olarak silan kaplanmis kisa BF
numunesi 500 °C sicaklikta kiil firininda 2 saat bekletilerek, yiizey kaplamasi kaldirilmistir. Yiizey
kaplamasi kaldirilmis (D-BF) ve silan kaplamali (S-BF) elyaf yiizeylerinin 6zelliklerini arastirmak
icin kizilotesi spektroskopi (FTIR) analizi uygulanmustir.

Kompozit hazirlama asamasindan dnce PLA ve BF numuneleri 100 °C sicaklikta etiivde 2 saat
siire boyunca bekletilerek, eklenti icerisindeki nem uzaklastirilmistir. Kompozit numuneler, eriyik
karigtirma ve enjeksiyon kaliplama iglemleri ile hazirlanmistir. D-BF ve S-BF, %20 sabit agirlik¢a
yiizde oraninda PLA ile laboratuvar 6l¢ekli mikro-ekstruder (MC 15 HT, Xplore) kullanilarak
karistirilmistir. Test numuneleri 7.4x2.1x80 mm?® boyutlarinda enjeksiyon kaliplama cihaz1 (Daca
Instruments) ile sekillendirilmistir. Kompozit hazirlama basamaginda kullanilan iglem parametreleri
Cizelge 1°de listelenmistir.
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Cizelge 1. Kompozit iiretiminde kullanilan islem parametreleri

Parametre Deger Birim

Ekstriizyon islemi

Karigtirma sicakligi 200 °C

Karigtirma siiresi 5 dakika
Karistirma hizi 100 tur/dakika
Enjeksiyonlu kaliplama islemi

Hazne sicaklig 210 °C

Kalip sicakligt 80 °C

Enjeksiyon basinci 8 Bar
Kalipta bekleme siiresi 3 dakika

Kompozitlerin mekanik ozellikleri, eriyik akis parametreleri, 1sisal-mekanik ozellikleri ve
morfolojik davraniglari sirasiyla ¢ekme testi, erime akis indeksi (MFI) testi, dinamik mekanik analizi
(DMA), ve taramali elektron mikroskobu (SEM) yontemleri kullanilarak karakterize edilmistir.
Sertlik dl¢timleri, her bir bilesim i¢in en az 10 farkli 6l¢tim alinarak yapilmis olup, ortalama degerler
alinarak kaydedilmistir.

BF numunelerinin ylizey fonksiyonel 6zellikleri kiziltesi spektroskopi (FTIR) yontemiyle,
Bruker Optics marka 66/S serisi cihaz kullanilarak karakterize edilmistir.

Kompozitlerin ¢ekme testleri, Lloyd LR 30 K ¢ekme test cihazi kullanilarak ASTM D638
standardina gore 5 kN yiik hiicresi ve 5 cm/dk ¢ekme hiz1 parametrelerinde yapilmistir. Cekme
mukavemeti, cekme modiilii ve ylizde gerinim degerleri, her bir bilesim i¢in en az bes numune test
edilerek ve ortalama degerler alinarak kaydedilmistir.

Kompozit numunelere darbe testi, ASTM D256 standart prosediirii kullanilarak 4J sarkagh
Coesfeld marka darbe test cihaz1 kullanilarak uygulanmistir. Her bir bilesim i¢in en az bes numune
test edilerek ve ortalama degerler alinarak kaydedilmistir.

Kompozitlerin morfolojik yapilarimi goriintiilemek amaciyla taramali elektron mikroskobu
(SEM) tertip edilmistir. Bu analizde, darbe testinden elde edilen kompozitlerin kirik ylizeyleri test
oncesi altin ile kaplanarak, LEO 440 taramal1 elektron mikroskobu ile incelenmistir.

PLA ve kompozitlerin Shore sertlik degerleri, Zwick RSLB041 dijital sertlik cihazi kullanilarak
belirlenmistir.

Eriyik akis hizlar1 (MFI) 6l¢timleri, 210°C sicaklikta 5 kg standart yiik kullanilarak Coesfeld
Meltfixer LT cihazinda gerceklestirilmistir.

Kompozitlerin 1sisal-mekanik davranislarini belirlemek amaciyla Perkin Elmer marka DMA
8000 model cihaz kullanilarak depolama ve kayip modiilleri ve tand parametrelerinin artan sicakliga
gore degisimlerini gosteren egrileri analiz edilmistir. DMA 6lgtimleri, 1 Hz frekans, 0-150 °C sicaklik
aralig1 ve 10 C/dak. 1sitma hiz1 uygulanarak ikili konsol bilkme modunda gergeklestirilmistir.

Calismanin kompozit hazirlama ve sekillendirme basamaklarini da kapsayan gorsel Sekil 1°de
sunulmustur.
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Sekil 1. Calismanin asamalarini betimleyen sema

3. BULGULAR VE TARTISMA
3.1 Elyaf Yiizeyinin Karakterizasyonu
S-BF ve D-BF numunelerinin yiizeylerinin FTIR spektrumlart Sekil 1°de paylasiimistir.
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Sekil 2. Elyaf yiizeylerinin FTIR spektrumlari

Sekil 2°de paylasilan spektrumlarda 900 cm™ dalga sayisinda goriilen karakteristik pik BF’a
aittir (Arslan ve Dogan, 2018). S-BF spektrumunda mevcut olup D-BF spektrumunda gézlenmeyen
yaklasik 450, 1650 ve 3330 cm™ dalga sayisindaki pikler, sirasiyla Si—-O gerilme, serbest N-H, C-H
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germe titresimlerinden kaynakli olup BF yiizeyindeki amino-silan varligin1 agikg¢a gostermektedir
(Arslan ve Dogan, 2018; Chemtob ve ark., 2011; Paunikallio ve ark., 2008; Tayfun ve Dogan, 2022).

3.2 Kompozitlerin Morfolojisi

Kompozitlerin darbe testi sonucu kirilmis yiizeylerinin SEM mikro resimleri Sekil 3’te
gosterilmistir. BF ile giiclendirilmis kompozitlerin kirtlmis yiizeylerinin SEM mikro-grafikleri
incelendiginde, D-BF liflerinin PLA fazi i¢inde homojen dagilim gostermedigi gézlenmistir (Sekil
3¢). PLA matrisi icerisinde D-BF’nin homojen dagilim gdstermemesinin nedeni D-BF yiizeyinde
polimer ile uyumlu fonksiyonel grup olmadigindan PLA ile D-BF arasinda giicli yapisma
gerceklesmemesidir. PLA matrisi ile D-BF arasindaki uyumsuzluklardan 6tiirii olusan bosluklar ve
kopmalar PLA/D-BF kompozitlerinin SEM mikro-fotograflarinda agik¢a goriilmektedir (Sekil 3d).
S-BF ise PLA matrisi ile daha ¢ok yiizey etkilesimine girerek kompozit yapisi igerisinde homojen
olarak dagilmasini saglamistir (Sekil 3a). Buna ek olarak S-BF liflerinin etrafinin PLA ile iyi yapigsma
sergiledigi gozlenmektedir (Sekil 3b). SEM fotograflarinda gozlemlenen yuvarlak bosluklar,
deformasyon sirasinda liflerin matris igerisinden ¢ikmasi nedeni ile olusmustur.

1
1
|
1
1

10 pm 20 ym
EHT=2500k/ WD= 90mm Mag= 100KX SignalA=SEt & SL02M EHT=2500k/ WD=175mm Mag= 100KX SgralA=set 2 ELO2M

Sekil 3. Kompozitlerin darbe testi sonucu kirik yiizeylerinin 250X (a-c) ve 1000x biiyiitme (b-d) oranlarinda SEM mikro-
resimleri

3.3 Kompozitlerin Mekanik Ozellikleri
Cizelge 2’de numunelerin mekanik test sonuglari listelenmistir. PLA ve kompozitlerin ¢gekme
testi sonucu kopma yiizeylerinin SEM mikro-fotograflar1 Sekil 4’te paylasilmistir. PLA ve
kompozitlerin ¢ekme dayanim egrileri Sekil 5’te gosterilmistir.
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Cizelge 2. PLA ve kompozitlerin mekanik test sonuglari
Numune  Kopmada Uzama Cekme Dayammm Darbe Dayammmm  Sertlik

(%) (MPa) (kd/m?) (Shore D)

PLA 12,2+ 0,7 58,4+0,8 10,8+0,4 50,1+0,2
PLA/D-BF 7,704 59,2 +£0,6 122+0,3 52,7+0,2
PLA/S-BF 8,0+05 69,6 £1,1 153+0,5 53,4+0,3

PLA/S-BE

'
W WD=10mm Meg= 45X SgwA=sEr & EL02M EHT=2500KV WD=18Smm Meg= 45X  SignslA=SE!

Sekil 4. PLA ve kompozitlerin kopma yiizeylerinin SEM mikro-resimleri

PLA ile karsilastirildiginda, elyaf takviyesi ile kompozitlerin cekme giici artmistir. S-BF igeren
kompozit i¢cin cekme dayanimindaki artis (yaklasik %19) belirgin iken, PLA/D-BF i¢in artis diisiik
seviyede kalmistir. Ekleme yapilmamis PLA ¢ekme-uzama egrisinde az oranda siinme davranist
gdstermis, elyaf takviyesi ile siinme davranisi kaybolmustur. iki tiir BF takviyesi ile kopmada uzama
degerlerinde azalma (yaklasik %37 ve %34) tespit edilmistir. Elyaf ile gliglendirilmis kompozitler
icin bu azalma beklenen bir sonugtur. S-BF igeren kompozit, D-BF icerene oranla az bir seviyede
yiiksek uzama degerine sahiptir. PLA ve kompozitlerin kopma ylizeyleri (Sekil 4) incelendiginde,
deformasyon sirasinda numunelerin kopmaya direng gosterdigi giicli kisimlari ve kopmanin
bagladigi zayif kisimlari goézlenmektedir. PLA/D-BF kompoziti yiizeyinde zayif lif-polimer
yapismasi, kopma deformasyonun yayilimina sebebiyet verdigi anlasilmaktadir (Ceritbinmez ve ark.,
2021).

70
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—o— PLA/D-BF
—=s— PLA/S-BF

60
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20 +
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10 +
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Sekil 5. PLA ve kompozitlerin ¢ekme-uzama egrileri
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Yapilan Shore sertlik dl¢limleri incelendiginde, BF eklemeleri ile PLA ile kiyasla yiiksek sertlik
degerlerine ulasildig1 goriilmektedir. S-BF iceren kompozitin sertlik degeri D-BF icerene gore 0.7
birim fazla bulunmustur. Elyaf yiizeyi ile polimer faz1 arasindaki yiizeysel tutunma, kompozitin Shore
sertlik parametresinde artisa sebebiyet vermistir. Lif par¢aciklarinin kompozit yapisi i¢inde homojen
dagilmasi ve fazlar arasindaki yiizeysel yapismadaki iyilesmenin kompozitin Shore sertliginde artisa
sebebiyet vermesi, elyaf takviyeli polimerik kompozitlerin sertlik davranisini inceleyen benzer
caligmalarda da gozlenmistir (Dike, 2020; Raghunath Reddy ve ark., 2010; Siddika ve ark., 2014;
Tayfun ve ark., 2017).

N
=

—
n

10,8

N

Darbe Dayanimi (kJ/m?)
=

]

PLA PLA/D-BF PLA/S-BF
Sekil 6. PLA ve kompozitlerin darbe dayanim degerleri

PLA ve kompozitlerin darbe dayanim davranislari incelendiginde, PLA matrisine D-BF
eklenmesi kompozitin darbe dayanimini yaklasik %20 yiikseltmisken, S-BF eklenmesi ile PLA nin
darbe dayaniminda yaklasik %50 artisa ulasilmistir (Sekil 6). BF-PLA arayiizeyindeki silan
kaplamanin fazlar arasindaki ylizeysel uyumu artirmasindan dolay: S-BF takviyeli PLA kompozitinin
darbe deformasyonuna kars1 daha fazla direng sergiledigi goriilmiistiir. Elyaf ylizeyindeki kaplamanin
giiclendirici etkisinin, polimer matris ile elyaf arasinda etkin yapigsma sayesinde polimer fazindaki
mekanik deformasyonu eklentiye aktararak soniimlemesinden kaynaklandigi diisiintiilmektedir
(Ahmed ve ark., 2020; Deak ve ark., 2010; Kaymake1 ve  Uyanik,
2020; Liu ve ark., 2019; Zelenetskii ve ark., 1997).

3.4 Kompozitlerin Isil-mekanik Performanslar:

PLA ve kompozitlerin DMA grafiklerini igeren Sekil 7 incelendiginde, PLA nin depolama
modiilii BF yiiklemeleriyle artis sergiledigi anlasilmaktadir. D-BF ve S-BF takviyeli kompozitler,
birbirine yakin degerlerde depolama modiilii grafikleri vermistir. BF yiizeyindeki kaplamanin
kompozitlerin kayip modiilii egrilerinde belirgin sekilde goriilmektedir. Gerek kayip modiil pik degeri
gerekse pik sicakligi kompozitlerde PLA’ya kiyasla yiiksek degerlerde saptanmistir. Tan delta
egrilerine bakildiginda, kompozitlerin kayip faktorlerinin, eklentisiz PLA’dan diisiik seviyelerde
oldugu bulunmustur. PLA’nin cams: gecis sicakligr (Tg), kompozit yapisindaki BF fazinin PLA
zincirlerinin hareketliligini kisitladigindan D-BF yiiklemesinden sonra 5 °C, S-BF eklendikten sonra
ise 6 ‘C artirmigtir. Eklentisiz PLA’nin DMA parametrelerinde ve Ty degerindeki artisin BF
demetlerinin  polimer zincirlerinin serbest hareketliligini  kisitlamasindan  kaynaklandig:
diisiiniilmektedir (Jandas ve ark., 2011; Takayama ve ark., 2014).
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Sekil 7. PLA ve kompozitlerin DMA grafikleri

3.5 Kompozitlerin Eriyik-akis Davramslari

BF yiiksek boy/cap (L/D) yapisindan dolay: eriyik haldeki polimerin akigini arttirmaktadir.
Yiizeyi silan kapli BF, PLA ile iyi yiizey etkilesimine girdigi i¢in polimerik matris igerisinde daha
homojen dagilmig, bu da eriyik viskozitesini diisiirerek kompozitlerin MFI degerini yiikseltmistir
(Sekil 8). BF lif demetleri enjeksiyon iglemi sirasinda akis dogrultusunda yonlendiginden dolay1 her
bir elyaf eriyik haldeki polimere tutunarak akis yoniinde kompozitin akis hizini arttimis ve eklentisiz
polimere kiyasla yiiksek MFI degerlerinin gozlenmesine neden olmustur (Bledzki ve Faruk, 2005;
Eselini ve ark., 2020; Geethamma ve ark., 1996; Hristov ve Vlachopoulos, 2007; Xu ve ark., 2021;
Zhou ve ark., 2019). S-BF ile PLA arasinda PLA/D-BF sistemine kiyasla daha giiglii tutunma
gergeklestigi icin silan kapli BF, PLA fazina gii¢lii sekilde tutunarak akig hizin1 daha da arttirmistir.

20 16,7
§ 15
= 9.4
3 10
=
2
5
0
PLA PLA/D-BF PLA/S-BF

Sekil 8. PLA ve kompozitlerin MFI degerleri

4. SONUC

PLA matrisine ylizeyi silan kapli ve yiizey katmani kaldirilmis BF eklenmesi kiyaslandiginda
asagidaki ¢ikarimlar elde edilmistir;

e BF yiizeyindeki silan katmani, PLA ile lif etkilesimini arttirarak kompozitlerin mekanik,
1s1sal-mekanik, akis ve morfolojik 6zelliklerinde belirgin iyilesmelere neden olmustur.

e BF eklenmesi, PLA’nin mekanik dayanimini arttirmistir. S-BF ile hazirlanan kompozitte
PLA’nin ¢ekme dayanimina oranla %19 civarinda daha yiiksek ¢cekme dayanimi degeri saptanmustir.
S-BF igeren kompozitin darbe dayanimi, PLA’nin darbe direncine oranla %42 civarinda yiiksek
bulunmugtur.

95



Tayfun, U., Arslan, C., Dogan, M. JournalMM (2023), 4(1) 87-99

e D-BF ve S-BF yiklemeleri PLA’nin eriyik akisinda yonlenmesinden dolayr MFI
degerlerinde, sirasiyla %61 ve %78 civarinda artiga sebebiyet vermistir.

e DMA sonuglar1 incelendiginde; hazirlanan kompozitlerin Ty degerleri PLA’ninki ile
kiyaslandiginda 5 ve 6 °C yiikseldigi bulunmustur.

e Kompozitlerin SEM mikro-grafikleri incelendiginde; MFI ve diger test sonuglari ile paralel
olarak silan modifikasyonu ile, bazalt liflerinin PLA igerisinde daha homojen dagilim sagladig: tespit
edilmistir.

e Bu gozlemler 15181nda, BF fazinin polimer zincirlerinin molekiiler hareketlerini sinirlandirdigi
anlasilmaktadir.

5. CIKAR CATISMASI

Yazarlar, bilinen herhangi bir ¢ikar ¢atismasi veya herhangi bir kurum/kurulus ya da kisi ile
ortak ¢ikar bulunmadigini onaylamaktadirlar.

6. YAZAR KATKISI

Cagrialp Arslan ¢alismanin kavramsal ve tasarim siire¢lerinin belirlenmesi, Mehmet Dogan veri
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OZET: Gaz tiirbin motorlar1 servis kullanim kosullar1 altinda farkli birgok hasar mekanizmasina
maruz kalmaktadir. Bunlardan birisi de yabanci madde hasar1 (FOD) ve diger yabanci partikiillerin
(volkan kiiller vb.) olusturdugu ylizey tizerinde meydana gelen hasar yapilaridir. Bu durumlara baglh
olarak tiirbin bilesenlerini olusturan tiirbin bigagi ve kanat¢ik gibi komponentlerde dokiilme ve
pullanarak kalkma gibi hasar olusumlar1 meydana gelmektedir. Belirtilen partikiillerin yiiksek
hizlarda ve farkli agilarda malzeme yiizeyine tekrarli garpmasi sonucunda kati partikiil erozyon (SPE)
hasarlar1 meydana gelmektedir. Bu ¢alismada, Inconel 718 siiper alasim altlik malzeme iizerine
CoNiCrAlY bag ve yitriya ile stabilize edilmis zirkonya (YSZ) igerigine sahip seramik tist kaplamalar
atmosferik plazma sprey (APS) piiskiirtme yontemi kullanilarak iiretilmistir. Uretilen termal bariyer
kaplama (TBC) sistemindeki SPE sonucu olugsan mikroyapisal ve yiizey iizerindeki olusum gosteren
degisimler incelenmistir. SPE testleri aliimina (Al203) partikiillerinin kullanilmasiyla literatiirde
yaygin olarak ¢alisilmayan 25°, 50° ve 75°’lik piiskiirtme ag¢ilarinda ¢alisilmis ve bu acilarda yapilan
erozif asinma testlerinde ortaya ¢ikan hasar mekanizmalar1 ve erozif asinma orani ayrintili olarak
incelenmistir. TBC kaplamali numunelerde en yiiksek erozyon orani 50°’lik ¢arpma agisinda
gerceklesirken bu degeri sirasiyla 75° ve 25°°lik carpma agis1 takip etmistir. Calismalarda
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gerceklestirilen alansal piiriizliiliik 6l¢iimlerinde erozyon oranlarinin alansal piirtizliiliik degerleri ile
dogru orantili oldugu goriilmiistiir. En yiiksek alansal piirtizliiliik degerlerinin 50°’lik ¢arpma agisinda
olusum gosterdigi goriilmiistiir.

Anahtar Kelimeler: Siiper alagim, CoNiCrAlY, Yitriya ile stabilize edilmis zirkonya (YSZ), Termal
bariyer kaplama (TBC), Hasar mekanizmasi, Kat1 partikiil erozyonu (SPE).

Investigation of Solid Particle Erosion (SPE) Behaviors of Thermal Barrier Coatings (TBCs)
with YSZ Ceramic Top Coating

ABSTRACT: Under operating conditions, gas turbine engines are subjected to a wide range of
damage mechanisms. One of them is foreign object damage (FOD) and damage structures that occur
on the surface formed by other foreign particles (volcanic ash etc.). Depending on these situations,
damage formations such as spalling and flaking occur in components such as turbine blades and fins
that comprise the turbine components. Solid-particle erosion (SPE) damages occur as a result of the
repeated impact of the specified particles on the material surface at high speeds and at different angles.
In this study, a CoNiCrAlY bond coat and ceramic top coat with yttria stabilized zirconia (YSZ)
content on an Inconel 718 superalloy substrate were produced using the atmospheric plasma spray
(APS) spraying method. Microstructural and surface changes resulting from SPE in the produced
thermal barrier coating (TBC) system were investigated. Using alumina (Al.Oz3) particles, SPE tests
were done at impact angles of 25°, 50° and 75°, which are not commonly studied in the literature.
The damage mechanisms and erosive wear rates that occurred in the tests conducted at these angles
were examined in detail. While the highest erosion rate in TBC coated samples occurred at an impact
angle of 50°, this value was followed by those of 75° and 25°, respectively. In the areal roughness
measurements carried out in the studies, it was seen that the erosion rates were directly proportional
to the areal roughness values. It has been observed that the highest areal roughness values occur at an
impact angle of 50°.

Keywords: Super alloy, CoNiCrAlY, Yttria-stabilized zirconia (YSZ), Thermal barrier coating
(TBC), Failure mechanism, Solid particle erosion (SPE).

1. GIRIS

TBC’ler, kritik tiirbin motoru pargalarini (kanatlar, yanma odalar1, vb.) yiiksek sicakliklardan
ve agresif servis kosullarindan korumak amaciyla uzun yillardir kullanilmaktadir (Golewski ve ark.,
2019). TBC'ler, sicak gaz akisi ile metalik altlik arasinda bir yalitim tabakasi saglayarak gaz tiirbini
motorlarinin ¢aligsma sicakliklarinin artmasini saglar. Ayrica motorlarin sicak boliimlerinin dmriinii
uzatmanin yani sira 6zgiil yakit tikketimini de 1yilestirirler (Shin ve ark., 2018). TBC'ler genellikle;
seramik iist kaplama (genellikle agirlik¢a %6-8 YSZ, MCrAlY (M=Ni ve/veya Co) ve bu iki tabaka
arasia niifuz eden oksijen ve 1s1 etkisiyle zamanla olusan TG) olarak adlandirilan ii¢ katmandan
olusur (Ozkan, 2022). YSZ ile althk malzemenin 1s1l genlesme Kkatsayilarindaki farkliliktan
kaynaklanan uyumsuzlugu, siinek malzeme 6zelligi gostererek ortadan kaldirmak bag kaplamanin
onemli bir gorevidir (Demirci ve ark., 2022). YSZ, yiiksek termal genlesme katsayisina, diisiik termal
iletkenlige, alfa Al2O3 ile faz uyumluluguna, yiiksek erime noktasina ve biiyiik partikiil darbelerinden
ve darbe erozyonundan kaynaklanan hasara karsi iyi dirence sahip oldugundan, TBC iist
kaplamalarda yaygin olarak kullanilan seramik bir malzemedir (Malvi ve ark., 2021). Son zamanlarda
yapilan ¢alismalar yliksek entropili alasimlarin (HEAs) sahip olduklari iistiin nitelikleri sonucuyla,
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ozellikle yiiksek sicaklik uygulamalarinda TBC sistemlerinde alternatif bir malzeme olarak
kullanilabilecegini gostermistir (Ozkan ve Karaoglanli, 2021). TBC sistemlerinde altlik malzemesini
yiiksek sicakliktaki korozyon ve oksidasyondan korumak i¢in alev piiskiirtme, plazma piiskiirtme,
soguk piiskiirtme, yiiksek hizli oksijen yakitt (HVOF) ve D-gun gibi cesitli termal sprey piiskiirtme
yontemleri kullanilir (Binal, 2022; Parlakyigit ve ark., 2020). TBC'ler genellikle APS ya da Elektron
Isim1 Fiziksel Buhar Biriktirme (EB-PVD) yontemleri kullanilarak iiretilmektedir. Biriktirme
teknigine gore farkli mikroyapisal morfolojiler, termal ve mekanik 6zellikler elde edilebilir. Tipik
APS TBC'ler, ince yuvarlak mikro gbzenekler, katmanlar aras1 gézenekler, transgrantiler ¢atlaklar ve
seramik splatlarin {ist liste binmesinden olusan gozenekler igeren bir mikro yapiya sahiptir
(Karaoglanli, 2023, Cernuschi ve ark., 2016). Kullanim sirasinda TBC'ler, oksidasyon, sicak
korozyon, termal sok, sinterleme etkisi, CMAS (CaO-MgO-Al>O3-SiO») etkisi ve asinma gibi birgok
hasar mekanizmasina maruz kalmaktadir. Bu hasar mekanizmalari, TBC sisteminin biitlinliigli ve
mekanik 6zellikleri {izerinde olumsuz etkilere sahiptir (Karaoglanl ve ark., 2019; Ozgiirliik ve ark.,
2018). SPE, 6zellikle kumlu ortamda calisan gaz tiirbinlerinde kullanilan TBC’ler igin birincil hasar
mekanizmalarindandir (Wang ve ark., 2012). SPE, katilarin, sivilarin, gazlarin veya bunlarin
kombinasyonlarinin ¢arpmasi nedeniyle metalik bir yiizeyin metal kaldirma veya bozunma
mekanizmasidir. Termik santrallerde, ucak motorlarinin gaz tiirbinlerinde, ugak yapilarinda,
rafinerilerde ve petrokimya endiistrilerinde ciddi bir sorundur (Kumar ve ark., 2021). SPE, kiigiik kati
partikiillerin bir gaz veya s1vi ortamda malzeme ylizeyine tekrarlayan etkileri nedeniyle malzemede
yiizey kiitle kaybina ve son olarak TBC'lerin par¢alanmasina yol agan 6nemli bir husustur (Zhang ve
ark., 2018). Hava araglarinin gaz tiirbinleri s6z konusu oldugunda, kum ve volkanik kiiller ana
asindirict kaynaklari iken, kara araglarindaki gaz tiirbinleri s6z konusu oldugunda, filtrelerden kacan
veya yanma odasinda iiretilen partikiiller erozyondan sorumludur (Cemuschi ve ark., 2014). SPE,
birim zamanda ylizeye carpan partikiil sayis1 ve boyutu, carpma agisi, partikiil kinetik enerjisi, althik
malzeme Ozellikleri, atmosfer ve sicakliktan etkilenen bir hasar tiiriidiir (Nomoto ve ark., 2017). SPE
kaynakli olusacak hasarlarin 6nceden dogru bir sekilde tahmin edilmesi, TBC’lerin ¢aligma/servis
ortam kosullar1 altindaki performansinin ve kullanim Omiirlerinin belirlenmesi, tamir ve bakim
maliyetlerinin en aza indirilmesi hususunda 6nemli bir faktordiir. Bu ¢alismada, Inconel 718 altlik
malzeme lizerine APS yontemi kullanilarak MCrAlY metalik bag ve YSZ seramik iist kaplama
icerigine sahip kaplamalar tretilmistir. TBC sistemi Al2O3 partikiilleri ile SPE deneylerine tabi
tutulmustur. Deneyler 25°-50°—75° partikiil ¢arpma agilarinda ve 1,5 bar piiskiirtme basincinda
gerceklestirilmistir. Erozif aginma testleri sonrasinda taramali elektron mikroskobu (SEM) ve optik
profilometre ile aginma yiizeyleri incelenerek karakterize edilmis ve tartisiimistir.

2. MATERYAL VE YONTEM

2.1 Deney Malzemeleri

SPE asinma deneylerinde, altlik malzemesi olarak Inconel 718 siiper alagim se¢ilmistir. Inconel
718, yliksek siiriinme dayanimi ve korozyon direncine sahip, havacilik/uzay endiistrisinde yaygin
olarak kullanilan nikel-krom esaslh bir alasimdir. Silindir ¢ubuklar halinde ticari olarak elde edilen
Inconel 718 siiper alasim altlik malzemeler tel erozyon yontemi kullanilarak 25,4 mm capinda ve 5,0
+ 0,6 mm kalinlikta olacak sekilde kesilmistir. Kaplama islemleri oncesi altlik numunelerinin
yiizeyleri belirli piiriizliiliik degerine (Ra= 5,3 £ 0,7) erismesi ve kaplamanin yapigsma mukavemetinin
daha iyi olmasi i¢in kumlama islemine tabi tutulmustur. Kumlama isleminde, altlik/hedef malzeme
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yiizeyine ~60 cm’lik uzakliktan yatayla yaklasik 75°’lik ac1 olusturacak sekilde ~2-2.5 bar
degerindeki basingli hava yardimi ile Al,O3 tozlari piskiirtiilmiistiir. Kaplama siireglerinin daha iyi
yiiriitiilebilmesine olanak saglamak icin, altlik malzeme yiizeyleri etil alkol ile ultrasonik temizleme
yontemi kullanilarak temizlenmis ve kaplama iglemleri i¢in hazirlanmistir. Kaplama iiretim
parametreleri ise, sprey ekipmani, literatiir caligmalar1 ve toz liretim firmasi tarafindan saglanan
kosullar baz alinarak belirlenmistir.

2.2 SPE Testleri
SPE test ¢alismalari, 6zel olarak tasarlanmis test diizeneginde gerceklestirilmistir. Deneylerde
kullanilan test diizenegi; ayarlanabilir numune fikstiirii, nozul sabitleyici, basin¢l hava kompresorii
ve elemanlarindan olusmaktadir. SPE asginmasindan 6nce alinan TBC numunelerinin SEM tiist yiizey
mikroyapi goriintiileri Sekil 1’de verilmistir.

Sekil 1. TBC numunelerin SPE asinma deneyleri dncesi iist yiizey SEM mikroyap1 goriintiisii

Deneylerden sonra mikroyapisal karakterizasyonlar gerceklestirilmis ve TBC kaplamalarin
sergilemis olduklar1 hasar davranislar1 incelenmistir. Ayrica, erozif aginma sonrast numunelerin iz
derinlikleri ve asimnmig Ol¢limleri 3D optik profilometre (Profilm3D brand-USA) kullanilarak
gergeklestirilmistir. Cizelge 1’de ise deneylerde kullanilan asinma parametreleri verilmistir.
Deneylerde asindirict partikiil olarak 170-230 mesh boyut araliginda Al,03 kullanilmustir.

Cizelge 1. Kat1 partikiil erozif aginma deney parametreleri

Asindirici Asm(.hr}m Basing Kiitlesel Nu.r.n tne Nozul Nozul
artikiil partikil (Bar)  debi (gr/sn) fikstiir agist mesafesi (mm) sapt
p boyutu (um) (Derece) (mm)
Aliimina
(A1205) 65-80 1,5 4,84 25-50-75 20 3

SPE deneylerinde numunelerin agirlik tartimlari £ 0,0001 mg hassasiyete sahip Kern & Sohn
marka hassas terazi ile gergeklestirilmistir. Her deney dncesi numune yiizeyleri yiiksek basingli hava
ile temizlenmis ve sonrasinda aginma oranlari hesaplanmistir. Numunelerin aginma oncesi agirliklar
(m1) tespit edildikten sonra deney sonrasi tekrardan olgtimleri gergeklestirilmistir. Deney Oncesi ve
deney sonrasinda Olgiimlenen deney numunesi agirliklart farkinin asindirict partikiiliin kiitlesel
debisine (1) ve zamana (t) boliinmesi neticesinde kati partikiil erozif asinma orani (E)
hesaplanmustir.

(m; — myp)

E = -
mxt
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Kiitlesel debiyi hesaplayabilmek i¢in asindirma siiresince harcanan Al>O3z miktarinin tespit
edilmesi gerekmektedir. Bu durumu gergeklestirebilmek amaciyla kullanilmis Al2Os tozlarmin
biriktirebilecegi bir hazne deney diizenegi tasarimina eklenmistir. Gergeklestirilen tim deneyler
sonrast biriktirilen Al>Os tozlar1 hassas terazi yardimi ile tartilmistir. Deneylerde 145,2 gr Al2Os tozu
kullanilmigtir. Kullanilan toz miktarin1 deney parametreleri ayni oldugu i¢in deney sayisina bolerek
her deney i¢in kullanilan ortalama toz miktar1 elde edilmistir.

.om
m=—
t

Yukarida verilen formiile gore m= kiitlesel debi (gr/sn), m= piiskiirtiilen Al,O3 partikiillerin
agirhigr (gr) ve t= piiskiirtme zamanini (s) ifade etmektedir.

3. BULGULAR VE TARTISMA

3.1. Kaplama Tozlar ve Karakterizasyonlari
Inconel 718 siiper alagim altlik malzemelerin metalik bag kaplamalart MCrAlY (CoNiCrAlY,
Oerlikon Amdry 9951) igerigine sahip metalik tozlar1 kullanilarak iiretilmistir. Ticari olarak elde
edilen bag kaplama tozlar1 38,5C0-32Ni-21Cr-8Al-0.5Y (%ag.) kimyasal bilesime sahiptir. Cizelge
2’de TBC iiretimlerinde kullanilacak olan CoNiCrAlY metalik bag kaplama tozlarina ait 6zellikler
ayrintili olarak verilmistir.

Cizelge 2. CoNiCrAlY metalik toz kaplama malzemesine ait 6zellikler
Toz kompozisyonu Toz sekli Uretim sekli Uretici firma

COoNiCrAlY Spheroidal
(kiiremsi)

Gaz atomizasyon  Sulzer Metco

Toz ve althik malzemelerin mikroyapisal karakterizasyon islemleri Bartin Universitesinde
bulunan MAIA3 XMU TESCAN marka SEM cihazi ile gerceklestirilmistir. Seramik iist kaplamalarin
iretiminde ticari YSZ (GTV) kaplama toz malzemesi kullanilmigtir. Bag kaplama tozlariin ortalama
partikiil boyut dagilimi Microtrack S3500 cihazi kullanilarak dlciilmiis ve (D50) degeri 30,78 um
olarak belirlenmistir. Bag kaplama iiretiminde kullanilan CoNiCrAlY tozlarmin kimyasal
kompozisyonu Cizelge 3’de verilmistir.

Cizelge 3. CoNiCrAlY tozun kimyasal kompozisyonu

Kimyasal kompozisyon (ag. %)
Co Ni Cr Al Y

5,6-39 um Kalan 29-35 18-24 5-11 0,1-0,8

Uriin Kodu Partikiil boyutu

Oerlikon,
Amdry 9951

TBC numuneleri bag kaplama tabaka kalinligt ~100 um + 20 um ve YSZ seramik iist kaplama
tabaka kalinlig1 ~300 pum = 40 pm olacak sekilde tiretilmistir (Sekil 2).
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< Inconel 718

25 pm

Sekil 2. SPE asinma deneylerinde kullanilan TBC mikroyapisi: (a) APS yontemiyle {iretilmis TBC numunesinin SEM
ara yiizey kesit mikroyapi1 goriintiisii ve (b) TBC numunesine ait ara ylizey SEM elementel haritalama analizi

Ust kaplama malzemesi olarak YSZ seramik tozlar1 kullanilmistir. Ust kaplamaya ait malzeme
ozellikleri Cizelge 4’de verilmistir.

Cizelge 4. YSZ iist kaplamaya ait sprey ve toz malzeme 6zellikleri

o Sprey tabancasi Toz malzeme Ozellikleri
Kaplama tiirii - - P
Teknik Firma Toz Partikiil boyutu (um)
Ust kaplama APS F6-GTV Germany  ZrO2-8%Y203 -45+20

Kat1 partikiil erozif asinma deneylerinde kullanilan TBC numunelerin bag ve iist kaplama
kullanilan APS parametreleri Cizelge 5’de verilmistir.

Cizelge 5. CoNiCrAlY bag ve YSZ kaplamalara ait piiskiirtme parametreleri
APS-Bag Kaplama

Elektriksel Argon Hidrojen Toz besleme Kaplama
Ark akimi . .

glic akig oran1  akis orani orant Mesafesi
550-600 A 35-40 kW ;5;:]5 15 slpm 20-30 g/dk 150 mm

APS-Ust Kaplama
Elektriksel Argon Hidrojen Toz besleme Ark Kaplama

Ark akimi

glic akis oran1  akis orani orani voltaji  Mesafesi
600-650 A 35-40 kW jlcg)-rio 14 slpm 20-30 g/dk 65V 100 mm

Atmosfere agik olarak gerceklestirilmesi ve iiretim sicakliginin yliksek olmasindan dolay1 APS
yontemi ile Uretilen TBC kaplamalar yogun miktarda porozite, mikro catlak ve oksit icermektedir.
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Porozite 6l¢timlerinde 6nce TBC numunelerinden beser adet mikroyapi resimleri alinmigtir. Ardindan
Image J analiz programi yardimiyla porozite yiizdeleri belirlenmistir. Cizelge 6’da bag ve {ist

kaplamalarin porozite 6l¢lim sonuglari verilmistir.

Cizelge 6. APS teknigi ile iiretilmis kaplamalarin porozite degerleri
Malzeme  Bag kaplama porozite orani (%) Ust kaplama porozite orani (%)

APS-TBC 50+1,5 8,0+£2,0

Sekil 3 ve Sekil 4’de APS teknigi kullanilarak iiretilen bag ve {ist kaplamalara ait XRD analiz
sonuglart verilmistir. Bag kaplamanin XRD analizinde, y matriks fazi, iist kaplamanin XRD

analizinde ise tetragonal ZrO> faz1 tespit edilmistir.
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Sekil 3. APS bag kaplamalara ait XRD analizi sonucu
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Sekil 4. YSZ kaplamalara ait XRD analizi sonucu
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3.2. TBC’lerin SPE Asinma Davranmislan
TBC sistemine ait SPE deneyleri 6ncesi ve sonrasi agirliklari, olusan agirlik kayiplari ve
erozyon oranlarini igeren bilgiler Cizelge 7°de verilmistir.

Cizelge 7. TBC’lerin SPE deneyleri sonrasi malzeme kaybi1 ve asinma oranlari

Altlik ve kaplama tiirii Agirlik kayiplari ve erozyon oranlari

Erozyon orani

Altlik }k3;§|ama Easrtlama ;;(;Ts-ll)ma Z;; Z;; (Agr;] (E - (ml ) m2/ m
% £)x1000)
25° 403 401 0,01 0,280
'Y”l?”e' CONICrAlY  YSZ 50° 361 358 0,02 0,440
750 338 336 0,01 0,324

Sekil 5’de SPE deneylerinin gerceklestirilme agilar1 ve erozyon oranlart iligkisi verilmektedir.
50°’de gerceklestirilen deney sonuglarinda maksimum erozyon asinma orani tespit edilmistir. Bu
durum ylizey doyurma oram1 ve partikiillerin deformasyon korelasyonu ile iligkilidir. 50°°de
gerceklestirilen erozif asinma oranini sirasityla 75°°de ve 25°°de gerceklestirilen deneyler sonrasi
meydana gelen erozyon oranlari takip etmektedir. Partikiil ¢carpma agisinin, malzemelerin erozyon
davranisi i¢in en Onemli parametrelerden biri oldugu bilinmektedir. Erozyon oranlarmin ¢arpma
acisia bagli olarak sergiledigi davranislar siinek veya kirilgan olarak nitelendirilirler. Siinek yiizey
ozellikleri sergileyen malzemelerin diisiik carpma acilarinda (15°-30°) en yiiksek erozyon hasarlari
ile karsilastig1 bilinmektedir. Gevrek ylizey ozellikleri saglayan malzemeler ise yliksek ¢arpma
acilarinda (60°-90°) maksimum erozyon oranlarina ulasirlar. Yar siinek yilizey 6zelliklerine sahip
malzemeler ise, 45°-60° carpma agilarinda en yiiksek erozyon oranlarina ulastigi bilinmektedir
(Chowdhury ve ark., 2016). Gergeklestirilen SPE deneyleri sonrasi erozyon oranlart incelendiginde
TBC numunelerinin yar siinek yiizey 6zellikleri sergiledigi tespit edilmistir. Buna istinaden 50°°1lik
partikiil carpma agisinda gergeklestirilen SPE deneylerinde en yiiksek erozyon oranlarina ulasilmistir.
Essa vd. APS yontemini kullanarak Inconel 718 althik malzeme tizerine YSZ iist kaplama ve
CoNiCrAlY bag kaplamadan olusan TBC’ler iiretmislerdir. TBC kaplamalar1 oda sicakliginda SPE
asinmasi deneylerine tabi tutmuslardir. SPE deneylerini farkli partikiil ¢arpma agis1 (30°, 45°, 60°,
90°) gerceklestirmislerdir. SPE oran1 ve partikiil carpma agis1 arasindaki korelasyonu ¢arpma agisi
biiyiidiikge erozyon oraninda artis gozlendigi seklinde kurmuslardir. Bununla birlikte yiiksek ¢arpma
hizlarinda da SPE oraninda artis oldugunu tespit etmislerdir (Essa ve ark., 2021). Zhao vd. GH356
Ni bazl stiper alasgim althk malzeme ilizerine APS yontemi kullanarak geleneksel olmayan g¢ift
katmanli La,Ce>O7/YSZ TBC iiretmislerdir. TBC’lerin tiirbin kanatgiklarina sagladiklari miikkemmel
1s1 yalittm performanslar1 ile son derece islevsel kaplamalar oldugunu belirtmislerdir. Urettikleri
TBC’leri 60° ve 90° ¢arpma agilarinda SPE aginmasina tabi tutmuslardir. SPE asinmasinda TBC
hasarinin olugmasini yiizeyde kaplama kalinliginin azalmasi ve pargalanmasi olarak rapor etmislerdir.
Sonugta 60° ¢arpma acisinin, 90° carpma acisina kiyasla daha yiiksek oranda erozyona sebebiyet
verdigini tespit etmislerdir. Cift katmanli TBC’lerin geleneksel YSZ’lere kiyasla daha dayanimli
oldugunu da belirtmislerdir (Zhao ve ark., 2022).
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Sekil 5. TBC’lerin farkli partikiil ¢arpma agilardaki erozyon oranlari

3.2. TBC’lerin 3D profilometre analizi
Sekil 6’da kat1 partikiil erozif asinma Oncesi elde edilen TBC numunesinin ve farkli partikiil
carpma acist ile erozyona ugramis TBC’lerin 3D profilometre analizi sonuglar1 verilmektedir. SPE
asinmasina tabi tutulmus numunelerinin deneyler sonrasi 3D profilometre cihazi ile ortalama alansal
piirtizliilik (Sa), maksimum g¢ukur derinligi (Sv), maksimum piiriiz yiiksekligi (Sp) degerleri tespit
edilmistir.

IR
5 ¥ F ¥ 3 % ¥
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Sekil 6. Farkli partikiil garpma agis1 ile SPE hasarina ugramigs TBC’lerin 3D profilometre analizi sonuglari

Sekil 7°de farkl partikiil gapma agilarinin Sa degerine etkisi verilmistir. Elde edilen grafik 1,5
bar piiskiirtme basincina ait farkli partikiil carpma agilarinda, 170-230 mesh boyutundaki partikiiller
ile agindirilan TBC kaplamalarin 3D profilometre analizi sonucu elde edilen Sa degeri verileridir.
Grafikte islemsiz olarak belirtilen siitun erozyona maruz kalmayan (erozyon oncesi) TBC
numunesinin Sa degeri verileridir. Alansal piiriizliilik degerleri ve erozyon oranlari arasinda dogru
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orantil1 iligki oldugu tespit edilmistir. Yiiksek erozyon oranlar piirlizliilik degerlerini artirirken,
diisiik erozyon oranlarinin ise azalttig1 gézlemlenmistir. Elde edilen grafikten de goriilecegi iizere en
yiiksek piiriizliik verisi 50°’lik partikiil ¢arpma acistyla meydana gelen erozyon orani sonucu
olugmustur. Tespit edilen bu sonu¢ SPE aginma oranlarinda elde edilen sonuglar1 desteklemektedir.
Sekil 6’dan da gorildiigii tizere 50°’lik partikiil carpma acgisinda alansal piiriizliillik oranlar
partikiillerin ylizey doyurma ve deformasyon oranina bagli olarak daha yiiksek g¢ikmaktadir.
Minimum degerler 25°’1ik partikiil ¢arpma agisinda elde edilmesine ragmen SEM goriintiilerinde
kaplama ylizeyinde ¢ukurlar ve stirekli ¢atlaklarin meydana geldigi goriilmiistiir.

70
OSa @Sv BSp

49,7
I 40,5
75°

3.3. TBC’lerin SPE hasar1 sonras1 mikroyapisal incelemeleri

Sekil 8’de 25°’lik ¢carpma agist ile agindirilan TBC numunelerinin 500x, 1.00kx ve 2.00kx
biiyiitmelerde alinan mikro yapi iist ylizey goriintiileri verilmistir. Kaplama yiizeylerinde asindirici
partikiillerin ¢arpma etkisi ile kaplamada mikro ¢atlak ve gézeneklerin olustugu belirgin bir sekilde
gozlenmektedir. Asindirict partikiiller yogun bir sekilde kaplamaya niifus ederek birikmis ve plastik
deformasyona yol agarak yiizeyde tepeciklerin olusumuna neden olmustur. Ayrica diisiik ¢carpma
acisinda (25°) asindiric partikiiller mikro kesme mekanizmalari ile malzeme koparmaktadir. Biiylik

58,5

60
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40 36,3

28,9
30 27,7 26,6 ’

20

12,1 11

Alansal paruzlalik (pm)

10 7 &1
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islemsiz 25° 50°
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Sekil 7. Farkli partikiil garpma agilarinda erozyona ugramis kaplamalarin alansal piirtizliliikleri

biiylitmede alinan SEM goriintiisiinde ise kaplama yiizeyinde ¢ukurlarin olustugu, mikro ¢atlaklarin
ve asindiric1 partikiillerin daha belirgin oldugu gozlenmektedir. 25°’lik partikiil carpma agisi ile
alinan goriintlilerde kaplama yiizeyinde partikiillerin yiizeye ¢arpmasi neticesinde piiriizliligii
yiiksek bolgeler gozlenmistir. Carpan partikiil taneciklerinin kaplama yilizeyinde diizensiz bir
morfolojiye neden oldugu belirtilebilir.
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Sekil 8. 25°’lik carpma ag1s1 ile SPE hasarina ugratilan TBC’lerin iist yiizey SEM mikroyapi goriintiileri

Kati partikiillerin temas ettigi yiizeysel bolgeler elementel haritalama analizi goriintiilerinde ve
EDS analizinde goriilmektedir. Sekil 9a’da 25°’lik partikiil carpma agis1 ile asindirilan TBC
numunesine ait elementel haritalama analizi verilmistir. Sekilden goriildiigii tizere TBC numunesinin
25°’1ik partikiil ¢carpma ag¢isina maruz kalmasindan sonra ylizeyde Zr, Y, Al ve O elementlerinin
tespiti yapilmistir. Buradaki elementel analiz YSZ’den meydana geldigini ortaya koymaktadir. Sekil
9b’de elementel haritalama analizine ek olarak gerceklestirilen {ist ylizeyden alinan SEM
goriintlisliniin noktasal EDS analizi verilmistir. 25°’lik partikiil ¢arpma agis1 ile asindirilan TBC
numunesinin noktasal analizi neticesinde kaplama ylizeyinde olan daha diisiik diizeydeki asinma
orani goriilebilmektedir (Sekil 7). 25°°lik partikiil carpma agis1 ile gerceklestirilen SPE deneyleri
sonras1 TBC numunelerinin elementel haritalama ve EDS analiz sonuglar1 incelendiginde, iiretilen
TBC’lerin yart siinek yiizey 6zellikleri sergilemesi ile iliski asindirici partikiillerin ylizeye gomiilmesi
sonucunda yiiksek oranda Al elementinin varligi tespit edilmistir.

(a) Ir

Spectrum 12 Spectrum 13
Wt%| o Wit% o

Zr |77.6| 0.3 Zr |90.2| 04
Al [13.2| 0.1 Y | 71|04
Y [9.2]03 Al | 28 | 0.1
Spectrum 14 Spectrum 15
Wt%| o  Spectrum 14 Wt% | o

Zr |86.3| 0.1 Zr |85.3| 0.3
Al [13.7| 0.1 Y | 8803
Al | 59 | 0.1

Sekil 9. 25°’lik carpma agis1 ile SPE hasarina ugratilan TBC’lerin SEM analizi sonuglari: a) SEM elementel haritalama
sonucu ve b) SEM EDS analizi sonucu

Sekil 10°da 50°’lik ¢arpma agcist ile asindirilan TBC numunelerinin 500x, 1.00kx ve 2.00kx
biliyiitmelerde alman SEM st ylizey goriintiileri verilmistir. SEM goriintiileri incelendiginde,
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kaplama yiizeyine asindirici partikiillerin kompakt bir sekilde baski uyguladigi ve kaplama yiizeyinde
agir bir tahribata yol agtig1 goziikmektedir. Dolayisiyla 25°°lik partikiil ¢arpma agis1 ile asindirilan
TBC numunesine gore piiriizlii yiiksek bir ylizey morfolojiye sahiptir. Yine 25°’lik partikiil carpma
acisi ile agindirilan TBC numunesine benzer mikro catlaklar, ¢ukur ve oyuklar burada daha belirgin
olarak karsimiza ¢ikmaktadir. Ayrica, deformasyona maruz kalan kaplama yiizeyinde derin bir ¢ukur
olusmus ve kaplama yiizeyi tekrarli agindirici partikiillerin garpmasi sonucu malzeme kaybina neden
olmustur. Bu durum Sekil 7°deki erozyon orani hesaplarini destekler niteliktedir. 50°’lik partikiil
carpma agist ile gergeklestirilen erozyon asinmasinda diger carpma acilarina kiyasla en yiiksek hasar
orani tespit edilmistir.

Sekil 11-a’da 50°’lik carpma agisi ile asindirilan TBC numunesine ait elementel haritalama
analizi verilmistir. Ust kaplama yapisim olusturan YSZ yapisini igeren elementel dagilimlar SEM
yiizey mikroyapisi ve haritalamada yer alan mikroyapisal dagilimlardan goriilmektedir. Sekil 11-b’de
elementel haritalama analizine ek olarak gerceklestirilen iist ylizeyden aliman SEM goriintiistiniin
SEM EDS analizi sonucu verilmistir.

()

(b) Spectrum 20 Spectrum 21

Wit%| o Wit%| o
Zr |79.3| 0.3 Zr |779] 03
Y /200 03 Y |19.0 0.3
Al | 0.7 | 0.0 Al | 32 |01
Spectrum 22 Spectrum 23
Wit%| o Wit%| o
Zr | 904 0.3 Zr |796( 0.4
Y [79 |03 Y |182| 04
Al | 16 | 0.0 Al | 22 ] 0.1

Sekil 11. 50°’1ik partikiil carpma acis1 ile SPE hasarina ugratilan TBC’lerin SEM analizi sonuglari: a) SEM elementel
haritalama sonucu ve b) SEM EDS analizi sonucu
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Sekil 12’de 75°’lik ¢arpma agis1 ile agindirilan TBC numunelerinin 500%, 1.00kx ve 2.00kx
biiylitmelerde alinan SEM tiist ylizey goriintiileri verilmistir. 75°’lik ¢arpma acist ile agindirilan TBC
numunelerinin SEM mikroyapilar1 incelendiginde, 25°’lik carpma agisi ile asindirilan kaplama
yiizeyiyle benzer hasar mekanizmalari olustugunu gostermistir. Bu durum ticari olarak elde edilen
asindirict partikiiliin kaplama ylizeyine ¢carpma agisina, piiskiirtme basincina, siiresine ve vb. deney
parametrelerine de bagli olmaktadir. Kat1 partikiil erozif asinmada malzeme kaybina sebep olan
partikiillerin 6nemi oldukg¢a fazladir. Eger asindirict partikiiller kat1 ve sert bir halde ise asinma tiirii
abrazif karakterdedir. Karsilikli zorlamalar sonucunda triboloji sistemin elemanlar1 arasinda olusan
asinma birgok miihendislik sistemlerinin performansini etkiler nitelige sahiptir. Asindirict
partikiillerin kaplama ylizeyine piiskiirtiillmesi esnasinda birbirlerine ¢arparak kaplama yiizeyinden
malzeme koparmakta ve kiitle kaybina sebep olmaktadir. Yiizey derinligi ve genisligi daha diisiik
izler olusturmasina ragmen ylizeyde ¢ok sayida asindirici partikiiller rastlanmaktadir ve mikro
catlaklar olugmustur.

Sekil 12. 75°’lik carpma agi1s1 ile SPE hasarma ugratilan TBC’lerin iist yiizey SEM mikroyap1 goriintiileri

X2

Sekil 13-a’da 75°’lik carpma agisi ile asindirilan TBC numunesine ait elementel haritalama
analizi verilmistir. Sekil 12-b’de elementel haritalama analizine ek olarak gergeklestirilen st
yiizeyden alinan SEM goriintiisiiniin SEM EDS analizi sonucu verilmistir.

Spectrum 16 Spectrum 17 |
Wt%| o Wt%| o |
Zr | 788 0.3 Zr 879/ 0.7
Y 196/ 03 Y |77 [07]
Al | 16 | 0.1 Al | 44 | 0.2
Spectrum 18 Spectrum 19 |
Wt%| o Wt%| o |
Zr |77.5]| 0.3 Zr (88403 |
Y [194] 03 Y [71]03]
Al | 31|01 Al | 45 | 0.1

Sekil 13. 75°’lik ¢arpma agis1 ile SPE hasaria ugratilan TBC’lerin SEM analizi sonuglari: a) SEM elementel
haritalama sonucu ve b) SEM EDS analizi sonucu
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Asinma izlerinden alinan goriintiiler, erozif asinma oranlar ile ilgili yapilan hesaplamalar ile
uyum gostermektedir. SPE aginmasini etkileyen parametrelerden partikiil toz tiirii, kaplama yiizeyine
carpma agis1 ile basing olusan asinma mekanizmalarini belirgin sekilde degismektedir. Carpma
acisina bagli olarak iz sekillerindeki degisim ele alindiginda, partikiillerin kaplama ylizeyine
temasinda farklilik gosterdigi ve genel bir sonug olarak karsimiza ¢iktigr goriilmiistiir. Dahasi partikiil
geometrisine bagl olarak iz sekli de degisebilmektedir. Kaplan ve ark. (2018) MCrAlY metalik bag
ve YSZ seramik iist kaplama kullanarak TBC numunelerini tiretmislerdir ve SPE asinma deneylerini
farkl1 partikiil ¢arpma acgilarinda gerceklestirmislerdir. Deneyler sonrast EDS analiz incelemelerinde
yar1 siinek davranis sergileyen TBC kaplamalarin yiizeyine yiiksek oranda (%38,4) asindiric1 partikiil
saplandigin1 tespit etmislerdir.

4. SONUC
Bu calismada, Inconel 718 siiper alasim altlik malzeme iizerine CoNiCrAlY metalik bag ve
YSZ seramik iist kaplamalar iiretilerek SPE asinma davraniglari ve TBC sistemi yapisinda olusan
mikroyapisal degisimler incelenmistir. Calismalar neticesinde elde edilen sonuglar maddeler halinde
asagida yer almaktadir.

e Termal sprey kaplama yontemlerinden APS yontemi kullanilarak CoNiCrAlY metalik bag
kaplama ve YSZ seramik iist kaplamalarin liretimi basaril1 bir sekilde gerceklestirilmistir.

e TBC kaplamali numunelerde SPE deneyleri sonrasi en yiiksek erozyon aginma oranina 50°’lik
carpma acisinda karsilagilirken, bu degeri sirastyla 75°’lik ¢arpma agis1 ve 25°’1lik ¢carpma
acilarinda gergeklestirilen deneyler takip etmektedir.

e SPE testleri sonrasinda SEM mikroyapilar1 incelendiginde, kaplama yiizeylerinde ¢ukurlarin
olusum buldugu ve siirekli ¢atlaklarin meydana geldigi goriilmistiir.

e Farkli partikiil carpma agilarinda gergeklestirilen SPE deneyleri sonrasinda, 50°’lik ¢arpma
acist ile asindirilan TBC numunelerinde maksimum erozyon aginma orani tespit edilmistir.

e SPE deneyleri sonrasi gerceklestirilen alansal piirtizliiliik 6lgtimleri incelendiginde erozyon
oranlarinin alansal piiriizlilik degerleri ile dogru orantili olarak artis gosterdigi
gozlemlenmistir.

e Yiiksek erozif asinma oranlari, alansal piirtizliiliik degerlerini artirirken, diistik erozif asinma
oranlarinin alansal piiriizliilik degerlerini azalttig1 gortilmustiir.

e En yiiksek alansal priizliiliikk degerlerine 50°’lik ¢arpma agisinda ulasilmis ve bu carpma
acisini sirastyla 75° ve 25° partikiil carpma agilarinin takip ettigi goriilmiistiir.

5. TESEKKUR

Yazarlar, desteklerinden dolayr Bartin Universitesi Bilimsel Arastrma Projeleri
Koordinatorliigii’ne (Proje No: 2021-FEN-A-009) tesekkiirii bir borg bilir.

6. CIKAR CATISMASI

Yazarlar, bilinen herhangi bir ¢ikar catismasi veya herhangi bir kurum/kurulus ya da kisi ile
ortak ¢ikar bulunmadigini onaylamaktadirlar.
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1. INTRODUCTION

The main motivation of this paper is to address some open issues in optimization of generic
(without assuming any specific structure) certainty equivalents which are economic quantities
defining the continuation utilities (or costs) in any random dynamic optimization problem from a
given time (or stage/period) onwards. Such certainty equivalents have been modelled using increasing
functionals of the discounted sums of the generic (only measurability but no continuity assumption)
per-stage unbounded above cost or reward functions defined on the paths of the underlying controlled
Markov chain on general (Polish) state and action spaces which models the random dynamics of the
system. Hence, it includes all usual types of such functions, in particular, the robust risk-sensitive
(see, e.g., Hansen and Sargent, 1995; Howard and Matheson, 1972) as well as the usual logarithmic,
power etc. functions.

The notion of risk-sensitive preferences in Markov Decision Processes (MDPs) was formally
introduced in the seminal paper (Howard and Matheson, 1972) using a stochastic control formulation
approach (see also, e.g., (Di Masi and Stettner, 1999), (Jacobson, 1973), (Whittle, 1990) and
references therein) though it was first studied by Bellman (Bellman, 1957) (see p. 329 therein). In
this criterion, one investigates ‘exponential of integral’ cost or reward which takes into account the
attitude of the controller with respect to risk. In an uncertain situation when the total payoff Z is
random, one wishes to select a concave (increasing) utility function U (+) for reward maximization
(convex for cost minimization), depending on a parameter 8 > 0 representing the degree of risk
attraction or aversion, which attains the “certainty equivalence", i.e., EUgy (Z) = Ug (EZ). This forces

Ug (2) = % e97 (see, e.g., Nowak (Nowak, 2005)), wherein the criterion under study becomes of the

form = % In E[e%%]. This quantity 8 > 0 is called the ‘absolute risk-aversion parameter’.

In the recent times, several alternatives of risk measurement have come up based on generic
certainty equivalents U E[U(Z)] given general (increasing) forms of the path functional U(-). We
note that the use of certainty equivalents goes back about a hundred years to the 1930s (see, e.g.,
(Muliere and Parmigiani, 1993)). A study of the generalization of risk-sensitive preferences in MDP
setup to generic certainty equivalents in the above sense was recently undertaken in (Bauerle and
Rieder, 2014) by implementing the corresponding utility as a ‘full-path accumulated’ functional of
the underlying random dynamical system, namely, as a certainty equivalent of the time-separable
additive von Neumann-Morgenstern discounted utility on the entire (finite or infinite) time horizon.
Therein, the authors considered a discrete-time MDP on a Borel state space with bounded one-stage
costs over the finite time horizon with general increasing U(-) and on the innite horizon with U()
increasing and either concave or convex.

On the other hand, the economics literature followed a ‘per-stage recursive’ robustness
approach using the notion of risk-sensitivity as formulated by (Hansen and Sargent, 1995) (see also
(Hansen et al., 2006), (Hansen and Sargent, 2007) and (Hansen and Sargent, 2008)), namely, as a
sum of the current (per-stage) reward and the one-step discounted certainty equivalent of the future
(next-stage) continuation utility wherein this certainty equivalent is computed using a similar concave
transformation. The generic form of such a recursive approach was first introduced by (Kreps and
Porteus, 1978) and (Kreps and Porteus, 1979) for the infinite horizon and later extended by (Epstein
and Zin, 1989) to the infinite horizon. Using the terminology introduced in the recent paper (Basu et
al., 2022), we call the robustness framework of (Hansen and Sargent, 1995) as the “per-stage
recursive™ approach whereas, again as therein, the corresponding original framework of (Howard and

Matheson, 1972) is referred to as the “full-path accumulated” approach. These per-stage recursive
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preferences have been studied extensively in recent years primarily in the context of their connection
to robustness analysis for economic model misspecifications (see, e.g., (Anderson et al., 2012; Hansen
and Sargent, 2007)), precautionary savings for life-cycle preferences under monotone risk aversion
(see, e.g., (Bommier, 2013; Bommier et al., 2017; Bommier and Le Grand, 2019)), climate risk
modelling for optimal carbon control (see, e.g., (Bommier et al., 2015; Cai and Lontzek, 2019)) and
risk measures in asset pricing/portfolio optimization (see, e.g., (Bauerle and Jaskiewicz, 2018;
Bielecki and Pliska, 2003; Epstein and Zin, 1991; Tallarini, 2000)) among other areas.

Whereas the applications of the per-stage recursive framework have been so diverse and many,
the solutions obtained in a vast majority of the above cases (which mainly involved nonlinear
certainty equivalents) have been somewhat heuristic and sometimes without formal mathematical
justification as to their existence and uniqueness. Whatever formal methods had been deployed were
majorly for the linear case which lead to the standard additive von Neumann-Morgenstern preference
and the generic nonlinear cases were left open, e.g., preference maximization problems for
multiplicative or exponential functionals. Only recently, some formal results in this direction were
obtained for a specific problem of stochastic optimal growth (see (Béuerle and Jaskiewicz, 2018))
under certain growth and stability assumptions on the system. However, to the best of our knowledge,
the generic nonlinear case is still largely open.

The only work that endeavoured to address this nonlinear setup albeit in the full-path
accumulated setup for cost minimization is the paper by (Béuerle and Rieder, 2014). This present
paper is in some sense the technical successor to (Biuerle and Rieder, 2014) and aims to address the
some of the open issues mentioned therein. Notably, (Bauerle and Rieder, 2014) made certain strong
assumptions on the boundedness of per-stage cost or reward function which usually fail to hold in the
real-life scenarios described in the above references. Our paper attempts to address these issues and
create an extended optimization theory for certainty equivalents modelled using generic increasing
functionals of the discounted path-sums of the unbounded-above per-stage functions defined on
general state spaces.

Our main technical contribution is to solve this optimization problem in the finite horizon case
for per-stage unbounded costs/rewards satisfying a w-growth condition (see Theorem 3.2 and
Corollary 3.3 in Section 3).In the process, a result of much broader (beyond our setup here) potential
applicability have been proved, namely, certain important closure properties of the dynamic
programming (Bellman) operators, the compactness of optimal action (sub)sets and the corresponding
existence of optimizing selectors in Theorem 3.1 in Section 3. We also provide a real-life example
from Portfolio Consumption Model to illustrate our ideas (see Proposition 4.3 in Section 4). We
choose such a portfolio model as an example because such models are extremely important in
business and finance and have regularly been used as canonical examples in certainty equivalent
formulations. Hence, we believe that such an example would best serve our purpose of illustration.

We now describe the structure of the paper. Section 2 describes the problem setup as well as
clarifies the main technical formulations, notations and assumptions. Section 3 proves a very crucial
result, namely Theorem 3.1 involving the closure properties of the underlying dynamic programming
operator and then proceeds to the proves the finite horizon results in Theorem 3.2 and Corollary 3.3
for unbounded per-stage functions satisfying a w-growth condition. Section 4 provides a nontrivial
application of the obtained results to a real-life Portfolio Consumption problem (see Proposition 4.3).
We end with Section 5 which provides some pointers to future directions of work as technical
continuation of this work and, in the process, discuss some limitations of this paper.
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2. PROBLEM DESCRIPTION

For a metric space S, let B (S) denote the Borel g-algebra on S, Cp(S) the set of bounded
continuous real functions on S endowed with the uniform/sup norm || - ||, # (S) denote the set of
probability measures on (S, B (S)) endowed with the Prohorov topology (see, e.g., (Borkar, 1995)),

i.e., the topology of weak convergence implying, a sequence 2 (S) 2 {l,}n>1 it U € P(S),

/ £ (@) () ™% / f(@)u(dz), Vf € Cy(S). (2.1)
J S J S

Defining R Ry {£o0}, Ry = {reR:2>0}, R_ e {z € R :z <0},

let f:Y +— R for a Borel subset Y of some Polish space. For A € R, consider the
level-sets

def — def
Di(\Y) ={yeY: fly) <A}, Dr(\Y) ={yeY:f(y)=A}. (22)
We call f lower-semicontinuous (l.s.c) on Y if all such level-sets D are closed and inf-compact

on Y if they are compact. Similarly, f is upper-semicontinuous (u.s.c) if all such D are closed and
sup-compact if they are compact. Note that if f is I.s.c (resp. inf-compact) then —f is u.s.c (resp. sup-
compact). Consider a discrete-time Markov Decision Process (MDP) with state space & (Borel subset

of a Polish space), action space A (Borel subset of a Polish space) with @ # A(X) € A being the Borel
set of actions available at x € %, one-step measurable bounded-below cost function:

(z,0) € Gr(4) “ {(z,0) : 2 € X,0 € A(@)} = c(2,0) < +00, one-step measurable bounded below
reward/utility function r: (z.a) € Gr(A) — r(z,a) < +00 and, weakly-continuous transition
kernels (laws) q (- |x; a) € P(%)i.e.

X xA> (x,a) H[ f(z")q (dz'|xz,a) is continuous Vf € Cy(X) (2.3)
Jx

Such that q(B| -,-) is Borel on Gr (A) for all B € B(1). We assume, as usual, that Gr(A) is a

measurable subset of 4 x A i.e. Gr (A) € B(Z x A). We say that a sequence of real-valued functions
{fn}n=12.. defined on % is lower semiequicontinuous at a point x € % if for each € > 0 there exists a
8¢ > 0 such that for all points x" € Bs_(x) (8.-neighborhood of the point x) we have that f,(x") >
fa(x) —eforalln = 1,2, ... (Feinberg et al., 2020, Definition 3.3). This sequence {f,}=1».... is said
to be lower semiequicontinuous on % if it is so at all x € . Analogously, a sequence of real-valued
functions {f; },,=1 ,....defined on % is called upper semiequicontinuous at a point x € % if the sequence
{—fuln=12.. is lower semiequicontinuous at that point x € X. Also, we say that a sequence of
measurable function {fn: ¥— @}n=1,2,... lower semiconverges (see (Feinberg et al., 2020), Definition

3.2) to a measurable function f,:Z— R in some measure p on B(%) if, for each € > 0, we have,

nli_I)lgC_u {reX: fulz) < f(x) —€}) =0. (2.4)
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Accordingly, upper semiconvergence is defined as the situation when {—f,},=1.. lower
semiconverges to —f or equivalently when,

T}gl;g;; {z e X: f,(x) > flx)+¢€})=0. (2.5)

The decision system moves as follows:

1. ateachtime t € N, & {0,1, ..., } the current state x € 7 is observed,

2. the decision maker chooses an action a € A(x),

3. the cost c(x, a) or reward r(x, a) is incurred, and,

4. the system moves to the next state according to probability q (- |x, a) at the nexttime ¢t + 1
and repeats itself till finite or infinite time 0 < T < oo.

We denote the set of histories up to and including time ¢ as H, & (¥+4)'x & with B(H,) =
(B(%) ® B (A)'® B (7). A history-dependent (behavioural) policy m £ {m,}cy, is @ sequence of
(measurable)  maps  mw;H; >A such  that  m.(h;) EA(XY) where H;3h, ¥
{x0, ag, X1, a4, ... X1, @r—1, X¢ } IS @ history up to and including time, t. Let IT denote the set of all
such policies. A policy ¢ £ {¢,};en, € I is called Markov if all decisions depend on the current
state only i.e. each @ & —A and is measurable such that ¢«(x) € A(x) for all x € . Denote by 1™
the set of Markov policies. A Markov policy ¢ is called stationary (Markov) if ¢ = ¢ (repeating
notation) for some measurable map ¢ : & — A such that ¢(x) € A (x) for all x € . Denote by I1° the
set of stationary policies. The lonescu-Tulcea theorem (see, e.g., (Bertsekas and Shreve, 1996),
Proposition 7.28) implies that, for each initial state x € % and policy m € II, there exists an unique
probability measure PF and a stochastic process (X, A;) on the set of all histories (trajectories) H,, &
(X x A)* endowed with the product o-algebra such that X;(h,) = x; is the (random) state and
A;(hy) = a, is the (random) action at time t for h,, € H,. Denote by ETF the corresponding
expectation.

Let U: R, — R be continuous, unbounded and strictly increasing function such that U~ exists.
This function U shall be used to define overall costs or utilities in our setup as described below. For

a finite-horizon T € N, and under a policy € II define the general certainty equivalent cost/utility
criterion as

de
Vi () C Ut (BT U (FT)]), z € X, (2.6)
where B € (0,1] is the discount factor, Fz = Cz & MiZ5B°c(X;, As) for cost and Fz = Rp &
L1 B5r(X,, Ag) for reward for ¢ > 1. In particular, for our finite horizon case t = T. For the
undiscounted case, i.e. § = 1, we write V7 z_, = V7. Similarly, for the infinite horizon (T = ),
define the corresponding cost/utility criteria as,

Vi(e) Y U=t (BT [U(F5)]), = € X, (2.7)
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where Fg° & C5= = %22 Btc(X,, A,) for cost, Fg° & R;= = %22 Btr(X,, A,) for reward. For
any of the above costs Q”(x) = Vr g(x) (without g for B = 1) or V' (x) define the optimal cost as
def . -
g(z) = inf ¢"(z), z € X. (2.8)
9 rem 2
Similarly, for any of the above utilities g" (x) = Vr g (x)(without B for g = 1) or Vg*(x) define the
optimal utility as
def

g(x) = sup g"(z), z € X. (2.9)
mell

A policy " € I1 is said to be optimal for the corresponding cost (resp. utility) criterion if Q’T* (x) =

g™ (x). (resp. E”* (x) = g(x)) for all x € %. The following Remark 1 is of relevance here.

Remark 1. Given a strategy m € IT with an initial state x € & and a real-valued random variable
Y defined on the probability space (H., B(H), PF) ) and assuming sufficient regularity for U as
given above, we see, by Taylor Expansion, that

U (B [U(Y) = BE[Y] -~ S AP (BF[Y]) Var[Y] (210

where AP(y) & — YO s the “Arrow-Pratt’ function of absolute risk-aversion assuming that U is

u'()
sufficiently regular. Note that 4P term above defines the variability (see, e.g., (Bielecki and Pliska,

2003)). If U is concave then the variance is subtracted and the decision-maker becomes risk-seeking
for cost minimization instead becoming risk-averse if U is convex as, in this case, the variance is
added. These interpretations are reversed for reward maximization problems.

The point-to-set map & 3 x —A(x) is called upper-semicontinuous in the sense of Kuratowski

(us.c-K) if ¥ 3 x, - x € ¥and an € A(xn) for n € N then {a,, },,en has a limit point a € A(x). Before

proceeding further, we make an assumption on the one-step cost / reward function c(:,-), r(-,-) below.
Assumption (A):
1. There exists a measurable function w : Z— [£, o), a measurable subset C c %, constants

12
0<p<1,0<£<1lc 24c'(1-p)=b>0andd ==~ suchthat,

/X w(z)g (dz'|z,a) < pw(z) + ble(z), (z,a) € Gr(A)

!
c +d ﬁ}éc’.

with sup w(z) = ¢ < oo and inf w(r) = max{ ———,
zec zeC (1-p)¢+1

(2.11)

2. For each x € % there exists some a € A(x) such that c(x,a) < ooi.e. the situation c(x,a) =

oo forall (x,a) € Gr(A) isexcluded as it is trivial in that all actions are bad.
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3. Themap ¥ 3 x - A(x) € Ais u.s.c and compact-valued.

4. This part has two alternatives:

(a) For the cost minimization problem (2.8) : c is l.s.c and for all (x, a) € Gr(A), c(x,a) >0
and c(x,a) < dw(x) for d as in Assumption A(1) below.

(b) For the utility maximization problem (2.9): r isu.s.cand for all (x, a) € Gr(A), r(x,a) =
0 and r(x, a) < dw(x) where, without loss of generality, d is same as above.

We state the following Remark in regard to the above Assumption (A).

Remark 2. This Assumption (A) is fairly standard in the literature for general state and action
spaces (see, e.g, (Bduerle and Rieder, 2014; (Béauerle and Jaskiewicz, 2018)) and can usually be
shown to be satised in all real-life applications. Assumption A(1) above, referred to as the “drift
inequality” (stochastic Lyapunov-type stability condition), and A(4) above, referred to as the “w-
growth condition” on the cost or reward function, have been widely used in the MDP and economic
literature, e.g., (Altman et al., 1997; Béauerle and Jasckiewicz, 2018; Meyn and Tweedie, 2009;
Nowak and Altman, 2002). Note it is easy to see that, without loss of generality, we can choose the
same set of parameters (namely, p, b, ¢', d), the same set C and the same growth function w(-) for
both ¢ and r in Assumption (A) above. Finally, it should be noted that the following always holds
true for any d > O0:

/ o 1
¢ +dd {— Cl 0<b= c’(l 0), (2.12)
(I-p)g+1|<cd 0<b<d(l—p).
For a measurable function f: 4 x A— R, we define the w-norm as follows:
def f(z,a
o sp  L20 (2.13)

r€X,acA(x) w(z) '

Note that, in this notation above, by Assumption A(4), we have ||c]||,,, [I”]l,, < d. As explained
in the text following the proof of Lemma 2 in (Feinberg, et al., 2012), it follows that there exists a
measurable map ¢ : & —A such that ¢ (x) € A(x) forall x € ¥ i.e. there exists a (measurable) selector.
Since, as explained above, we identify stationary policies with a selector they are the same objects
and thus the existence of a selector is a necessary and sufficient condition for the existence of a policy.
Again, as explained therein, it is possible that c(x, a) = oo for some (x, a) € Gr(A) and then, from a
modelling perspective, this state-action pair should be excluded as there is no further reason to
optimize once such a pair is reached/selected. So, we can exclude such a situation when c is
identically oo as we did in Assumption A(2).

We now proceed to the solutions of (2.8) and (2.9) for the various cost or reward functions (as
described above) in the next section.

3. FINITE HORIZON PROBLEM

In this section we consider the optimization problems (2.8) and (2.9) for the cost/utility function
(2.6) with B € (0,1). Since U is strictly increasing so is U~! and we can consider the problems (2.8)
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and (2.9) (resp.) by removing U~ from (2.6) and considering the following equivalent problems
(resp.).

vrs@) ™ inf ET(U(CF)],  vrple) ™ swp BT [U(RF)] )
for x € 4. To proceed, we define (as in (Béuerle and Rieder, 2014)) a MDP on the enhanced state
space X & 4 x R, x (0, 1], corresponding per-stage cost zero and action space A with the selectors
now being measurable maps ¢: X — A suchthat X 3 (x,v,2) — ¢(x,y, z) € A(X). We denote by ®
the set of selectors. Policies are then defined as in the previous section. For t € N we define, for
(x,y,z) €X

d(

vie(ey,2) € EL[U (:Ch+9)], T €Il wy(2,9.2) < il v(e.y,2),

and

. d( - _ de _
Uin(T,y,2) = E' [U zR5 + 9)] . mell, vz, y, 2) < sup Uix(z,y,2) (3.2)
mell

with terminal cost / utility vy(x,y,z) = vy(x,y,2) = vo(x,y,z) = U(y) where, as in (Kreps,
1977a) and (Kreps, 1977b), y summarizes the cost or reward that has been accumulated so far and z
is a new state variable introduced to keep track of discounting. The corresponding transition kernel

Gy, z)xy,x,a) = q(dx'|x,a) @ 1izr(xa)+y)(dy") & 1,5(dz") is defined as:

[ o i ey z0)

X

= /i U(Ifﬂ yfs Z!)q (dajll_’lj, a‘) @ 1(zf(a:,a)+y) (dy’) Q lzlﬁ(dzl)
X

= [ fu(a:’, ze(x,a) +y,z08)q (d$’|$, a) (3.3)
X

where f = ¢, r as the case may be.
We wish to obtain vy (x, 0, 1) = vr g(x), vr, g (x) With the cost/utility interpretation as required.
To this end, we define,

w & {f X — R, :: f is measurable and f(z,y,2) < (d + ble(z))w(z)

for (z,y,2) € ./1?}

cx) ™ {f . X Ry fis Ls.c, f(x,--) is continuous, non-decreasing for € X
and f(z,y,2) > U(y) for (z,y,2) € X},
c(®) = o Nw,

u'(x) = dEf {f X o Ry fisuse, fla,) is continuous, non-decreasing for x € %

and f(z,y,z) > Uly) for (z,y,z) € AA.’} ,
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~ dﬁf P
ux) = uxyw. (3.4)
Note that, without loss of generality, we can choose the same w, d as in Assumption (A) above.
Forv e L'(X)orU'(X),¢p € ®,(x,v,2z) € X and a € A define

nslo)(z,y, 2 ) %gt/‘v(wﬂszxaa)4-y,zﬁ)q(d$Wx,a)=.f=:c,n
X

Gro(A) Y {(m,y.2,0) : (w,y,2) € X,a€ Az)} C X x A (3.5)

and

de f
T [v)(z,y,2) = nsll(@,y, 2, 8(,9,2), f=c,r

Tv|(z,y, 2) def iﬁf ne[v)(z,y, z,a), ve LX),

acA(x)

J— de A
T[v|(z,y, z) e sup 1 [v)(z,y,2,a), velU'(X). (3.6)
acA(x)

Remark 3. For T=T,T or T € {T/ 4, ¢ € ®}are monotone operators in the sense that for
vy, v, € L' (X)or U'(X)with v, < v, itis true that T[v,] < T[v,].

We now state and prove a very important result which shall form one of the key foundations of
this paper.

Theorem 3.1. Under the Assumption (A) in Section 2 above, we have,

1. Given v € U(X), Tv € U(X) the supremum in (3.6) can be replaced by a maximum, i.e.

Tlo)(z,y,2) = max_n.[o](z,y,2 a), (3.7)
acA(x)

the set of maximizers A*(x, ¥, 2) & {a € A(X) : nr [v](x,y,z,a) = T [v](x,y,2)} is

nonempty compact and there exists a corresponding maximizing selector i.e. ¢* € @ such
that,

T[v|(z,y, 2) = Ty [v](z,y, 2) = n.[v](z,y, 2, 0" (x,9,2)), (z,y,2) € X. (3.8)
2. Given v € £(X), T[v] € £(X), the infimum in (3.6) can be replaced by a minimum i.e.

T](z,y,2) = i nev)(z,y, 2, a), (3.9)

the set of minimizers A*(x, y, z) &{a € A(X) : nc[v] (X,y,z,.a) = T[v](x,y,2z) is nonempty

compact and there exists a corresponding minimizing selector i.e. ¢* € @ such that

~

Thl(z,9,2) = Tglv](®; 9, 2) =5:00|(2,5, 2,0 (€,9,2); (2,%.2) € X. (3.10)
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Proof: We prove Part 1 of the above Theorem 3.1. The proof of Part 2 is exactly analogous.
Let us prove that the function n,.[v](x,y,z,a) is u.s.c. Consider a converging seguence
(%> Yo Zn» ) = (X, Y, 2, @) 8s n—00. Let v € U(X). We define the functions () & v(-,zr(x,a) +
y,zB) and f,,(*) ¥ v(:, 2,7 (X, an) + Y, ZnB), Where n = 1, 2, .... Since the functions v, r are u.s.c
and v(x,-,-) is monotonic (nondecreasing actually) the sequence of functions {fn}n=1,2,_,_ IS upper

semiequicontinuous by (Feinberg et al., 2020, Theorem 3.1(ii)). Again, by upper semicontinuity,

fC)=v(,zr(x,a) +y,z8) > limsup v(-, 2,7 (xn, an) + Yn, 2, 3) = limsup f,(-)

n— 00 n— 00

yuun

easy to see that, since (d + b1.(-))w(-) is the common majorant of {f,,},_,, by Definition (3.4)

above, ((Feinberg et al., 2020), Condition (ii) of Theorem 2.2) holds. Hence, by ((Feinberg et al.,
2020), Theorem 4.1),

[ 16 atde'a.0) > vimsup [ g (a)a(d o)
X X

n—r o0

which is equivalent to
ne[v](z,y, z,a) > limsup 0, [v](Zn, Yn, Zn, an)-

n—ro0

Thus, the function n,-[v] is u.s.c and, by ((Aliprantis and Border, 2006), Theorem 2.43), the
supremum in (3.6) can be replaced by a maximum and this set of maximizers is nonempty compact
since A(X) is compact given x € & by Assumption A(3) above. Thus, by (3.6) and Berge's theorem

(Aliprantis and Border, 2006; Lemma 17.30), it follows that T[v] is u.s.c. Moreover, by Monotone
Convergence Theorem, (y,z) —n,[v](x,y,z a) is non-decreasing and continuous (in particular
I.s.c). Since the supremum of an arbitrary number of l.s.c functions is also l.s.c, it follows that

(y,z) - T[v](x,y,z) is continuous and non-decreasing. The inequality T[v](x,y,z) = U(y)
follows directly. By (3.4) since wv(-) < (d+b1lc(-))w(:), we have T[v](x,y,z)"” 7

max v(z', zr(x, a) + y, 28)q (dx' |z, a)
acA(z) Jx

=*eALea2) [ o(@, zr(z, a*) + y, 28)q (do’ |z, a) < f (d + ble(a)w(a')q (da |, o)
X X

by Assumption A(1)
< d[ w(x g (da' |z, a®) +b[ 1o (2 w(z)q (da' |z, a*)
X

by Assumption A(1)
< d (pw(z) + ble(x)) + be’ / q(d2'|z,a*) < d(pw(x) + ble(z)) + be’
Je
< (d+ ble(z)) w(z) + dble(z) + b’ — (1 — p)dw(z) — ble(z)w(x)

= (d+blc(z)) w(z) + {:{Ift ’)(('1 - [();d;()‘:f)lw(f) - bw(x) ; ; (C?
by Assumption A / 1 P
v Asumpton At o) wie) + {b(“ +d) (1= ) +0) () weC
(1= p)(c? —db) z¢C,
by Assumption A(1)
< (d+ ble(z)) wlz). (3.11)
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Thus T[v] € U The existence of a maximizing selector follows from the Generalized Selection
Theorem of Dubins and Savage (Hinderer, 1970, Theorem 17.9).

We now prove the main Theorem of this section which nontrivially extends Theorem 2 of
(Béuerle and Rieder, 2014) to unbounded per-stage cost or reward satisfying the w-growth condition
(see Assumption A) above.

Theorem 3.2. Under Assumption (A), the following results hold:

1. Forapolicy ¢ = {0, ¢1, ...} € M it holds that viw = Tho T/ t=1, ... T where Vir = Utz

when f =c and Ytr = Ytxr when f =r.

2. For (x, y, z) €X, Lol ¥4,2) = To(@,4,2)= vy(z.y,2) = U(y) we have ¥ = L]

i.e.,

v (z,y,2) = ueig{r] /}: v, (2, ze(z,a) +y, 28)q (d2'[w,a), t =1,...,T, (3.12)

with v, € £(X) for all t. In particular, 2 = T[U] for all t. Similarly, we have
v = T[vi-1]ie

Oy(@,y,2) = sup / Beo1(@, 2r(z,a) + y, 28)q (de'|z,a) , t=1,...,T,(3.13)
acA(x)J X

- — Y - 1 7t
with ©; € U(X) for all t. In particular, 7t = T [U] for all t.
3. For each t = 1, 2, ..., T there exists a minimizer ¢; € @ of v, (resp. maximizer
¢i € ® of Vi—1) and 7 = (w5, 7p_y) € IV with,

t—1
ﬂ-[,;(m()) = gbi*[“(xﬂv 0, l)a ﬂ't*(h’t) = qﬁ“—t (mta Zﬂbf(msv (ls), Bt)(3'14)

s=0

is an optimal policy for (3.1) with f = ¢ (resp. f =r) in (3.14) above.

4. KT,ﬁ(x)(resp. Vm(:c)) is the optimal 1.s.c cost (resp. u.s.c utility) for (2.6) under the optimal
policy (3.14) above for any x € %.

Proof: The proofs are provided below.

1. The proof of this part is similar to the proof of Theorem 2(a) of (Béuerle and Rieder, 2014)
and hence is omitted.

2. We prove parts (2) and (3) together. Due to part (1) it follows that for = € IV, the value
function in problem (3.1) is the same as the value functions of the original MDP. Moreover,
by Theorems 18.1 and 18.4 of (Hinderer, 1970), it suffices to consider Markov policies TTV

. v, = inf v, = inf v, Uy = SUp Tyr = SUP Uin )
Ie. meTl mellM or well ~en™ . Now, since by Theorem 3.1(2)

(resp. Theorem 3.1(1)) above T [v] € £ (X) (resp. T [v] € U(X) whenever v is and there
exists a minimizing (resp. maximizing) selector for v by Theorem 3.1(2) (resp. Theorem
3.1(1)), parts (2) and (3) follow from Theorem 14.4 of (Hinderer, 1970).

3. This part easily follows from the above parts and the fact that Vrs(z)= U™

o vy (x)=
U o up(2,0,1) (resp. Vrplw) = Ul oTrg(a) = U oTr(2,0,1)) since U is continuous
and increasing.
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Now the following corollary to Theorem 3.2 follows obviously by defining XY= X'x R,,
selectors @ 3 ¢: (x,y) € i’»gb(x,y) € A(x), corresponding Definition (3.2) putting z = 1,
Definitions (3.4), (3.5) and (3.6) with the corresponding transition kernel q(d(@',y)|z,y,a) =
¢ (dz'|z,a)@ 1(f(z,a)+4) (4Y") defined as,

[ v e e va)= |

X X

v(x',y')q (da' |z, a) @ 1(5(z.a)4y) (dy')

=[;mmﬂnm+ymwﬂa@,f:ar@w>

and the corresponding (simpler) interpretation (putting z = 1) of Theorem 3.1. The Corollary 3.3 is a
nontrivial extension of Theorem 1 of (Béuerle and Rieder, 2014).
Corollary 3.3. For the undiscounted case, i.e. = 1, exactly same results as in Theorem 3.2 hold
V.. %l inf VF Vi sup vz
for ¥r and :

well nell

We end this section with an important Remark.

Remark 4. It is to be noted here that, under these assumptions of upper semicontinuity of the
map X 3 x— A(X)in addition to the compactness of A(x) for each x € X', (Bduerle and Rieder, 2014)
has proved the analogue of the above Theorem 3.2 (see Theorem 2 and Remark 2 therein) and
Corollary 3.3 (see Theorem 1 therein) for bounded costs/rewards. We refer also to our Remark 2
above. Our Theorem 3.2 and Corollary 3.3 above automatically generalizes these corresponding
results of (Béuerle and Rieder, 2014) to any unbounded above cost or rewards satisfying standard w-
growth conditions of Assumption (A) above.

4. AN APPLICATION

In this section, we provide a real-life example from Portfolio Consumption using the robust
risk-sensitive preferences of (Basu et al., 2022) originally from (Howard and Matheson, 1972). For a

: . . . e 16
given fixed but arbitrary risk sensitivity parameter 8 > 0, let U(y) = — 8¢ o be the concave

reward/utility functional. We consider a portfolio of one asset with values x € X = (0, ). The state

space is defined as X = (0,8] x X The action of a consumer (agent) is to consume an amount a €
A(X) = [0, ox] € A = X when the value of the asset is x given a fixed but arbitrary 0 < < 1. Thus

Assumption A (3) is satisfied. For some given fixed but arbitrary y > 0, let €</ (1 + ﬁ) and C ¢/

(0, 0] x (0, ] C X. We choose a fixed but arbitrary L€ (03] in Assumption A(1). We define the
corresponding w (+,-) as,

A

wn,x)=vVr+1-£, (n,z)eX. (4.1)

We choose, as per Assumption A(4), some u.s.c reward 0 <r (i, x, a) = r (X, @) <dw (», x) at

2
state (s, x) for action awhere > £ . Given (1, x, a) € Gr(4) = {(1, X, a) : 1 € (0, 6], x € X; a € [0,
ox]} we define the transition kernel 4 (d(n',2")|n, z, a)=q (dz’|z, a) @ 1,5(dn) s follows,

[ vt itz o= |

X

v(n',2")q (da'|z, a) @ 1ys(dn’)
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~ [ vwp.a)a (@' kw.0) (1.2)
X

where

_ 2\‘1 21 a ]_ _J-_’ /
q(B|x,a)_L{m2e +(1I)I+’ye + ]dm,VBEB(X) (4.3)

which models the (controlled) evolution of the asset value under consumptions. Let,
p=Y +tandb= 7+ (1- ) (1-0).

Now we state and prove the following important Lemma.

Lemma 4.1. The function w (-, -) as defined in (4.1) satisfies the conditions of Assumption A
(1) above.

Proof: w(-,)> £and £ < =2 (' 2 )~ £ as required by Assumption A(1). Also, we see

that,
/ _ VT VY L yr\ _2-yr+ ™y 1V
won= (1) (14 555) -5 ) =55 (5 )
_ ™ Ty 1 /7 VLS ™Y Nz
_12+2£(24) -5+ 5(12) =b (4.4
as required by Assumption A (1). Now, using standard integration results, it can be checked
that,

/ o, 2)q (d(r ),z a)= f w(,2')q (de'|, a) ® Lys(dn)
X X
—/ w(nB,x')q (dz' |z, a)
X

‘/\/__\f+ (- )Y yary+1-t
< OVT oy (1= 2) V(a4 ) 411
< VT (VE+ A 41
= VT )+ Y (1ﬁ) 1-0  (45)
2 2 2
for all (, x, a) € Gr(4). It immediately follows from (4.5) above that,
fx w(n', )G (d(n',2")|n, x,a) < pw(n,x) +b, (n,2) €C, a € A(z). (4.6)
Also, from (4.4) and (4.5) it follows that,
fiw(n’af’)é (d(n',2")n,x,a) < pw(n,x), (n,z) € X\C, a € Alx). (4.7)
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Combining the above inequalities (4.6) and (4.7) we get,

f w(n',2")q(d(n',2")|n, x,a) < pw(n,x) + ble(n,x), (n,7,a) € Gr(A) (4.8)

X

as required by Assumption A (1).

We now formulate the risk-sensitive or robust preference problem along the lines of (Basu et
al., 2022) and (Howard and Matheson, 1972). We denote by -+ the set of extended non negative
measurable functions f : X - R +U {40} Given z € II the corresponding finite-horizon (i.e. from
0to T) risk-sensitive discounted utility V7% ‘)starting at (6, xo) € X is given as:

V7 5(0,20) wf —%lnE,’r [e*Q(Zf:ul BtT(Xtuﬂt)+ﬁT9(XT)):|

rand V(- z7) = g(ar) (4.9)

under the dynamics generated by 7, where 0 < £ < 1 is a given discount factor as in Section 2 and
g() € F+is agiven terminal cost function. The corresponding optimization problem is given as:

Vz.5(6,20) = sup Vi (0, 20). (4.10)
TE

As we shall show below in Proposition 4.3, by Theorems 18.1 and 18.4 of (Hinderer, 1970), it
suffices to consider Markov policies z € IV i.e.

VT”g(B, wg) = sup V7 5(0,20) = sup V7 5(6, z0). (4.11)
mell rellM

We now provide below a heuristic recursive formulation for the preference function (4.9) which
shall allow us to better understand the Dynamic Programming formulation for this maximization
problem (4.11) above,

Lemma4.2. For1<t<T,n € (0, d] and any = € II,
1 -
Vaﬁﬁ(m Xr—¢) =r(Xp_t,ap—y) — —In E%. [ef"“svf—l-B(T’ﬂ’XT““)}
k n -t

with the terminal condition Vo.s(»X7) = 9(X7). (4.12)

Proof: Note that, using (4.9), we can get,
Vis(n, Xr—¢) = JlnESET . [e—fn(zii;ﬁ-_t55'”‘“"‘("5*“5“5 t”(XT))}
7 _

_ 71 In E}r( [e*ﬂ’r(x’r—t,ar—t)*’flﬁ Y aoT—t41 ﬁs_(T_HU"'(Xs=ﬂs)*'fi5t9(x’l'):|
, T—t

1
— __InE™ {j?}?‘(XT-—t,au-—z)Eﬂ
, nEy, e Y

— *lhlE_’;r{T t |:€_'fi""(X'l‘—t161'1‘—1‘,)6_’?]3‘/15711”3("’].B1X'_l‘—t+l):|
n -

[ef"?ﬁ(z:i‘z_]l‘_g+1 BS_(T_"‘_'—I)7'(X57“s)+5t_lg(X’1‘))] ]
T—t+1

1 n ,
= r(Xp_g,ar—) — —In E%, [e—nﬁVf—1,,@('r,'.3,X1-_t+1)] . (4.13)
1 -

129



Basu, A. JournalMM (2023), 4(1) 116-133

The terminal condition is obvious.

LrAs shown by Lemma 4.2 above, there is an explicit time-dependence of the risk aversion
parameter through exponentiation of the discounting factor 5. Hence we have defined our Markov
control process {(#t; Xt) }o<i<t ON the enhanced state space X', with the selectors now being measurable

maps @ : X —A such that X 3 (n, x) =>¢(n, x) € A(X) (see notations above). We again denote by ®

the set of such selectors. The definitions for histories and all types of policies can be defined
analogously as above and we keep the notations similar to Section 2 above for ease of understanding.
The corresponding transition kernel 4 (/") has been defined in (4.2) above. Again, the lonescu-Tulcea
theorem (see, e.g., (Bertsekas and Shreve, 1996, Proposition 7.28) implies that, for each initial state
(7, x) € X and policy « € I1, there exists an unique probability measure .= and a stochastic process
{((n1, X1); At)}o<i<r ON the space (Hr, AHr)) of all histories (trajectories) such that (i, Xi)(ht) = (1, Xt)
is the (random) state and 4:(ht) = a: is the (random) action at time t for ht € Hr. We denote by .-
the corresponding expectation. Now, we can simply consider the preference function (4.9) to be
defined on the above state space X with the corresponding optimization problem (4.10) or (4.11) as
being defined on the associated state process {(t, Xt)}o<<ras explained above. Having understood
this, we now proceed to define the corresponding Bellman operators. Motivated by Lemma 4.2, the
kernel (4.2) and the discussions around it, we define 3, x a f) = Lr
(n, x, alr: & x Ax Fows:

1 Ve
Lrn,z,a, f)=r(z,a) - Elnf eI (d(n' 2|0, x, a)
x

=r(z,a) — 1 ln/ e MBI0B2 g (do' |z, a) . (4.14)
n x
For ¢ € ® and (, x, /) € X X 74, let,
1 def ,
T3V f(m,2) = La(n,x, é(n,2), ),
d

T f(n, x) f sup Lgr(n,z,a,f). (4.15)
acA(xz)

We now state the following main result (Bellman Dynamic Programming Recursion) of this
Section for the cost function (4.9) as follows directly from Theorem 3.2 above. Hence we have proved
the following Proposition.

Proposition 4.3. For the Portfolio Consumption Model above, it holds that

1. For any given policy (go,....¢7-1) = 7 € IIM with ¢; € D, Vig=T0 0Tyl g
2. Vop=gandVig =TV, 1540 fort= 1,..,T

Vig(nz)= sup Lr(n.z,a.V,_15)
acA(z)

1 T s (B! .
= sup [r(:x:,a) - = ln[ e MBVi—1s MBS g (da! 2, a) |, (n,2) € X. (4.16)
a€A(x) n X
— . . — > T
So, Ves = (T)'g for all tand in particular Vr.s = (T) " g.
3. There exists a maximizing sequence {¢; € ®}o<i<r—1 and ™ = (75,---,77_1) € TIM such
that, forallt=0, .., T-1.

ﬂ': (he) = @: (Me, 2¢) = arg I?a? Lr(ne, xe, a, VT—l—t,gB)
ac Az
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= arg max [r(.:(:,a) — —lnf e"’“ﬁvl“‘t'“‘"("’fﬁ’x’)q(d.}:’|:1:t,a)j| (4.17)
acA(xy) X

is an optimal policy for (4.9). In fact ¢ (7, 2¢) = ¢* (108", 21) for some fixed ¢* € ® where, as
in (4.9), no = @ is the given risk-sensitivity parameter.

5. CONCLUSION AND FUTURE DIRECTIONS

Our main technical contribution is to solve a certainty equivalent optimization problem in the
finite horizon case for per-stage unbounded costs and rewards satisfying a w-growth condition (see
Theorem 3.2 and Corollary 3.3 in Section 3). In the process, a result of much broader potential
applicability have been proved, namely, certain important closure properties of the dynamic
programming (Bellman) operators, the compactness of optimal action (sub)sets and the corresponding
existence of optimizing selectors in Theorem 3.1 in Section 3. We also provide a real-life example
from Portfolio Consumption Model to illustrate our ideas (see Proposition 4.3 in Section 4) because
such models have regularly been used as canonical examples in certainty equivalent formulations.
Several more nontrivial applications and examples can be created as separate papers from these
theoretical foundations along the lines of the references mentioned in the Introduction. This work can
further be extended to noncompact action spaces as well as to generic unbounded-above per-stage
costs/rewards without assuming any growth conditions. A further direction of technical interest would
be to address these issues for the infinite horizon cost or reward setup as well as the corresponding
average cost or reward setups given appropriate geometric ergodicity conditions on the underlying
controlled state process. Another direction would be to study the preferences of general Epstein-Zin-
Weil structure-types in this framework as a decision problem of significant interest. An interesting
research direction would be to study computational algorithms to evaluate such value functions as
studied herein for large-scale optimization problems.
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ABSTRACT: Micro-thin-walled structures are frequently encountered in micro-pumps, micro-
channel cooler plates, and micro-molds in the defense, aerospace and biomedical sectors. One of the
micro-machining methods frequently used to obtain micro-thin-walled structures is micro-milling.
The micro-milling method makes machining possible for micro-components with high accuracy and
a good surface finish. However, there are many issues to consider when micro-milling thin-walled
geometries. The fact that the wall deformation is directly related to the rate of progression necessitates
knowing what effects the rate of progression cause on the wall deformation. Because the micro
milling technique is generally used as the final cutting process in the creation of thin wall geometries
in the industry. In this study, thin-walled structures were obtained by micro-milling the Al6061-T6
material. The influence of feed rate on wall deformation was investigated by applying different feed
rates in micro milling experiments. Wall deformation measurements were performed using a
motorized optical profilometer device. It has been observed that increasing feed value causes an
enhance in cutting forces, it also causes an increase in the deformation of the micro-thin wall. The
deformation distance between the end points of the micro-milled wall geometry using a feed rate of
1 um/tooth is three times greater than the thin-wall geometry created using a feed rate of 0.2 pm/tooth.
It has been determined that the deformation is much higher in the entrance and exit areas of the micro-
thin wall. The wall deformation also decreases from the upper point to the lower points of the micro-
thin wall. While the deviation distance in the measurement taken from the upper point of the wall
geometry obtained by using the 1 um/tooth feed rate, where the deformation is more, can reach 100
um, the deviation at the lower point of the wall is negligible.

Keywords: Thin Wall Structures, Micro Milling, Plastic Deformation, Cutting Parameters, AI6061-
T6.
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1. INTRODUCTION

The need for micro equipment is increasing day by day with the development of technology.
Thin-walled structures are frequently encountered in micron-sized equipment and frequently used in
aerospace, space technologies and biomedical applications. Examples of these structures are micro-
channel cooler plates, micro propellers, micro molds, micro pumps, biodegradable implants (Yi et
al., 2019). Due to the geometrical properties of these micro-scale equipment, they have to be produced
very precisely. Micro milling is a widely used micro machining method for the creation of thin wall
geometries (Dornfeld et al., 2006; Fabio et al., 2017). The biggest problems encountered in micro-
milling of thin-walled structures are plastic deformation and dimensional errors in the wall geometry
(Lazoglu and Mamedov, 2016). The result is a poor surface quality with machining defects. For this
reason, cutting parameters and cutting strategy must be carefully chosen in order to minimize wall
deformation during micro-milling of thin-walled structures.

For a structure to be defined as a thin wall, the ratio of the wall height (h) to the wall thickness
(t) must be greater than 10 (Khandagale et al., 2018). It is stated that the wall thickness should be 100
um or less in order to dimensionally separate the thin walls produced by the micro-milling method
from the thin walls produced by the conventional milling method (Figure 1) (Yarin et al., 2009).

W/t > 10
thin wall

thickness
t <100 pm

SRR ) Mt RSB
Signal A = SE1 Mag= 100X
WD= 22mm EHT =20.00 kV

Figure 1. SEM image of a sample microthin wall and description of the structural dimensions of the wall

The most important factors to consider in micro machining is the size effect (Hasgelik and
Aslantas, 2021). The size effect is directly related to the minimum chip thickness. As the size gets
smaller, different effects are observed depending on the minimum chip thickness (Aslantas et
al.,2020; Chae et al., 2006). In order to eliminate these effects, it is important to define the minimum
chip thickness. For a healthy micro milling process, the cutting parameters should be selected
depending on the minimum chip thickness (Aslantas and Cigek, 2018). Choosing the optimum cutting
parameters is one of the main factors in order to minimize the part deformation (Ergetin et al., 2020;
Aslantas and Alatrushi, 2021). High cutting forces in micro milling, vibrations due to size effect and
negative rake angle due to minimum chip thickness cause instabilities in the cutting process (Shimada
et al., 1993; Yuan et al., 1996; Kim et al., 2002; Chae et al., 2006; Sun and Cheng, 2010). For this
reason, in the micro milling process, the cutting process should be completed by taking into account
the effects of all these issues.
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Thin-walled microstructures used in industry are generally made of titanium and aluminum
material blocks (Ciecielag and Zaleski, 2022). Aluminum alloys are frequently preferred in the
industry due to their thermal and electrical conductivity, being suitable for heat treatments, being
easily shaped, being light, having low yield stress and high fatigue resistance (Akram et al., 2018).
Its low rigidity, on the other hand, is a major disadvantage, especially in the processing of thin-walled
structures. Al6061 alloy stands out as the most versatile heat treatable alloy of aluminum. With the
T6 heat treatment, the aluminum alloy reached its maximum precipitation hardening. For this reason,
yield strength (>240 MPa) and tensile strength (>290 MPa) are quite high (Akram et al., 2018).

Deformation errors are a common problem in micro-milling of thin-walled structures (Gao et.
al, 2022). Researchers have done many studies to reduce wall deformation. Ramanaiah et al., (2017)
drew attention to optimum cutting parameters to minimize deformation. They proved that the wall
deformation is low at high cutting speed, low depth of cut and feed rate (Gao et al., 2022). With the
milling direction and strategy, the wall deformation can be reduced to even lower values (Li et al.,
2010). Cheng et al., (2018) correlated the tool edge radius with the minimum chip thickness in
determining the feed rate in thin-walled structures formed by micro milling. As a result, they stated
that the minimum chip thickness is not only a fixed ratio of the tool edge radius, but also the depth of
cut should be taken into account. Li et al., (2018) modeled wall deformation in the micro milling
process with the finite element method. Loehe et al., (2012) used optical measuring instruments to
measure the mechanical deformation value of micro thin-walled workpieces. Gao et al., (2016)
developed a strategy to reduce thin-wall deformation with optimum cutting parameters and reduced
the wall deformation by 52%.

In this study, the deformation of thin-walled structures obtained by micro-milling method from
Al6061-T6 alloy, which is frequently used in the aerospace, defense and biomedical sectors, was
investigated. The effects of feed rate on cutting forces and wall deformation were observed. In
addition, it is graphically shown how the wall deformation changes from the top of the thin wall to
the bottom of the wall. Thin wall deformation measurements were taken using a different
measurement technique than the studies in the literature. In addition, the effect on the wall
deformation was determined by using two different feed rates lower and higher than the minimum
chip thickness. The coming out results and possible causes are explained. Thus, the efforts to increase
the quality of the parts aims to find a response in industrial applications.

2. MATERIALS AND METHODS

2.1 Experimental Setup

In the study, a special horizontally positioned experimental setup was used for micro milling
experiments (Figure 2). The speed adjustment of the IMT brand spindle, which can go up to 60000
rpm, and the axis movements supported by micro stepper motors can be controlled with the help of a
computer. Compressed air obtained from the compressor was used to fix the cutting tool to the spindle
with the help of pliers. The cutting tool moves along the Z axis. Thus, the depth of cut is given by the
Z axis. The sample holder, on which the workpiece is fixed, is located on the mini dynamometer
(Kistler-9119AA1) fixed to the slides moving along the X axis. During the cutting process, the force
data measured by the dynamometer is graphically printed on the computer screen with the help of the
amplifier. During the cutting process, the feed is on the Y axis. A Usb microscope was utilized to
observe the wall geometry during cutting.
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Figure 2. Experimental setup used in the study

2.2 Material and Cutting Tool
In the study, Al6061-T6 alloy, which has a widespread production volume in terms of its
mechanical properties (Table 1), was used (Akram et al., 2018). Supplied with dimensions of 10 mm
x 10 mm x 3000 mm, the AI6061-T6 workpiece was cut into small pieces using a precision sample
cutting device. After fixing the 10 mm x 10 mm x 20 mm workpiece to the sample holder, it was
subjected to micro milling to obtain a thin wall structure (Figure 3).

Table 1. Mechanical properties of AI6061-T6 material (Warsi et. al., 2017)

Material Density Ultimate tensile  Yield strength Young’s Thermal conductivity
(g/cm®)  strength (MPa) (MPa) modulus (GPa) (W/m K)
Al 6061-T6 2.7 310 275 69 167

Micro end mill

Figure 3. View of the workpiece before and after cutting
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In the micro-milling of the thin wall structure, a Tungsten Carbide cutting tool with 1 pm
AITIiSIN coating was used in the geometric properties in Figure 4a. Although the tool diameter is
specified as 1 mm according to the data of the company from which the cutting tool is supplied,
Predicting that the diameter differences in micron size may affect the wall thickness, the cutting tool
diameter was measured using an electron microscope (SEM) before starting the cutting experiments
(Figure 4b). The diameter value of the cutting tool used in these experiments was 980 um, and the
edge radius was 5 um.

Geometric Properties Values
Shaft Diameter, D (mm) 4
Tool Diameter, d (mm) 1
Length, L (mm) 50
Helix Length, L, 2
Helix Angle, A 30°

Flute number, z 2
(a) i= = |<£’

of _\l;_.% a

Figure 4. Geometric parameters (a) and SEM photographs (b) of the cutting tool used in cutting experiments

2.3 Experimental Systematics

At first, constant cutting speed V¢ = 94.1 m/min, speed N=30000 rpm and ap=0.1 mm depth of
cut at 7 different feed rates (0.025, 0.5, 0.1, 0.2, 0.5, 1, 2 um/tooth) micro milling experiments were
carried out to confirm the effect of feed rate on cutting forces. Next, a thin wall structure was formed
separately by micro milling for 0.2 um/tooth and 1 pm/tooth feed rates. These feed rates were selected
among the parameters recommended by the tool manufacturer. It is aimed to compare the effect of
cutting forces and ploughing by selecting values below and above the minimum chip thickness. The
milling technique used to create the thin wall is shown in Figure 5a. A wall height of 1 mm was
obtained by performing a total of 20 unloading operations from both sides of the wall, respectively,
ap = 0.1 mm (Figure 5b). After the first unloading process from left to right, the cutting tool was
shifted by 1030 um considering 980 um tool diameter + 50 um wall thickness, and the unloading
process was performed from right to left. This process was repeated 10 times, giving 0.1 um more
cutting depth each time. The geometric dimensions of the thin wall structure at the end of the cutting
process are shown in Figure 5¢. At the end of the cutting process, the wall thickness was measured
as 40 pm. The 10 um difference is thought to be due to the run out of micro-milling process. In this
case, the ratio of the wall height to the wall thickness (h/t) is 25. In Figure 5d, a photograph of the
thin wall structure taken with a Usb microscope at the end of the micro-cutting experiment is shown.
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Thin Wall Height

cutting tool

thin wall

\

Figure 5. a) The milling technique used in the creation of the thin wall b) The strategy applied in the creation of the thin
wall ¢) The geometric dimensions of the thin wall d) The photograph of the thin wall taken with a Usb microscope

2.4 Measurement of Thin Wall Deformation
Deformations of thin-wall structures formed at two different feed rates by micro-milling method
were measured using an optical profilometer (Figure 6). Measurements were taken from the wall
surface and compared with the Nanovea brand device working with white light technology. The
scanning distance was along the wall (10 mm), the scanning frequency was 1000 Hz, the step was 0.1

pum.

Workpiece

Deformation
Measuring
Software

Optical
Profilometer
Control Box Device

Figure 6. Optical profilometer device used in thin-wall deformation measurements
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First, the laser beam in the optical lens is focused on the workpiece. Then, zeroing process was
performed in the y and z coordinates from the top surface of the thin wall and to the exit point of the
cutting part. The first scanning was performed along the lateral surface of the wall (10 mm) in the y-
axis after the optical focus was shifted 0.05 mm from the O point of the wall in the +z direction.
Subsequently, a total of 6 scans were made by moving 0.15 mm more in the +z direction before each
scan (Figure 7). This measurement was repeated in the same way for thin-wall structures formed with
0.2 um/tooth and 1 pm/tooth feed rates, separately.

deformation
measuring
~—ganges

deformation
measurements
respectively

Figure 7. Thin wall deformation measuring mechanism

3. RESULTS AND DISCUSSION

3.1 Comparison of Cutting Forces

In order to observe thoroughly the effect of feed rate on cutting forces, micro-milling
experiments were carried out at constant depth of cut and cutting speed. Seven different feed rates
were used to determine exactly whether the cutting was performed by sliding or ploughing
mechanism. The amount remaining between the maximum and minimum force values was taken into
account in the cutting force data obtained graphically in the computer environment. This amplitude
value, which is widely used in micro milling tests, is also called Peak to Valley (Aslantas et al., 2022).
It is not always possible to define the minimum chip thickness by examining the Peak to Valley values
that change depending on the feed rate (Aslantas et al., 2022). In the literature, it is stated that the
minimum chip thickness is between 20% and 30% of the cutting edge radius (Cheng and Huo, 2013).
While this rate is 30% in titanium alloys (Aslantas et al., 2020), it can go up to 40% in aluminum
alloys (Chen et al., 2020). In another study, it was defined that the minimum chip thickness was 17%
of the edge radius (Wu et al., 2020). In this study, the minimum chip thickness is thought to be
between 0.5 um and 1 pm. Since the edge radius is 5 um, the minimum chip thickness corresponds
to approximately 15% of the edge radius. Since the ploughing mechanism is effective at low feed
rates (0.025, 0.05, 0.1 um/tooth), it is observed that there is an instability in the Fx and Fy forces as
the feed rate increases (Figure 8). The reason for this situation can be explained by the size effect in
the micro milling process. Cutting forces exhibit an unstable behavior at feeds per tooth close to or
below the minimum chip thickness. To eliminate the effect of ploughing, at higher feed rates (0.2,
0.5, 1, 2 um/tooth), it is seen that the cutting forces increase linearly as the feed rate increases (Figure
8). This is explained by the fact that the sliding mechanism is effective, as the minimum chip thickness
is increased to higher feed per tooth, similar to the conventional milling process.
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18 Ve = 94.1 m/min , ap= 0.1 mm , N = 30000 rpm

1.6
—o—Fx
1.4

1.0
0.8
0.6 -~

0.4

Peak to Valley Cutting Force, (N)

0.0

(5]

0.025 0.05 0.1 0.2 0.5 1

Feed per tooth (nm/tooth)

Figure 8. Cutting forces according to different feed rates

3.2 Thin Wall Structure Deformation
After obtaining thin wall geometry for two different feed rates with micro milling, deformation
measurements were made on the wall surface using the technique in Figure 7. The measurements
made separately from different heights for 0.2 pm/tooth and 1 pm/tooth feed rates are compared by
graphing in Figure 9.
40 £=0.2 pmvtooth 40 X- f= 1 pm/tooth

20

- — 20
g E ’______’\/-__—_\\\__
g 0 V‘A S 0 M\‘ﬂag’w I
E 0 2000 4000 6000 800@00 E 2000 4000 GUUW@OO
=) £
£ 20 & 20
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= —1 —2 —3 3
= 40 = — 2 —3
£ —1 —s 6 e
& 60 F 60 —4 5 6
50 Thin Wall Length (um) -80 ¥4 Thin Wall Length (yum)

Figure 9. The change in thin-wall deformation from the upper surface of the wall to the lower surface for feed rates 0.2
pm/tooth and 1 pm/tooth

In Figure 9, it is seen that the wall deformation increases on the wall surface where the height
is higher for both feed rates. The ratio of the wall height to the wall thickness decreases as one moves
from the 1st measurement to the 6th measurement. Accordingly, the deformation in the lower part of
the thin wall is quite small. Because the geometry is more rigid in the bottom of the wall.

Another striking point in Figure 9 is that the wall geometry micro-milled with a feed rate of 1
um/tooth has been more deformation than the wall geometry obtained using a feed rate of 0.2
um/tooth. At a feed rate of 1 um/tooth, the deformation range between the end points of the workpiece
is about 100 um, while at a feed rate of 0.2 pm/tooth, the maximum deformation range is about 30
um. This shows that there is a difference of more than three times. As the feed rate increases, the
increase in cutting forces also increases the wall deformation. In this context, the results of cutting
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force and wall deformation confirm each other. Considering that the wall thickness is 40 pm,
deviation in the x-axis to the wall thickness of approximately two and a half times in a thin-walled
structure where the feed is 1 pm/teeth indicates that the cutting process was not performed under
optimum conditions.

In order to observe the effect of feed on wall deformation more clearly, the number 1
measurements taken from the top / end point of the wall were compared for both feed rates (Figure
10). As stated in figure 9, it is clearly seen that the thin-wall deformation, which is subjected to micro-
milling with a feed rate of 1 um/tooth, is quite high compared to the workpiece with a feed rate of 0.2
um/tooth. A better surface finish can be achieved at low feed rates, but minimum chip thickness
should also be considered. Increasing wall deformation due to increased feed is much more dominant
than deformation due to size effect.

thin wall
| ] / :
40 X-
El
=
=
2
= 4000
E
S
j]
]
§ -40 measurement 1 taken 0.05 pm below
g the top of the thin wall —1f=0.2 pm/tooth
= ,
-60 ——f=1 um /tooth
80 Thin Wall Length (um)
-oU x+

Figure 10. Comparison of wall deformation of thin-wall structures subjected to micro-milling at two different feed rates

In Figure 11, SEM images of these two thin wall geometries are given. SEM images were taken
separately from the entrance and exit areas. In Figure 10, it is seen that the deformation measurement
in the entrance area of the thin wall formed with 1 pm/tooth advance value is considerably higher
than the thin wall obtained with 0.2 pm/tooth advance value. Looking at the SEM images in Figures
11a and 11b, this result is clearly observed. The deformation images in the exit area in Figure 11c
and 11d are also parallel to the deformation measurements. In Figure 11e, 11f, 11g and 11h, the top
view of the wall geometry is given for both feed values. The SEM images of the thin wall match
exactly with the deformation measurements made from the wall surface, which proves the accuracy
of the measurements made with the optical profilometer device.
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Figure 11. SEM images of the entrance and exit areas of thin-wall geometries created at 0.2 and 1 pm/tooth feed rates

In order to understand the cause of deformation in micro milling of thin-walled structures, it is
necessary to examine the deformation mechanisms. Thin-walled structures are subject to bending as
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a result of plastic deformation under the influence of external elastic loadings during cutting (Yi et.
al., 2019). As a result of bending, elongation occurs at certain points of the thin wall and shortening
at other points. The increase in cutting forces in direct proportion to the increase in the feed rate also
increases the deformation of the external loadings on the wall. It is seen that the workpiece is
subjected to bending deformation at both feed rates. As it can be understood from the measurement
results in Figure 9 and 10 and the SEM images in Figure 11, the bending deformation of the sample
with a feed rate of 1 pm/tooth is higher than the bending deformation of 0.2 um/tooth. This difference
is clearly seen especially in the entrance area. As the feed rate increases, the bending deformation
increases, and at much higher feed rates, fracture occurs with the increase in the loads to which the
micro thin-walled structure is exposed (Xiang and Yi, 2021).

4. CONCLUSIONS

In this study, differences in wall deformations were investigated by creating thin wall structures
by micro-milling using Al6061-T6 material. The wall deformations of the workpieces subjected to
micro-cutting at two different feed rates were compared using different measurement techniques. The
important findings of the study are as follows:

e |t is seen that the cutting forces increase linearly with the increase of the feed rate, but at
feed values per tooth become close to the minimum chip thickness, instabilities arise in the
cutting forces because of the effective ploughing mechanism.

e When the deformation measurements on the thin wall surface are examined, the deformation
at the top/end point of the wall is considerably higher than the deformation at the bottom
point of the wall. The deformation decreases as you go from the upper point of the thin wall
to the lower point.

e |t was observed that the deformation in the entrance and exit parts of the thin wall was more
than the other parts.

e When the feed rates are compared in terms of wall deformation. It was observed that the
deformation of the thin wall structure obtained with 1 pm/tooth feed rate was about three
times higher than the thin wall structure obtained with 0.2 pm/tooth feed rate. This shows
that the deformation caused by the increase in cutting forces is more dominant than the
deformation caused by ploughing.

e Cutting forces and thin-wall deformation results show that the surface quality deteriorates
with increasing feed rate.
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1. INTRODUCTION

Inverted pendulum is a popular and important tool in control theory. There are many different
types of inverted pendulum in literature. Classic inverted pendulum systems are designed to move on
a fixed linear mechanism. Some of others are two-wheeled inverted pendulums (Nawawi et al., 2008;
Wasiwitono et al., 2021; Wu et al., 2012) and one-wheel inverted pendulums (Han et al., 2014;
Moghadam and Marshall, 2021). They can move each direction on a two-dimensional surface by the
wheels. During the movement, the body acts as an inverted pendulum and it must be balanced by the
horizontal forces produced by the motion of the base of the pendulum. Another one is flywheel
inverted pendulum (Andrievsky, 2011; Meyer et al., 2009; Olivares and Albertos, 2013). It is fixed
on a horizontal surface by a rotational joint and has a flywheel on the top of the body. It can also have
two degrees of freedom like Cubli (Bobrow et al., 2020; Gajamohan et al., 2012). Cubli is a robot in
the form of a cube and it can balance on any one of its corners.

An inverted pendulum system has a nonlinear characteristic and balance control is a difficult
process. Many times, controllers are designed using the linearized models of the system. Many types
of controllers have been implemented to inverted pendulums. Jain et al. designed an inverted
pendulum system and used PID controllers to stabilize the pendulum and control the position (Jain et
al., 2013). They also used particle swarm optimization algorithm to tune the PID coefficients.
Conventional methods for tuning the PID parameters are based on trial-and-error method. With
optimization algorithms, the same process can be completed in a shorter time.

Linear quadratic regulator (LQR) and full-state feedback (FSF) are other control methods that
can be used for an inverted pendulum. Razmjooy and Alikhani used LQR and FSF techniques and
made a performance comparison (Razmjooy et al., 2014). The results showed that LQR has a better
performance; because of which it is an optimal control technique of pole placement.

Similar studies are made for two wheel inverted pendulum, too. Villacrés et al. made a
comparative study for controlling a two wheel inverted pendulum (Villacrés et al., 2016). PID
controller, LQR and sliding mode control (SMC) are compared in the study. The results showed that
SMC has the best performance and PID is an easy tunable controller. In another study, line tracking
control of a two wheel inverted pendulum was made using visual feedback (Hatada et al., 2022).

Fractional order controllers are another option to control an inverted pendulum. There are
various studies which are used fractional PID controllers for inverted pendulum, also include
comparisons between PID controllers and fractional PID controllers (Mishra and Chandra, 2014;
Mondal and Dey, 2022; Wang et al., 2016). They all reported that both of the PID and fractional PID
had quite acceptable performance, but fractional PID was more robust.

In this study, a flywheel inverted pendulum model that is linearized is controlled by fuzzy logic
controller. A controller is designed for high performance by examining the effects of the fuzzy logic
controller parameters. The designed controller is also compared to a conventional PID controller.

2. FUZZY LOGIC CONTROL

Fuzzy logic is one of the popular tools in control theory. It can be used to control linear or non-
linear systems. A fuzzy logic controller can have single-input or multi-input. Among multi-input
fuzzy controllers, two-input ones are more preferred in terms of sensor and computational cost. The
inputs are generally the error of system state which must be controlled and the derivative of it. The
first step of a fuzzy logic control is fuzzification. In this step, the input data are converted into fuzzy
data or membership functions. The second step is fuzzy inference process, and membership functions
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and predefined rules are combined to derive fuzzy output. The fuzzy rules or rule table which include
the all possible combination of inputs and outputs are specific to the system, and must be prepared
by the help of an expert (Ozmen and Kézkurt, 2021). The last step of the fuzzy logic control is
defuzzification. In this step, fuzzy outputs are calculated using different methods such as center of
sums (COS), center of gravity (COG), weighted average method or maxima methods. The outputs
are applied to the system and the output error which is the input of the fuzzy logic controller is
calculated again. Many times, the inputs and the outputs of a fuzzy logic controller need a gain value
many times. The gains have an important effect on the control performance of the fuzzy logic
controller and they can be selected by trial-and-error method. Detailed information about fuzzy logic
control can be found in (Bai and Wang, 2006; Tavana and Hajipour, 2019).

3. FLYWHEEL INVERTED PENDULUM

Inverted pendulum is popular system, which is naturally nonlinear and unstable, in control
theory. Inverted pendulum balance researches are basically made on an inverted pendulum on a chart
and the aim is balancing the pendulum by moving the chart (Erkol, 2017; Mishra and Chandra, 2014;
Niemann and Poulsen, 2003). The Inverted pendulum system used in this study has different structure
based on a flywheel (Gajamohan et al., 2012; Huang et al., 2022; Prutskii et al., 2022). A simplified
drawing of the system is given in Fig. 1. The system is fixed on the ground by a rotating joint and a
flywheel is placed on top of the pendulum. When the flywheel is turning, a reaction torque becomes
on the vertical plane. The direction of the reaction torque changes depending on the turning direction
of the flywheel. The reaction torque also decreases or increase with the speed of the flywheel. In this
way, inverted pendulum balance can be controlled by adjusting the flywheel speed and changing the
turning direction. It means the input of the system is the torque driven by the flywheel.

Rotating
joint

Figure 1. Basic structure of the flywheel inverted pendulum,0

The differential equations of the system can be derived using Euler-Lagrange method. The
equations of the system given in Fig. 1 is given in equation 1-4 (Ruan and Wang, 2010). lzand Iz are
the inertia of the pendulum and flywheel, m1 and mz are the weights of the pendulum and flywheel,
f1 and f2 are the friction factors, g is the gravitational constant and I1 is the pendulum length.

(a +12)6+1,é = bsind — b, 0 (1)

L(6+¢)=u—by¢p (2)
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a= m1l2 + 4m2l2 + 11 (3)
b= (my +2m,)gl 4)

When the 6 is small enough, the equations can be linearized as given in equation 5-6 and the
state space equation can be obtained as in equation 7 (Ruan and Wang, 2010). The system parameters
are given in Table 1.

(a+13)6+1,¢ = b — f,6 (5)
L(6+¢)=u—f¢ (6)
0 [2 _1a8 2 ]6.’ [_01]
§=[8 0 0 1 ‘Z+|oaf (7)
ol =5 o 0 Rl 1
Table 1. System Parameters
Symbol Value Unit
L 0.25 m
my 1.2 kg
m, 0.46 kg
Iy 2.504x107 Kgm?
I, 3.423x10° Kgm?
fi 9.4x10°® Nm/V
f, 3x10* Nm.s

4. EXPERIMENTAL STUDY BASED ON SIMULATED MODELS

In this study, a flywheel pendulum was modeled and a fuzzy logic controller was designed to
balance the pendulum. All study was made by simulations using MATLAB/Simulink program.
Firstly, the system was controlled by a PID controller to see the performance and make comparisons.
The structure of the PID controlled system is given in Fig. 2. The PID was tuned by auto tune property
of the MATLAB, and then the controller performance was improved by manual tuning. All settling
time and overshoot values were calculated with 2% tolerance. The system outputs are given in Fig.
3. The settling time (S.T.) and the maximum overshoot (M.O.S.) of the 6 output are respectively
1.091s and 0.212° when the auto tune is used. The performance can be improved by manual tuning
after auto tuning. The S.T. and M.O.S. are respectively 0.227s and 0.146° for the manually improved
system, respectively.
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4.1. Fuzzy Models

The main aim of the study is to design a fuzzy logic controller for a better performance than
classical methods like PID. The simulation design for fuzzy logic control is given in Fig. 4. The
designed controller has two inputs; the error, and the derivative of the error. Both of the inputs have
gains (Ke and Kde), and the controller output has also a gain (Kout). It should be noticed that Kout has a
negative sign because of the rule table and characteristic of the system. All of the gains have important
effects on the controller performance. The used rule table is given in Table 2.
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Figure 4. Block diagram of the system controlled by fuzzy logic controller
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Table 2. The rule table of the fuzzy logic controller
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o’ o NB NM NS Z0 PS PM PB
NB NB NB NM NM NS NS Z0
NM NB NM NM NS NS Z0 PS
NS NM NM NS NS Z0 PS PS
Z0 NM NS NS Z0 PS PS PM
PS NS NS Z0 PS PS PM PM
PM NS Z0 PS PS PM PM PB
PB Z0 PS PS PM PM PB PB

Two types of membership function (MF) were used. Different “And”, “Or”, “Implication” and
“Aggregation” methods were used to see their effects on the performance. Firstly, triangular MF
given in Fig. 5 was used. Input and output ranges of the functions were determined between “-1” and
“1”. Inputs and outputs were scaled by the gains of Ke, Kde and Kout. “And” method and “implication”
methods were chosen as “min”. “Or” method and “aggregation” methods were chosen as “max”.
Selected methods can be seen in Table 3.

Degree of membership

error

e 2 2 2
o v B o »

Degree of membership

|INB" NM " NS

/

Z0 PS

PM PB

-0.5

0

derivative of error

Degree of membership
(=} S f=} (=}

o b B o o —

NB NM ~ NS

\

Z0

PS

-0.5

0
output

" PM PB]

Figure 5. Triangle membership functions of error and derivative of error inputs and the output

Table 3 Parameters of the fuzzy logic controllers

Parameters Membership Functions
Triangle Gaussian
And Method min prod
Or Method max max
Implication min prod
Aggregation max probor
Defuzzyfication centroid centroid

0.5 1

Then the gains were manually tuned for the best performance. Firstly, Ke, Kde and Kout were
selected as respectively 5, 5, and 200, respectively. Initial 6 angle was selected as 1°. The system
reached to the reference (0°) in more than 0.5s. The system output had also much oscillation. The
graphs of system outputs are given in Fig. 6.
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Figure 6. System outputs of the fuzzy logic controller which has triangle MF

Kout was changed to improve system performance. The system had more settling time when Kout
was decreased, and it had shorter settling time when Kout was increased. System had much oscillation

again. The 0 graphs are given in Fig. 7.
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Figure 7. The effect of Koy 0n 0

The system had less oscillation when Ke was decreased and more oscillation when Ke was
increased. The effect of Ke gain can be seen in Fig. 8. Small changes of the K¢ do not have a
significant effect on the system performance as seen as Fig. 9.
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Figure 8. The effect of K. on 6
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Figure 9. The effect of K4 0n 6
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A good performance couldn’t be obtained by the tunings given above, but it is possible by
changing some parameters of fuzzy logic controller. As seen in Table 3, “And method” and
"implication method” were selected as “product” (prod); “aggregation method” was selected as
“probabilistic or” (probor); and “Or method” was selected as “max”. These parameters were used
with both of triangular and Gaussian (gauss2mf) MF given in Fig. 10. The system performance was
better with both of triangular and Gaussian MF when used with the new parameters. The 6 output
graphs of triangular and Gaussian MF are given in Fig. 11 for Ke=K¢=5 and Kout=200. Both of them
generated shorter settling time and less oscillation.

1 INB NM " NS Z0 PS " PM PB 1INB NM " NS Z0 PS PM PB
o o
5 2
£0.8 508
=} o
506 £06
g g
504 504
3 3
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R
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Figure 10. Gaussian membership functions of error and derivative of error inputs and the output
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Figure 11. The effect of new parameters on 0

The effect of Kout for 6 output can be seen in Fig. 12. System has longer settling time and less
osculation for small Kout. In a similar manner, it has shorter settling time and more oscillation for
bigger Kout.
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1 1
0.5 0.5
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Figure 12. The effect of Ko 0n 6 when prod, probor and max functions are used
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The system output had no oscillation but longer settling time when Ke was decreased, and the
system output had more oscillation and shorter settling time when Ke as increased. It can be seen in
Fig. 13 that Kge has also a positive effect on the system performance. System output has shorter
settling time with bigger Kde gain as seen as in Fig. 14.

—— Fuzzy with triangular MF —— Fuzzy with Gaussian MF
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Figure 13. The effect of K¢ on 6 output when prod, probor and max functions are used
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Figure 14. The effect of Ky on 0 output when prod, probor and max functions are used

When used the triangular MF; the settling time was 0.150s with %2 tolerance, and there was no
overshoot and steady-state error. When used the Gaussian MF; the settling time was 0.325s with %2
tolerance, max overshoot was 0.352°, and steady-state error is 0.019°. The system output graphs are
given in Fig. 15.
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Figure 15. System outputs when used the optimized fuzzy logic controllers

Settling time, maximum overshot and steady state errors are given in Table 4 for PID and fuzzy
controlled systems. Fuzzy logic controller which has triangle MF has the best results. It’s settling
time is 0.15s and there are no maximum overshoot and steady-state error. The settling time of fuzzy
logic controller which uses Gaussian MF is more than two times of fuzzy logic controller which has
triangle MF. It has also maximum overshoot and steady-state error.
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Table 4. Performance comparison

Performance PID Fuzzy Fuzzy
Criteria Triangle MF Gauss MF
Settling Time (s) 0.227 0.150 0.325
Maximum Overshoot (°) 0.146 0 0.352
Steady-State error (°) 0 0 0.019

The PID controller has an acceptable second best performance. Its settling time is more than
fuzzy logic controller which uses triangle MF, but it is less than fuzzy logic controller which uses
Gaussian MF. PID controller has also overshoot, but it is half of the maximum overshoot value of
the fuzzy logic controller which uses Gaussian MF. It has also no steady-state error.

As a result, the controller which has the best performance is the fuzzy logic controller which
uses triangle MF. The second best is the PID controller and the third one is the fuzzy logic controller
which has Gaussian MF. It can be concluded that the fuzzy logic controller better than PID, when its
parameters are selected correctly and the gains are tuned carefully.

4.2. Disturbance Inputs to The Best Performance Model
Robustness is tested by applying two different disturbance inputs to the triangular membership
function model, which is the best performance model. An input with a duration of 1 second and an
amplitude of 0.1 is applied at the 0.5 second moment of the simulation as the disturbance pulse
function. Fig. 16 shows the method of applying the disturbance pulse input by forming it with unit
step functions.

Disturbance Impulse

0 deg_to_rad +

X in l!!! out = Ax+ Bu e d_the
ref. A y=Cx+Du » phi
Fuzzy Logic State-Space »d_phi

Controller

Memory { }

Figure 16. Simulink model with disturbance impulse input

Although the flywheel inverted pendulum model with disturbance input could not maintain the
balance during the pulse, it immediately recovered when the pulse was retracted and settled in a stable
control position. The response graph is shown in Fig. 17.
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Figure 17. Response graph of the model with disturbance impulse input

Random noise disturbance input is applied secondary to the triangular membership function
model. The random noise function is given by multiplying the ramp function with increasing
amplitude, and thus the robustness of the control system is tested up to how many degrees of noise.

Fig. 18 shows the method of applying the disturbance random input.

—|—> Disturbance Random Noise

0 deg_to_rad g
ref.

m e
in out
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3

Fuzzy Logic State-Space
Controller

Memory [ }

Figure 18. Simulink model with disturbance random noise input

As a result of this input, it is seen in Fig. 19 that the control system can provide the balance up
to a certain amplitude of the noise. When the noise reaches about +£8° amplitudes, the control system
loses its robustness.
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Figure 19. Response graph of the model with disturbance random noise input

In experimental studies, two different disturbance input methods were applied to test the
robustness of the fuzzy logic controller in terms of amplitude and duration. In the literature, this test
is usually provided with a single disturbance input (Olivares and Albertos, 2013; Ruan and Wang,
2010; Vasconcelos et al., 2019).

5. CONCLUSION

In this study, a fuzzy logic controller was designed and optimized by trial-and-error method for
a flywheel inverted pendulum. Balance control is the main challenge in controlling an inverted
flywheel pendulum. All fuzzy gains were tuned for the best performance. Also, some different
functions were used for fuzzy methods like implication and aggregation. Fuzzy logic controller which
uses triangular MF with “prod” and “probor” functions for and-implication-aggregation methods has
the best performance in controlling the inverted pendulum. Fuzzy Logic controller which uses
Gaussian MF has more overshoot and longer settling time. The designed fuzzy logic controllers are
compared with a PID controller tuned by trial-and-error method again. The PID controller has an
acceptable performance. Its performance is not good as fuzzy logic controller which uses triangular
MF. PID has maximum overshoot and 0.077s longer settling time. However, it has better performance
than fuzzy logic controller which uses Gaussian MF. PID controller has 0.098s shorter settling time,
and 2.41 times less overshoot. It has also no steady state error. In experimental studies, two different
disturbance input methods were applied to test the robustness of the fuzzy logic controller in terms
of amplitude and duration. The best performance triangular MF model is robust under disturbance
inputs.

The fuzzy logic controller which uses triangular MF has better performance when compared
with the PID controller. But all tuning processes are made by trial-and-error method. An optimization
algorithm should be used to make a more accurate comparison. It can be a future work. After all,
fuzzy logic controller is a good choice when controlling a flywheel inverted pendulum.
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bolgelerinin yaninda 1liman iklim gosteren bolgeleri de bulunmaktadir. Bu ¢esitlilik iklimlendirme
uygulamalarinda tek tip bir yontem kullanilmasini da sinirlamaktadir. Giineyinde yer alan illerde
1sitma uygulamalarinda ¢ogu zaman geleneksel elektrikli 1siticilar yeterli olurken, diger bolgelerde
yogun olarak dogalgaz kullanilmaktadir. Diger taraftan toprak kaynakli 1s1 pompalar1 diinyada
alternatif iklimlendirme sistemleri olarak kullanilmaya baslamistir. Fakat bu sistemlerin ilk kurulum
maliyetleri kullanimint olduk¢a sinirlamaktadir. Fakat son yillarda enerji arzinda yasanan sorunlar
ozellikle de Avrupa bolgesindeki dogalgaz arzindaki sikintilar ciddi boyutlara ulagmistir. Bu
kapsamda, bu c¢alismada 1sitma uygulamalarinda toprak kaynakli 1s1 pompasi ile dogalgaz sistemi
karsilastirilmis ve tekno-ekonomik analizleri gerceklestirilmistir. Elde edilen sonuclar ile de bu
sistemlerin yaygin kullanimi saglamak i¢in devlet tarafindan saglanmasi gereken optimum tesvik
miktarlar1 belirlenmistir. Meveut duruma gore yaklasik %65 oraninda tesvik gerektigi ongoriilse de
Avrupa bolgesindeki dogalgaz birim fiyat artiglar1 géz Oniine alindiginda bu oran %36,8’e kadar
diismektedir.
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Determining the optimum amount of incentive for using a ground source heat pump as an
alternative to the natural gas system in space heating applications

ABSTRACT: Turkey is one of the rare countries that have different climatic zones. In addition to
the frigid regions, there are also regions with a temperate climate. This diversity also limits the use
of a uniform method in conditioning applications. While conventional electric heaters are often
sufficient for heating applications in the provinces located in the south, natural gas is used extensively
in other regions. On the other hand, ground-source heat pumps have started to be used as alternative
conditioning systems worldwide. However, the initial setup costs of these systems limit their use
considerably. However, the problems experienced in energy supply in recent years, especially in the
natural gas supply in the European region, have reached severe dimensions. In this context, in this
study, ground source heat pumps and natural gas systems were compared, and techno-economic
analyzes were carried out in heating applications. With the results obtained, the optimum amount of
incentives to be provided by the state to ensure the widespread use of these systems has been
determined. Although it is foreseen that approximately 65% incentives are required according to the
current situation, this rate drops to 36.8% when the natural gas unit price increases in the European
region are taken into account.

Keywords: Ground source heat pump systems, Natural gas, Cost analysis, Cold climates, Life cycle
cost

1. GIRIS

Diinyadaki niifus ve ekonomik faaliyetlerde ciddi artiga bagli olarak enerji talebi her gecen yil
katlanarak artmaktadir. Diger taraftan bu talebi karsilamak i¢in yenilenemeyen enerjilerin iiretim ve
tiiketimde kullanilmasi ¢evre kalitesinin bozulmasini ciddi boyutlara ulagtirmaktadir. Enerji Koruma
Ajanst (EPA), her gecen giin artan iklim sorunlariyla iligkili olarak emisyon azaltma yontemlerinin
onemine vurgu yapmaktadir (Environmental Protection Agency (EPA), 2022). Bu kapsamda
stirdiiriilebilirlik ve gelecek nesiller i¢in ¢esitli tehditler olusturan iklim degisikligi ile iligkili pratik
¢oziimler ele alimmalidir. Yenilenebilir enerjiler ¢evre sorunlariyla miicadelede 6nemli bir yer
tutmakta ve siirdiiriilebilir kalkinma iginde kritik bilesen olarak kabul edilmektedir (Yang ve ark.,
2022). Enerji tiiketiminin yogun olarak yasandigi bireysel ya da toplu konutlarda yenilenebilir enerji
kullanarak enerji arzinin karbondan arindirilmasi da bu degisimde kilit rol oynamaktadir.

Uluslararasi Enerji Ajansi (IEA) nin 2018 y1l1 raporuna gore binalar ve insaat sektorii kiiresel
enerji tilketiminde %36’lik bir pay alarak en yliksek enerji tiiketimini gerceklestirmis ve enerji ile
ilgili tim emisyonlarin neredeyse %40'indan sorumlu olmustur (International Energy Agency (IEA),
2019). Alan 1sitma uygulamalar1 da buradaki en yiiksek enerji tiiketimlerinden birini olusturmaktadir.
Diger taraftan kiiresel 6l¢ekte alan 1sitmada kullanilan enerji miktarinda 2010-2018 yilinda %20
azalma gozlemlenmistir (International Energy Agency (IEA), 2019). Bu azalista yenilenebilir
enerjinin yeri siiphesiz ki oldukga biiyliktiir. Ayrica 2010-2018 yillar1 arasinda yenilenebilir enerji
kullanimi %21 artisla binalar i¢in en hizli biiyiiyen enerji kaynagi haline gelmistir (International
Energy Agency (IEA), 2019). Fakat G7 iilkelerinde artan ekonomik belirsizlik yenilenebilir enerjinin
ilerlemesinde ciddi bozulmalara neden olabilir (Su ve ark., 2022). Bu nedenle, ilgili hiikiimetler,
ekonomik istikrarin korunmasi ve yenilenebilir enerjiyi gegisin ilerlemesi i¢in gerekli politika
destegini saglamada sorumlu roller iistlenmelidir. Bu kapsamda Tiirkiye, enerji giivenligini artirmak
ve slirdiiriilebilir kalkinmay1 gelistirmek icin yenilenebilir enerji yatirimlarini artirmaya
odaklanmaktadir (T.C. Enerji ve Tabii Kaynaklar Bakanligi, 2022).
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Tirkiye'de konutlarin 1sitilmasinda yaygin olarak dogalgaz sistemleri (DG-S) kullanilmakta ve
konutlardaki toplam enerji talebinin %80'ini olusturmaktadir. Diger taraftan DG-S yerine 1s1
pompalarinin kullanilmasi konutlarin 1s1 enerjisi tiikketimini diisiirmede oldukca etkili bir yontemdir.
Kiiresel bazda 2019 yilinda, 1s1 pompalarinin kullanildig: birincil enerji tiikketimindeki tasarruf, gaz
yogusmali kazan sistemlerine kiyasla 84,1 TWh'ye ulasmistir (European Heat Pump Association
(EHPA), 2021). Is1 pompalari kendi aralarinda kaynak tiiriine gore hava, su (yeralt1 veya yiizey suyu),
toprak kaynakli gibi alt dallara ayrilmaktadir (Kavanaugh ve Rafferty, 2014). Is1 pompalarinin alt
tiirlerinden olan toprak kaynakli 1s1 pompas1 (TKIP) sistemleri, siradan 1s1 pompalarina kiyasla daha
yliksek enerji verimlilikleri nedeniyle binalarin 1sitma ve sogutma uygulamalarinda ciddi avantajlar
saglamaktadir (Esen ve ark., 2007; Hepbasli ve Kalinci, 2009). Bu avantaj, hava kaynakli 1s1
pompalarindan (HKIP) farkli olarak TKIP sistemlerinin topragi bir 1s1 kaynagi olarak kullanmasi
sayesinde gerceklesir (Esen, Inalli, Esen ve ark.., 2007; Hepbasli ve ark.., 2003; Kapicioglu, 2022).
Ayrica soguk iklimleri nedeniyle 1sinmanin baskin oldugu bolgelerde hava kaynakli 1s1 pompalarinin
ciddi performans diisiisii yasadigi veya kullaniminin sinirlandigi da bilinen bir olgudur (Bertsch ve
Groll, 2008; Guoyuan ve ark., 2003; You ve ark., 2016). Bu nedenle 1s1 pompasi pazarinda her gegen
giin TKIP kullanim1 artmakta ve 2020 y1l1 verilerine gére Avrupa’nin soguk iklim kusaginda bulunan
iilkelerde yurt i¢i 1s1 pompas1 pazarindaki pay1 %43 e kadar ¢ikmaktadir (EurObserv’ER, 2022).

TKIP sistemlerinin kullanimi genel olarak yiliksek baslangi¢ maliyetleri nedeniyle
sinirlanmakta (Nguyen ve ark., 2014) ve elektrik enerjisi kullanmalar1 nedeniyle elektrik birim
maliyet degisimlerinden fazlaca etkilenmektedir. TKIP’larin farkli iklim ve isletme kosullarinda
ekonomik degerlendirmesi diinya ¢apinda birgok calismaya konu olmustur (Esen ve ark., 2006;
Habibi ve Hakkaki-Fard, 2018; Han ve ark., 2021; Petit ve Meyer, 1998; Zhou ve ark., 2020). Esen
ve ark. (Esen ve ark., 2006), TKIP sisteminin bir¢ok alternatif 1sitma sistemine kiyasla ekonomik
avantajlar sagladigini bildirmelerine karsin DG-S’ye karst herhangi bir avantaj saglamadigini
belirtmislerdir. Kapicioglu ve Esen (Kapicioglu ve Esen, 2022), Tiirkiye’ nin iliman iklim kusaginda
bulunan bir TKIP sisteminin HKIP sistemine kiyasla ekonomik olarak iyi bir alternatif oldugunu
bulmuslardir. Fakat TKIP sistemleri geleneksel sistemlere kiyasla kazi/sondaj (yatay/dikey) ve
toprakalt1 1s1 degistirgeci (TID) maliyetleri gibi degiskenlerden kaynakli ciddi bir ilk kurulum
maliyeti gerektirmektedir. Lim ve ark. (24), bu durumun TKIP sistemlerinin kullaniminda en biiyiik
engel oldugunu belirtilmistir. Benzer olarak Tiirkiye’de TKIP kullanimi olduk¢a sinirlidir. Bu
sinirlamada baglica etmen ilk kurulum maliyetinin oldukc¢a yiiksek olmasindan kaynaklanmaktadir
(Kapicioglu ve Esen, 2022). Kullanim sinirlamasindaki bir diger dnemli etmen ise Tiirkiye’de elektrik
birim maliyetinin dogalgaz birim maliyetine kiyasla yiiksek olmasidir. Konu iizerine yapilan
calismalar bu durum sadece Tiirkiye icin gecerli bir durum olmadig: ortaya konmaktadir. Ornegin Lei
ve ark. (Lei ve ark., 2018) Cin'de ofis binalarinda kullanilan TKIP sistemlerinin her bolgede 6nemli
oOlgiide enerji tasarrufu sagladigini bildirmesine karsin TKIP sistemlerinin yayginlagmasi igin bu tiir
projelerde hiikiimetin ilk yatirnm maliyeti veya elektrik fiyatlarinda taviz vermesi gerektigini
belirtmektedir.

Yukarida belirtilen literatiir taramasinin bir sonucu olarak TKIP sistemi gibi yenilenebilir enerji
kaynakl1 sistemlerin kullanimiin yayginlasmasi hiikiimetler/devletler tarafindan tesvik edilmesi ile
miimkiindiir. Fakat burada sorulmasi gereken asil soru tegvik miktarinin ne olmasi gerektigidir. Bu
kapsamda yapilan bu c¢alismada 1sitma uygulamalarinda yaygin olarak kullanilan DG-S ile TKIP
sisteminin tekno ekonomik analizleri gergeklestirilmis ve TKIP sisteminin alternatif bir sistem olarak
ele almabilinmesi i¢in devlet tarafindan saglanmasi gereken optimum tesvik miktarlar
hesaplanmistir. Yazar tarafindan bilindigi kadariyla bu konu iizerine literatiirde yapilan herhangi bir
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calisma bulunmamaktadir. Bu nedenle literatiire 6nemli bir katki saglayacagi diisiiniilmektedir.
Calisma kapsaminda sadece DG-S’nin karsilastirmaya alinmasi Tiirkiye'de 1sitma uygulamalarinda
hava kaynakli 1s1 pompalari talep gérmemesi/kullanilmamasindan kaynaklanmaktadir. Bu ¢alisma
temel olarak iki farkli iklimlendirme sisteminin gii¢ tiikketim degerlerinin hesaplanmasi, bu
hesaplamalardan isletme maliyet verilerinin elde edilmesi ve isletme maliyetlerine ilaveten ilk
kurulum maliyetlerini de hesaba katarak sistem maliyetlerinin karsilastirilmasi ve optimum tesvik
miktarlarmin belirlenmesini ele almaktadir. Dolayisiyla sistemlerin performans artiginin etkisi
calisma kapsaminda yer almamaktadir.

2. MATERYAL VE YONTEM

2.1 Alanin Is1 Kayb1 Hesabi

Toprak kaynakli 1s1 pompasi sistemi toprak alt1 1s1 degistirgecleri hari¢ tipik bir 1s1 pompast
sistemiyle benzer 6zellikler tagimaktadir. Fakat 1s1 kaynagi/ kuyusu olarak toprak altin1 kullanmasi
diger 1s1 pompalarina kiyasla ciddi avantajlar saglar. Bu avantajin temel nedeni 1sitma sezonunda
toprak alt1 sicakligi dis ortam sicakligindan yiiksek, sogutma sezonunda ise diisiik olmasidir. Isitma
sezonunda topragin termal enerjisi, toprak 1s1 esanjoriinde dolasan siviya iletilir. Bu enerji daha sonra
bir dagitim sistemi araciligiyla iklimlendirilecek alana iletilmek {izere 1s1 pompasi tarafindan g¢ekilir
ve gliclendirilir. Sistem yazin tersine ¢evrilerek 1s1 pompast yardimiyla topraga aktarilir. Sistemin
genel performansi toprak 1s1 degistirgecleri ile yliksek oranda iliskilidir. Calismaya konu olan TKIP
sistemi Tirkiye’nin karasal iklim kusaginda bulunan ve kis aylarinin ¢ok diisiik sicaklik degerlerine
diisebildigi en soguk illerinden biri olan Sivas ili i¢in analiz edilmistir. Termodinamik hesaplamalarda
ASHRAE verileri referans alinmigtir. Isitma uygulamasinin gergeklestirilecegi alan daha 6nce 1liman
iklim kusagina gore tekno-ekonomik analizleri gerceklestirilen (Kapicioglu ve Esen, 2022) 10,1 m X
14,5 m boyutlarinda 146.5 m? taban alanina sahip bir ofistir. Ofisin tavan yiiksekligi 2,74 m olup
pencere-duvar oran1 yaklasik %13,4’tiir. Ofisin yapisal 6zelliklerine gore 1s1 kayb1 hesabt HeatCAD
paket programi yardimiyla yapilmis ve ofisin toplam 1s1 kaybi tepe degeri 10,423 kW olarak
hesaplanmistir. Sistemi olusturan bilesenlerin 1s1 yiikii dagilimlart ve 1sil 6zellikleri Sekil 1°de
verilmistir. Kurulum alaninin tasarim sicaklik degeri ASHRAE 2021 verilerine gore -13,5 °C ve
ortalama toprak sicaklik degeri 11.4 °C’dir (HeatCAD, 2022).

Zemin %1 0,9 Sizma ve havalandirma %1 2,0
R degeri 1,89

camlar %1 3,5

R degeri 0,41

Kapi %2,4
R degeri 0,29
Cati %32,0
R cogor 154 - -
g
Duvarlar 0/029,2

R dederi 1,45

Sekil 1. Bilesen 1s1 kaybi oranlar1 ve termal direng degerleri (W/m?K)
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2.2 Toprak 1s1 degistirgeci boyutunun belirlenmesi
TKIP sistemlerinin en Onemli parametrelerinden biri TID boyutlarinin belirlenmesi ve
yapilandirilmasidir. Onceki béliimde belirtilen 10,42 kW’lik 1s1 kaybi tepe degeri evaporatdr giicii
olarak alindiginda 1s1 pompast i¢in gerekli TID uzunlugu asagida verilen esitlik ile bulunabilir
(Raugeo Sysyem Technology, 2012):

_ Qe
Lp - S (1)

p

Burada Sp birim boru uzunlugu basina 6zgiil 1s1 ¢ikisidir (W/m) ve zemin yapisina ve ¢alisma
stiresine bagl olarak degisir. Farkli zemin tiplerine gdre bu degerler Tablo 4'te verilmistir. Sivas ili
kahverengi toprak yapisina sahip olmasi nedeniyle bu toprak yapisinin Sp degeri zayif ve normal tas
zemin arasindadir (Imanverdi Ekberli ve ark., 2005; Orta Anadolu Kalkinma Ajansi, 2011). Sistemin
1s1 kaybi referans alinarak zayif ve normal zemin yapis1 arasinda yer alan bir bolgede 1800 saat/y1l
caligma siiresi i¢in yaklasik 240 m boru gereklidir. Etkilesimi ve maliyeti en aza indirmek i¢in dikey
kuyular 4 x 60 m olarak belirlenmistir. Hesaplanan 1s1 kayb1 degerine gore ihtiya¢ duyulan boru
boyutlar1 ve yapilandirmasi VDI 4640’a uygun olarak yapilmstir.

Tablo 1. Zemin tipine ve ¢alisma siiresine bagli olarak 6zgiil 1s1 ¢ikist degerleri (27)

Ozgiil 151 gekme giicii (W/m)

Zemi
emin yapisi 1800 saat/y1l 2400 saat/y1l

Zayi1f zemin (kuru ¢okelti, A <1,5 W/mK) 25 20
Normal tas zemin ve suya doymus ¢okelti (A <3,0 /mK) 60 50
Yiiksek 1s1l iletkenlige sahip sert tag (A> 3,0 W/mK) 84 70

2.3 Sistemlerin tiiketim degerlerinin hesaplanmasi

Sistemlerin isletme maliyetlerinin belirlenmesi i¢in 6ncelikle tiiketim degerlerinin belirlenmesi
gerekir. Her bir sistemin yillik gii¢ tiiketim degerleri eQUEST 3.65 paket programi yardimiyla simiile
edilmistir. eQUEST programi iklimlendirme sistemlerinin enerji ihtiyact hesaplamalarinda yaygin
olarak kullanilmaktadir (Wang ve ark., 2015; Xing ve ark., 2015a, 2015b) ve sistem gii¢ tiiketim
degerlerinin giivenilir bir sekilde hesaplanmasina yardimci olmaktadir (Shen ve Lukes, 2015).
Simiilasyon ¢aligmalarindan elde edilen sonuglar; iklim verileri, alanin yapisal bilesenleri, ¢alisma
(isletme) saatleri ve i¢ ortam sicaklik tasarim degerleri gibi temel parametreler ile dogrudan iliskilidir.
Karsilastirmaya dahil edilen iklimlendirme sisteminden bagimsiz olarak bu parametreler
simiilasyonlarda kullanilmaktadir. Diger taraftan sistemin 1s1 kayb1 degerleri HeatCAD programi ile
karsilastirilarak dogrulanmistir (fark <%3). TKIP sisteminin yillik gii¢ tiiketim degeri toplam 5480
kKW olarak hesaplanmistir. Bu degere 1460 kW’lik havalandirma, sirkiilasyon pompasinin ve diger
bilesenlerin (aux) harcadig1 gii¢ degerleri dahildir. Sekil 2°de TKIP ve sistem bilesenlerinin aylik gii¢
tilketim degerleri verilmistir. Sistemin aylik bazda en fazla enerji tiiketim miktar1 ocak ayinda
gerceklesmistir (1040 kW). Yaz ve kis aylarinda esit olmayan zemin yiikleri nedeniyle 1s1 pompasina
giren akiskanin sicaklifinda kademeli olarak diisiis s6z konusu olsa da bu oldukca smirlidir ve
hesaplamalarda bu oran %1’in altindadir. Fakat burada dikkat edilmesi gereken husus yaz aylarinda
toprak altinin sarj edilmesidir. Diger bir ifade ile kis aylarinda topraktan c¢ekilen enerji yaz aylarinda
yerine konmalidir. Bu nedenle yaz aylarinda 1s1 pompasi bypass edilerek dogal sogutmanin
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gergeklestirilmesi planlanmis ve topragm altinin sarj edilmesi saglanmistir. Burada sirkiilasyon
pompasinin harcadigi giigte hesaplamalara dahil edilmistir.
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Sekil 2. TKIP sisteminin yillik elektrik enerjisi tiikketiminin aylik degisimi

DG-S’nin toplam dogalgaz enerji tiiketimi 65630 kBTU (19235 kW) olarak hesaplanmustir.
Diger taraftan sistem dolasim pompasinin ve havalandirma sisteminin harcadigi toplam elektrik
enerjisi miktar1 657.9 kW olarak bulunmustur. Sekil 3’te aylik dogalgaz enerji tiikketim miktarlari ile
Sekil 4’te sistemin harcadigi elektrik enerjisi miktarlar1 verilmistir. Verilen sekillerden DG-S
kullanildiginda sistemin harcadig1 enerji miktarinin yaklasik dort kat arttig1 gortilebilir (3571.8 kW).

12000

Gaz Tuketimi (kBTU)

Sekil 3. Dogalgaz sisteminin y1llik gaz tiiketimi degerlerinin aylik degisimi
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Sekil 4. Dogalgaz sisteminin yillik elektrik enerji tiikketimi degerlerinin aylik degisimi

Bahsi gecen her iki sistemin simiilasyon sonuglari sistemlerin isletme maliyetlerinin
hesaplanmasinda kullanilmistir. TKIP sisteminin enerji maliyeti, isletme siiresi boyunca elektrik
maliyetini igerir. Ayrica, DG-S icin enerji maliyeti, isletme siiresi boyunca tiiketilen dogal gazin
maliyetini ve sistemin harcadig elektrik enerjisi maliyetini icermektedir.

2.4 Sistemlerin i1k Kurulum Maliyetlerinin Belirlenmesi

Bilindigi tizere i1sitma sisteminin nominal giicliniin belirlenmesinde 1s1 kayb1 referans
alimmaktadir. Daha onceki boliimlerde 1s1 kayb1 tepe degeri 10.42 kW olarak belirtilmisti. Bu 1s1
yiikiinii saglayan 1s1 pompasinin ve DG-S’nin bilesen maliyetleri Sekil 5°te verilmistir. Secilen 1s1
pompasinin nominal 1sitma kapasitesi 17.2 kW olup Tiirkiye sebeke gerilimi ile uyumludur. Is1
pompasi bilesen fiyatla1 REHAU ve Ozbek Miihendislik firmalarindan almmustir (Ozbek
Miihendislik, 2022; REHAU, 2021). Is1 pompasinin EN 14511°e gore COP degeri 4.52dir. Sogutucu
akigkan olarak R410A kullanmaktadir (Viessmann, 2019). TKIP sistemi ile ilgili olarak alinan
fiyatlar cogunlukla yabanci para birimi cinsindendir. Yabanci para birimi Tiirk lirasi: doniistimlerinde
T.C. Merkez Bankasi giincel doniisiim kurlar1 referans alinmistir. Alinan fiyatlara sirketlerin
uyguladigi iskontolar dahil edilmistir. Is1 pompalar1 20 yildan fazla kullanim 6mriine sahip olmasina
karsin (U.S. Energy Information Administration (EIA), 2018) bu siirenin saglanmasinda bakimlarin
yapilmasi 6nemli bir yer tutar. Bu nedenle maliyet kalemlerine bu bakimlar da dahil edilmistir. TKIP
sistemi igin bakim maliyeti 1385 TL olarak alinmistir (U.S. Energy Information Administration
(EIA), 2018). Tiim sistemler i¢in de yillik bakim maliyeti artig orani enflasyon oranina esitlenmistir.
Calismada karsilagtirmaya dahil edilen DG-S kombisinin 1sitmada anma giicii 18 kW’tir. DG-S
kombisi 813/2013 sayili Avrupa Birligi diizenlemelerinin gerekliliklerini karsilamakta olup A smifi
enerji verimliligine sahiptir (Viessmann, 2021) . DG-S’nin 1sitma mevsimi boyunca ortalama verimi
0,8 olarak alinmistir. Diger taraftan DG-S’ler TKIP sistemlerinden farkli olarak periyodik bakima
ihtiyac duyar. Periyodik bakim maliyetleri, sistemlerin ana bilesenlerinin degistirilmesi i¢in yapilan
masraflari temsil eder. Dogalgaz sisteminin tipik 6mrii 10 y1l olarak kabul edilmektedir (U.S. Energy
Information Administration (EIA), 2018). Ayrica, Dogal gaz sistemi i¢in bakim maliyetleri 1665 TL
olarak almmustir (U.S. Energy Information Administration (EIA), 2018). Sekil 5°te belirtilen
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dogalgaz sistemi bilesen maliyetleri yerel firmalardan ve ilgili sirketlerin giincel fiyat tablolarindan
alinmistir (Bck Dogalgaz, 2021).

Isi pompasi
TID borulari ve kurulumu
Sirkulasyon seti

Yerden isitma sistemi

a
¥
= Hidrolik baglanti seti
Isi pompasi-antifriz baglanti seti
Sondaj
Basing denetleyicisi
N Gaz yogusmali kombi
=]
S Panel radyator
[<]
(=]

Baglanti ekipmanlari ve kurulum
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Maliyet (TL x1000)
Sekil 5. TKIP ve dogalgaz sistemi bilesen maliyetleri

2.5 Birim Maliyetlerin Belirlenmesi

Uzun donem isletme maliyetlerinin belirlenmesinde en kritik bilesenlerden birisi tiikketim
kalemlerinin yillik artis miktarlarinin tahmin edilmesidir. Bu ¢alismada gelecek elektrik fiyat artis
oran1 2023-2025 yillar1 arasinda beklenen enflasyon oranlari referans alinarak 924,53 olarak
belirlenmigstir (Statista, 2022). Bu deger en son yayinlanan tahminleri i¢ermektedir. Eurostat
verilerinden elde edilen Tiirkiye i¢in elektrik ve dogalgaz yillik birim fiyat degisim oranlar1 Sekil
6’da verilmistir (Eurostat, 2022a, 2022b). 2011-2021 yillar1 arasinda dogalgaz maliyeti elektrik
maliyetinden TL cinsinden yillik %0,08 oraninda daha fazla artmistir. Avrupa bolgesi icin ise ayni
donemdeki dogalgaz maliyeti artis oran1 %0,88 olarak ger¢eklesmistir (Eurostat, 2022a, 2022b).
Belirlenen enflasyon degerine bu artis degeri fark olarak yansitilmistir. ilk yil igin elektrik ve
dogalgaz fiyatlar1 tiim vergiler ve har¢lar dahil olmak {izere sirasiyla 1,2808 TL/kWh ve 0,2915
TL/kWh olarak alinmistir. Bu degerler 2022 yili ilk alt1 aylik elektrik fiyatin1 temsil etmektedir
(Eurostat, 2022a, 2022b). Yillik efektif iskonto orani (d) Merkez Bankasi'min 2021 yili igin
yayinlamis oldugu tablolardan %15,75 olarak alinmistir (TCMB, 2022).
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Sekil 6. Tiirkiye’de elektrik ve dogalgaz birim maliyetlerinin yillik degisim oranlar1

2.6 Ekonomik Analiz

Sistemlerin 1s1l verimleri her ne kadar 6nemli bir parametre olsa da sistem maliyetleri se¢im
stirecinde onemli bir faktor olarak karsimiza ¢ikmaktadir. Ekonomik olarak sistemleri karsilagtirmak
icin toplam sahip olma maliyetlerinin (yasam dongiisii maliyeti) (TSM) bilinmesi gerekir. TSM,
sistem i¢in yapilan ilk harcama ile sistemin ¢alismasini siirdiirmek i¢in devam eden maliyetleri hesaba
katmaktadir. Kisaca TSM, baslangi¢ (1) ve isletme maliyetlerinin (O) toplami olarak ifade edilebilir
ve asagida verilen esitlik ile hesaplanabilir:

1

A+ d) 2)

Burada; d iskonto orani, n yil sayisi, Oi ise i inci yildaki isletme maliyetidir. Sistemin isletme
maliyetleri, gii¢ tiikketim degerlerinin ve enerji birim maliyetlerinin ¢arpilmasi ile hesaplanabilir. Bu
degerler onceki boliimlerde ayrintili olarak verilmistir. Alternatif sistemler karsilastirilirken i¢ karlilik
orani (IRR), iskonto edilmis geri 6deme siiresi (DPP) gibi cesitli ekonomik gostergeler dikkate alinir.
IRR, sistemin tasarim dmrii boyunca nakit akislarinin net bugiinkii degerinin toplaminin sifir oldugu
faiz orani olarak tanimlanir. En yiiksek IRR'ye sahip secenek, alternatifleri degerlendirmek icin en
uygun sistemdir. Bir sistemi digeriyle degistirmek i¢cin IRR asagidaki esitlikle hesaplanabilir:

\ 1
n =12+ 20 =00 Sy = 3)

Burada m ve a alt indisleri sirasiyla mevcut ve alternatif sistemleri temsil eder. DPP ise bir
yatirrmin karinin ilk maliyeti kapsadig: stireyi temsil etmektedir. DPP, iskonto edilmis gelecekteki

nakit akislarin1 hesaba katarak asagida verilen esitlikle hesaplanabilir:
DPP
1

(I =1+ 2[00 =0, (550 =0 (4)

TSM —I+ZO
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3. BULGULAR VE TARTISMA

TKIP sistemlerinin DG-S’lere alternatif olarak diistiniilebilinmesi i¢in son kullanici agisindan
en Onemli parametre hi¢ sliphesiz kurulum ve isletme maliyetleridir. TKIP sistemleri ek bilesen
maliyetleri (TID, sirkiilasyon pompasi gibi) nedeniyle diger sistemlere kiyasla yiiksek ilk kurulum
maliyetine sahiptir. Bunun yaninda Tiirkiye’ye TKIP sistem bilesenlerinin ithal yollar ile gelmesi
maliyetlerin daha fazla artmasina neden olmaktadir. Dolayisiyla bu etmenler neticesinde ilk kurulum
maliyetleri arasinda ciddi farklar ortaya ¢ikmaktadir. Tablo 2’de TKIP ve DG-S’nin TSM degerleri
ayrintili olarak verilmistir. Burada verilen DG-S (TR) Tiirkiye’deki dogalgaz artis oranlari referans
alinarak belirlenmis maliyetleri, DG-S (EU) ise Avrupa bolgesindeki artis oranlar1 referans alinarak
hesaplanmis maliyetleri icerir. Bu maliyetlerin nasil belirlendigi 6nceki boliimlerde detayli olarak
verilmistir. TKIP ve DG-S arasinda gii¢ tiikketimi bakimindan dort kart fark olmasina karsin (TKIP
lehine) isletme maliyetleri bakimindan DG-S sistemi daha avantajlidir. Buradaki avantaj dogalgaz
birim maliyetinin daha diisiik olmasindan kaynaklanmaktadir. Fakat kiiresel olarak dogalgaz birim
fiyatlarindaki artis bu avantaji tersine dondiirme egilimindedir. Son yillarda Avrupa bolgesinde
yasanan dogalgaz krizi {ilkeler bazinda ¢ok ciddi fiyat artislarina neden olmustur. Tiirkiye’den farkli
olarak Avrupa bolgesinde dogalgaz maliyetleri son on yillik veriler referans alindiginda %0,8
oraninda daha fazla artmistir. Bu durumdan Tiirkiye’nin de etkilenmesi durumunda ortaya ¢ikan
durum senaryosuna gore hesaplanan DG-S (EU)’nun isletme maliyetleri sistemin tasarim omrii
boyunca iki kattan fazla artmasina neden olmaktadir. Fakat bu durum senaryosuna gore bile hala
TSM, TKIP sistemi i¢in oldukga yiiksektir. Genel olarak TKIP sisteminin DG-S (TR) sistemine
alternatif olarak degerlendirilmesi bu mali veriler altinda miimkiin degildir. DG-S (EU) i¢in ise TKIP
sisteminin tasarim siiresi igerisinde alternatif olabilmesi i¢in gerekli olan IRR oran1 %9,52°dir. Fakat
bu deger mevcut durumlar goz 6niine alindiginda oldukga zordur.

Tablo 2. 20 yillik tasarim 6mrii igin sistemlerin genel maliyetleri

Parametre TKIP DG-S (TR) DG-S (EU)
Kurulum Maliyeti (TL) 524331 49269 49269
Isletme Maliyeti (TL) 265066 187964 411395
Periyodik Bakim Maliyeti (TL) - 27583* 27583*
Bakim Maliyeti (TL) 52305 62879 62879
Toplam TSM (TL) 841702 327695 551126

*9%50 periyodik bakim maliyetin 10. yildaki degeri

Sekil 7°de tasarim dmrii boyunca yillik igletme maliyetleri verilmistir. TKIP sistemi ile DG-S
(TR) sisteminin maliyetleri 11. y1lda esitlenmesine karsin, birim fiyattaki dogalgaz avantaji sonraki
stirecte DG-S (TR) sisteminin tekrar avantajli duruma ge¢mesine neden olmustur. DG-S (EU) sistemi
ile TKIP sisteminin maliyetleri ise 10,5 yilda esitlenmistir. Fakat burada dogalgaz fiyatindaki artig
farki ilerleyen yillarda TKIP sisteminin isletme maliyetlerinin daha diisiik seviyelerde kalmasina
olanak tanimistir. Diger taraftan TSM degerlerinin esitlenmesi 20 yillik siire zarfinda miimkiin
degildir.
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Sekil 8’de TSM degerlerinin yillik degisimleri verilmistir. Her ne kadar 11. yildan sonra TSM
degeri DG-S (EU) i¢in ciddi bir artis gosterse de daha once de deginildigi {izere tasarim omrii
sliresince maliyetlerinin esitlenmesi miimkiin degildir. DG-S (EU) ve TKIP sisteminin maliyetlerinin
esitlenme siiresi (DPP) 23,3 yil olarak hesaplanmustir.
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Sekil 8. TSM degerlerinin yillik degisim degerleri

TKIP sistemi NG-S’ye kiyasla enerji agisindan verimli olarak uygulanabilir olsa da yiiksek
baslangi¢ maliyetleri, daha genis ¢apta benimsenmesini engellemektedir. Diger taraftan cesitli
Avrupa tilkeleri ve ABD, TKIP sistemlerinin kullanimini desteklemek i¢in ¢esitli tesvik politikalar
uygulamaktadir (Bundesamt fiir Wirtschaft und Ausfuhrkontrolle (BAFA), 2020; Nordgéard-Hansen
ve ark., 2022). Buna benzer tesvik politikalarinin Tiirkiye’de uygulanmasi pek tabi miimkiindiir. Bu
kapsamda TKIP sisteminin DG-S’ye alternatif olarak ele alinabilmesi i¢in oncelikle tasarim 6mrii
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stiresi i¢erisinde TSM degerlerinin esitlenmesi gerekir. Sekil 9°da TKIP sisteminin DG-S (TR) ve
DG-S (EU)’ya alternatif olabilmesi i¢in gerekli olan optimum tesvik miktarlarina bagl yillik TSM
degerlerinin degisimi verilmistir. TKIP sisteminin DG-S (TR) i¢in devlet tarafindan yapilmasi
gereken optimum tesvik miktar1 %65,2°dir (durum 1). Fakat DG-S isletme maliyetlerinin Avrupa
bolgesi ile benzer bir artig gostermesi durumunda bu tesvik oran1 %36,8’e diismektedir (durum 2).
Bu degerlerin hesaplanmasi, ilk kurulum ve elektrik birim maliyeti {izerinden belirtilen oranlarda
tesvik miktarlarinin uygulanmasi ile elde edilmistir. Bakimlar hesaplamalar dahil edilmemistir. Diger
taraftan elektrik birim maliyetinde higbir tesvik uygulamadan sadece bilesen maliyetlerinde bir tesvik
uygulanmast durumunda mevcut verilerle TKIP sisteminin tamamina yakiminin (%98) (bakim
ticretleri hari¢) devlet tarafindan karsilanmasi gerekmektedir. DG-S (EU) sistemi ele alindiginda ise
bu oran %55,5 olarak hesaplanmistir (durum 3). Diger taraftan bu durum senaryolar1 referans alinarak
hesaplanmis isletme maliyetleri Sekil 10°da verilmistir. Beklendigi lizere TKIP sisteminin isletme
maliyetleri oldukca diigmiistiir. Fakat tiim durum senaryolarinda elektrik birim maliyeti dogalgaz
birim maliyetinden yiiksektir. Her ne kadar mevcut durumda elektrik fiyatlarinda azalis 6ngoriilmese
de ntikleer enerji gibi farkli enerji kaynaklarinin isletmeye alinmasi durumunda elektrik birim
maliyetinde gerceklesebilecek diisiisler ile TKIP sistemlerinin daha cazip hala gelmesine
mimkiindiir. DG-S (TR) i¢in 1. durum senaryosu referans alindiginda elektrik birim maliyetine
kiyasla dogalgaz birim maliyeti %53.8 daha diisiiktiir. Bu deger halihazirda niikleer enerjiye sahip
tilkelerdeki maliyetlere oldukca yakindir (Biglarian ve ark., 2019). Niikleer enerji kaynaklarinin
isletmeye alinmasi halinde sadece kurulum maliyetinde yapilacak tesvikler ile TKIP sistemleri
uygulanabilir bir sistem olarak kullanilabilecegi 6ngortilebilir.
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——DG-S (TR) ]
- - - DG-S (EV) L
5004 |—— TKIP (TR) - Durum 1 SCIaE
- - - TKIP (EU) - Durum 2 et
- - - TKIP (EU) - Durum 3 PR K
400 -

300

TSM (TL x 1000)

200

100 ~

0 5 10 15 20

Sekil 9. Farkli durum senaryolarina gére TSM degerleri
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Sekil 10. Farkli durum senaryolarina gore isletme maliyetlerinin yillik degisim oranlari

4. SONUC

Bu c¢alismada yenilenebilir enerji kaynaklarimin kullanildigi bir TKIP sisteminin 1sitma
uygulamalarinda Tiirkiye’de yaygmm olarak kullanilan DG-S’ye gore ekonomik olarak
karsilagtiritlmasi1 ele almmustir. Elde edilen veriler ile de DG-S’ye alternatif olarak
degerlendirilebilinmesi i¢in gerekli optimum tesvik miktarlar1 belirlenmistir. Calisma sonucunda elde
edilen 6nemli bulgular su sekilde 6zetlenebilir.

= TKIP sistemi enerji tasarrufu konusunda DG-S’ye kiyasla 4 kata varan avantaj saglar.
Maliyet olgusu bir kenara birakildiginda bu durum kaynaklarin verimli kullanilmasi
acisindan oldukga énemlidir.

» Tirkiye’de TKIP sistem bilesenlerinin ithal yollardan temin edilmesi nedeniyle ciddi
ilk kurulum maliyetine sahiptir. TKIP sisteminin ilk kurulum maliyeti DG-S’ye kiyasla
on kattan fazladir.

* Mevcut kosullar altinda elektrik birim maliyetinin dogalgaz birim maliyetinden oldukca
fazla olmas1 nedeniyle sadece 1sitma uygulamalarinda TKIP sistemi DG-S’ye alternatif
olarak degerlendirilmemektedir. Bu durum 1s1 pompalar1 ve toprakalti 1s1
degistirgeclerinin yerli liretiminin saglanmasi ve tesvik edilmesi ile asilabilir.

* Yalnizca 1sitma uygulamalarinin gerceklestirildigi bolgelerde TKIP sisteminin
alternatif olarak degerlendirilebilinmesi i¢in hem elektrik birim fiyatt hem de ilk
kurulum maliyetinde devlet tarafindan %65,2 tesvik saglanmasi gerekmektedir. Fakat
halihazirda Avrupa boélgesine kiyasla fiyat artist sinirli olan Tiirkiye’nin, Avrupa’ya
esdeger sekilde dogalgaz fiyatlarindaki artisa maruz kalmasi durumunda bu tesvik
miktar1 %36,8 kadar diigmektedir. Tiirkiye’nin mevcut konumu géz oniine alindiginda
benzer artig oranlarinin goriillmesi miimkiindiir.

» Sadece bilesen maliyetlerinde tesvik uygulanmasi durumunda mevcut durum
senaryosuna gore ilk kurulum bedelinin tamamina yakininin devlet tarafindan saglamasi
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gerekmektedir. Fakat Avrupa’daki dogalgaz artis oranlar1 goz 6niine alindiginda bu oran
%55 kadar diismektedir.

» Halihazirda TKIP sistemlerine bir¢cok {iilke benzer tesvikleri uygulamaktadir.
Tiirkiye’de de bu tesviklerin uygulanmast miimkiin olup TKIP sistemlerinin
yayginlagsmasinda 6nemli katki saglayacagi aciktir.

5. CIKAR CATISMASI

Yazar, bilinen herhangi bir ¢ikar ¢atismasi veya herhangi bir kurum/kurulus ya da kisi ile ortak
c¢ikar bulunmadigini onaylamaktadirlar.

6. YAZAR KATKISI

Calismanin tiim siirecleri yazar tarafindan gergeklestirilmistir.
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OZET: Bakir kapli celik borular, 6zellikle otomobil fren sistemleri olmak iizere birgok iiriiniin
hidrolik sistemlerinin temel bilesenleridir. Otomotiv endiistrisinde kullanilmak tizere iiretilen bakir
kapli gelik borularin sahip olmalar1 gereken mekanik 6zellikler kabul kriterleri ile belirlenmistir.
Ancak bu mekanik 6zelliklerin yani1 sira liretim asamasinda havsa agma gibi prosesler i¢in borularin
sekillendirilme kabiliyetleri (stineklilikleri) de oldukg¢a 6nemlidir. Bu ¢alismada, 1s1l iglem ile bakir
kapl ¢elik borularin siineklilik degerlerinin iyilestirilmesi amaglanmistir. Bu baglamda, 1s1l islemsiz
bakir kapli ¢elik borunun ve 6 farkli 1s1l islem parametresi ile elde edilmis bakir kapli ¢elik borularin
mikroyapisal ve mekanik 6zellikleri karsilastirmali olarak incelenmistir. Optimum tavlama 1s1l iglem
parametresi ile 450 °C ve 120 dk. ’da 118,7+0,6 HV Vickers sertlik, 315,7+0,6 MPa ¢ekme
mukavemeti, 262,7+£10,3 MPa akma mukavemeti, 36,9+0,9% kopma uzamasi ve 1260 Bar patlatma
dayanim degerleri elde edilmistir. Dolayisiyla, 1s1l islem ile bakir kapli ¢elik borunun sirasiyla, sertlik,
cekme mukavemeti, akma mukavemeti, patlatma dayanimi degerlerinde yaklasik %7,05 diisiis,
%8,84 diisiis, %6,49 artig, %16,00 disiis goriilirken kopma uzamasinda ise yaklasik %55,04 artis
gergeklestigi elde edilen sonuglardan goriilmiistiir.
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Investigation of the Effect of Heat Treatment on the Mechanical Properties of Copper Clad
Steel Pipes

ABSTRACT: Copper-clad steel pipes are essential components of hydraulic systems for many
products, especially automobile brake systems. The mechanical properties of copper-clad steel pipes
produced for the use in automotive industry have been determined by acceptance criteria. However,
in addition to these mechanical properties, the shaping capabilities (ductility) of the pipes are also
very important for processes such as countersink boring during the production phase stage. In this
study, it was aimed to improve the ductility values of copper-clad steel pipes by heat treatment. In
this context, the microstructural and mechanical properties of copper-clad steel pipes without heat
treatment and copper-clad steel pipes obtained with 6 different heat treatment parameters were
investigated comparatively. The optimum annealing heat treatment parameter is 450 °C and 120 min.
obtained with values as, 118.7+0.6 HV Vickers hardness, 315.7+0.6 MPa tensile strength, 262.7+10.3
MPa yield strength, 36.9+0.9% elongation at break and 1260 Bar bursting strength. Therefore, by this
heat treatment, approximately 7.05% decrease, 8.84% decrease, 6.49% increase and 16.00% decrease
are observed in the hardness, tensile strength, yield strength, bursting strength values of the copper-
clad steel pipe, respectively, the elongation at break is approximately increase as 55.04%.

Keywords: Copper clad steel pipe, Mechanical properties, Microstructure, Fracture surface,
Annealing.

1. GIRIS

Bakir kapli celik saclar tabakali metalik kompozit malzeme olarak, kirilma toklugu,
mukavemet, elektriksel iletkenlik, korozyon ve radyasyon direnci arasindaki optimum denge
nedeniyle elektrik endiistrileri, otomobil, zirth ve fiizyon reaktorii uygulamalarinda kullanilan en
basarili lamine metal matris kompozit tiirleri arasindadir (Liu ve ark., 2018). Celik saclara bakir
kaplamak icin elektro kaplama, kimyasal kaplama, diflizyon baglama, magnetron piiskiirtme, ark
kaynagi, patlatma kaynak, rulo baglama, vb. gibi bir¢ok farkli kaplama yontemi kullanilabilmektedir
(Ravichandran ve ark., 1996; Kim ve ark., 2004). Otomobil boru endiistrisinde, sogutma ve
iklimlendirme sistemlerinde, dis ¢ap1 4,6 mm ila 10,6 mm arasindaki borulari, ti¢ katmanl elektro
kaplama yontemi ile lretilmis bakir kapli ¢elik saclarin 720° kivrildiktan sonra lehimlenerek 1050
°C’ye 1sit1ldiktan sonra yavas sogutulmasi ile elde edilmektedirler. Cu kaplama kalinlig1 yaklagik 3—
5 um’dir. Cu kaplamanin kalinligi: Fe substrat oran1 yaklasik 1:100-150:1'dir. Bundy Tube (Bundy,
1932) olarak da bilinen kaynakli ¢ift cidarli ¢elik borular, ayrica “Bakir Kapl Cift Cidarli Celik Boru™
veya “Bakirh Cift Cidarli Celik Boru” olarak da adlandirilmaktadir (Sekil 1). Ozellikle otomobil fren
sistemleri ve kompresor bilesenleri olmak {izere birgok iirliniin hidrolik sistemlerinin temel
bilesenidir (Klakurkova ve ark., 2017). Fren yaginin iletim yolu olarak kullanilan fren borusu, bir
otomobilin en énemli pargalarindan biri olarak kabul edilir ve frenin islevi iizerinde biiyiik etkisi
vardir (Han ve Park, 2004).
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Bakir Kaplama

Sekil 1. Bakir Kapli Cift Cidarlit Celik Borunun sematik goriiniimii

Genel olarak, iki metal arasinda iyi bir ara ylizey baglanma 6zellikleri i¢in metalurjik olarak
alasim elementinin matris igerisinde yiiksek kati-kat1 ¢oziintirliigii esastir. Bu nedenle, ara ylizey
baglanma durumu, ara yiizey alasim elementlerinin diflizyon davranisindan da dogrudan
etkilenmektedir. Kaplama ara yiiziindeki alasim difiizyonu, alasim elementlerinin atomlari arasindaki
etkilesime atfedilen bir tiir ara yiizey metalurjik bagina aittir (Liu ve ark., 2019). Cu ve Fe'nin birbiri
icerisinde diigiik ¢oziiniirliige sahip metaller oldugu g6z oniinde bulunduruldugunda birlestirme
prosediirii, fren boru tiretiminde mekanik 6zellikleri diisiirmesi bakimindan sorun olarak meydana
cikmaktadir (Liu ve ark., 2018). Bu nedenle, bakir kapli gelik plakalarin ara yiizey baglanma
mukavemetini gelistirmek i¢in faydali olan, alagim elementi difiizyonunu ve kaplama ara yiiziinde
Cu ve Fe'nin kendi aralarinda ¢ozliniirliigiinii tesvik etmek i¢in makul tavlama islemi gereklilik olarak
goriilmektedir. Al-Ghamdi ve Hussein (Al-Ghamdi ve Hussain, 2016) yaptiklari ¢alismada tavlama
sicakliginin ve siiresinin bakir kapli ¢elik sacin bag kuvveti iizerindeki etkisini aragtirmislardir.
Tavlamanin sacin siinekligini ve sekillendirilebilirligini gelistirdigini tespit etmislerdir. Ayrica,
kaplanmig sac 700°C'nin {izerinde tavlandiginda, Cu tabakasi ciddi sekilde katmanlara ayrildig,
bunun da bag kuvvetinde ciddi bir diisiise sebep oldugu belirlenmistir. Lee ve digerleri (Lee ve ark.,
2007) rulo yapistirma ile elde ettikleri paslanmaz ¢elik/aliiminyum/bakir kapli metal levhalara
tavlama 1s1l islemi uygulamistir. 300 °C’nin {izerindeki sicakliklarda bakir katmaninda yeniden
kristallesme ve tane biiylimesi meydana geldigi tespit edilmistir.

Bu calismada ise, endiistriyel uygulamalara yonelik olarak nispeten diisiik sicakliklarda ve
farkli stirelerde uygulanan 1s1l islemin bakir kapli ¢elik saclardan elde edilmis otomobil bakir kapli
celik borularin (fren borularimin) mikro yapisal ve mekanik o6zellikleri {izerindeki etkileri
incelenmistir.

2. MATERYAL VE YONTEM

2.1.Malzemeler ve Boru Uretimi
Calismada kullanilan 4,75 mm capa sahip bakir kapli celik borular (fren borulari) Bant Boru

A.S.’den temin edilmistir. Bant Boru A.S. Tablo 1’de kimyasal bilesimi ve Tablo 2’de mekanik
ozellikleri verilen sac malzemeyi bakir kaplayarak ve ardindan bakir kapli saca “roll forming” (boru
seklinde sekillendirme) yontemi uygulayarak fren borularini liretmektedir. Cizelge 1 ve Cizelge
2’deki sonuglar boru iiretiminde kullanilan saclardan deneysel olarak elde edilmistir. Fren borusu
iretiminde ¢ift katlama yapilmakta ve bakirin ergime sicakliginin tizerinde bir sicaklik uygulanarak,
celik ytlizeyler arasinda bakirin kaynaklanmasi gerceklestirilmektedir.
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Cizelge 1. Fren borusu iiretiminde kullanilan DCO03 kalite sac malzemenin kimyasal bilesimi (ag.%)

C Mn Si P S N Al Cr Ni Cu B Mo Fe
0,04 0,23 0,007 0,013 0,014 0,027 0,033 0,03 0,021 0,043 0,001 0,002 Kalan

Cizelge 2. Fren borusu tiretiminde kullanilan DCO03 kalite sac malzemenin mekanik 6zellikleri

Cekme Dayanim Akma Dayanim Uzama Sertlik
(MPa) (MPa) (%) (HV1)
346,3+2,1 192+1 37,4+0,2 102+1

2.2. Tavlama Isil Islemi
Tavlama 1s1l iglemi Protherm 1200 marka 1s1l islem firininda herhangi bir koruyucu atmosfer
kullanilmadan gerceklestirilmistir. Numunelerde ani 1sinmaya bagli olusabilecek i¢ gerilmeleri
onlemek i¢in diisiik bir 1sitma hizi (5 °C/dk.) ile numuneler oda sicakligindan tavlama sicakligina
kadar 1sitilmislardir. Ardindan belirlenen tavlama sicakliginda belirlenen stirelerde bekletildikten
sonra firindan ¢ikarilip havada sogutulmuslardir. Tavlama 1s1l islemi i¢in 2 farkl sicaklik (350 °C ve
450 °C) ve 3 farkli siire (30 dk., 60 dk. ve 120 dk.) olmak iizere 6 farkli parametre olusturulmustur.

2.3. Karakterizasyon Calismalari ve Mekanik Deneyler

Borularda tavlama parametrelerine bagli olarak meydana gelen mikroyapisal farkliliklar, Nikon
Eclipse MA200 ters metaliirjik optik mikroskop ve taramali elektron mikroskobu (SEM) ile
incelenmistir. Ayrica Enerji Dagilimi1 Spektroskopisi (EDS) ile SEM goériintiileri {izerinde alansal ve
cizgisel elementel analizler gergeklestirilmistir. Cekme testi sonrasi elde edilen kirik yiizeyler de
SEM analizine tabi tutulmuslardir. Cekme testleri Zwick/Roell Z600 Universal Test Makinesinde 2
mm/dk. test hizinda TS EN ISO 6892-1 (ISO 2016) metalik malzemelerde ¢cekme deney standardina
uygun olarak gerceklestirilmistir. Borularin kesit alanina uygun olarak uzamanin 6l¢iildiigii test boyu
20 mm olarak alinmistir. Vickers mikrosertlik testi, Q10 A+ QNESS mikrosertlik test cihazi ile 1000g
yiik ve 15 sn bekleme siiresi kullanilarak gergeklestirilmistir. Numunelerin ortalama sertlik degerleri
5 farkli noktadan alinan Sl¢iimlerden hesaplanmistir. Patlatma testi, ASTM A 254, SAE J 1677
standartlarina uygun olarak gerceklestirilmistir (Sekil 2) (SAE International, 2004 ve ASTM, 2019).

Sekil 2. Patlatma testi i¢in parganin test diizenegine baglanmasi
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Patlatma testi icin Enerpac firmasia ait pompanin icerisine DOT 3 hidrolik fren sivisi
doldurulmus ve testi yapilacak olan parcanin bir ucu kor tapa ile kapatilmistir. Uygulanan basing ve
patlama anindaki test sonuglar1 2500 Bar’lik analog manometre de goriintiilenmektedir. Patlatma testi
sonrasi1 par¢anin goriintiisii Sekil 3’te gosterilmistir.

o

Sekil 3. Patlatma testi sonrasi par¢anin drnek goriintiisii

3. BULGULAR VE TARTISMA

3.1. Mikroyapisal Ozellikler

Isil islemsiz bakir kapl ¢elik borunun ve 6 farkli 1s1l islem parametresi ile elde edilmis bakir
kapli ¢elik boru numunelerine ait optik mikroskop goriintiileri Sekil 4’te sunulmustur. Numunelerin
cok diisiik karbonlu c¢elik olmasi sebebiyle perlit faz1 olusumu oldukca diisiiktiir. Birbirleri ile
kiyaslama yapildiginda ise optik mikroskop goriintiilerinde numunelerin tane ve faz yapisinda
belirgin bir degisiklik goriilmemistir. Yapilan tane boyutu 6l¢iim sonuclarina gore 1sil islemsiz
borunun ortalama tane boyutu 14,5 um, sirastyla 30, 60, 120 dk. 350 °C’de 1s1l iglem gormiis
numunelerin ortalama tane boyutu 22,8 um, 23,9 um ve 19,4 um, sirasiyla 30, 60, 120 dk. 450 °C’de
1s1l islem goérmiis numunelerin ortalama tane boyutlari ise 21,5 pm, 24,4 um ve 21,9 pm’dir. Elde
edilen sonuglar degerlendirildiginde tavlama 1s1l islemi ile birlikte bir miktar tane irilesmesi meydana
gelmis ancak farkli 1s1] islem parametreleri arasinda tane boyutu bakimindan belirgin bir farklilagma
olmadig1 anlagilmistir. Cilinkii uygulanan 1s1l islem sicakliklari (350-450 °C), ¢eligin rekristalizasyon
tavlama sicakliginin ¢ 550 °C) (Choi ve ark., 2002) ve faz yapisinda degisiklik olmasi i¢in gerekli
oOstenit sicakliginin altindadir.
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Sekil 4. A) Isil islemsiz numuneye, B-D) sirasiyla 30, 60, 120 dk. 350 °C’de 1s1l islem gérmiis numunelere, E-G) sirasiyla
30, 60, 120 dk. 450 °C’de 1s1l islem goérmiis numunelere ait optik mikroskop goriintiileri.

Uygulanan 1s1l islemin ¢elik-bakir ara yiizeyine olan etkisini incelemek i¢in Sekil 5’te 6rnek
olarak verildigi lizere, numunelerin kirmizi kare ile gosterildigi gibi bakir malzeme hattina temas
eden celik bolgelerinden SEM-EDS analizi yapilmustir.
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-

Sekil 5. Bakir kapl ¢elik borularin mikroyapisi ve SEM—E]Sé_analizi icin bakir hattina yakin segilen 6rnek bolgenin
gosterimi

Cizelge 3’°te numunelerin ¢elik tarafindan bakir hattina temas eden bolgelerinden yapilan SEM-
EDS bolge analizi sonuglar1 sunulmustur. Sonuglara gore uygulanan 1sil islem ile beraber bakir
hattina temas eden c¢elik icerisindeki bakir miktarmin nispeten artmis oldugu goriilmektedir.
Dolayistyla, 1s1l islemin ¢elik-bakir ara ylizeyinde bakirdan ¢elik tarafina dogru atomik kiitle transferi
etkilesimini arttirdig1 seklinde yorumlanabilmektedir. Sadece 1s1l islem sicakliginin artisi ile dahi, ara
yiizeyin etkilesiminin artmasinda daha olumlu etkiye sahip oldugu sdylenebilmektedir.

Cizelge 3. Numunelerin bakir malzeme hattina yakin bolgelerdeki SEM-EDS boélge analizi sonuglari

Numune Bakir Oram (ag. %)
Isil Islemsiz 1,22
350 °C-60 dk. Isil islemli 3,21
450 °C-60 dk. Isil islemli 6,25

Ara yiizey etkilesimi ayrica, Sekil 6’da gosterildigi lizere SEM-EDS ¢izgi analizi ile de
incelenmistir. Cizgi analizi sonucunda 1s1l islem goren numunenin, 1s1l islem gérmemis numuneye
kiyasla daha homojen bir gegis gosterdigi goriilmektedir. Bir baska deyisle, ¢elik-bakir arayiizeyinde,
151l islem gbéren numunenin (Sekil 6B) Fe/Cu oranlari, 1s1l islem gérmemis numuneye (Sekil 6A)
kiyasla birbirine daha yakindir. Bu sonug, SEM-EDS bdlge analizi sonuglarin1 dogrulamaktadir.
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SE MAG: 2000 x HV: 10.0 kV-WD: 9.8 mm

Sekil 6. A) 1s1l iglemsiz, B) 450 °C-120 dk. 1s1l islem gérmiis numunelerin ¢izgi analiz sonucu

Nitekim, Zhang ve ark. dokiim yontemi ile drettikleri Fe-Cu bimetal malzemenin Fe/Cu
arayliziinde Fe atomlarinin, Cu tarafinin i¢ kismina daha fazla yayilabildigini, ancak Cu atomlarinin,
Fe tarafinin i¢ine zorlukla dagilabildigini tespit etmislerdir (Zhang ve ark., 2020). Uygulanan tavlama
1s1l iglemi ile birlikte difiizyon aktivasyonun artarak celik igerisindeki Cu miktarmin arttigi hem
Cizelge 3’teki sonuglardan hem de Sekil 6’°da ¢izgi EDS gorsellerinden anlasilmaktadir. Ancak
bahsedilen diflizyonunun sadece bakir-gelik araylizeyinde ve bakir hattinin temas ettigi celik
bolgelerinde oldugu Sekil 7°de verilen SEM-Haritalama sonuglarinda goriilmektedir. Yani bakirin
celigin i¢ bolgelerine kadar difiizyonu s6z konusu degildir.

Sekil 7. A-B) 1s1l islemsiz, C-D) 450 °C-120 dk. 1s1l islem gérmiis numunelerin sirasiyla mikroyapi ve SEM-Haritalama
sonucu
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3.2.Cekme Testi Sonuclari
Isil islemsiz bakir kapli ¢elik borunun ve 6 farkli 1s1l islem parametresi ile elde edilmis bakir

kapli ¢elik boru numunelerine ait ¢ekme testi sonuglar1 karsilastirmali grafiksel olarak Sekil 8, Sekil
9 ve Sekil 10’da verilmistir. Sekil 8’de 1s1l islemsiz bakir kapl ¢elik borunun akma mukavemeti
246,7+8,5 MPa olarak tespit edilmistir. Uygulanan tavlama 1s1l islem sicaklik ve siiresine bagli olarak
akma mukavemetinde dalgalanmalar olmakla beraber siirekli artis ya da siirekli azalig tarzinda bir
farklilagsma gozlemlenmemistir. Bunun sebebi uygulanan 1s1l iglem sicakliklarinin ¢eligin yeniden
kristallesme sicakliklarinin ¢550 °C) altinda olmasina bagli olarak celik sac tabakasinda dislokasyon
hareketleri engelleyecek nitelikte c¢ekirdeklenmelerinin  meydana gelmemis olmasindan
kaynaklanmaktadir (Kavarana ve ark., 2000). Her ne kadar uygulanan 1s1l islem sicakligi bakirin
yeniden kristallesme sicakliginin (225 °C) (Benchabane ve ark., 2008) iizerinde olsa da sac ¢elige
bakir kaplama islemi elektro kaplama yontemiyle yapilmis ve ¢ok ince bir kaplama kalinligina sahip
olmasindan dolayr herhangi bir yeniden kristallesme veya c¢ekirdeklenme mekanizmasina
mikroyapisal incelme sonucglarinda rastlanmamistir. Nitekim 450 °C-30 dk. ve 350 °C-60 dk.’da
ulagilan 260 MPa’1n tizerindeki akma mukavemeti degerlerinin sebebi tavlama sirasindaki bakir ¢elik
araylizeyinde meydana gelen difiizyondur. Diflizyonla birlikte gevsek ara ylizeyde atomlarin artan
baglanma kuvveti, tane siniriin kaymasini dnleyen ve uygulanan gerilim altinda akmaya kars1 daha
direncli hale getirdigi diistiniilmektedir (Zhang ve ark. 2020).
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Sekil 8. Akma mukavemetinin tavlama siire ve sicakligina bagli degisimi

Sekil 9°da numunelere ait cekme mukavemeti sonuglarina gore 1s1l islemsiz bakir kaph celik
borunun ¢ekme mukavemeti 346,3+2,1 MPa olarak tespit edilmistir. Uygulanan tavlama 1s1l islemi
sicaklik ve siiresine bagli olarak ¢ekme mukavemeti degerlerinde keskin bir diisiis meydana geldigi
gozlemlenmektedir. Ayrica artan tavlama 1sil islem siiresine bagli olarak ¢ekme mukavemeti
degerlerinin her iki tavlama sicakliginda da azalan bir egilimde degisim gosterdigi anlasilmaktadir.
Bunun sebebi azalan dislokasyon yogunlugu nedeniyle 1sil islem uygulanmis bakir kapli ¢elik
borularda tavlama kaynakli yumusama (¢ekme mukavemetinde diisiis) meydana gelmesidir (Gu ve
Song, 2019).
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Sekil 9. Cekme mukavemetinin tavlama siire ve sicakligina bagh degisimi
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Sekil 10. Kopma uzamasinin tavlama siire ve sicakligina bagl degisimi

Sekil 10°da numunelere ait kopma uzamasi sonuglarina gore 1si1l islemsiz bakir kapl ¢elik
borunun kopma uzamasi1 %?23,8+2,4 olarak tespit edilmistir. Borulara uygulanan farkli siire ve
sicakliktaki tavlama 1sil islemine bagli olarak ise artan tavlama siiresine bagli olarak kopma
uzamalarinda her iki tavlama 1sil islem sicakliginda da artis trendi gozlemlenmektedir. 450 °C’de
uygulanan tavlama 1s1l islemindeki uzama artiglarinin 350 °C’de uygulanan tavlama 1s1l islemindeki
uzama artislarindan her 1s1l islem siiresi icin daha yiliksek oldugu belirgin bir sekilde grafikten
anlasilmaktadir. Bunun sebebi uygulanan tavlama 1sil islemine bagl olarak kalinti gerilmelerin ve
yiiksek yogunluklu dislokasyonlarin ortadan kalkmasidir (Liu ve ark., 2018). Ayrica artan 1s1l iglem
stiresine bagli olarak her iki sicaklik i¢in de standart sapma araliklarinda daralmalarin meydana
gelmesi borulardaki homojenligin ve kararliligin 1s1l islemle birlikte arttigin1 gostermektedir.
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Cizelge 4. Numunelerin ¢gekme deneyleri sonucunda elde edilen cekme dayanimi ve akma dayanimi degerleri

NUmune Cekme Dayanimi Akma Dayanimi
(MPa) (MPa)
Min. Kabul Kriteri 290 200
Is1l islemsiz 346,3+2,1 246,7+8,5
350 °C-30 dk. 321,3+0,6 256,7+10,0
350 °C-60 dk. 319,7+1,5 264,7£5,5
350 °C-120 dk. 318,0£1,0 250,3+3,1
450 °C-30 dk. 323,0+3,6 275,0+2,0
450 °C-60 dk. 317,3+0,6 255,0+9,5
450 °C-120 dk. 315,7+0,6 262,7+10,3

Cizelge 4’te numunelerin ve minimum kabul kriteri i¢in ¢ekme ve akma dayanimi degerleri
verilmistir. Cizelge 4’e gore 1s1l islem ile ¢ekme ve akma dayanimi degerlerinde diisiis olmasina
ragmen bakir kapli ¢elik borularin min. kabul kriteri degerlerini karsiladiklar1 goriilmektedir.

Sekil 11 ve Sekil 12°de ¢ekme testi sonras1 numunelerin kirik yiizeylerinin SEM goriintiileri
sunulmaktadir. Ozellikle 450 °C’de daha belirgin olmak iizere, 1s1l islemli numunelerin daha genis
alanda bosluksuz ve bakir malzemeye ait olmayan kirilma yiizeylerine sahip oldugu goriilmektedir.
Bunun sebebinin bakir-celik araylizeyindeki difiizyona bagl olarak iyilesen bakir-celik arayiizey
etkilesimi oldugu diisiiniilmektedir.

Kirik ylizey incelemelerinde de goriildiigii iizere 1s1l islemde hem sicakligin hem de siirenin
artig1 ayri ayri olarak gelik-bakir ara yiizey etkilesimini olumlu yonde etkiledigi soylenebilmektedir.
Ciinki artan siire ve sicaklik ile numuneler, daha genis alanda bosluksuz ve bakir malzemeye ait
olmayan kirilma ylizeylerine sahiptirler. Ayrica hem 1s1l islemli hem de 1s1l islemsiz numunenin kirik
ylizeylerinde es eksenli oyuklar (dimples) goriilmektedir. Bu da numunelerin siinek kirildigim
gostermektedir.

3.3.Sertlik Testi Sonuclari
Vickers sertlik testinden elde edilen sonuglar Sekil 13’te karsilastirmali olarak verilmistir. Isil

islemsiz fren borusu ile 350 °C’de 30 dk. ve 450 °C’de 30 dk. tavlanmis numuneler
karsilastirildiginda (Sekil 13) standart sapma degerleri de goz 6niinde bulundurularak belirgin bir
farkliligin meydana gelmedigi sdylenebilmektedir. Tavlama siiresi 60 dk.’ya ¢iktiginda ise sertlik
degerlerinde yaklasik %7 oraninda belirgin bir diisiisiin her iki tavlama sicakligi i¢in de meydana
geldigi goriilmektedir. 60 dk. tavlanmis numuneler ile 120 dk. tavlanmis numuneler
karsilastirildiginda ise yine standart sapmalar1 ile birlikte degerlendirilecek olunursa belirgin bir
farklilik goriilmemektedir. Sertlik diisiisii istenilen durumlar i¢in optimum tavlama siiresinin her iki
tavlama sicakligi i¢in de 60 dk. olarak yeterli oldugu anlasilmaktadir. 450 °C’de elde edilen sertlik
degerlerinin tiim tavlama stireleri i¢in 350 °C’de elde edilen sertlik degerlerinden az miktarda da olsa
(yaklasik 2 HV) yiiksek oldugu grafikten anlasilmaktadir. Diflizyona bagli olarak bakir atomlarinin
celik sac plaka icerisine niifuz ederek c¢oziinmesine bagli olarak ¢cekme dayanim degerlerindeki
degisime de paralel sekilde fren borularinin sertliklerinde diisiis meydana geldigi soylenebilmektedir.
Nitekim bakir-gelik araylizeyinde Fe ve Cu elementlerinin birbiri i¢erisindeki difiizyonu, SEM-EDS
analizlerinde (Sekil 5 ve Sekil 6) belirgin sekilde gdzlemlenmistir.
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Sekil 11. Cekme testi sonras1 A) Isil islemsiz numuneye, B-D) sirasiyla 30, 60, 120 dk. 350 °C’de 1s1l islem gormiis
numunelere, E-G) sirastyla 30, 60, 120 dk. 450 °C’de 1s1l iglem gérmiis numunelere ait kirik yiizeylerin SEM gériintiileri
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Sekil 13. Mikro sertligin tavlama siire ve sicakligina bagl degisimi

3.4. Patlatma Testi
Numunelerin patlatma testi sonuglar1 Cizelge 5’te sunulmustur. Cizelge 5’e gore uygulanan 350

°C’de uygulanan 1s1l iglemler ile borularin patlatma dayanimi ortalama yaklasik %11,6 diiserken, 450

°C’de uygulanan 1s1l islemler ile borularin patlatma dayanimi ortalama yaklasik %15,3 oraninda

diistiigli goriilmektedir. Borularin patlatma dayanimlart ile ¢ekme dayanimlari benzer bir egilim
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gostermis olup, uygulanan sicaklik ve islem siiresinin artisi ile patlatma dayanimi diisiis gostermistir.
Mishima ve ark., T(°C) sicakligindaki borunun patlama basinct Pg, borunun bu sicakliktaki nihai
gerilme mukavemetinden de formiil araciligiyla hesaplanabildigini belirtmislerdir (Mishima ve ark.,
1966).
200 X t X op
B D

Burada D ve t sirasiyla borunun dis ¢ap1 (mm) ve duvar kalinligi (mm) ve g borunun uzunlamasina
yondeki nihai cekme dayammudir (kg/cm?). Bu formiilizasyona gore patlama basimci ile cekme
mukavemetinin dogrudan iliskili oldugu anlasilmaktadir. Tavlama 1s1l islemi ile birlikte ¢ekme
mukavemetindeki diislislerin sebebi ise esas olarak, ferrit dislokasyonlarinin yok edilmesinden
kaynaklanmaktadir (Li ve ark., 2012).

Fren borusu patlatma testi kabul kriterlerine gére 4,75 mm ¢apa sahip borunun minimum 1100
Bar basinca dayanmasi gerekmektedir (SAE International, 2017 ve ASTM, 2019). Dolayisiyla 1s1l
islemsiz ve 1s1l islemli tim numunelerin bu degerin lizerinde oldugu séylenebilmektedir.

Cizelge 5. Numunelerin patlatma testi sonuglari

Numune Basin¢ Degeri (Bar)

Isil Islemsiz 1500
350 °C-30 dk. 1340
350 °C-60 dk. 1320
350 °C-120 dk. 1320
450 °C-30 dk. 1290
450 °C-60 dk. 1260
450 °C-120 dk. 1260

4. SONUC

Bu calismada bakir kapli ¢elik borularin siineklilik degerlerinin iyilestirilmesi icin farkli
sicaklik ve siirelerde 1s1l islem uygulanmstir. Isil islemsiz bakir kapl ¢elik borunun ve 6 farkli 1s1l
islem parametresi ile elde edilmis bakir kapl ¢elik borularin mikroyapisal ve mekanik 6zellikleri
karsilagtirmali olarak incelenmistir. Uygulanan 1s1l islemin numunelerin tane ve faz yapisinda belirgin
bir etkiye sahip olmadigi goriilmiistiir. Ancak, kalinti gerilmelerin ve azalan dislokasyon
yogunlugunun azalmasiyla dayanim degerlerinde diislis goriilirken uzama degerlerinde artis
goriilmiistiir. Ayrica, mikroyap1 ve kirik yiizey incelemelerine gore celik-bakir ara ylizeyinde
difiizyona bagli olarak iyilesme oldugu soylenebilmektedir. Dayanim degerlerinde diisiis goriilmesine
ragmen 1s1l islem uygulanan tiim numuneler otomotiv sektorii fren borusu liretimi i¢in gerekli
mekanik 6zellikleri kabul kriterlerine gore karsilamaktadirlar. Dolayisiyla, bu ¢alisma gdstermistir ki
dayanim degerlerini standartlarin altina diistirmeden bakir kapli ¢elik borularin siineklilik degerleri
1s1l islemler ile iyilestirilebilmektedir.

5. TESEKKUR

Yazarlar, bu ¢alismaya desteklerinden dolay1 Bant Boru A.S. ye ve Karabiik Universitesi Demir
Celik Enstitiisti’ne tesekkiir ederler.
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6. CIKAR CATISMASI

Yazarlar, bilinen herhangi bir ¢ikar ¢atismasi veya herhangi bir kurum/kurulus ya da kisi ile
ortak c¢ikar bulunmadigini onaylamaktadirlar.

7. YAZAR KATKISI

Ozan KOYUNCU calismanin kavramsal ve tasarim siire¢lerinin belirlenmesi, veri analizi ve
yorumlama, fikirsel igerigin elestirel incelemesi, Burak CELIK ¢alismanin veri toplama, veri analizi
ve yorumlama, fikirsel igerigin elestirel incelemesi, Yasin AKGUL ¢alismanin kavramsal ve tasarim
stireglerinin belirlenmesi, ¢aligmanin kavramsal ve tasarim siireglerinin yonetimi, veri toplama, veri
analizi ve yorumlama, makale taslaginin olusturulmasi, fikirsel igerigin elestirel incelemesi, Alper
INCESU c¢alismanin kavramsal ve tasarim siireglerinin ydnetimi, veri toplama, veri analizi ve
yorumlama, makale taslaginin olusturulmasi, fikirsel icerigin elestirel incelemesi asamalarinda, son
onay ve tam sorumluluk kisimlarinda katki saglamistir.
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OZET: Calismada, 5+1 serbestlik derecesine sahip bir robot kolunun belirli bir konumdaki ve belirli
bicimdeki bir objeyi tespit edip buna goére kontrol saglamasi amaglanmistir. Caligilan teorik ve
algoritmik yapinin gercek ve simiilasyon uygulamalarinda kullanilmasi hedeflenmistir. Robot kolun
uygulamasinda gergek zamanl ve akilli uygulamalar gergeklestirilmistir. Tasarim agamasinda 6 adet
adim motor kullanilarak robot kolun kontrolii i¢in gerekli hesaplamalar yapilmistir. Robota gidecegi
konumu alacag1 objeyi belirleme yetenegi goriintii isleme ve yapay zekd yontemleri kullanilarak
gergeklestirilmistir. ilk olarak tasarim programlari yardimiyla robot kol tasarlanmustir. Tasarlanan
robot kol eklemeli imalat yontemiyle Biopolimer Polilaktik Asit (PLA) malzemesi kullanilarak imal
edilmistir. Tasarlanan robot kola uygun motor ve programlama kart1 (PLC) uygulanmistir. PLC
hazirlanan yazilim ile alti eksen de programlanmistir. Robot kolun uzuv uzunluklar1 ve eksen
hareketlerine gore D-H tablosu hesaplanmistir. Her bir eksen i¢in doniisiim matrisleri elde edilerek
ileri ve ters kinematik hesaplamalar1 yapilmistir. Calismada nesnelerin tespiti ve agirlik merkezleri
hesaplamak igin goriintii isleme ve U2?-Net yapay zeka teknigi kullanilmistir. Elde edilen RGB
goriintiiler iizerinde U?-Net yapay zekd modeli kullanilarak arka plan silme islemi gergeklestirilmis
ve nesnelerin renge gore tespit edebilmek icin renk uzaylart HSV renk uzayina doniistiirilmiistiir.
Gergeklestirilen calisma ile parcalar: tiretilen ve yazilimi gerceklestirilen robot kol 5+1 serbestlik
dereceli eksende hareket edebilen bir robot kolun goriintii isleme ve yapay zeka teknigi kullanilarak
toplam 20 adet deney yapilarak hata paylari 0 mm ile 22 mm arasinda degisen degerler aldigi
belirlenmis ve ortalama hata pay1 10,5 mm olarak belirlenmistir.

Anahtar Kelimeler: Robot kol, Robotik, Eklemeli Imalat, Gériintii isleme, Yapay zeka.
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Production of Six-Axis Robot Arms with Additive Manufacturing and Classification of Image
Processing and Artificial Intelligence Based Products

ABSTRACT: In the study, it is aimed that a robot arm with 5+1 degrees of freedom can detect an
object in a certain position and in a certain shape and provide control accordingly. It is aimed to use
the studied theoretical and algorithmic structure in real and simulation applications. Real-time and
smart applications have been realized in the application of the robot arm. During the design phase,
the necessary calculations were made for the control of the robot arm by using 6 stepper motors. The
ability of the robot to determine the object to which it will go, has been realized by using image
processing and artificial intelligence methods. First, the robot arm was designed with the help of
design programs. The designed robot arm was manufactured using Biopolymer Polylactic Acid (PLA)
material with the additive manufacturing method. A suitable motor and programming card (PLC) has
been applied to the designed robot arm. Six axes are programmed with the software prepared in PLC.
D-H table was calculated according to the limb lengths and axis movements of the robot arm. Forward
and inverse kinematics calculations were made by obtaining transformation matrices for each axis.
In the study, image processing and U2-Net artificial intelligence technique were used to detect objects
and calculate centers of gravity. Background deletion was performed on the obtained RGB images
using the U2-Net artificial intelligence model, and the color spaces were converted to HSV color
space to detect objects by color. A total of 20 experiments were carried out using image processing
and artificial intelligence techniques of a robot arm that can move on an axis with 5+1 degrees of
freedom, the parts of which were produced and the software of which was produced, and it was
determined that the margins of error varied between 0 mm and 22 mm, and the average margin of
error was It was determined as 10.5 mm.

Keywords: Robot arm, Robotics, Additive Manufacturing, Image processing, Artificial Intelligence.

1. GIRIS

Eklemeli imalat teknolojisi, iiretilecek olan nihai pargayr cesitli yontemlerle tiretmek igin
yiksek hassasiyetli malzeme biriktirme teknolojisidir (Ramirez ve ark., 2023).
Uluslararast Amerikan test ve materyalleri toplulugu (ASTM) standardina (ASTM, 2012) gore
Malzeme ekstriizyonu (MEX), Tekne foto polimerizasyonu (VPP), Malzeme piiskiirtme (MJT),
Levha laminasyonu (SHL), Toz yatag: flizyonu (PBF), Dogrudan enerji biriktirme (DED), Baglayici
ptiskiirtme (BJT) olmak iizere yedi ana kategoride ti¢ boyutlu(3B) baski1 teknolojileri kullanilmaktadir
(Awad ve ark., 2023). Eriyik Yigma Modellemesi (FDM), ekonomik ve hizli bir eklemeli {iretim
teknolojisinden bir tiir malzeme ekstriizyonudur (Zhang ve ark., 2023). Erimis malzemenin katmanlar
halinde biriktirilmesine dayanan bir tekniktir. FDM teknigi, diger eklemeli imalat teknikleriyle
karsilastirildiginda, imalat parametrelerinin kolaylikla degistirilmesini kolay olmasindan dolay:
tasarim esnekligine sahiptir (Brambilla ve ark., 2021).

FDM teknolojilerinde yapilan tasarimlarin iiretilebilmesi i¢in nesneler iki boyutlu (2B)
matematiksel ifadelere doniistiiriilmektedir. 3B nesnelerden olusan bir sahnenin basit iki degiskenli
bir fonksiyon olarak tanimlanmasina “goriintii” denir. Bagka bir ifade ile 3B nesnenin 2B haritasidir
(Biiyiikkogak 2018).

2B goriintii haritalarinin 6nemli kullanim alanlarindan birisi de robotik sistemlerdir. Robot
kelimesi bircok programlanmis hareketi gerceklestirmek i¢in 6zel cihazlari, malzemeleri ya da
parcalarin tasinmasit amaciyla tasarimi gergeklestirilen bir¢ok islevi bulunan makine olarak
tanimlanmaktadir (Barutguoglu 2001). Robotlarin tarim, hayvancilik, maden, metal endiistrisi, gida,

tekstil, ila¢ sanayi, elektronik, egitim, tip gibi cok genis alanina sahiptir. Robotik sistemler, karmagik
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bir sistem olarak kabul edilen baglant1 uzunluklari, eklem agilar1 ve kinematik mekanizmalarin bir
kombinasyonudur. Robot kolun eksen sayisi arttik¢a hareket yeteneginde de artmaktadir.

Literatiirde 6 eksenli robot kollar ile ilgili bircok akademik ¢aligma bulunmaktadir. Lattanzi ve
ark., caligmalarinda yiiksek dogrulukta iiretim gorevi i¢in 6 eksenli bir robotik kolun geometrik
kalibrasyonun islemini gergeklestirmislerdir (Lattanzi ve ark., 2020). Guida ve ark., ¢calismalarinda 6
eksenli robotik kolun kinematik analizi i¢in modelleme tekniklerini gelistirmislerdir (Guida ve ark.,
2019). Bir diger calismada 6 eksenli bir robot kola rastgele yerlestirilmis bir ¢inko pres dokiim iiriin
iizerinde harekete gegmesi yapay gérme yontemini kullanmiglardir (Butters ve ark., 2019). Jhang ve
ark., calismalarinda ise endiistriyel bir mobil robot kolunun ¢oklu sensor tabanli eldiven kontroliinii
gerceklestirmislerdir (Jhang ve ark., 2017). Talli ve ark., calismalarinda robot gorsellestirme yazilimi
kullanilarak 6 eksenli bir robotun tasarimi, simiilasyonu ve analiz islemleri {izerine ¢alismislardir
(Talli ve ark., 2020). Diger bir ¢aligmada ise Mars 2020 robot kolunda dogru bir bigimde ¢alismasi
icin 6 eksenli kuvvet-tork sensoriiniin iki asamali kalibrasyonunu gerceklestirmislerdir (Schaler ve
ark., 2021). Li ve ark., caligmalarinda 6 eksenli hibrit ekleme-¢ikarma {iretim siirecinde tasarim ve
ornek bir olay iizerinde inceleme yapmislardir (Li ve ark., 2018). Sahu ve ark., ¢alismalarinda sonlu
elemanlar analizi kullanan 6 eksenli bir endiistriyel robotun titresim analizlerini ger¢eklestirmislerdir
(Sahu ve ark., 2017). Cristalli ve ark., ger¢eklestirdikleri akademik ¢alismada ise yiiksek dogrulukta
tretim gorevi i¢in bilissel robot referanslama sistemini arastirmislardir (Cristalli ve ark., 2017).
Kayisli ve Ugur yapmis olduklar1 ¢alismada ii¢ serbestlik derecesine sahip robotun ug iglevcisine
degisken kuvvet uygulanarak dayanikliliginin bulanik mantik ve PID kontrol yontemiyle simiilasyon
ortaminda gerceklestirerek karsilagtirmali olarak vermislerdir (Kayish ve Ugur, 2017). Havusoglu
yapmis oldugu calismada aliiminyum pargalar ve servo motorlar kullanarak tasarlamis oldugu robot
kolu tasarimi, kinematik analiz, etkilesimli kontrol iizerine odaklanmistir. Ayrica hazirlanan
bilgisayar ara yliz programiyla gercek zamanl kontrol uygulamalar1 da gelistirmistir Havusoglu,
2014). Bir diger ¢alismada Berki tasarlamis oldugu robot kolun yapay sinir aglariyla kontroliiniin
nasil saglanabilecegi konusunda yaptig1 ¢calisma sonucunda robot kollara ait kontrol sistemi tasarimi
i¢in yapay sinir aglarinin alternatif bir yontem olarak tercih edilebilecegi ifade etmistir (Berki, 2013).
Ayyildiz ve Cetinkaya yapmis olduklar1 ¢alismada, goriintii isleme kullanilarak farkli nesnelerin
geometrik sekillerini tahmin etmek i¢in bir yapay sinir ag1 modeli gelistirilmistir. Daire, kare, ticgen
ve dikdortgen seklinde nesneler deneysel islemler kullanarak geometrik sekillerin ozelliklerini
cikarmak i¢in alan, ¢evre, kompaktlik, uzama, dikdortgendik ve yuvarlaklik gibi morfolojik 6zellikler
kullanmistir. Yapay sinir ag1 egitimi sonrasinda, egitim ve test verileri i¢in geometrik sekil
degerlerinin korelasyon katsayilar1 (R?) degeri 1'e ¢ok yakin olarak elde ederek yapay sinir agmin
gorlintii 1sleme kullanarak geometrik sekillerin tahmini i¢in kabul edilebilir bir model oldugunu
gostermislerdir (Ayyildiz ve Cetinkaya, 2017).

Robot kontrol sistemlerinde siklikla kullanilan yontemlerden birisi de goriintii isleme ve yapay
zeka teknikleridir. Goriintii isleme, goriintiiler lizerinden 6zellikleri ve nitelik ¢ikarma islemidir.
Goriintli isleme teknolojisi, goriintlinlin kalitesi artirmak, glirtiltiiyii azaltmak, goriintii tizerindeki
herhangi bir nesnenin smiflandirilmasi veya nesnelerin tanimlanmasi gibi bir¢ok amag igin
kullanilmaktadir (Russ ve Neal, 2016; Ozsoy ve ark., 2021). Goériintiilerin iyilestirmesi icin
goriintiiniin kontrast1 azaltma/artirma, degistirme veya gelismis filtreleme teknikleri gibi farkl
teknikler kullanilmaktadir (Yilmaz, 2007). Goriintii lizerindeki bulunan nesnelerin kenarlar1 ve
nesnelerin konumlar elde etmek i¢in ise gorlintii segmentasyonu, renk uzaylar1 ve kenar bulma
algoritmalar1 kullanilir (Elhedda ve ark., 2017; Bilic ve ark. 2023; Zhou ve ark., 2023; You ve ark.,
2023).
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Calismada eklemeli imalat yontemi ile imalati gerceklestirilen 5+1 eksenli robot kol
tasarlanarak gelistirilmistir. Robot kol ilk calistiginda manuel olarak baglangi¢ noktasina (Home
Islemi) gitmesi saglanmistir. ikinci asamada ise robot kola entegre edilen kamera kullanilarak bant
tizerinde hareket etmesi saglanmigtir. Bant {izerinde gecen nesnelere ait goriintiilerde ilk olarak U2-
Net yapay zeka yontemi kullanilarak goriintiilerin arka planlar silinerek tespit edilmistir. Bir sonraki
asamada ise tespit edilen nesnelerin rengine gore siniflandirarak konumlar1 hesaplanmaktadir.
Calismada mavi, sar1 ve kirmizi olmak iizere iic farkli renge ait simiflandirma islemi
gerceklestirilmistir. Robot kol tespit edilen nesnenin rengine gore belirlenen konumlara hareket
etmesi saglanarak belirlenen bir noktadan nesne alinip hedef konuma biraktiktan sonra baglangic
konumuna dénmesi saglanmstir.

2. MATERYAL VE YONTEM
2.1 Materyal

2.1.1 3B Yazic1 ve Filament Ozellikleri
Calismada alt1 eksenli robot kolun her bir pargasinin 3B yazici ile iliretim asamalar1 Sekil 1°de,
3B yaziciin teknik 6zellikleri Cizelge 1°de verilmistir.

Disli
Parcalar
Normal
Parcalar
(a) (b)
Sekil 1. 3B yazici imalat goriintiileri, a) disli imalat1 ve b) 6n kol imalati
Cizelge 1. 3B yazicinin teknik 6zellikleri
Adi Birim Boyutlar
Baski alani mm 255x255%260
Tabaka kalinlig1 mikron 20
Materyal PLA/ABS/HIPS/WOOD/PC/PVC
Baski teknolojisi Fused filament fabrication (FFF)

Uyumlu filament ¢ap1 mm 1,75

Nozzle gaplari mm 0,2/0,3/0,4

Agirlik kg 8,5
Imalat dlgiileri mm 478x455x520
Yapi plakasi 110 °C 1sitmal1 cam yapr plakasi (max)

Maksimum gii¢ ¢ikisi W 360

Dosya transferi SD kart

Baski1 yazilimi Cura/Tronxy slicer

196



Kaya, Z., Aksoy, B., Ozsoy K. JournalMM (2023), 4(1) 193-210

Calismada alt1 eksenli robot kolun 3B yazici ile imalatinda kullanilan PLA tiiriindeki filament
malzemesinin teknik 6zellikleri Cizelge 2’de verilmistir.

Cizelge 2. PLA ve filamentlerin teknik 6zellikleri

Baski Yogunluk Bozulma G(_erilm_e Kopma Egilme Etki
sicakligr (°C)  (glem?) sicakhig direnci uzamasi direnci  dayamiklihg:
(°C,0,45 MPa)  (MPa) (%) (MPa) (kd/m?)
205-225 1,24 52 60 29 87 7

Robot kolun iiretim agamasinda yaklasik olarak 6 kg filament kullanilmistir. Kullanilan
filamentin %25’1 iiretim asamasinda nesne destekleri olarak kullanilmistir. Kalan %75’1lik kisim
robotun gercek agirlig1 olusturmaktadir. Uretilen tiim parcalarin %55 doluluk oran ile imal edilmistir.

2.1.2 Elektrik-Elektronik Sistem Tasarimi
Calismada 6 eksenli robot kolun elektrik elektronik sistem tasariminda denetleyici olarak
Siemens marka S7 1200 PLC kullanilmistir. PLC sistemi icerisinde gii¢ kaynagi, CPU, yiiksek hizli
hareket kontrol sistemi, mikroislemci, giris devresi, ¢ikis devresi gibi bilesenler ile profinet, analog
giris ve ¢ikiglar1 da bulunmaktadir. Ayrica PLC cihazinda; RS485, GPRS, RS232, Profibus gibi
haberlesme modiilleri mevcuttur (Siemens, 2019).

2.1.3 Adim Motorlar: ve Siiriiciileri
Adim motorlar, girislerine uygulanan darbe dizilerine karsilik analog donme hareketi yapan
firgasiz ve genellikle kalict miknatis kutuplu olan DC motorlardir. Bu motor tipinin ilk olarak 1930’Iu
yillarda ortaya ¢ikmasiyla gemi ve cesitli savas agirlikli sistemlerde kullanilmaya baglanmistir. (Altun
vd., 2016). Calismada TB6600 adim motor siirticiisii kullanilmistir.

2.1.4 Robot Kinematigi

Kinematik, harekete neden olan kuvvetleri veya momentleri dikkate almadan cisimlerin
hareketini inceleyen bilim dalidir. Robot kinematigi ise bir robot manipiilatoriiniin hareketini analitik
olarak ifade edilmesidir. Robot mekanizmasi igin uygun kinematik modellerin matematiksel olarak
ifade edilmesi, endiistriyel manipiilatorlerin davranisini analiz etmek icin olduk¢a Onemlidir
(Ogiilmiis 2022). Manipiilatdrlerin kinematik modellemesinde kartezyen koordinat uzayi ve
kuaterniyon uzayr olmak iizere iki farkli uzay sistemi kullanilmaktadir. Kartezyen koordinat
sisteminde hareket ifadeleri donme ve Oteleme olmak {iizere ikiye balik altinda incelenmektedir.
Donme doniisiimde ise Euler agilar, Gibbs vektorii, Cayley-Klein parametreleri, Pauli spin matrisleri,
eksen ve ag1, ortonormal matrisler ve Hamilton'un dordeyleri gibi farkli yontemler kullanilmaktadir.
Bu doniistimlerde 4x4 gercek matrislere (ortonormal matrisler) dayali homojen doniisiim matrisleri
siklikla tercih edilmektedir. Denavit-Hartenberg (DH) parametreleri olarak bilinen bu parametreler,
robot kinematiginde kullanilan bir analiz yontemi olarak siklikla tercih edilmektedir (Kiiglik ve
Bingiil, 2016). Gelistirilen 5+1 serbestlik derecesine sahip robot kolun D-H tablosu olusturulmustur.
D-H tablosunda robotun uzuv uzunluklari ve agilar1 belirlenmistir. D-H tablosu kullanilarak doniisiim
matrisi her eksen i¢cin hesaplanarak robotun ileri kinematik analizi yapilmstir.
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2.1.5 U?-Net Yapay Zeka Modeli
U2-Net, goriintii segmentasyonu icin kullanilan bir yapay zeka modelidir. U2-Net modeli,
ozellikle dogal sahnelerin segmentasyonu i¢in kullanilmaktadir. U2-Net, gesitli evrisimsel sinir ag
katmanlarinin  birlestirilmesiyle olusturulmustur. Model, goriintii segmentasyonu, goriintii
tamamlama, nesne tanima gibi bir¢ok uygulama alaninda kullanilabilmektedir. U?-Net, agik kaynak
kodlu ve kullanicilar tarafindan gelistirilebilen bir yapay zeka modelidir (Ye ve ark., 2022; Shao ve
ark., 2022).

2.1.6 HSV Renk uzay1
Goriintii isleme alaninda yaygin olarak kullanilan renk uzaylarindan biriside Hue-Saturate-
Value (HSV) renk uzayidir. HSV renk uzayi H (renk derinligi), S (renk saflig1), V (renk parlakligi)
olmak {izere ii¢ ana bilesenden olusmaktadir. HSV renk uzayindaki H degeri baskin dalga boyu ile
iligkili oldugu i¢in goriintiideki baskin rengi temsil etmektedir. S bileseni ise beyaz bir referans
degere gore tonun ne kadar saf oldugunu gosteren renk safligini temsil etmektedir (Dogan ve ark.,

2022).

2.2. Yontem
2.2.1 5+1 Eksenli Robot Kolun Tasarimi, imalat1 ve Kontrolii

Calismada gelistirilen 5+1 eksenli robot koluna ait is akis diyagrami Sekil 2’te verilmistir. Sekil
2 incelendiginde gelistirilen robotun iki ana boliimden olusmaktadir. Birinci boliimde robot kolun
tasarimi ve imalat1 kapsarken ikinci béliimiinde ise robot kolun kontroliinii igermektedir. Robot kolun
tasarim ve imalat boliimii CAD, STL, CAM, malzeme se¢imi ve 3B yazici ile liretilmesi olmak iizere
bes asamadan olusmaktadir. Birinci agamada robot kolun kati modellemesi CAD tasarim programlari
ile tasarlanmstir. Ikinci asamada ise tasarlanan 3B kat1 modelleri STL formatina doniistiiriilmiistiir.
Sonraki asamada ise STL formatina ¢evrilen pargalarin CAM programlari ile dilimleme islemi (G
kodlar1) yapilarak pargalari imalat siireci i¢in hazir hale getirilmistir. Dordiincii agamada ise
parcalarin iiretimi icin PLA malzemesi tercih edilmistir. Son agsamada ise tasarlanan parcalarin 3B
yazict ile imalat1 gerceklestirilmistir. Robot kolun kontrol boliimii ise PLC, bilgisayar, kamera,
kinematik ve adim motorlarindan olugsmaktadir. Kameradan alinan goriintiiler bilgisayara aktirilarak
goriintiilerin i¢erisinde nesne bulunup bulunmadig tespit edilmektedir. Bir nesne tespit edildiginde
nesnenin konum bilgilerine gore ters kinematik hesaplamalar1 yapilmaktadir. Ters kinematikten elde
edilen eksenlerin agilar1 profinet haberleseme protokoliiyle PLC’ye gonderilir. PLC’ye gelen ag1
bilgileri pulse doniistiirerek adim motorlarina sinyal gonderilerek robot kolun tahrik islemi
gerceklestirilmektedir.
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nHD
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Sekil 2. Calismanin is akis diyagrami

2.2.2 Goriintii Isleme Teknikleri ile Uriin Tasnifleme
Calismada Sekil 3’de verilen akis diyagrami kullanilarak goriintiiler iizerinde nesnelerin tespiti
ve agirlik merkezleri hesaplanmistir. Ayrica goriintii isleme tekniklerini kullanabilmek i¢in Python
programlama dilinde ¢aligmaya 6zel bir yazilim gelistirilmistir.

Kimuzi Renk Tespit

H.S.V Kanallarmm Tespit edilen nesnelerin Nesne agirhk merkezleri refrans

2 9
Goriintii i Ar]? -flet . RG[})}_ .d?nﬁlf;\f'ye aralik degerleri Mavi Renk Tespit konumlar: ve kenar oktaya mm cinsinde x.y koordinat;
Hle Arka plan stme ontime belirleme bilgilerinin hesaplanmast bilgilerin génderilmesi
Sar1 Renk Tespit
Hesaplanan X.y.z konum koordiantlart § . Gorimti islemede kullamlan referans
Robotun referans noktasima gore
in konumu hesapl merkezi X.Y koordinat bilgisi

ters kinematik denklemleri ile robotun
motorlarm dénme agilarin hesaplanmasi

Gortintii islemeden bir nesnenin agilik J

Sekil 3. Goriintii isleme ile nesne tespiti ve konum bilgileri hesaplama

Sekil 3 incelendiginde ilk olarak RGB goriintiiler iizerinde arka plan silmek i¢in yapay zeka
tabanl1 ve 6nceden egitilmis U?-Net yapay zeka yontemi kullanilmistir. Tkinci asamada ise arka plani
silinmis goriintiilerin lizerindeki nesnelerin rengine gore tespit edebilmek i¢in renk uzaylart HSV’ye
doniistirilmistiir. Bir sonraki asamada ise HSV renk uzayina doniistiiriilen goriintiiler tizerinde H, S
ve V kanallarina 0-255 arasinda bir aralik secilmistir. Se¢ilen aralik disinda kalan tiim pikseller arka
plana ait oldugu kabul edilmistir. Belirlenen H, S ve V renk kanal degerlerine gore calismada
kullanilan sar1, mavi ve kirmizi nesnelerin tespit edilmistir. Sar1 renk i¢in H kanalin alt degeri 20 ve
iist degeri 30 olarak secilmis, S ve V kanallarin alt degerleri 100 ve iist degerleri 255 olarak

secilmistir. Mavi renk i¢cin H kanalin alt degeri 90 ve iist degeri 120, S kanalin alt degeri 80 ve tist
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degeri 255 ve V kanalin alt degeri 2 ve iist degeri 255 olarak se¢ilmistir. Son olarak kirmizi renk igin
H kanalin alt degeri 136 ve iist degeri 180, S kanalin alt degeri 87 ve iist degeri 255 ve V kanalin alt
degeri 111 ve iist degeri 255 olarak secilmistir. Nesne tespit isleminden sonra goriintii tekrar RGB
renk uzayina doniistiiriilmiistiir. RGB resimler {izerinde islem maliyetini azaltmak i¢in goriintiiler
gray scale (siyah-beyaz) doniistiiriilmiistiir. Gray goriintii izerinde hangi boélgelerde nesne oldugu
tespit etmek i¢in esikleme (thresholding) islemi gerceklestirilmistir. Bir sonraki asamada ise goriintii
iizerindeki tespit edilen nesne sinir bilgileri ve alan1 hesaplamak i¢in contours fonksiyonu ile nesneleri
sinir noktalart hesaplanmistir. Son asamada ise find contours fonksiyonu ile hesaplanan sinir
bilgilerine gore nesnenin agirlik merkezi hesaplayarak bir referans noktaya goére nesnenin agrilik
merkezinin x ve y konum koordinatlari milimetre cinsinden hesaplanmistir.

3. BULGULAR VE TARTISMA

3.1 Robot Kol Tasarim
Calismada 6 eksenli robot kolun tasarimi ve uzuvlarina ait teknik bilgiler Sekil 4’de gosterilmistir.
Robot kolun tasarim STL dosyalar1 grapcad platformuna yiiklenerek agik kaynak kodlu erisimi
saglanmistir (Grapcad 2023)

223.3

Axis 3 _ Bilek
On Kol
S » Baglanti Kolu
» Doner Tabla

Ayis 2 o

[T ~

@ © \E

. » Taban Sasesi
Auis 1 L Donen Eksen ’
RobotKolMontaj
@ (b)

Sekil 4. 6 eksenli robotun (a) temel dlgiileri (b) uzuvlarin tanimlanmasi

3.2 ileri Kinematik Hesaplama Sonugclar
Calismada tasarlanan alt1 eksenli robot kolun D-H Tablosu Cizelge 3’te ve ileri kinematik
diyagram goriintlisii Sekil 5’de verilmistir.
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Cizelge 3. D-H tablosu

D-H tablosu
Eksen NO i1 ai-1(m) 0i di (m)
0 0 102 - -
1 90 0 128 01
2 0 220 0 02-90
3 90 0 0 03
4 -90 0 223 ®4+180
5 90 0 0 ®s+180
6 0 0 X s

220 | 123

102

Sekil 5. ileri kinematik diyagram goriintiisii

Sekil 5’de goriildiigii gibi ilk eklem acisinin hesaplanmasi i¢in vektoriin izdiislimii
kullanilmaktadir. Ug islevcinin bulundugu konuma gore 6 eksenli robot kolun uzuv konumlariin
ileri kinematik degerlerini elde etmek icin Esitlik 1 ile Esitlik 3 arasinda verilen matematiksel ifadeler

kullanilmustir.
cos 6; —sin g; 0 a;_4q
i-1p _ cosa;_15inf; cosa;_jcos8; —sina;_, —d;sina;_; Q)
¢ sina;_4Sinf; sina;_icosf; cosa;_, d;cosa;_;
0 0 0 1

Esitlik 1°de (i) eksen takimi (i — 1) eksen takimina gore '~ 1T doniisiim matrisi elde edilmektedir.
Esitlik 2°de referans eksen takimindan ug islevci eksen takimina kadar olan doniisiim matrislerinin
carpimina ait matematiksel ifade verilmistir.
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6T = AT3TSTATSTET 2

Esitlik 3°de ise ileri kinematikte referans esken takimina gore ug islevcinin eksen takimi doniistim
matrisi verilmistir. Matris son siitununda yer alan x, y ve z degerleri u¢ islevcinin konum koordinatini
ifade etmektedir. Ayrica 114, X eksendeki konumu (P, ), 754, y eksendeki konumu (P, ) Ve 134 ise z

eksendeki konumu (P, ) temsil etmektedir.

11 Tiz Tz Tis
Ty1 Tay Tag T
op|"2t T2z Tz Taa (3)
31 T32 733 T34
0 0 0 1
3.3 Ters Kinematik Hesaplama Sonuclar:
Sekil 6’daki gibi ters kinematik diyagrami verilen 6 eksenli robot kolun ilk eklem agisinin
hesaplanmasi i¢in vektorlerin izdiistimleri kullanilmistir. Esitlik 4 ve Esitlik 5°de robot kolun tersi
kinematik analizi i¢in kullanilan matematiksel ifadeler verilmistir.

[GOTu oTy, QT3 8T14] oT" gNKo =dgx gNKo o _ 4 O
or _ |81 &Toy 8Tz 8Tou| % g 13 T op _0p _% g - Gg - 4
¢l = [0 o o o = sNk, =| 6123 T o = 4Py = 6Pro — 6Pro=| 6124 — d6 123 ( )

[GT31 ¢T3z ¢ls3 GT34J 9T, t 6Pk = |24 OTsy — dg 0Tss

o o0 o0 1 or
G134

Esitlik 4’te 2T hedef transform matrisi iken K ise frame temsil etmektedir.

_ { ArcTan2(8T24 — dg¢T23, ¢Tha — d6((;)T13) (5)

1= 0 0 0 0
ATCTCITLZ(GT24 - dGGTZ?ﬂ GT14 - d6GT13) + s

Esitlik 5’te 6;ise ilk eklemin agisidir.

0
aPr,
e
PN 0
{( ) / GPKD// op
Ao’ /' 44 Kg,
N v e
7
/
. /
i AY )f' -
A u— 7 A
N/ S
yay op
YV 4Pk, "
/- Ta
0
1P,

Sekil 6. Ters kinematik diyagram goriintiisii

Sekil 7'de gosterilen iiciincii eklem agisinin hesaplanmasi i¢in Esitlik 6 ile Esitlik 9 arasinda
matematiksel ifadeler kullanilmistir. Ik olarak 6, = 0 kabul edip Esitlik 6 kullanilarak doniisim

matrisinden K, cercevesi ile K, cercevesi arasindaki 42 Py degeri hesaplanmistir. Daha sonra Esitlik
7 ile Esitlik 9’da verilen matematiksel ifadeler kullanilarak @, @ ve 65 ac1 degerleri hesaplanmuistir.
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95
./‘/
e
N 11
P VAN
@ AN )
e
/
] /
P, -
/

Sekil 7. Uciincii eklem agis1 i¢in ters kinematik diyagram goriintiisii

0 0 0 0 0 LZLPK ]
211 2Tz 2Tz 2Tha 2114 Ox
oT=|9Ty1 9To; Toz  Tou|= gPKO = [2T24 AZI-PK0=421-PK0 - 2PKO = AZI-PKO (6)
9T31 9T3; T3z T3, T34 127, |
0z
15~ a2+ 4PK0|
.2 Py |-——= 1% Z01
et (e \
@ = ArcSin m +ArcSin | i (7)
2|<21—PK0|11 /
a = ArcTan(—d,, a3) (8)
(M- —a
05 = {n +0—«a )

Sekil 8’de gosterildigi gibi ikinci eklem agisinin hesaplanmasi i¢in Esitlik 10 ile Esitlik 16
arasindaki matematiksel ifadeler kullanilmustir. ilk olarak Esitlik 10 kullanilarak doniisiim
matrisinden K, gergevesi ile K, ¢ercevesi arasindaki TPK; degeri hesaplanmamistir. Daha sonra S,
B ve ikinci eklem agisi olan 6, degerleri hesaplanmuistir.
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Sekil 8. ikinci eklem agis1 igin ters kinematik diyagram gériintiisii

Pk, = 6R% Py, = 9R™1 3Py, (10)

9T, 9Ty, ST

o 9P or _ [or om0 | = 2p-1

T = [20 2 iRG] =T =(2T21 2Tz 2T23| = 0oR (11)
.(2)T31 8T32 8T33

B
0 0 0 1Pk,
211 2T 2143 O0x

AZLPKZ = gT21 (z)Tzz (2)T23 AZI»PKOyl (12)
o $T Il
47Ky,
By = ArcTan2(42Py, , 42Py, ) (13)
o o} -[3zPry| +12
_ ) a§—|42PK0|2+l§ N B ST —
B2 = ArcSin <T + ArcSin Tl (14)
% = (IB1] + B2)
92 =\ (15)
St (Bl = B2)
[(Z)Tll (2)T12 2T13 gT14] OT
0Ty STy Tos  Tou | ov— _ |om
o7=|2"21 2722 23 24 | > QNKO = (97,3 (16)
0 0 0 0
2l31 2T32 2T33 2734 O,y
0 0 0 1
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Besinci eklem agisin1 hesaplanmak igin ise Esitlik 17 ve Esitlik 18’de verilen matematiksel
ifadeler kullanilmugtir. 6, = 0 olarak kabul edilip 40Ny vektorii kullanilarak 65 ag1 degeri
hesaplanmustir.

s = m — ArcCos(40Ng,. 60Ny, ) a7
¢R = QR712R = GRER ¢R = Rot,(6,)Rot, (85 + m)Rot,(6¢) (18)

Dordiincii ve altincr eklemlerin agilarini hesaplanmak i¢in Esitlik 19 ile Esitlik 23 arasindaki
matematiksel ifadeler kullanilarak 6, ve 6, hesaplamak icin ¢R rotasyon matrisi kullanilmistir.

cos(m+6s5) 0 sin(w+0s)
Rot, (05 + m) = [ 0 1 0 (19)
—sin(m+60s) 0 cos(w+ 65)
cos(fg) —sin(fg) O
Rot,(0) = [Sin(96) cos(6s) 0] (20)
0 0 1
TC4C5C6 — S4Se  C4C556 — Sale  —C4Ss ¢Ri1 éRiz ERi3
¢R = | =S4C5C6 + C4S6  S4C5Se +C4Cs  —S4S5|¢R=[2R,1 &Ryz  &Ra3 (21)
55¢6 5556 ~C6 ¢R31 ¢Rsz ¢Ras
0, = ArcTan(—¢R,3, —¢Ry3) (22)
0 = ArcTan(2Rs3,, eR31) (23)

3.4 Goriintii Isleme ve Yapay Zeka Tabanh Uriin Tasnifleme Sonuclari
Calismada 6nceden egitilmis U-Net yapay zeka modeli kullanilarak alman goriintiilerin arka
plan silme islemi i¢in kullamlmistir. U2-Net modeli ile elde edilen arka plan silme isleminin 6rnek
sonuca ait gorsel Sekil 9°da verilmistir. Sekil 9 incelendiginde U2-Net yapay zeka modelinin arka
plan silmede olduk¢a basarili oldugu goriilmektedir.
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(b)

Sekil 9. U?-Net ile arka plan silme islemi

Calismada kullanilan goriintii isleme algoritmalarindan elde edilen iirlin tespiti ve tasnifleme
sonuclar1 Sekil 10°da gosterilmistir. Sekil 10 inceldiginde algoritmanin yiiksek dogrulukta calistigi
goriilmektedir. Calismada mavi, kirmizi, sar1 olmak {izeri nesnelerin ii¢ kategoriye ayirilmistir. Bu
nesnelerin siniflandirilmasi ve agirlik merkezleri yiliksek dogrulukta gerceklestirilmistir.

Sekil 10. Uriin tespiti ve tasniflemesi

3.5 Robot kolun ¢calismasinin dogruluk analizi
Calismada gelistirilen robot kolun dogruluk analizi yapmak i¢in 20 adet deney yapilmistir. Her
deneyde belirlenen konum ve hedef konum arasindaki hata payr milimetre olarak Ol¢lilmiistiir.
Yapilan deneylerden elde edilen hata degerleri Sekil 11°de verilmistir. Sekil 11 incelendiginde hata

paylarinin 0 mm ile 22 mm arasinda degistigi goriilmektedir. Bu nedenle ortalama olarak robot kolun
ortalama hata degeri 10,50 mm olarak tespit edilmistir.
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Sekil 11. Robot kolun ¢aligmasinin dogruluk analizi

Yapilan ¢alismadaki konum dogrulugu ile ilgili akademik literatiir incelendiginde; Joubair vd.
yapmis olduklar1 simiilasyon ¢alismasinda, ileri kinematik tabanli kalibrasyon yontemi kullanilarak
6 serbest dereceli robotun hedef calisma alani icindeki maksimum konum hatasi1 5,957 mm'den 0,851
mm'ye ve ortalama konum hatasi 3,992 mm'den 0,3871'e optimize etmislerdir (Joubair ve ark., 2015).
Bir diger ¢aligmada Joubair ve ark., simiilasyon ¢alismasinda, kuvvet-tork sensorii tabanli kalibrasyon
yontemi kullanilarak 6 serbest dereceli robotun hedef ¢aligsma alan1 igindeki maksimum konum hatasi
12 mm'den 0,320 mm'ye ve ortalama konum hatas1 9 mm'den 0,2771'e optimize etmislerdir (Joubair
ve ark., 2016). Li vd. simiilasyon calismalarinda, 6 serbest dereceli robotun hedef galisma alani
icindeki konum hatasi1 5,35 + 2,89 olarak tespit etmislerdir (Li ve ark., 2022). Akademik ¢alismalarda
elde edilen bulgular incelendiginde robot kollar iizerinde kalibrasyon islemi yapildiginda konum
hatalarinin  minimize edildigi goriilmektedir. Gergeklestirilen calismada kalibrasyon islemi
yapilmadig1 i¢in konum hatas1 ortalama 10,5 mm olarak tespit edilmistir. ilerleyen calismalarda
kalibrasyon islemi de gerceklestirilerek kalibrasyon konum hata degerinin minimuma indirilmesi
hedeflenmektedir.

4. SONUC

Diinyadaki bir¢ok endiistri alaninda robot kollar kullanilmaktadir. Robot kollarin kullanimi insan
giicliyle gergeklestirilen gorevleri kolaylastirmakta, hiz ve maliyet agisindan biiylik avantajlar
saglamaktadir. Ayrica olusabilecek hatalarda minimuma indirilmektedir. Caligmada 5+1 serbestlik
derecesine sahip robot kol tasarim gergeklestirilmistir. Tasarlanan robot kol 3B yazic1 teknolojisi ile
imalat1 yapilmistir. Imalat1 yapilan robot kolun motor secimi, siiriicii ve kontrolcii segimi yapilmistir.
Calisma i¢in gerekli literatiir arastirmasi yapilmis ve gerekli malzemeler temin edilerek robot kolun
imalat1 gerceklestirilmistir. Uretilen robot kol goriintii isleme ve U%-Net yapay zekd ydntemleri
kullanilarak ti¢ farkli sinifa ait nesneleri tespit ederek tespit edilen bir konumdan alarak bagka bir
tanimli bir hedef konuma tasimasi saglanmistir. imal edilen robot kolda deneysel olarak tasima,
baslangig, bitis hareketleri ve hedefe ulastirma islemleri basarili bir bicimde gerceklestirilmistir.
Ancak calismada kullanilan robot kolun kalibrasyon islemi yapilmadigi i¢in elde edilen konum hatasi
ortalama olarak 10,5 mm’dir. Elde edilen konum hatasi degerini yiiksek olmasmin temel
nedenlerinden birisi {iretim asamasinda iic boyutlu yazicilar kullanarak PLA tipi malzeme
kullanilmas1 sonucu hassasiyetin azalmasidir. Ilerleyen calismalarda robot kolun metal malzeme ile
iretilerek robot kolun hassasiyetinin arttirilmasi hedeflenmektedir. Ayrica Konum hatalarin
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azaltmak ic¢in kalibrasyon isleminin yapilmasi ve kapali dongii kuvvet torku kontrol ydntemi
kullanilmas1 hedeflenmektedir.

5. CIKAR CATISMASI

Yazarlar arasinda, bilinen herhangi bir ¢ikar ¢atigsmasi veya herhangi bir kurum/kurulus ya da
kisi ile ortak ¢ikar bulunmadigini1 onaylamaktadirlar.
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Bu makale Zekeriya KAYA’nin Bekir AKSOY ’un birinci danismanligi ve Koray OZSOY ’un
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OZET: Is1 degistiricileri, 1sitma ve sogutma sistemleri gibi birgok endiistriyel uygulamada siklikla
kullanilmaktadir. Is1 degistiricilerin 1s1l performanslarinin arttirilmasi igin, ¢aligma akiskaninin
termofiziksel 6zelliklerini iyilestirecek nano boyutlu pargaciklar eklenmesi iyi bir ¢éziim olabilir.
Bunun yaninda, son yillarda hibrit nanoakiskanlar olarak bilinen iki veya daha fazla farkli
nanopartikiil kullanilarak elde edilen nanoakiskanlarin 1s1l performanslarinda daha yiiksek iyilestirme
elde edildigi goriilmektedir. Bu deneysel ¢alismada grafen oksit (GO) — aliiminyum oksit (Al20z)/su
hibrit nanoakigkani GO-Al203 /su hibrit nanoakiskan kullanilarak, borulu bir 1s1 degistiricisinin
termal veriminin arttirilmasi amaglanmistir. Bu kapsamda GO-Al203 /su hibrit nanoakigkani, 1s1
degistiricide iki farkli modda (paralel ve karsit) olarak denenmis ve sonuclar karsilastirilmistir.
Kullanilan GO-Al203 /su hibrit nanoakiskaninin konsantrasyon orant %1 olarak segilmistir. Bu
calismanin deneysel sonuglari, 1s1 degistiricide GO-Al203 /su hibrit nanoakiskaninin kullanilmasinin
1s1l performansi 6nemli dlgiide iyilestirdigini gostermistir. GO-Al2O3 /su hibrit nanoakigskaninin %1
konsantrasyon oraninda kullanildig1 sistemde toplam 1s1 transfer katsayisinda paralel ve karsit akish
durumda sirasiyla %9.8 ve %10.7 artis degerleri kaydedilmistir.
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Experimental Analysis of GO-Al2Os/Water Nanofluid in A Concentric Tube Heat Exchanger

ABSTRACT: Heat exchangers are frequently used in many industrial applications such as heating
and cooling systems. Increasing the thermal performance of heat exchangers, adding nano-sized
particles to enhance thermophysical properties of the working fluid can be a good solution. Moreover,
in recent years, it is seen that higher improvement in thermal performance of nanofluids obtained by
utilizing two or more nanoparticles known as hybrid nanofluids. In this experimental work, it is aimed
to increase the thermal efficiency of a tube heat exchanger by applying graphene oxide (GO) -
aluminum oxide (Al203) /water hybrid nanofluid. In this context, GO-Al.Os/water hybrid nanofluid
was tested in two different modes (parallel flow and cross flow) in the tubular heat exchanger and the
results were compared. The concentration ratio of the GO-Al>Oz/water hybrid nanofluid was chosen
as 1%. The experimental results of this study proved that utilization of GO-Al,Oz/water hybrid
nanofluid in the heat exchanger significantly improved the thermal performance. In the system that
GO-Al>Os/water hybrid nanofluid was used at 1% concentration, as increase of 9.8% and 10.7% were
recorded in the total heat transfer coefficient in parallel and counter flow, respectively.

Keywords: Tubular Heat Exchanger, Nanofluid, Hybrid, GO-AIl.O3 Thermal Performance.

1. GIRIS

Diinya niifusunun gittikge artmasi ve kaynaklarin bilingsizce tliketilmesi kiiresel enerji
ithtiyacinin her gecen giin artisina neden olmaktadir. Bu durum ile iligkili olarak fosil kaynaklarin
sinirhili§i ve sera gazi emisyonlarinin Oonemli artist daha verimli enerji doniisiim sistemleri
kullanilmasina ihtiya¢ dogurmaktadir. Enerji doniisiim sistemleri ile ilgili endiistride siklikla tercih
edilen cihazlar 1s1 degistiricileridir. Is1 degistiricilerinde dnemli olan faktor ise gerceklestirilebilecek
etkin 1s1 transferidir (Afshari ve ark., 2017; Afshari ve ark., 2018; Aytag ve ark., 2023; Variyenli ve
ark., 2023). Farkli alanlarda, cesitli 6zelliklere sahip 1s1 esanjorleri kullanilmaktadir. Bu farkli 1s1
degistiriciler ayn1 zamanda 1s1l performansi arttirmak amaciyla farkli yontemleri de gerekli
kilmaktadir. Is1 degistiricilerde etkenligin artisi, 1s1 degistirici sisteminde yapisal degisiklige gidilmesi
ya da caligma akiskaninin degistirilmesi ile saglanabilir (Go6ltas ve ark., 2022). Literatiire bakildiginda
yapisal degisikligin 6n plana ¢ikarildigi pek cok ¢alisma bulunmaktadir (Giirel ve ark., 2020; Giirel
ve ark., 2022). Bunun yaninda ¢alisma akiskanmnin degistirilmesi yontemi ise, diger yonteme gore
daha yenidir.

Calisma akiskanin degistirilmesi yonteminde, baz c¢alisma akiskani igerisine belirli oranda
nanopartikiil parcaciklar eklenerek nanoakiskan ¢ozeltisi elde edilir (Khanlari ve ark., 2018; Giirbiiz
ve ark., 2022). Nanoakiskan ¢6zeltisi kullanilarak termal iletkenligin arttirilmasi kavram, literatiire
ilk olarak Choi ve Eastman (1995) tarafindan yapilan ¢alisma ile girmistir. Yapilan arastirma, metalik
veya metalik olmayan nanopargaciklarin su veya yag gibi bir ¢alisma sivisina eklenmesi ile ¢alisma
akigkanlarinin termofiziksel 6zelliklerinin arttirabilecegi prensibini savunmaktadir. Bu dnerme ile
ilgili olarak baslica iki sebep gosterilmektedir. Birinci sebep, nanopartikiillerin baz siviya kiyasla
daha yiiksek 1s1 iletkenlige sahip olmasindan kaynaklanmaktadir. ikinci sebep ise, baz siviya
nanopargcaciklarin eklenmesi ile termal transfer yiizey alaninin arttirilmasi ile saglanmaktadir. Bunun
yaninda, nanopartikiillerin kullanilmasi, ¢alisma akiskaninin etkin 1si1l kapasitesini de arttirmis
olacaktir. Ayrica yapilan ¢alismalarda nanopartikiiller, nanoakiskaninin 1s1l iletkenligini etkileyen
ana parametre olan akiskan aktivitesinde ve tiirbiilans siddetinde artis1 saglayacaktir (Afshari ve
Muratcobanoglu 2022; Tuncer ve ark., 2023). Nanoparcacik boyutu, sekli ve konstrasyonu,
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nanoakiskan 6zelliklerini etkileyen en 6nemli parametrelerdir (Avramenko ve ark., 2014; Avramenko
ve ark.., 2018).

Literatiirde nanoakigkanlarin borulu 1s1 degistirici ile kullanimi iizerine ¢ok ¢esitli ¢aligmalar
mevcuttur. Sonawane ve digerleri (2013) bir borulu 1s1 degistiricisinde farklt parcacik
konsantrasyonlarinda aliiminyum oksit/su (Al2Oz/su) nanoakigskan ¢ozeltilerinin 1s1 transfer
davraniglarini analiz etmistir. Deneysel sonuglar, artan nanoparcacik konsantrasyonunun, 6zellikle
yiiksek Reynolds (Re) sayilarinda 1s1 transferinde iyilesmeye yol agtigin1 gostermistir. Ayn sekilde
Prasad ve Gupta (2016) farkli konsantrasyonlarda Al>Osz/su nanoakigskan ¢ozeltisinin termal
verimliligini borulu 1s1 degistiricisinde deneysel olarak incelemistir. Arastirma sonuglarinda Al,Oz/su
nanoakiskan ¢ozeltisi kullanilarak Nusselt sayisinda maksimum %31.28 bir artis elde edilebilecegi
elde edilmistir. Baska bir ¢calismada Darzi ve digerleri (2013), 5000-20000 Re sayilarinda borulu bir
1s1 degistiricisinde Al2Os-su nanoakiskan kullanimi tizerine bir ¢alisma yapmislardir. Sonuglarda,
Al203-su nanoakiskani kullaniminin, 1s1 degistiricinin 1s1l performansini1 6nemli 6l¢iide gelistirdigi
bulunmustur. Bagka bir ¢calismada ise Sadeghinezhad ve digerleri (2015), grafen nano plaka (GNP)
partikiilleri /su nanoakigskani dort farkli oranda (% 0.025, %0.05, %0.075, %0.1) partikiil orani ile
incelenmistir. Kullanilan nanoakiskan ¢ozeltilerinin 1s1l verimliligi %7.96-%25 oraninda arttig1
bulunmustur.

Nanoakigkanlarin 1s1l performansi, hibrit nanoakiskanlar olarak bilinen iki veya daha fazla
farkli parcacik kullanilarak da yiikseltilebilir. Yalnizca tek ¢esit nanopartikiil kullanimi, ¢alisma
akigkanindan istenen tiim 6zellikleri saglayamadiginda bu yonteme bagvurulabilir. Bu nedenle, hibrit
nanoakigkanlar birlesik 6zellikleri ile gelismis termal davranig i¢in uygun goriilmektedir (Sajid ve
Ali, 2018). Baz1 arastirmacilar, hibrit nanoakigskanlarin tekli nanoparcacik igeren nanoakiskanlara
gore daha iyi termal davranis gosterdiklerini de belirtmiglerdir (Bahiraei ve ark., 2017; Bahiraei ve
ark., 2018; Khanlari 2020a; Tuncer ve ark.,2023).

Bu ¢alismada, es merkezli i¢ i¢e borulu bir 1s1 degistiricisinde saf su ve grafen oksit (GO)-
aliminyum oksit (Al203) /su hibrit nanoakiskan1 paralel ve karsit akislt olmak tizere farkli kosulda
denenmigtir. Hibrit nanoakiskan agirlikca %1 partikiil konsantrasyonunda hazirlanmis ve sonuglar
saf su ile karsilagtirilmistir.

2. MATERYAL VE YONTEM
2.1. Deneysel Calisma

Bu ¢alismada, GO-Al203/su hibrit tip nanoakiskan kullanmanin 1s1l performans itizerindeki
etkisini incelemek i¢in es merkezli i¢ ice borulu bir 1s1 degistiricisi kullanilmistir. Deney diizeneginin
1s1 degistiricisi boliimiinde Sekil 1°de goriildiigii gibi i¢ boru iizerinden sicak akiskan, dis boru
iizerinden ise soguk akiskan gecmektedir. Sistemde kullanilan elektrikli 1siticimin giici 3 kW dur.
Deney diizeneginde ayn1 zamanda devre kesiciler ve basing valfleri gibi bazi1 glivenlik 6nlemleri de
alinmistir. Bunun yaninda sicak ve soguk akiskan debilerinin yapilabilmesi igin iki adet akis Glger
bulunmaktadir. Farkli noktalarda olmak iizere 10 adet termokupla yer verilmistir.

Sistem calismasinda, sicak akiskan bir depo igerisinde 1sitilir ve 1s1 degistiricinin i¢ tarafindan
akmasi saglanir. Soguk akiskan ise, 1s1 degistiricisinin dis tarafindan akar ve sistemden disar ¢ikarilir.
Sistemde hibrit GO-Al>O3 nanoakigkani, 1s1 degistiricisinin sicak ¢evriminin oldugu tarafinda test
edilmistir. Sistemin soguk tarafinda ise saf su kullamlmistir. Sicak taraftaki yiizey alam 0.026 m?,
soguk taraftaki yiizey alam1 ise 0.031 m? olarak Olciilmiistiir. Akis yoniiniin etkisinin de
gosterilebilmesi i¢in 151 degistirici i¢in paralel ve karsit akis olmak tizere iki farkl kosulda denemesi

yapilmistir.
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2.2. Nanoakiskan Cozeltisinin Hazirlanmasi

Bu deneysel ¢aligmada hibrit nanoakigkan elde etmek icin iki farkli nanoparcacik kullanilmistir.
Bu baglamda 1s1l performansi yiikseltmek amaciyla Al,O3 nanopartikiilleri GO nanopartikiilleri ile
karistirlarak hibrit nanokiskan elde edilmistir. ilk olarak kullanilan partikiil boyutunu kiigiiltmek ve
homojen bir partikiil elde edebilmek i¢in Spex-8000 kullanilarak bilyeli 6giitme teknigi ile 6 saat
siireyle ogiitme islemi gerceklestirilmistir. Bir sonraki asamada hazirlanan nanopartikiil saf suya %1
agirlik oraninda ilave edilmistir. Ayrica Al,O3-GO/saf su nanoakiskaninin ¢okelmesini 6nlemek ve
kararligini arttirmak i¢in nanoakigskan ¢ozeltilerine Triton X-100 yiizey aktiflestirici madde eklemesi
yapilmistir. Son olarak, hazirlanan nanoakiskan soliisyonlar1 daha kararli ve homojen soliisyonlar
elde edebilmek i¢in, ultrasonik banyoda 3 saat siire ile bekletilmistir.

2.3. Kullanilan Hesaplamalar
Bu boliimde deneysel olarak elde edilen verilerin analizinde kullanilan esitlikler gosterilmistir.
Termal analizde kullanilabilmesi icin Oncelikle hazirlanan nanoakiskanlarin partikiil hacim
konsantrasyonunun (@) bir fonksiyonu olarak termofiziksel Ozelliklerinin hesaplanmasi
gerekmektedir. Bu baglamda, nanoakiskanin yogunlugu Esitlik 1. kullanilarak elde edilebilir (Khairul
et al.,2014).

Pna = g.Dp — (1 —9D)pps (1)
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Yukaridaki denklemde, pp,, pp Ve pps sirasiyla nanoakiskan, kullanilan nanopartikiil ve baz
stvist igin yogunluk (kg/m®) degerlerini gdstermektedir. Ayrica hesaplamalarda 6nemli bir parametre
olan nanoakiskan ¢ozeltisinin 6zgiil kapasitesinin hesaplama esitligi su sekilde verilebilir:

Cpna = Bcpp — (L= 0)cpps (2)

Esitlik 2. de ¢, nq, CppVe Cp ps sirasiyla nanoakiskan, kullanilan nanopartikiil ve baz sivisi igin
ozgil kapasite (kJ/kg.K) degerlerini gostermektedir. Nanoakiskanin termal iletkenligi, nanoparcacik
konsantrasyonun (@) bir fonksiyonu olarak Esitlik 3. ile ifade edilebilir.

kp+2kbs+2@(kp_kbs)

kpa =k
na bs | kp+2kps—20(kp—kps)

@)

Esitlik 3. de kyq, kyve kp, sirasiyla nanoakiskan, kullanilan nanopartikiil ve baz sivisi igin

termal iletkenlik (W/mK) degerlerini gostermektedir. Son olarak, hazirlanan nanoakiskan ¢6zeltisinin
vizkozitesi su sekilde hesaplanabilir:

Hna = Mps (1 +2.50) (4)

Akiskanlar arasindaki enerji transferi, soguk taraf enerjisi (Q soguk akiskan) VE sicak taraf enerjisi
(Qsicak akiskan) 1l€ tammlanabilir. Sicak taraftan soguk tarafa aktarilan termal enerji Esitlik 5. ile
hesaplanabilir. Sicak tarafta kullanilan 6zgiil 1s1 kapasitesi (cp_swak aklskan) ortalama deger olarak
hesaplamalar katilmigtir.

stak akiskan = mswak akiskan- Cp,swak akiskan .(T3 - TG) (5)

Bu transfer islemi ile ilgili olarak soguk taraftan kazanilan 1s1 (Qsoguk akiskan) 15€ Esitlik 6. da

verilmistir. Bu tarafta da 6zgiil 1s1 kapasitesi olarak (Cp,soguk aklskan) ortalama deger alinarak,

hesaplamalar yapilmistir.

Qsoguk akiskan = msoguk akiskan- Cp,soguk akiskan .(T7 - TlO) (6)

Yukarida bahsedildigi gibi 1s1 degistiricilerin genel prensibine gére maksimum verimin elde
edildigi varsayimi ile sicak taraftaki 1s1 transferi, soguk taraftaki 1s1 transferine esit kabul
edilmektedir. Ancak bu durumda 1s1 transfer yiizeyinde meydana gelen kayiplar ve dl¢tim hatalar
thmal edilmektedir. Bu durum goz Oniine alindiginda, deneysel calismanin giivenilirliginin
arttirilmas1 amaciyla sistemin en iyi sekilde yalitilmasina oldukga dikkat edilmistir.

Qstcak akiskan = Qsoguk akiskan (7)
Is1 degistiriciden gegen sicak ve soguk akiskan arasindaki 1s1 transferi (Q) , 1s1 degistiricinin ig

yiizey alan1 (Ayzey), calisma akigkani ile 1s1 degistiricinin i¢ ylizeyi arasindaki taginim katsayisini
(hcq) ve logaritmik sicaklik farki(ATy,) kullanilarak asagidaki gibi hesaplanabilir:

Q =he A ATy, (8)

yuzey:

Logaritmik sicaklik farki (AT},) su sekilde yapilabilir:
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AT —AT gy
ATln == —ATl-
In £

Ale$

Sicak taraftan aktarilan 1s1 enerjisi (Qgcqx akiskan) Esitlik 9. daki logaritmik sicaklik farki

(9)

kullanilarak su sekilde elde edilebilir:

e _ hsicak alekan'Aic[(TS_Tl)_(Té_TZ)] 10
Qstcak akiskan — (T3-Tq) ( )

(Te-T2)

Sistemin sicak tarafindaki 1s1 transfer katsayist degeri, Esitlik 10. kullanilarak elde edilebilir.
Bu denkleme benzer sekilde, sistemin soguk tarafindaki 1s1 transfer katsayisini hesaplamak igin
Esitlik 11. kullanilabilir.

. _ hsoguk akiskan-Adis[(T1—T7)—(T2—T1o)] 11
Qsoguk akiskan — n (T1-T7) ( )

(T2-T10)

Son olarak, Esitlik 12. ile 1s1 degistirici ile genel 1s1 transfer katsayisini elde etmek miimkiindiir
(Khanlari et al., 2020b).

: [(T3=T7)—(Ts—T10)]
Qsicak akiskan = AtoplamUl 3l 7(T3—T67) - l (12)
nT3-T7)
(Te¢—-T10)

Is1 degistiriciler ile ilgili bagska bir 6nemli konu ise, genellikle etkinlik olarak adlandirilan &
terimidir. Is1 degistiricisinin etkinligi (&) Esitlik 13. ile elde edilebilir.

Q _ Csicak aktskan(Tszcak,giris_Tstcak,akls) _ Csoguk aklskan(Tsoguk,akls_Tsoguk,giris) (13)

& ==
Qmaksimum Crminimum (TSLcak,giris_Tsoguk,giris) Cminimum (Tswak,giris_Tsoguk,giris)

Yukaridaki esitlikte verilen sicak akiskan 1s1 kapasitesi orant (Cs,cqk akiskan) V€ S0guk akiskan
1s1 kapasitesi orant (Csoguk akiskan) degerleri asagidaki gibi hesaplanabilir:

Cswak akiskan = Msicak akiskan- Cp,stcak akiskan (14)

Csoguk akiskan = msoguk akiskan: Cp,soguk akiskan (15)

3. BULGULAR VE TARTISMA

Bu béliimde, saf su ve hibrit nanoakiskanin (GO-Al2Oz3/su) es merkezli i¢ i¢ce borulu bir 1s1
degistiricisinde farkli debilerde test edilmesinin deneysel sonuglar1 verilmis ve ayrintili olarak
aciklanmistir. Materyal ve yontem boliimiinde belirtildigi gibi Al2O3 ve GO nanopargaciklari
mekanik olarak karistirildiktan sonra saf suya katilarak hibrit tip nanoakiskanlar elde edilmistir.

Toplam 1s1 transfer katsayisi, i¢ i¢e borulu bir 1s1 degistiricisinde 1s1l performansinin analizinde
onemli bir gostergedir. Sekil 3 sicak ¢alisma sivisinin debisine gore paralel akisli durumdaki toplam
1s1 transfer katsayisindaki degisimi gostermektedir. Bununla birlikte, %1 agirlik oraninda GO-
Al203/su nanoakiskan kullanildiginda, paralel akishh durumda toplam 1s1 transfer katsayisinda
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maksimum % 9.8 artis 6 litre/dakika degerinde elde edilmistir. Toplam 1s1 transferinde ortalama artis
ise %5.7 olarak bulunmustur.

4800

4600 - e Saf su
4400 A

= Hibrit (%1)

4200 -
4000 A
3800 -
3600 A
3400 -
3200 -
3000 ~

Toplam Isi Transfer Katsayisi (W/m2.K)

2800 -

2600 T T T T T T T
2 3 4 5 6 7 8 9 10

Debi ( litre/dakika)
Sekil 3. Toplam 1s1 transfer katsayisinin debiye gore farkli galisma akiskanlari i¢in degisimi (paralel akis)

Es merkezli i¢ ice borulu 1s1 degistiricinin 1s1l performansinin degerlendirilmesinde diger
onemli parametreler, paralel akis durumunda sicak ve soguk taraftaki 1s1 transferi katsayisi
degerleridir. Sekil 4 sicak calisma sivisinin debisine gore paralel akish durumdaki sicak taraftaki 1s1
transfer katsayisindaki degisimi gostermektedir. Sekilde gorildiigii gibi sicak tarafta hibrit
nanoakigkan kullanimi 1s1 transfer katsayisinda saf su ile karsilastirildiginda tiim debilerde artiga
sebep olmustur. Sonuglar incelendiginde %1 agirlik oraninda GO-Al203/su nanoakiskan
kullanildiginda, paralel akisli durumda sicak tarafin 1s1 transfer katsayisinda maksimum % 10.8 artis
4 litre/dakika degerinde elde edilmistir. Paralel akislh durumda sicak tarafin 1s1 transfer katsayisinda
ortalama artis ise %6.4 olarak elde edilmistir.
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Sicak Taraftaki Isi Transfer Katsaysi (W/m2.K)
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Sekil 4. Sicak taraftaki 1s1 transfer katsayisinin debiye gore farkli ¢alisma akiskanlari i¢in degisimi (paralel akis)

Sekil 5 sicak caligma s1visinin debisine gore paralel akisli durumdaki soguk taraftaki 1s1 transfer
katsayisindaki degisim degerlerini vermektedir. Daha Onceki sekillere benzer sekilde, hibrit
nanoakigkan ile saf su karsilagtirildiginda soguk tarafta 1s1 transfer katsayisinda tiim debilerde belirgin
bir yiikselis goriilmektedir. %1 agirlik oraninda GO-Al203/su nanoakiskan kullanildiginda, paralel
akisl durumda soguk tarafin 1s1 transfer katsayisinda 6zellikle 6 litre/dakika degerinde % 8.2 artis ile
maksimum artig degerini vermektedir. Paralel akisli durumda soguk tarafin 1s1 transfer katsayisinda

ortalama artis ise %6.1 olarak elde edilmistir.

Soguk Taraftaki Isi Transfer Katsayisi (W/m2.K)

3800

3600 -

3400 -

3200 +

3000 -

2800 -
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g Saf su
== Hibrit (%1)

2

T T T

5 6 7

Debi (litre/dakika)

8 9 10

Sekil 5. Soguk taraftaki 1s1 transfer katsayisinin debiye gore farkli ¢aligma akiskanlari i¢in degisimi (paralel akis)
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Daha onceki boliimlerde de belirtildigi tizere borulu 1s1 degistirici sistemi paralel ve karsit akis
olmak iizere iki farkli modda incelenmistir. Sekil 6 sicak calisma sivisinin debisine gore karsit akislt
durumdaki toplam 1s1 transfer katsayisindaki degisimi gostermektedir. Oncelikle karsit akista elde
edilen toplam 1s1 transfer katsayisi degerlerinin paralel akisa goére oldukca yiiksek oldugu
goriilmiistiir. Daha yiiksek akis hizlarinda bu toplam 1s1 transfer katsayisi degerleri daha da artis
gostermistir. Karsit akisli durumda %1 agirlik oraninda GO-Al2O3/su nanoakiskani kullanildiginda
toplam 1s1 transfer katsayisinda maksimum % 10.7 artis 7 litre/dakika degerinde elde edilmistir.
Toplam 1s1 transferinde ortalama artis ise karsit yonli akista % 6.7 olarak bulunmustur. Deneysel
sonuglar, saf suya hibrit nanoparc¢acik eklenmesinin toplam 1s1 transfer katsayisini kesinlikle arttigini
kanitlamistir.

Sekil 7 sicak akigkanin debisine gore karsit akishh durumdaki sicak tarafin 1s1 transfer
katsayisinin degisimini gostermektedir. Sekilde goriildiigii gibi sicak tarafta nanoakiskan kullanimi
saf suya oranla 1s1 transfer katsayisinda tiim debi degerlerinde artis1 saglamistir. Ayni1 zamanda
incelenen durumda saf suyun sicak taraftaki 1s1 transfer katsayisinda dalgalanmalar oldugu
goriilmektedir. Dolayisiyla karsit akista hibrit nanoakigskan kullanildiginda, sicak taraftaki 1s1 transfer
katsayis1 daha dengeli ¢iktig1 sonucuna ulasilabilir. Sicak akiskanin debisine gore karsit akisl
durumda sicak tarafin 1s1 transfer katsayisinda maksimum artigin 7 litre/dakika debi degerinde %12.6
olarak gerceklestigi sonucuna ulasilmistir. Ayn1 zamanda, karsit akis durumunda sicak tarafin 1s1
transfer katsayisinda ortalama artisin % 7 oldugu bulunmustur.

5800

5600 - = Saf SU
== Hibrit (%1)

5400 -

5200 +

5000 +

4800 -

4600 -

Toplam Isi Transfer Katsayisi (W/mZ.K)

4400 -

4200 T T T 3 T T T
2 3 4 5 6 74 8 9 10

Debi (litre/dakika)
Sekil 6. Toplam 1s1 transfer katsayisinin debiye gore farkli ¢aligma akiskanlari i¢in degisimi (karsit akis)

Sekil 8 aynmi sekilde sicak akigkanin debisine gore karsit akisli durumdaki soguk tarafin 1s1
transfer katsayisinin degisimini belirtmektedir. Sonuglar karsilastirildiginda, sicak akigkanin debisine
gore karsit akiglh durumda soguk tarafin 1s1 transfer katsayisinda maksimum artisin 8 litre/dakika debi
degerinde %38.1 olarak gerceklestigidir. Ortalama artig degeri ise % 6 degerine yakin elde edilmistir.
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Sekil 7. Sicak taraftaki 1s1 transfer katsayisinin debiye gore farkli ¢aligma akiskanlari i¢in degisimi (karsit akis)
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Sekil 8. Soguk taraftaki 1s1 transfer katsayisinin debiye gore farkli caligma akigkanlari igin degisimi (karsit akis)

4. SONUC

Bu calismada, 1s1l verimin artisin1 saglayabilmek icin bir es merkezli i¢ ige borulu 1s1
degistiricisinde saf su ve GO-Al2Oz/su hibrit nanoakigskan kullanilmig ve elde edilen sonuglar
birbiriyle karsilagtirilmistir. Deneyler, GO-Al2O3/su hibrit nanoakigskaninin davranigini gostermek
icin paralel ve karsit akisli olmak iizere iki sekilde calistirilmistir. Yapilan deneysel calisma su

sonuglart vermistir:
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e %] agirlik oraninda GO-Al>Os/su nanoakiskan kullanildiginda, sirasiyla paralel ve karsit
akisli durumda toplam 1s1 transfer katsayisinda maksimum % 9.8 ve % 10.7 artis elde edilmistir.

e incelenen tiim degiskenlerde, paralel ya da karsit modda ¢alistirilmasi ayirt etmeden %1
agirlik oraninda GO-Al203/su nanoakiskan kullaniminda saf suya gére daha yiiksek degerler alindigi
gOorilmiistiir.

e (Calismadan elde edilen bulgular, hibrit tip nanoakiskan kullaniminin saf suya oranla belirgin
anlamda olumlu etkiler yarattifin1 gostermistir. Bu olumlu etkiler ilerleyen ¢alismalarda, farkli
konsantrasyon oranlarinda nanoakiskan ¢6zeltileri kullanilarak da denenebilir.

o Gelecekteki galismalarda, farkli parcacik oranlarina sahip farkli tip nanoakigkanlar i¢ ice
merkezli borulu 1s1 degistiricisinde test edilebilir. Ciinkii farkli nanokiskanlar ayni sistem igerisinde
farkli davranislar1 temsil edebilirler.

5. CIKAR CATISMASI

Yazar, bilinen herhangi bir ¢ikar ¢atismasi veya herhangi bir kurum/kurulus ya da kisi ile ortak
cikar bulunmadigin1 onaylamaktadirlar.

6. YAZAR KATKISI

Calismanin tiim siirecleri yazar tarafindan gergeklestirilmistir.
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1. INTRODUCTION

Many diverse types of engineering structures frequently employ laminated composite materials.
In common laminated composite constructions, homogeneous elastic laminae are linked together to
produce improved mechanical characteristics. However, significant interlaminar stresses, causing
delamination, can be induced by sudden material characteristic changes at the interface between two
materials (Zenkour, 2005). Functionally graded materials (FGMs), usually consisting of ceramic and
metal mixtures, are developed to overcome the drawbacks of classical composites by providing a
smooth material transition. In these materials, the interface problems of classical composites can be
eliminated by gradually changing the volume fraction of the constituent materials in the thickness
direction. Thus, a smooth stress distribution is provided (Zenkour and Alghamdi, 2010). The powder
metallurgy method is the most suitable and applicable process for FGM production. Porosity,
controlled by compression and sintering temperature and time, is one of the critical parameters
affecting the mechanical behavior of the parts produced with powder metallurgy (Pasha and B.M.,
2022; Sanli and Gavas, 2021).

Because of its excellent mechanical, biocompatibility, and corrosion resistance, titanium and
its alloys are frequently employed in biomedical equipment. Ti-6Al-4V is one of the most popular
titanium alloys due to its excellent mechanical and physical properties. In addition, ZrO> is a medical
ceramic frequently used in dental applications, and its benefits, including strong biocompatibility,
simple sterilization, and shaping, have drawn increasing attention (X. Zhang et al. 2018, Zhou et al.
2022). Also, it can be used as a second phase to reduce the sintering temperature and improve the
mechanical properties of boron carbide (Biger 2022). Besides using Ti-6Al-4V/ZrO; in biomedical
applications, Ti-6Al-4V has been commonly utilized in the automotive industry, medical instruments,
and gas turbines, due to its superior performance, such as high fracture toughness, specific strength,
and corrosion resistance. Meanwhile, as a thermal barrier, zirconia is frequently bonded with Ti-6Al-
4V to manufacture some complex parts used in aircraft turbines. Therefore, joining Ti-6Al-4V and
ZrO; properly are crucial to achieve excellent joints (C. Zhang et al., 2020).

Recently, a substantial investigation has been performed on the dynamic behavior of small-
scale structures under thermal and mechanical loads. However, the classical theories need to be
revised to predict the dynamic behavior of micro/nanoscale structures. For this reason, to consider
the small-scale effects, various theories have been proposed so far, such as the micro-morphic theory
(MMT) defined by (Eringen and Suhubi, 1964), the nonlocal elasticity theory (NET) (Eringen, 1983),
the strain gradient elasticity theory (SGT) (Kong et al., 2008), the modified couple stress theory
(MCST) (Ke et al., 2012) and the nonlocal strain gradient theory (NSGT) (Li and Hu, 2015).

Porous small-scale structures under several loads and environments are gaining significance
nowadays, and the free vibration and bending response of functionally graded material (FGM) porous
nanoplates have been studied in numerous studies. Barati and Zenkour examined an FGM nanoplate's
post-buckling behavior, considering the geometric imperfections and porosity based on the NET and
high-order shear deformation theory (HSDT) (Barati and Zenkour, 2019). Bendaho et al. studied an
FGM nanoplate's free vibration analysis using the 2D and quasi-3D nonlocal shear deformation
theories (Bendaho et al., 2019). By combining the finite element method (FEM) and nonlocal theory,
Doan et al. analyzed the free vibration response of FGM porous nanoplates with different shapes,
considering foundation effects (Doan et al., 2021). Kiani examined a carbon nanotube (CNT)
reinforced composite plate's post-buckling problem subjected to uniform temperature rise using first-
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order shear deformation theory (FSDT) (Kiani, 2017). The study, examining the effect of uniform or
functionally grading distribution of the CNTs used as reinforcement, stated that the X-type FGM
distribution of the CNT model resulted in higher buckling temperature and reduced the plate's
deflection after buckling. Talebizadehsardari et al. developed a closed-form solution based on the
third-order shell theory (TSDT) for the free vibration of porous FGM micro-nano shells
(Talebizadehsardari et al., 2020). Using the TSDT, Coskun et al. examined an FGM porous
microplate’s static bending, free vibration, and buckling behavior (Coskun et al., 2019). They stated
that every porosity distribution's effect is discerned due to the connection among the porosity
variation and the material properties' heterogeneity.

The studies on FGM porous nanoplates are limited in the literature and have only addressed the
free response of porous nanoplates with uniform and random porosity distributions. This study aims
to investigate the free vibration and buckling response of an FGM porous nanoplate exposed to a
thermal load using the HSDT and NGST. The nanoplate consists of Zirconia (ZrO) and Titanium
(Ti-6Al-4V) constituents that are graded according to a power law across the thickness. The porosity
is inevitable due to the nature of such structures. In addition, it may be desirable to create porosity
for lightweight structures by design in specific areas of use. The proposed method considers four
different porosity distributions and models for FGM porous nanoplates using the HSDT and NGST.
Especially the temperature-dependent material properties of the plate's constituents, Zirconia (ZrO2)
and Titanium (Ti-6Al-4V), are considered in the study due to their effectiveness in the dynamic
behavior of the nanoplate. By applying Navier's method, the effects of porosity distribution, nonlocal
and size parameters, and thermal force are analyzed, and some interesting new results are also
presented.

2. MATERIALS AND METHODS

Figure 1 depicts a porous FGM nanoscale plate in a thermal environment with the sizes a
(width), b (length), and h (thickness). In contrast, the nanoplate's upper and lower surfaces are, in
turn, made of Zirconia (ZrO2) and Titanium (Ti-6Al-4V). Moreover, these two components are
functionally graded according to a power law between surfaces. The temperature-dependent material
properties and porosity distribution patterns are explained below.

2.1 Temperature-dependent material properties
The effective material properties of ceramic (ZrOz) and metal (Ti-6Al-4V) material constituents
can be defined as temperature-dependent with the following (Touloukian 1967; Esen, 2021a; Esen,
2021b):
P =Py(P_;T~*+ 1+ P,T 4+ P,T? + P;,T3) 1)

As presented in Table 1, the symbols of Po, P-1, P1, P2, and P3 are experimentally defined
characteristic material constants based on degrees of temperature T. Because of the nano-size, a
uniform temperature rise case is only managed with a stress-free state at (To = 300 K), where AT=T-
To.
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Thermal Environment

Figure 1. An FGM porous nanoplate in a thermal field

2.2 Porosity patterns and effective properties
The plate's effective material properties can be defined by the volume fractions (V¢ and Vi) and
properties (Pc and Pm) of ceramic and metal components, according to a power-law grading with the
following formula (Najafi et al., 2017; Esen 2019):

Pos = VoP, + Vi Py
)

1\P
e=(+3) Vu=1-V 0<n<m

where p is the material grading (power-law) constant. According to Equation (2), the density,
modulus of elasticity, Poisson's ratio, and thermal expansion coefficient of an FGM plate without
porosity are obtained as follows. (Reddy and Chin, 1998):

P(2) = [P, — B,]V. + P, 3)

In this study, four types of porosity distribution across the thickness are considered as given in
Figure 2. Accordingly, the effective material properties are obtained by substituting the total volume
fraction (o)) of porosity in Equation (2). Thus, by using Equation (2), Equations (4-7) are obtained for
uniform, symmetric, asymmetric top and asymmetric bottom porosity patterns, respectively (Esen et
al., 2022; Esen and Ozmen 2022a).

-1

P(2) = [P = PnlVe + P = 5 [P + Pyl (4)

P(z) ={[P. — Bp]V. + B} {1 —acos [n%]} (5)
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m/z 1
P(z) ={[P.— P V. + P, }{1 — a cos [2 (h 2)]} (6)
m/z 1
P(z) ={[P. — Bp]V. + B,.} {1 —acos [— (— - —)]} (7)
2\h 2
T P(z) T Piz)
Uniform Porosity Symmetric Porosity i

T e T P()
s |

Asymmetric Top Porosity Asymmetric Bottom Porosity

Figure 2. Porosity distribution patterns across the thickness

2.3 Constitutive Relations

Using the HSDT, the displacement field is in the form (Aghababaei and Reddy 2009; Akavci,
2014)

u(xry' Z, t) = uO(xi Y, t) - ZWO,x + f(Z)¢x(xr Y, t)
v(x,y, Z, t) = UO(xi Y t) — ZWo,y + f(Z)(l)y(x' Y t) (8)
W(x»y,Z» t) = Wo(x,y, t)

Here, u, v, and w are the displacements and u, (x, v, t) vy(x, y,t) and w(x, y, t) represent the
mid-plane displacements, and ¢, (x, y, t) and ¢, (x, y, t) are the cross-section’s rotations, and (.) , and
(-)y imply the partial derivatives for x and y. Finally, the parabolic shape function f(z) is assumed as
(Reddy 1984; Aghababaei and Reddy, 2009):

H

f() = 2~ =Lsin (Z—i) 9)

fgxx\ — ZWoxx T f(Z)(pxx \

UO % ZWO,yy + f(Z)qbyy

yxy U,y + Vo x 2ZWO,xy + f(2) (¢x,y+¢y,x) (]_O)

Vyz | f@e, |

bz \ @ )

Here,

gz)=1- d];(ZZ) (11)
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Including the thermal effect, the constitutive relationships of the HSDT and NSGT for the porous
FGM nanoplate can be stated as follows (Lim et al., 2015; Jalaei and Thai 2019):

(Oxx ) Q11 Q12 0 0 0 (Exx — axxAT\

Oyy Qiz Q2 O 0 0| €yy — ayyAT I
{;xyhl—(ea)ZvZ]: 00 0w Qo 0 17 -y @@
yz 0 0 44 L yyz J

Txz 0 0 0 0 Q55 Vxz

where € and y are the normal and shear strains, and the stiffnesses Q;; are:

E(Z) vE(2) E(z)
Q11 =022 = 1— 2’ Q12 = 1— 22 Qas = Qss5 = Qs = m 13)
And the resultants of the force and moment can be defined as;
Ny [4s By Gyl e
{M = BU DU EU { K I, (l,] = 1,2,6) (14)
{R} = [F]{#}, (i,j = 4.5) (15)
where,
Nx Mx Px R
v={N bt y=Im p_)p L R:{Rx},
N. M P, Y
xy xy xy (16)
uO,x WO,xx ¢x,x ¢
&= { Vo,y }’ K= {Wo,yy }’ Ky = d)y,y , ¢ = {¢x}
Ugy T Vox 2WO,xy ¢x,y + ¢yx Y
and the stiffness coefficients are described by:
h/2
(Aij» Bij, Cijy Dyj, Eyj, Gij) = J (1,2, f(2),2% 2f (2), f(2)*)Qydz  (i,j = 1,2,6),
—h/2
h/2 17
Fj = ] (9(2)?*Qidz  i,j =45
—h/2
Thermally-induced force and moment are described by (Kiani, 2017):
N;x M;x Jh/z Q11 Q12] [axx(z' T)]
AT(1,z)d 18
lN h/2 Q12 Q22 ayy(z' T) ( Z) z ( )
Strain energy
1
U= 5 jv (OxxExx T OyyEyy + TayVuy + TuzVaz + TyzVyz)dV (19)
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Kinetic energy

f f fh/zp(z) [(W? + 2 + Ww?)] dzdydx (20)

h/2

The external potential energy of transverse q(x, y, t) and thermal loads
r 07w, r 0%wg
VqT = q(x,_’y, t)Wo Nxx 522 — Nyya—y2 dQ (21)
Q

Using the Hamilton principle (Reddy, 2007)

t2
f (8T = 8U + 8(Vyp)dt = 0 (22)
t1

By substituting Equations (19), (20) and (21) into Equation (22) and after performing the
integration, setting each coefficient of §u,, 5v,, Swy, 5P, and 5¢,, to zero, the equations of motion

are:

[ Nx,x + nyy ] [ 111l — IZWO,x + 144536_
52 I Nyyx + Ny,y I 2\ | hiUo — LWy + 1, 23)
l Pex + ny,y R, J Lyiig — Iswo x + Loy
nyx + Py.y Ry [ 14Uy — ISWO,y + 164)'3’—
With,
S=5Lwy+ 1, (uO,x + i}O,y) — I3 (Wo,xx + Wo,yy) —I5 (Qﬁx,x + d;y,y)
(24)
¥=-—q- NngO,xx + N;yWO,yy
And the inertia coefficients:
h/2 o5
(s Iy I, s, Iy I, Ig) = j p(2)(1,2,2°f(2), 2f (2), [f (D]?)dz (25)
—h/2

The boundary conditions are described using edge displacements and forces as:
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at x edges: at y edges:
either u or N, either v or Ny,
either v or Ny, either u or Ny,
either w or My , + 2Myy, » |, either w or M, ,, + 2M,,, (26)
either w, or M, either w,, or M,
either ¢, or P, either ¢, or Py,
either d)y or ny either ¢y or Py

2.4 Navier's solution for rectangular plates with simply supports
The simply supported boundary conditions applied to the plate satisfy the following equations:

atx =0,a:Ny=v=w=M, =P =¢,=0

(27)
aty =0,b:N, =u=w=M, =P, =¢, =0
However, non-classical boundary conditions controlled by:
9]
at x = O,Gia(Nx: v,w,M,, P,, qby) =0
(28)

d
aty = O,bZE(Ny,u;W;My’Py’d)x) = 0

For the given boundary conditions, to solve Equation (24), the following Fourier series is used
for the displacements:

uo(x, t) = z Z Uynn cos(ax) sin(By) el®@mnt
W06 E) = ) Vg sin(ax) cos(By) el@mnt
wo(x, t) = Z Z Winn sin(ax) sin(By) et@mnt 29)
Be,) = ) ) Xy cos(@x) sin(By) e'mnt

Py(00) = Z Z Yun sin(ax) cos(By) e'mnt

where a = (%) B = ("7”) i =v—1, and w,yy, is the natural vibration frequency of the mode

(m, n). Upmn» Vien Winn, Ximn and Y,,,, are arbitrary coefficients. Substituting Equation (29) into
Equation (23) the following eigenvalue equation is achieved.
(K — wZ,M)d = 0 (30)
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Here, d = {Upmn Vien Wmn Xmn Ymn}? are the vectors of the unknown coefficients.
Additionally, K and M are the stiffness and mass matrices given in the Appendix Section with the
coefficients. The following is used for the 4,,,,, dimensionless frequency parameter:

Ainn = wmn(az/h)\/pm(l — UY%)/Em (31)

3. RESULTS AND DISSUSSION

3.1 Validation

The proposed approach was validated by comparing the dimensionless frequencies of an FGM
plate made of ZrO, / Ti-6Al-4V reviewed in Ref. (Huang and Shen, 2004). The dimensions of the
square plates are assumed as a = b = 0.2m and h = 0.025m and with the material properties
presented in Table 1. In the analyses, the dimensionless frequency parameter is specified by 4,,, =
Wi (a? /h)\/pm(l —v2)/En, (To = 300K) equation. The obtained results, presented in Table 2,
imply that the findings of the current methodology are in good correlation with the analytical solution
of (Huang and Shen, 2004). Where the properties are defined at T, = 300K, with p,, =
4429 kg/m3,v,, = 0.3, E,, = 122.56 GPa.

Table 1. Temperature-dependent coefficients of the properties (Reddy and Chin 1998)

Material Property P Po P: P2 Ps
E (Pa) 0 122.56e9 -4.586e-4 0 0
p (kg/m®) 0 4512 0 0 0
Ti-6Al-4V v 0 0.2884 1.121e-4 0 0
a (1KY) 0 7.5788e-6 6.638e-4 -3.147e-6 0
w (W/mK) 0 1 1.704e-4 0 0
E (Pa) 0 244.27e9 -1.371e-3 1.214e-6 -3.681e-10
p (kg/m?) 0 5680 0 0 0
ZrO; v 0 0.2882 1.133e-4 0 0
a (1K) 0 12.766e-6 -1.491e-3 1.006e-5 -6.778e-11
w (W/mK) 0 1.700 1.276e-4 6.648e-8 0

Table 2. The frequency parameter A,,,, = Wpp (a?/h)+/ prm (1 — v3)/E,,, comparisons for ZrO,/Ti-6Al-4V plate

Huang. et al. (Huang and Shen, 2004) Present HSDT
Mode (1,1 (1,2 (2,2) (1,3) (2,3) (1,1 (1,2 (2,2) (1,3) (2,3)

p

0.0 8.273 19.261  28.962  34.873 43.07 7.690 17.973  27.155 32.809  40.732

0.5 7.139 16.643  25.048  30.174  37.288 6.688 15.630 23.615  28.532  35.422
1 6.657 15514  23.345 28.12 34.747 6.237 14577  22.024 26.610 33.036
2 6.286 14.625 21978  26.454  32.659 5.812 13584  20.524  24.797  30.785
0 5.4 12571 18903 22.762  28.111 5.042 11.784  17.764  21.463  26.646

3.2 Free Vibration Analyses
A small-scale simply supported square plate is treated for the free vibration behavior of the
FGM nanoplate, with the sizes of a=1nm, b=a, and h=a/10. The plate assumed as made of ceramic

(ZrO2) and metal (Ti-6Al-4V) components based on the temperature-dependent material properties
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provided in Table 2. The plate's frequencies w,,, for the (m, n) modes are calculated using the
eigenvalue Equation (31). Later the dimensionless frequency parameters are obtained with 4,,, =

wmn(az/h)\/pm(l — v2)/E,, equation. Here pm, Em, and vm are the metal component's material

properties at room temperature.

Uniform Porosity

Symmetric Porosity

6
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5.7 —a=0.2]]
a=0.4
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- 55+
~ 54}
5.3
52+
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a) b)
Asym. Bottom Porosity 58 Asym. Top Porosity
=0 —a=0
5.7 —a=0.2 —a=0.2
a=04/] 5.6 a=0.4 |
56 —a=0.6 —a=0.6
- 557 -
= — 54}
~ 54 =
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52+
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0 2 4 6 0 2 4 6
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Figure 3. The dimensionless frequency 41,1 variation of nanoplate with different porosity patterns depending on the material
grading constant (p=0.2-5) and porosity rate («¢=0, 0.2, 0.4 and 0.6), for nonlocal e,a=0 and material size 1,=0 parameters,
and temperature rise AT=0

Considering the four porosity patterns, the 411 dimensionless frequency variations are depicted
in Figure 3 depending on the material grading (power-law) constant p for the various porosity rates
(0=0, 0.2, 0.4, and 0.6). Here, the temperature rise AT, and the nonlocal epa and material size In
parameters are zero. As illustrated in Figure 3, the 41,1 dimensionless frequency of the nanoplate
decays rapidly for p < 2. Afterwards, except for the uniform porosity «a=0.6 case, the declining trend
decelerates and approaches the limit for larger p values. This indicates that the nanoplate's metal
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content is higher, and the entire composition tends towards a homogeneous metal structure. The main
tendencies of the curves demonstrate that the dimensionless frequencies will drop as the stiffness of
the plate is lowered for greater material grading constant values. However, as the porosity rate
increases, the dimensionless frequency of the nanoplate also declines. Consequently, rising the
porosity rate from 0 to 0.4 for the value of material grading constant p=2 reduced the calculated
dimensionless frequency from 5.385 to 5.168, 5.294, 5.318, and 5.255 in uniform, symmetrical,
asymmetrical bottom, and asymmetrical top porosity patterns, respectively. Accordingly, the
influence of the porosity rate on the dimensionless frequency is in the order from the largest to the
smallest as uniform, asymmetrical bottom, symmetrical, and asymmetrical top porosity patterns,
respectively. Finally, as can be seen from Figure 3, due to the stiffness variation, both the porosity
and its distribution function change the nanoplate's free vibration (Esen and Ozmen, 2022a).

Figure 4a shows the frequency variation of the nanoplate with uniform porosity distribution
depending on material grading constant and temperature rise for the constant value of porosity rate
0=0.25 and epa=Il,=0. If the composition of the material is rich in ceramics, i.e., p < 1, the effect of the
temperature increase is small due to the better temperature behavior of the ceramic in the composition.
However, for all patterns, the increase in the metal component rapidly decreases the frequencies because
of the softening influence of the temperature rise, as well as the lower strength compared to the ceramic-
rich composition. In Figure 4b, the dimensionless frequency alterations of the nanoplate are presented
for the different porosity patterns with the application of AT=50 K temperature rise. Accordingly, in
each porosity pattern, the dimensionless frequency of the nanoplate decreased with the temperature rise.
The effect of porosity patterns on dimensionless frequency in a ceramic-rich plate was also lower
compared to a metal-rich plate. In other words, for a constant material grading constant, the
dimensionless frequency differences between the porosity patterns increase as the metal ratio of the
nanoplate is increased. Accordingly, in a nanoplate with a fully ceramic composition (p=0), the
dimensionless frequency of the nanoplate decreased from 5.736 to 5.434 in uniform porosity, from
5.695 to 5.396 in symmetrical porosity, from 5.695 to 5.396 in asymmetric bottom porosity, and from
5.695 to 5.396 in asymmetric top porosity by increasing the temperature AT=50 K.

a=0.25 Uniform Porosity a=0.25
58 ' ‘ AT=0 56 [—up AT=0 BP AT=0
- - -UP AT=50 BP AT=50
56 AT=10/ ] 5.5 SP AT=0 TP AT=0
AT=25 -+ -SP AT=50 - » ~TP AT=50
—— AT=50
54+
~ 53
RS
%:%‘:%: 2
5.2 S8 EE ..
\s‘(x}‘:;:::t_“_ ~+= Xz
O~ o- g -‘(’;‘ - -
-0
48 5.1
0 2 4 6 0.5 1 1.5 2
p p
a) b)

Figure 4. a) The dimensionless frequency 4, , variation of nanoplate with uniform porosity pattern dependent on the material
grading constant (p=0-6) and temperature rise (AT=0, 10, 25 and 50 K) for porosity rate «=0.25, a/h=10, and eca =I,=0. b)
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Comparisons of uniform (UP), symmetric (SP), asymmetric bottom (BP), and asymmetric top (TP) porosity patterns
dependent on the temperature rise AT=50 K
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Figure 5. The dimensionless frequency A, ;) variations of of nanoplate with different porosity patterns dependent on the
material grading constant (p=0, 0.5, 1, and 2) and temperature rise AT for porosity rate 0=0.2, and a/h=10 and eja=I»=0

Considering different porosity patterns, Figure 5 illustrates the impact of material grading
constant on buckling temperatures for a porosity rate of a=0.2. In general, up to a temperature rise of
approximately AT=120 K, increasing the material grading constant decreased the dimensionless
frequencies in all porosity patterns. After the AT=120 K temperature rise, increasing the material
grading constant slowed down the decrease rate of dimensionless frequency. According to the power
law, at the value of material grading constant p=0, the plate is completely made of ZrO,, and at p=2,
approximately 83% of the plate is metal, and the remaining part is ZrO». Since the thermal expansion
coefficient and density of Ti-6AI-4V (ap=6.9414x10° 1/K and pr= 4512 kg/m?) at room temperature
are lower than the thermal expansion coefficient and density of ZrO; (:=1.8590x107° 1/K and pi= 5680
kg/m?), the buckling temperature of the plate increased as the metal (Ti-6Al-4V) ratio in the plate
increased. Therefore, as the metal composition in the nanoplate improved, the buckling temperature of
the plate shifted towards higher temperature values. When comparing the porosity patterns, the buckling
temperatures of the nanoplate at p=0 were calculated as 345.5 K, 355 K, 355 K, and 355.1 K in the
uniform, symmetrical, asymmetrical bottom, and asymmetrical top porosity patterns, respectively. By
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increasing the material grading constant to p=2, these temperature values, in turn, increased to 732 K,
637 K, 618 K, and 668.25 K in uniform, symmetrical, asymmetrical bottom, and asymmetrical top
porosity patterns. Accordingly, the increase rates were obtained as 112%, 79.43%, 74.08%, and
88.23%, respectively.
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Figure 6. The dimensionless frequency 44,y variations of nanoplate with different porosity patterns dependent on the
porosity rate ( 0=0, 0.2, and 0.4) and temperature rise AT for porosity rate 0=0.25, and a/h=10 and e¢a=ln=0

Figure 6 displays the effect of porosity rate on buckling temperatures for four porosity patterns.
In general, in all porosity patterns, the dimensionless frequencies decreased by increasing the porosity
rate up to a temperature rise of approximately AT=140 K. However, increasing the porosity rate after
AT=140 K temperature rise difference slowed down the decrease rate of dimensionless frequency.
Therefore, the buckling temperatures of the nanoplate increased. When comparing the porosity
patterns, the buckling temperatures of the nanoplate, which was computed as 478 K at a=0, increased
to 597 K, 564 K, 516 K, and 573K in uniform, symmetrical, asymmetrical bottom, and asymmetrical
top porosity patterns, respectively, by increasing the porosity rate of the nanoplate from 0 to 0.5.
Accordingly, the increment rates were obtained as 24.89%, 17.99%, 7.94%, and 19.87%,
respectively.
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Figure 7. a) The dimensionless frequency 4, 1y variations of a nanoplate with uniform porosity distribution dependent on
the material grading constant (p=0.2-5) and nonlocal parameter (e0a=0, 1, 2 and 4 nm?); for porosity rate ¢=0.2, and In=AT=
0. b) Comparisons of different porosity patterns for =0.2, epa=1nm?, and 1,,=0.
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Figure 8. a) The dimensionless frequency 411 variations of a nanoplate with uniform porosity distribution dependent on the
material grading constant (p=0-6) and material size parameter (e,a=0, 1, 2 and 4 nm?); for porosity rate ¢=0.2, and In,=AT=
0. b) Comparisons of different porosity patterns for a=0.2, epa=1nm?, and 1,,=0.

In case of uniform porosity distribution, Figure 7a shows the 11,1 frequency variation for several
nonlocal parameters (e0a=0, 1, 1.141 and 2 nm?) and depending on the material grading constant
(p=0-6). Figure 7b presents a comparison of the results of the porosity patterns for a constant nonlocal
parameter value of epa=1 nm?. In all analyses, the porosity rate is taken as 0=0.2 and the temperature
rise, and material size parameter are assumed to be zero. Due to the softening effect on the nanoplate
(Eringen 1983; Talebizadehsardari et al. 2020; Esen and Ozmen 2022b), the rise of the nonlocal
parameter declines the frequencies inversely proportional to the size of the parameter. But the opposite
results are witnessed in Fig 8, as a result of the material size parameter's stiffness-enhancing effect of
the frequencies increase depending on its amount (Lim, Zhang, and Reddy 2015; Esen et al., 2021a).
Here, for comparison, the amounts of nonlocal and dimensional parameters are considered the same in
this study but may differ. The real values of these can be described by molecular dynamics simulations
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(Giannopoulos et al., 2008) and experimental studies (Li and Hu, 2016). When an evaluation is made
for the effects of porosity patterns for a fixed nonlocal and material size parameters, given in Figure
7b and Figure 8b, the dimensionless frequencies are obtained in the order of asymmetric bottom,
symmetric, asymmetric top, and uniform porosity distribution patterns from higher to lower,
respectively. As a result, while the nonlocal and material size parameters' stiffness-changing effects,
in turn, caused only a decrease or increase in the dimensionless frequencies to a certain extent, the
effect of the porosity patterns on the dimensionless frequencies did not change.

a=0.2, p=1 Uniform Porosity a=0.2, p=1, eoa=1 nm?

4+t
3 L
B

2 1 |——Uniform P.
—— Symmetric P.

1t Asym. Bottom P.
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a) b)

Figure 9. a) The dimensionless frequency 4, , variations of a nanoplate with uniform porosity distribution depending on the
nonlocal parameter (e,a=0, 1, 2 and 4 nm?) and temperature rise for porosity rate ¢=0.2 and In=0, b) Comparisons of different
porosity patterns for a=0.2, p=1, e;a=1nm?, and In=0.

a=0.2, p=1 Uniform Porosity a=0.2, p=1, |_=1 nm?
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Figure 10. a) The dimensionless frequency A, , variations of a nanoplate with uniform porosity distribution depending on
the material size parameter (In=0, 1, 2 and 4 nm?), and temperature rise for porosity rate a=0.2 and e,a=0, b) Comparisons
of different porosity patterns for «=0.2, p=1, I =1nm?, and eca =0.

In case of uniform porosity distribution, Figure 9a shows the frequency and buckling
temperature variations depending on the several nonlocal parameter values (e0a=0, 1, 1.141 and 2
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nm?) for a constant porosity rate («=0.2) and material grading constant (p=1). Figure 9b presents a
comparison of the porosity patterns for a constant nonlocal parameter value of epa=1 nm?, ¢=0.2, and
p=1. Due to the nonlocal parameter's softening effect on the nanoplate, the rise of this parameter
decreases the dimensionless frequencies and buckling temperatures of the nanoplate reciprocally
proportional to the size of the parameter (Esen and Ozmen 2022a). But the opposite findings are
observed in Figure 10a, because of the material size parameter's stiffness-enhancing effect, the
frequencies and buckling temperatures increase depending on its amount. When an evaluation is made
for the effects of porosity patterns for a fixed nonlocal and material size parameter, given in Figure
9. and Figure 10b, the buckling temperatures of the plate are obtained in the order of uniform,
asymmetric top, symmetric, asymmetric bottom porosity distribution patterns from largest to
smallest, respectively. In connection with this, buckling temperatures were calculated as 481 K, 474
K, 464 K, and 452.5 K in uniform, asymmetric top, symmetric, and asymmetric bottom porosity
distribution patterns, with the inclusion of the nonlocal parameter, respectively. However,
considering the material size parameter, these values were obtained as 576 K, 565 K, 553 K, and 542
K, respectively.

4. CONCLUSIONS

This study used the HSDT and NGST to pattern and analyze the free vibration behavior of an
FGM porous nanoplate under thermal fields. Additionally, the effects of porosity distribution on the
free vibration behavior of the plate are considered with four porosity patterns; uniform, symmetrical,
asymmetric bottom, and up distribution patterns. Navier's method is employed for the solving of
motion equations. Finally, the factors influencing the free vibration behavior of the porous FGM
nanoplate are examined individually to get the results given below.

e The porosity and its distribution pattern alter the nanoplate's free vibration behavior.
Additionally, the effect of porosity patterns on dimensionless frequency in a ceramic-rich
plate is lower compared to a metal-rich plate.

« Inall porosity patterns, the dimensionless frequencies decreased by increasing the porosity
rate up to a temperature rise of approximately A7=140 K. After that, increasing the porosity
rate slowed down the decrement rate of dimensionless frequency, thus increasing the buckling
temperatures of the nanoplate. The buckling temperatures of the nanoplate, which was
computed as 478 K at =0, increased to 597 K, 564 K, 516 K, and 573K in uniform,
symmetrical, asymmetrical bottom, and asymmetrical top porosity patterns, respectively, by
increasing the porosity rate of the nanoplate from 0 to 0.5. Besides, rising the porosity rate
from 0 to 0.4 for p=2 reduced the calculated dimensionless frequency from 5.385 to 5.168,
5.294, 5.318, and 5.255 in uniform, symmetrical, asymmetrical bottom, and asymmetrical top
porosity patterns, respectively.

e The nanoplate's material content significantly influences the free vibration response and
buckling temperatures.

e Anincrease in temperature softens the nanoplate, thus reducing its dimensionless frequencies.

« The nonlocal and material size parameters, in turn, cause the nanoplate to behave softer and
stiffer depending on their size. Thus, the nonlocal parameter decreases the dimensionless
frequencies and buckling temperatures while the material size parameter increases them. In
this context, the buckling temperature was calculated as 481 K in a uniform porosity
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distribution pattern, including the nonlocal parameter, respectively. However, this value was
obtained as 576 K, including the material size parameter.
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8. APPENDIX
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ABSTRACT: Multiple manufacturing methods are used in the manufacturing industry. The most
commonly used method is machining methods. With machining methods, production can be made
from both raw materials and finishing processes can be applied to products produced with different
production methods. However, the initial cost of machining operations is quite high due to factors
such as the machining parameters used during the process, the rigidity of the machine, and the
machining conditions. Today, the finite element method (FEM) has been widely used in order to
reduce the initial cost of machining. For this reason, in our study, the machining of AISIP20 material
was carried out with the FEM. This study, four different cutting speeds, feed rates and two different
cutting depths were used and the lateral feed rate was kept constant. As a result of the study, the
cutting force values and temperature values that occurred depending on the machining parameters
were evaluated by finite element analysis. Consequently, in the study, an increase in the cutting force
occurred in general with the increase of feed, cutting depth and cutting speed parameters, and a
decrease in temperature values occurred with an increase in cutting speed and feed and constant
cutting depth. The lowest cutting force was 36.11 N, while the highest was 1951.42 N. The lowest
and highest temperature values that occur during the process are 448.98 and 593.14 °C, respectively.
In this regard, for the optimization of the parameters, the proportional change between the parameters
and the finite elements as well as the physical processes can be performed for the desired final
product.
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1. INTRODUCTION

Today, cutting parameters and suitable cutting tools must be determined for machining
operations especially for cutting of mixed geometries materials with high machining speeds
(Kuntoglu et al., 2020). The mechanical characteristics of the cutting tool play a significant role on
the material removing performance from the surface and chip formation mechanism. In addition, the
cutting strategy such as the environmental and physical properties of machine tool are also important.
Therefore, the machining parameters and conditions of the materials should be selected properly
(Demir et al., 2018; Salur, 2022). Machining parameters are not only effective on chip removal, but
also on cutting forces, temperature, torque and roughness during and after machining. These cutting
parameters are feed, cutting speed and cutting depth (Kuntoglu and Saglam, 2019; Binali et al., 2022).
Irregular changes in the specified parameters will cause increased wear and poor surface quality due
to cutting forces and temperatures. For this reason, it is imperative to select the optimal levels of
cutting parameters considering the type of the material (Saglam et al., 2006; Demir et al., 2018).
Physical experiments can be performed to determine optimum processing conditions and parameters.
However, the high cost of physical experiments directs researchers to alternative experimental
studies. These studies are numerical models and are widespread today. The commonly used numerical
modeling method is the finite element method (Giinay et al., 2016; Korkmaz and Giinay, 2018). With
this method, tests can be carried out to explore the mechanical characteristics and service conditions
of utilized samples as well as the machining operations. Process outputs such as cutting force,
temperature, moment, power consumption obtained in physical machinability experiments can be
easily determined by the finite element method (Korkmaz and Giinay, 2018; Binali et al., 2021;Binali
etal., 2022).

According to the literature review, machinability tests of many materials have been carried out
for machining parameters with the finite element method, taking into account the process outputs.
Zhang et al. focused a three-dimensional FEM for the estimation of cutting forces in the course of
hard milling of AISI H13 steel (Zhang et al., 2017). Li et al. have worked on the simulation and
experimentation of chip analysis in the course of hard milling processes (Li et al., 2019). Gok, in his
study, compared the temperature and cutting forces values that occur by turning AIS1 1045 with both
FEM and physical (Gok, 2015). Yasar et al. investigated the cutting forces in the course of turning
process of AISI P20 steel as numerical and experimental analysis (Giinay et al., 2016). Korkmaz and
Giinay studied the consumed energy and cutting force machinability of AISI 420 Martensitic steel
with FEM (Korkmaz and Giinay, 2018). Ozlii and Ugur investigated the optimization of cutting forces
in turning of Ti-6Al-4V alloy with FEM (Ozlu and Ugur, 2021). Ozgelik and Bagc1 investigated
drilling processes with helical drill cutting tools using experimental and finite element methods. They
emphasized that there is a similarity between the analyzes made according to FEM and the results of
the physical experiment performed under dry conditions (Ozcelik and Bagci, 2006). Ucun and
Aslantas studied the effects of two different coatings on cutting forces, stress of tool and temperature
in the machining of AISI 4340 steel with 2D-thermoviscoplastic cutting simulation (Ucun and
Aslantas, 2011). In his study, Ozel stated that the physical tests and FEM simulation results were
similar in terms of cutting force in the machining of PCBN cutting tools with variable cutting edge
form and AISI 4340 steel, and there was an improvement in surface integrity and tool life due to low
heat generation and stress concentration (Ozel, 2009). Galanis and Manolakos studied finite element
modeling to predict cutting forces when turning AISI 316L. The physical tests cutting force values
were compared with the numeric results and it was concluded that they can be estimated with good
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accuracy with FEM (Galanis and Manolakos, 2014). Binali et al., in their study, optimized the
machinability parameters of S960QL material using the FEM (Binali et al., 2021).

The aim of the study is to show that machinability tests can be done using the finite element
method and it shows that physical tests can be reduced. In this study, AISI P20 mold steel was chosen
as the workpiece material and TiAIN coated cemented carbide cutting tool was selected as the cutting
tool to investigate the temperatures and cutting forces. Steels used in the molding industry are usually
heat treated after processing for higher hardness. In this way, it is purpose to increase the resistance
and high strength of the molds used at high temperatures. For this reason, it is desired that the process
outputs do not damage the material before hardening process. In the literature search, it has been
determined that there are studies on AISI P20, but it has been determined that the milling with the
FEM is insufficient for the purpose of the article, and this study will shed light on the studies to be
made on this material.

2. MATERIALS AND METHODS

Machinability tests were carried out using the FEM. The dimensions of workpiece samples used
in the simulations are 25x25x50 mm in size. The chemical content of AISI P20 material is given in
Table 1. The cutting tool used in the study was supplied by manufacturer's recommendations
(AOMT123608PEER-M). During the experiments, four different cutting speeds and feeds and two
different cutting depths were used. Table 2 summarizes the experimental parameters used in the
experiments.

Table 1. Chemical content of AISI P20 (ASTM, 2022)
C Cr P Mn Si S Mo
wt% wt% wt% wt% wt% wt%  wt%

040 200 0.08 1.00 0.8 0.03 055

Table 2. Experimental parameters

Parameters 1. Level 2.Level 3. Level 4. Level
V (m/min) 170 200 230 270
f (mm/tooth) 0.075 0.113 0.169 0.253
a (mm) 0.75 1.50 - -

Johnson-Cook (JC) parameters are required for the processing of AISI P20 material in the finite
element method. The model equation used is given in equation 1 (Korkmaz and Giinay, 2018). These
parameters were derived from work by Shatla et al. (Shatla et al., 2001). JC model parameters are
given in Table 3. The schematic representation of the simulation view is shown in Figure 1.

&

0® = (A+B(e")"(1+ Cln (Z)A - (D™ (1)
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Table 3. JC model parameters

A B
n m Tm

(Mpa) (MPa)
145 565.5 0.03 0.154 1.8 1753

Figure 1. Schematic view

3. RESULTS AND DISCUSSION

In this section, the results of temperature and cutting force values will be discussed by
considering simulation, optimization and analysis approaches. In this way, Taguchi S/N ratios for
optimization, ANOVA and graph plot analysis for the results of cutting forces and temperatures
obtained from simulation will be performed.

3.1 Optimization with Taguchi S/N Ratios for Finite Element Modelling Results

Taguchi is extensively applied to experimental design and optimization for engineering
problems (Zhang et al., 2007; Binali et al., 2022; Binali et al., 2022). Taguchi uses an objective
function to determine the optimum parameters in a set of input parameters. In this way, it is tried to
ensure that the outputs are at the desired level (Ghani et al., 2004). Taguchi basically aims to reduce
the processing costs and the energy and labor consumed by limiting the number of experiments. In
addition, it is desired to reach high quality in a shorter time. There are three types of objective
functions: smaller better, nominal best, and larger better. In this study, the smaller the better type of
target function was used to obtain as minimal cutting forces as possible. The levels, design and result
values of the parameters used in the study are given in Table 4.
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Table 4. Experimental design and results

a . oot . Temperatur Force Force Force
(mm) (mm/tooth) V (m/min) o component-X  component- component

(N) Y (N) -Z (N)
1 1 1 532.89 85.18 685.81 311.33
1 2 1 593.14 187.84 929.33 358.10
1 3 1 518.07 411.02 1218.22 446.82
1 4 1 504.95 381.27 836.10 386.88
1 1 2 460.13 138.51 735.44 300.29
1 2 2 478.83 143.11 940.41 384.35
1 3 2 520.48 325.98 1053.02 365.30
1 4 2 532.41 434.79 857.12 398.31
1 1 3 476.40 149.18 793.32 315.75
1 2 3 492.96 188.72 1034.98 416.53
1 3 3 523.79 344.47 1134.95 409.62
1 4 3 557.87 422.87 836.40 387.08
1 1 4 544.04 129.89 695.54 297.49
1 2 4 501.73 205.40 795.31 295.99
1 3 4 578.54 400.10 1216.16 502.68
1 4 4 547.87 375.63 842.06 394.99
2 1 1 448.98 -38.40 1094.42 239.21
2 2 1 478.11 193.52 1399.53 262.47
2 3 1 509.79 327.59 1951.42 393.95
2 4 1 494.62 548.82 1649.94 227.92
2 1 2 476.23 38.76 1076.57 235.89
2 2 2 494.98 238.23 1796.54 271.76
2 3 2 523.55 366.45 1457.72 203.59
2 4 2 512.53 653.42 1890.40 341.58
2 1 3 492.93 36.11 1090.53 249.30
2 2 3 510.63 339.45 1787.93 248.07
2 3 3 529.23 219.45 1936.73 281.72
2 4 3 565.43 694.02 1676.46 316.42
2 1 4 515.13 45.35 1121.51 221.77
2 2 4 548.04 166.79 1622.69 234.06
2 3 4 540.79 408.91 1886.80 301.81
2 4 4 518.00 746.71 1769.25 344.32

To find out the optimal points of the milling variables used this the study, the determined S/N
ratios are given in Tables 5, 6, 7 and 8.

Table 5. Signal to noise ratios of X axis cutting force component

Level V f a

1 -46.31 -36.87 -47.58
2 -46.98 -46.09 -46.38
3 -47.21 -50.75 -
4 -47.42 -54.22 -
Delta 1.10 17.36 1.20
Rank 3 1 2

By examining the data in Table 5, the effects of milling parameters on X-axis cutting force are
feed rate, depth and speed, respectively. Ideal machining parameters are first feed rate and speed and
second level of depth.
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Level \/ f a
1 -61.26 -59.01 -59.07
2 -61.31 -61.80 -63.76
3 -61.73 -63.16 -
4 -61.34 -61.67 -
Delta 0.47 4.15 4.69
Rank 3 2 1

By examining the data in Table 6, the effects of milling parameters on the Y -axis cutting force
are feed rate, speed and depth respectively. The ideal cutting parameters are first of feed rate, speed

and depth.
Table 7. Signal to noise ratios of Z axis cutting force component
Level \Y f a

1 -50.09 -48.59 -51.34
2 -49.69 -49.62 -48.59
3 -50.15 -50.90 -
4 -49.94 -50.75 -
Delta 0.47 2.31 2.75
Rank 3 2 1

By examining the data in Table 7, the effects of milling parameters on the Z-axis cutting force
are cutting depth, speed and feed rate, respectively. Ideal machining parameters are second level of

the speed and depth along with first level of feed.

Table 8. Average S//N response for the temperature

Level \/ f a
1 -54.13 -53.84 -54.35
2 -53.97 -54.17 -54.14
3 -54.28 -54.49 -
4 -54.59 -54.46 -
Delta 0.62 0.64 0.21
Rank 2 1 3

By examining the data in Table 8, the effects of machining parameters on the cutting
temperature in the course of the process are feed, cutting speed and cutting depth, respectively. Ideal
machining parameters are 2nd of the V and depth and 1st of the f.

ANOVA analysis results obtained for cutting forces and temperature are given in Table 9, 10,

11 and Table 12.

Table 9. ANOVA for the X axis cutting force

DoF SS MS F- p PC (%)
value value
\V 3 6214 2071 0.24 0.864 0.55
f 3 896004 298668 35.29 0.000 79.83
a 1 17021 17021 2.01 0.169 1.52
Error 24 203120 8463 18.10
Total 31 1122359
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There are ANOVA analysis results of the parameters affecting the X-axis strength in Table 9.
According to the results of the analysis, the effect values were respectively 79.83% feed rate, 1.52%
cutting depth and 0.55% cutting speed. If we look at the significance levels, it can be said that the
feed rate has an important effect on the X-axis force since the p value is less than 0.05.

Table 10. ANOVA for the Y axis cutting force

DoF SS MS F- p PC (%)
value value
\Y/ 3 21392 7131 0.27 0.848 0.39
f 3 1372681 457560 17.21 0.000 24.75
a 1 3514079 3514079 132.15 0.000 63.36
Error 24 638176 26591 11.51
Total 31 5546327

The parameters affecting the cutting force in Y-axis are listed in Table 10. According to the
results of the analysis, these variables were observed respectively 63.36% for cutting depth, 24.75%
for feed rate and 0.39% for cutting speed. If we look at the significance levels, it can be said that the
amount of feed rate and the cutting depth have an important effect on the Y-axis force since the p

values is less than 0.05.

Table 11. ANOVA for the Z axis cutting force

DoF SS MS F- p PC (%)
value value
\/ 3 1300 433.4 0.21 0.892 0.75
f 3 41519 13839.6 6.56 0.002 23.97
a 1 79764 797645 37.82 0.000 46.05
Error 24 50618 2109.1 29.23
Total 31 173202

ANOVA analysis results of the parameters affecting the Z-axis strength are given in Table 11.
According to the results of the analysis, the effect values were 46.05% cutting depth, 23.97% feed
rate and 0.75% cutting speed, respectively. If we look at the significance levels, it can be said that the
amount of feed and the cutting depth have a significant effect on the Z-axis force since the p value is

less than 0.05.
Table 12. ANOVA for the temperature
DoF SS MS F-value p value PC DoF
(%)

\Y% 3 5860 5860 1953.4 2.36 0.096 17.07
f 3 7298 7298 2432.5 2.94 0.053 21.26
a 1 1315 1315 1314.8 1.59 0.219 3.83
Error 24 19849 19849 827.0 57.83
Total 31 34321

As for temperature, the effecting parameters are given in Table 12. According to the results of
the analysis, the effect values were respectively 21.26% feed rate, 17.07% cutting speed and 3.83%

cutting depth.

In general, as a result of the evaluation of the ANOVA results, the least effect value on the
cutting forces occurred at the cutting speed. In temperature values, the least effect occurred at the
cutting depth. It has been concluded that the feed has the highest effect on cutting forces and

temperature values.
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3.2 Finite Elements Modelling Results for Cutting Force

In Figure 2 and Figure 3, cutting forces graphs are given at different depths of cut and depending
on the variation of feed rate and cutting speed.

If we look at the cutting forces from a general point of view, an increase in cutting forces occurs
as a result of increasing feed rates. It is seen that an increasing trend in cutting forces is visible with
increasing depth. In addition, decreasing behavior for cutting forces were observed with the elevation
of speed. But for some cases, decreasing trend for cutting forces were clear with the increase of feed
and speed. This case can be explained by the material properties and specified cutting tool preferred
in the experiments. In addition, the cause of the differences can be explained by the increased chip
cross-sectional area and therefore the power required for the amount of chip removed from the
material per unit time (Kigtiktiirk, 2013; Giinay et al., 2018). This situation can also be explained by
considering the reduced strength of the workpiece material with elevated temperature (Binali et al.,
2021).
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Figure 2. Cutting force graph based on feed and cutting speed at 0.75 mm cutting depth

As a result of the analysis of the graphics depending on the feed rate and cutting speeds, an
increase in cutting forces occurs with an increase in the amount of feed in general. When evaluated
according to cutting speeds, it is seen that the cutting force decreases with increasing cutting speeds
and increases after a while with increasing feed rate. When the literature is examined, the increase in
feed force increases the cutting force and the increase in cutting speed decreases the cutting force
(Chinchanikar and Choudhury, 2013; Salur et al., 2020; Kuntoglu et al., 2021). However, these
explanations are used for turning and drilling experiments in the literature. Wavy results can occur
because the cutting mechanics of the milling process are different from other methods (Binali, 2017).
As a result of the evaluation of the data in Figure 2, the highest cutting force (1218.22 N) occurred in
the Y axis direction with 0.169 mm/tooth f and 170 m/min V. The lowest force (85.18 N) value
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occurred in the X-axis direction at 0.075 mm/tooth f and 170 m/min V. A change of approximately
1330% occurred between the highest and lowest strengths.

—o—170 —0—200 ——230 ——260 ——170 —o—200 ——230 —2—260

1200 4
f
& 1000
z
[: 800
600
400
200
D T T T T D T T T T
0.075 0.113 0.169 0.253 0.075 0.113 0.169 0.253
Feed rate (mm/tooth) Feed rate (mm/tooth)
—— 170 —0— 200 —0—230 —&— 260
2200
2000
1800 |
1600
7" 1400
N 1200 +
& 1000 -
z
[: 800
600
4007 a—sﬁ%
200
0 T T T T
0.075 0.113 0.169 0.253

Feed rate (mm/tooth)
Figure 3. Cutting force graph based on feed and cutting speed at 1.5 mm cutting depth

Figure 3 shows the cutting force curves as a function of f and V values with the constant cutting
depth at 1.5 mm. However, the fluctuating results were observed in cutting forces based on different
cutting speeds. The highest cutting force (1951.42 N) occurred in the Y-axis direction with 0.169
mm/tooth f and 170 m/min V. The lowest cutting force (36.11 N) was monitored in the X-axis
direction at 0.075 mm/tooth f and 230 m/min V. A change between the highest and lowest cutting
force values were calculated as an approximately 5300%.

3.3 Finite Elements Modelling Results for Temperature

During machining tests, temperatures reveal in cutting area due to cutting forces and
tribological contacts at the chip and tool faces. This temperature varies according to the workpiece,
cutting tool, cutting parameters and conditions. This temperature causes wear on the material and
tool, preventing the desired level of product being obtained. For this reason, it is necessary to optimize
the temperature distributions according to the machining parameters in line with all these expressed
information during machining. In Figure 4 and Figure 5, graphical evaluations of the temperature
distributions formed during the process according to the 0.75 mm and 1.5 mm cutting depth are given.
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Figure 4. Temperature graph based on feed and cutting speed at 0.75 mm cutting depth

Temperature °C

By examining the curves in Figure 4, an increase in the amount of temperature is observed
depending on the constant V and the increasing f in the cutting depth. It is seen that there is a general
increase in cutting temperatures with increasing V. The highest temperature value (593,14 °C)
occurred at 0.75 mm cutting depth, 170 m/min V and 0.113 mm/tooth feed rate. The lowest
temperature value (460,13 °C) occurred at 200 m/min V and 0.075 mm/tooth feed rate. A change of
approximately 22.42% occurred between the highest and lowest temperature values.
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Figure 5. Temperature graph based on feed and cutting speed at 1.5 mm cutting depth

By examining the graph in Figure 5, an increase in temperature values occurred with increasing
feed rate and cutting speed. This situation has occurred in accordance with the literature (Usca et al.,
2021). According to the graph in Figure 5, the highest temperature value (565.43 °C) is 230 m/min
V and 0.253 mm/tooth f, the lowest temperature value (448.98 °C) is 170 m/min V and 0.075

mm/tooth f. There is a change of approximately 20.59% between the highest and lowest temperature
values.
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4. CONCLUSION

The paper focused on the machinability of AISI P20 steel with the milling was investigated by
evaluating the temperatures and cutting forces in the course of the process using the FEM. The results
are given below.

e In general, increasing of feed and depth, the temperature and cutting force values also
increased.

e The highest cutting force in the simulation results was 1951.42 N, at a cutting depth of 1.5
mm in the Y axis direction, 0.169 mm/tooth f and 170 m/min V. The lowest cutting force
value was 36.11 N in the X-axis direction at 1.5 mm cutting depth, 230 m/min V and 0.075
mm/tooth f.

e The lowest temperature value in the simulation results was 448,98 °C at 1.5 mm cutting depth,
0.075 mm/tooth fand 170 m/min V. The highest temperature value was 593.14 °C at 0.75 mm
cutting depth, 0.113 mm/tooth f and 170 m/min V.

e It has been concluded that milling with the FEM can be used for the estimation of
machinability outputs.

e Inthe FEM, studies can be conducted on the analysis of process outputs such as moment and
chip formation of different processes, materials and machining parameters with cutting tools.

e Comparison of machinability criteria can be made by using different finite element programs

for machining operations.

5. CONFLICT OF INTEREST

Authors approve that to the best of their knowledge, there is not any conflict of interest or
common interest with an institution/organization or a person that may affect the review process of
the paper.

6. AUTHOR CONTRIBUTION

Riistem BINALI has the full responsibility of the paper about determining the concept of the
research, data collection, data analysis and interpretation of the results, preparation of the manuscript
and critical analysis of the intellectual content with the final approval.

7. REFERENCES

ASTM, 2022. P20 Steel Plate, https://www.astmsteel.com/product/p20-steel-plate-1-2311-3cr2mo-
mold-tool-steel/ (Date of access: 05.04.2022)

Binali R., Sicak is takim ¢eliginin (TOOLOX 44) islenebilirliginin incelenmesi. Karabiik Universitesi
Fen Bilimleri Enstitiisii, Master Thesis (Printed), 2017.

Binali R., Cogskun, M., Neseli, S., An Investigation of Power Consumption in Milling AIS1 P20 Plastic
Mold Steel By Finite Elements Method. Avrupa Bilim ve Teknoloji Dergisi (34), 513-518,
2022.

Binali R., Yaldiz, S., Neseli, S., Parametric optimization for machinability parameters of S960QL
structural steel during milling by finite elements. Selcuk University Journal of Engineering
Sciences 21(1), 26-31, 2022.

Binali R., Yaldiz, S., Neseli, S., S960QL Yapi Celiginin Islenebilirliginin Sonlu Elemanlar Yontemi
ile Incelenmesi. Avrupa Bilim ve Teknoloji Dergisi (31), 85-91, 2021.

254


https://www.astmsteel.com/product/p20-steel-plate-1-2311-3cr2mo-mold-tool-steel/
https://www.astmsteel.com/product/p20-steel-plate-1-2311-3cr2mo-mold-tool-steel/

Binali, R. JournalMM (2023), 4(1) 244-256

Chinchanikar S., Choudhury S., Effect of work material hardness and cutting parameters on
performance of coated carbide tool when turning hardened steel: An optimization approach.
Measurement 46(4), 1572-1584, 2013.

Demir H., Ulas H. B., Binali R., Toolox 44 malzemesinde talas kaldirma miktarinin yiizey
puriizliligi ve takim asinmasi tizerindeki etkilerinin incelenmesi. Technological Applied
Sciences 13(1), 19-28, 2018.

Galanis N., Manolakos D. E., Finite element analysis of the cutting forces in turning of femoral heads
from AISI 316l stainless steel. In Proceedings of the World Congress on Engineering (Vol. 2),
2014.

Ghani J. A., Choudhury 1., Hassan H., Application of Taguchi method in the optimization of end
milling parameters. Journal of Materials Processing Technology 145(1), 84-92, 2004.

Gok K., Development of three-dimensional finite element model to calculate the turning processing
parameters in turning operations. Measurement 75, 57-68, 2015.

Gilinay M., Meral T., Korkmaz M. E., AISI 420 Martenzitik paslanmaz ¢eligin delinebilirliginin sonlu
elemanlar yontemiyle analizi. Gazi Miihendislik Bilimleri Dergisi 4(3), 223-229, 2018.

Glinay M., Yasar N., Sekmen M., Korkmaz M. E., AISI P20 ¢eliginin islenmesinde kesme kuvvetinin
deneysel ve nlimerik analizi. Gazi University Journal of Science Part C: Design and Technology
4(1), 13-19, 2016.

Korkmaz M. E., Giinay M., Finite element modelling of cutting forces and power consumption in
turning of AISI 420 martensitic stainless steel. Arabian Journal for Science and Engineering
43(9), 4863-4870, 2018.

Kuntoglu M., Acar O., Gupta M. K., Saglam H., Sarikaya M., Giasin K., Pimenov D. Y., Parametric
optimization for cutting forces and material removal rate in the turning of AISI 5140. Machines
9(5), 90, 2021.

Kuntoglu M., Aslan A., Saglam H., Pimenov D. Y., Giasin K., Mikolajczyk T., Optimization and
analysis of surface roughness, flank wear and 5 different sensorial data via tool condition
monitoring system in turning of AISI 5140. Sensors 20(16), 4377, 2020.

Kuntoglu M., Saglam H., Investigation of progressive tool wear for determining of optimized
machining parameters in turning. Measurement 140, 427-436, 2019.

Kiigiiktiirk G., Modeling and analyzing the effects of experimentally determined torque and thrust
force on cutting tool according to drilling parameters. Proceedings of the Institution of
Mechanical Engineers, Part B: Journal of Engineering Manufacture 227(1), 84-95, 2013.

Li B., Zhang S., Zhang Q., Li L., Simulated and experimental analysis on serrated chip formation for
hard milling process. Journal of Manufacturing Processes 44, 337-348, 2019.

Ozcelik B., Bagci E., Experimental and numerical studies on the determination of twist drill
temperature in dry drilling: A new approach. Materials & Design 27(10), 920-927, 2006.

Ozlu B., Ugur L., Optimization of cutting forces on turning of Ti-6Al-4V Alloy by 3D FEM
simulation analysis. Journal of Engineering Research and Applied Science 10(2), 1789-1795,
2021.

Ozel T., Computational modelling of 3D turning: Influence of edge micro-geometry on forces,
stresses, friction and tool wear in PCBN tooling. Journal of Materials Processing Technology
209(11), 5167-5177, 20009.

Saglam H., Unsacar F., Yaldiz, S., Investigation of the effect of rake angle and approaching angle on
main cutting force and tool tip temperature. International Journal of Machine Tools and
Manufacture 46(2), 132-141, 2006.

255



Binali, R. JournalMM (2023), 4(1) 244-256

Salur E., Understandings the tribological mechanism of Inconel 718 alloy machined under different
cooling/lubrication conditions. Tribology International 174, 107677, 2022.

Salur E., Aslan A., Kuntoglu M., Giines A., Sahin O., Optimization of cutting forces during turning
of composite materials. Acad. Platf. J. Eng. Sci. 8, 423-431, 2020.

Shatla M., Kerk C., Altan T., Process modeling in machining. Part I. determination of flow stress
data. International Journal of Machine Tools and Manufacture 41(10), 1511-1534, 2001.

Ucun I., Aslantas K., Numerical simulation of orthogonal machining process using multilayer and
single-layer coated tools. The International Journal of Advanced Manufacturing Technology
54(9), 899-910, 2011.

Usca U. A., Uzun M., Kuntoglu M., Sap E., Gupta M. K., Investigations on tool wear, surface
roughness, cutting temperature, and chip formation in machining of Cu-B-CrC composites. The
International Journal of Advanced Manufacturing Technology 116(9), 3011-3025, 2021.

Zhang J. Z., Chen J. C., Kirby E. D., Surface roughness optimization in an end-milling operation
using the Taguchi design method. Journal of Materials Processing Technology 184(1-3), 233-
239, 2007.

Zhang Q., Zhang S., Li J., Three dimensional finite element simulation of cutting forces and cutting
temperature in hard milling of AISI H13 steel. Procedia Manufacturing 10, 37-47, 2017.

256



JOURNAL of

MATERIALS and MECHATRONICS:A

e-ISSN 2717-8811
JournalMM, 2023, 4(1), 257-270
https://doi.org/10.55546/jmm.1268369

Arastirma Makalesi / Research Article

Ilac-Tlac Etkilesimlerini Kesfetmek: Bir Ag Analizi ve Gorsellestirme Yaklasim

[lhan UYSALY", Utku KOSE?

ISiileyman Demirel Universitesi, Fen Bilimleri Enstitiisii, Bilgisayar Miithendisligi Anabilim Dali, Isparta, Tiirkiye,
ORCID ID: https://orcid.org/0000-0002-6091-9110, ilhanuysal@gmail.com
2 Siileyman Demirel Universitesi, Miihendislik Fakiiltesi, Bilgisayar Miihendisligi Boliimii, Isparta, Tiirkiye,
ORCID ID: https://orcid.org/0000-0002-9652-6415, utkukose@sdu.edu.tr

Gelis/ Received: 20.03.2023; Kabul / Accepted: 07.05.2023

OZET: Bu makale, ag analizi ve gorsellestirme yoluyla ilag-ila¢ etkilesimlerinin karmasikligimi
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Exploring Drug-Drug Interactions: A Network Analysis and Visualization Approach

ABSTRACT: This article investigates the complexity of drug-drug interactions through network
analysis and visualization. A network-based approach is presented to analyze drug-drug interactions
and provide an interactive visualization tool by exploring relationships between drugs. The network-
based approach is applied to a large drug-drug interaction dataset and the properties of the resulting
network are analyzed. The potential of the network-based approach for further exploration of drug-
drug interactions is also discussed. Finally, the effectiveness of the network-based approach is
demonstrated by providing an interactive visualization tool to discover relationships between drugs.
The results of this study are expected to facilitate a better understanding of the complexity of drug-
drug interactions and suggest potential applications of network analysis and visualization in drug
discovery and development. It has also published Pyvis network graphs online at https://iuysal1905-
streamlit-pyvis-network-app2-91g9sv.streamlit.app so that users can visit the web application and
interact with the graphs directly.

Keywords: Drug-drug interaction, Network analysis, Visualization.

1. GIRIS

Ilag-flag Etkilesimleri (DDI), birlikte alman iki veya daha fazla ilacin etkilerini ifade
etmektedir. Iki veya daha fazla ila¢ birlikte alindiginda, ciddi yan etkilere ve hatta 6liime neden
olabilecek sekilde etkilesime girebilirler. Bu etkilesimler, ilaclar birlikte alindiginda veya bir ilag
baska bir ilacin metabolizmasini etkilediginde meydana gelebilmektedir. Dogru ilaglari, dogru
dozlarda ve dogru kombinasyonlarda alindigindan emin olmak i¢in ilag-ila¢ etkilesimlerinin
potansiyel risklerini anlamak énemlidir.

llag-ilag etkilesimleri, ilaglardan birinin veya her ikisinin etkinliginin artmasma veya
azalmasina neden olabilir veya beklenmeyen bir sekilde zararli reaksiyonlara, yan etkilere neden
olabilir. Ornegin bir ilag baska bir ilacin emilimini engelleyerek viicuttaki ila¢ miktarinin artmasina
neden olabilir. Bu, yan etki veya toksisite riskinin artmasiyla sonuglanabilir. Potansiyel ilag-ilag
etkilesimlerinin farkinda olmak ve bunlar1 doktor ile goriismek son derece Onemlidir. Doktor,
ilaglardan herhangi birinin birbiriyle etkilesime girip girmedigini belirlemeye yardimci olabilir ve
bunlarin nasil yonetilecegi konusunda tavsiyede bulunabilir. Etiketleri dikkatlice okumak ve herhangi
bir ilac1 almak i¢in talimatlar takip etmek de dnemlidir. Potansiyel ilag-ilag etkilesimlerinin farkinda
olarak, ilaglardan en 1yi sekilde yararlanmak kritik bir 6nem arz etmektedir.

Literatiirdeki c¢alismalar incelendiginde ilag-ila¢ etkilesimlerinin ve analizlerinin farkl
yonlerini kapsayan bir¢ok ¢alisma bulunmaktadir. Tiim bu ¢alismalarda ilag-ilag etkilesimleriyle
iligkili risklerin kapsamli degerlendirmelerinin yapilmasinin 6nemi tartisilmigtir. Swapna ve
arkadaslari, Amiodarone ve Levofloxacin {lizerine DDI calismalarinin bir incelemesini yapmistir
(Swapna ve ark., 2019). Azuaje, ilag etkilesim aglarini ve bunlarin potansiyel klinik uygulamalarini
tanitmistir (Azuaje, 2013). Correia ve digerleri, ag analizi yoluyla potansiyel ila¢ etkilesimlerini ve
reaksiyonlarini izlemek i¢in Instagram verilerini kullanmislardir (Correia ve ark., 2016). Zagidullin
ve arkadaglari, ilag kombinasyonlarini arastirmak icin kapsamli bir kaynak saglamak {izere bir kanser
ilact kombinasyonu veri portali gelistirmislerdir (Zagidullin ve ark., 2019). Niu ve arkadaslari,
farmakodinamik ilag-ilag etkilesimlerini, ilgili mekanizmalar1 ve bunlarin ila¢ etkinligini ve
giivenligini nasil etkileyebilecegini tartismiglardir (Niu ve ark., 2019). Lin ve arkadaglari, ilag-ilag
etkilesimlerini tahmin etmek i¢in bir Bilgi Grafigi Sinir Ag1 (KGNN) 6nerirken (Niu ve ark., 2020),
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Feng ve arkadaslari, DPDDI adi verilen ilag-ilag etkilesimleri analizi i¢in derin 6grenme tabanli bir
tahmin yazilimi gelistirmistirlerdir (Feng ve ark., 2020). Van Haarst ve arkadaslari, rifampin ilag-ilag
etkilesimi ¢alismalarindaki son nitrozamin safsizliklar1 sorununu ele almistir (Van Haarst ve ark.,
2023). Hauben, ilag-ilag etkilesimlerinin farmakovijilansi i¢in yapay zeka ve veri madenciliginin
kullannmin1  goézden gecirmis Ve bu araclarin ilag-ilag etkilesimlerinin tanimlanmasit ve
degerlendirilmesindeki iyilestirme potansiyelini vurgulamistir (Hauben, 2023). Juhi ve arkadaslari,
ChatGPT'nin yaygin ilag-ilag etkilesimlerini tahmin etme ve agiklama kapasitesini incelemisler ve
ChatGPT'nin ilag-ilag¢ etkilesimlerini tahmin etmede etkili oldugunu ve mevcut bilgilerle tutarh
aciklamalar sagladigini ifade etmislerdir (Juhi, 2023). Zhu ve arkadaslari, ilag-ilag etkilesimleri ile
akut bobrek hasari gelisimi arasindaki iligskiyi aragtirmak icin korelasyon tabanli bir ag analizi
gerceklestirmis ve belirli ilag giftlerinin daha yiiksek akut bobrek hasari riski ile iligkili oldugunu
tespit etmislerdir (Zhu ve ark., 2023). Vo ve arkadaslari, ilag-ilag etkilesimleri tahmininde
aciklanabilir yapay zekaya giden yolda sistematik bir inceleme gerceklestirmis ve ilag-ilag
etkilesimlerinin altinda yatan mekanizmalar hakkinda i¢gorii saglayabilecek seffaf ve yorumlanabilir
yapay zekd modelleri gelistirmenin Onemini tartismuslardir (Vo ve ark., 2022). Al-Rabeah ve
Lakizadeh, ilac-ila¢ etkilesimi olaylarin1 tahmin etmek i¢in ¢izge sinir ag1 tabanl bir 6zellik ¢ikarma
yaklagimi 6nermis ve yaklagimlarinin ilag-ilag etkilesimlerini tahmin etmede diger birka¢ makine
ogrenimi modelinden daha iyi performans gosterdigini tespit etmislerdir (Al-Rabeah ve Lakizadeh,
2022).

Ilag-ilag etkilesimleri, ciddi yan etkilere ve hatta 6liime neden olabildikleri i¢in tip alaninda
onemli bir endise kaynagidir. ilag-ilag etkilesimlerinin karmasiklig1 goz korkutucu olabilse de ag
analizi ve gorsellestirme, bunlar kesfetmek ve anlamak i¢in gii¢lii bir ara¢ saglayabilmektedir. Ag
analizi ve gorsellestirme, ilaglar arasindaki etkilesimlerdeki kaliplari belirlemeye ve gdozden kagmis
olabilecek potansiyel ilag-ilag etkilesimlerini belirlemeye yardimci olabilmektedir. Buna ilaveten, ag
analizi ve gorsellestirme, ilag-ilag etkilesimlerini tahmin etmeye ve Onlemeye yonelik stratejiler
gelistirmek icin kullanilabilir. Tlag-ilag etkilesimlerinin ag analizi ile gorsellestirilmesi ile ortaya
¢ikan bazi ag Ornekleri Sekil 1’de verilmistir. Bu aglar, diigiim basina veya kenar basina
ozellestirilebilir. Diiglimlere renkler, boyutlar, etiketler verilebilir. Her grafikle etkilesime girilebilir,
diigiimlerin ve kenarlarin siiriiklenmesi, iizerine gelinmesi ve se¢ilmesi saglanmaktadir. Her grafigin
diizen algoritmasi, daha biiyiik grafiklerin islenmesiyle ilgili denemelere izin vermek icin de
degistirilebilmektedir.
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Sekil 1. lag-ilag etkilesimleri igin ag ornekleri (Leung, 2021)
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2. MATERYAL VE YONTEM

Ilag-ilag etkilesimleri, iki veya daha fazla ilacin birbiriyle reaksiyona girerek beklenmeyen
zararli reaksiyonlarla sonuclanmasiyla ortaya ¢ikmaktadir. ilag-ilag etkilesimleri, coklu varliklar
arasindaki baglantilar1 icerdigi icin, bu ilag¢ etkilesimlerini aglarla analiz etmenin uygun olacagi
ongoriilmiistiir. Bu ¢alismada ‘Mendeley Data’ web sitesindeki ¢oklu tip ilag-ilag etkilesimlerinin
verileri kullanilmistir (Hui, 2020). Ham veriler, her satirin belirli bir ilag ¢ifti arasindaki etkilesimi
ifade ettigi 122696 satir ve 5 siitundan olusmaktadir. Python ile birkag veri 6nisleme adimindan sonra
veri kiimesi Sekil 2’deki hale getirilmistir. Daha sonra birinci ve ikinci siitun olan drugl id ve
drug? id siitunlar1 ver kiimesinden ¢ikartilmistir. Son veri kiimesinde ilag isimleri ile etkilesim tipi
stitunlart bulunmaktadir. Burada hangi ilacin hangi ilag ile nasil etkilesime girdigi etkilesim tipinde
belirtilmektedir. Tlag-ilag etkilesimleri genellikle farmakokinetik ve farmakodinamik etkilesimler
olarak siniflandirilir. Metabolik etkilesimler, bir ilacin metabolizmas1 bagka bir ilacit etkileyerek,
ilacin farmakokinetigini degistirir. Metabolik etkilesimler, bir ilacin metabolizmasini arttirarak
(indiiksiyon) veya azaltarak (inhibisyon) olusabilir. Serum konsantrasyon etkilesimi ise bir ilacin
serum konsantrasyonunu artirip diger ilacin serum konsantrasyonunu azaltarak, ilaglarin etkisini
degistiren bir etkilesim tiiriidiir. Bu etkilesim tiirli, ilaglarin metabolizmasini1 degistirerek veya
bobreklerden atilimlarini etkileyerek ortaya ¢ikabilir. Bir ilacin serum konsantrasyonu, viicutta ilacin
etki gosterme siiresi ve siddetiyle ilgili olarak 6nemlidir. Iki veya daha fazla ilacin ayn1 zamanda
kullanilmasi, bir ilacin digerinin metabolizmasini engelleyebilir veya hizlandirabilir. Bu durumda,
ilaglarin serum konsantrasyonu degisebilir ve bu da ilaglarin beklenen etkilerini degistirebilir veya
yan etkilerin ortaya ¢ikmasina neden olabilir (Biiyilkokuroglu ve ark., 2019). Bu nedenle, ilag-ilag
etkilesimleri, hastalarin tedavisi sirasinda dikkate alinmasi gereken 6nemli bir konudur.

drugl_id drug2_id drugl_name drug2_name interaction_type

0 DB00006 DBO00346 Bivalirudin Alfuzosin serum concentration

1 DB0O0006 DB13783 Bivalirudin Acemetacin risk or severity of bleeding

2 DB00006 DBO06605 Bivalirudin Apixaban anticoagulant activities

3 DB0O0006 DBO06695 Bivalirudin Dabigatran etexilate anticoagulant activities

4 DB00006 DB09075 Bivalirudin Edoxaban anticoagulant activities
222691 DB13955 DB14033 Estradiol dienanthate Acetyl sulfisoxazole metabolism
222692 DB13956 DB14033 Estradiol valerate Acetyl sulfisoxazole metabolism
222693 DB14011 DB14033 Nabiximols  Acetyl sulfisoxazole metabolism
222694 DB14019 DB14033 Fosnetupitant  Acetyl sulfisoxazole metabolism
222695 DB14033 DBO00532  Acetyl sulfisoxazole Mephenytoin metabolism

222696 rows x 5 columns
Sekil 2. Tlag etkilesimleri verilerinin 6rnek satirlari

Calismada kullanilan veri setinde, ilag etkilesimlerinin 6neminin saglanamamasi bir dezavantaj
olarak diistiniilmektedir. Bu sebeple, tiim etkilesimler i¢in "esit" onem derecesini belirtmek tizere 1
(bir)" lerle doldurulmus &6zel bir siitun (agirlik) eklenmistir.

Basit bir sekilde bagli olan nesnelerin koleksiyonu ag olarak tanimlanmaktadir. Varliklar

(diigiimler) arasindaki baglantilar1 ya da iliskileri(kenarlar) modellemek igin son derece faydalidir.
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Veri setinde, ikili ilag etkilesimi, iki diigiim (iki ilag bilesigi) arasindaki iliskiyi ifade etmektedir.
Ilaglar arasinda bir dizi yonlendirilmemis baglant1 oldugu dikkate alindiginda, aglarin olusturulmas,
yonlendirilmesi ve analiz edilmesi i¢in Python paketlerinden NetworkX paketi kullanilmistir.
NetworkX ile aglar standart ve standart olmayan veri formatlarinda yiiklenebilir ve depolanabilir,
bircok rastgele ve klasik ag tiirii olusturulabilir, ag yapist analiz edilebilir, ag modelleri
olusturulabilir, yeni ag algoritmalar: tasarlanabilir, aglar ¢izilebilir ve ¢ok daha fazlasi yapilabilir
(Hagberg ve ark., 2008). Pandas DataFrame'den bir ag grafigi nesnesi olusturulduktan sonra ag
grafiginin 6zeti Sekil 3’de verilmistir. Buna gére Agin, 222271 belgelenmis etkilesim (ug) ile toplam
1868 ilag varligma (diigiim) sahip oldugu tespit edilmistir. Ortalama derece yaklasik 238
bulunmustur, yani her ilag¢ ortalama olarak diger 238 ilacla etkilesime girmistir. Ag yogunlugu, tiim
diigiimler bagl olarak disiiniildiiglinde, bir agdaki potansiyel baglantilarin gercekte var olan
baglantilara oranmi tanimlamaktadir; Sifir, sifir kenarli bir grafigi temsil ederken, bir, tim
diigiimlerin birbirine bagli oldugu tam bir grafigi tanimlamaktadir (Ladd ve ark., 2017). 0,127'lik
diistik ag yogunlugu beklenen ve mantikli bir degerdir ¢iinkii ¢ok fazla ilacin birbiriyle etkilesime
girmesi beklenmemektedir.

Graph named 'Drug Interactions Network® with 1868 nodes and 222271 edges
Network density: ©.12746519339844394

average degree: 237.97751685995717

Sekil 3. Ilac etkilesimlerinin yonlendirilmemis ag grafiginden 6zet sonuglar

Bir diigiimiin sahip oldugu baglanti sayis1 diigiim derecesi ile ifade edilmektedir. Aglarla analiz
yapilirken, derece merkeziligi isminde bir kavram ortaya ¢ikmaktadir. Basitce ifade etmek gerekirse,
bir diiglimiin merkezi derecesi, sahip oldugu kenar sayisidir. Bu, 10 etkilesime sahip bir ilag
diiglimiiniin merkezi derecesinin 10 olacagini ifade etmektedir. Her bir diigiimiin derece merkeziligi
hesaplanarak, ilag etkilesimlerinde en sik yer alan ilk 20 ilag Sekil 4’te verilmistir. Buna gore ilag
etkilesimlerinde en fazla bulunan ilacin, diigiim derecesi 1028 olan Amiodaron oldugu tespit
edilmistir. Anti-ritmik bir ilag olarak sik¢a kullanilan Amiodaron, tiroid fonksiyon bozuklugu, yavas
kalp atis1, hepatit, korneada kiigilik ¢cokiintiiler ve 1518a kars1 artan hassasiyet gibi bir dizi yan etkiyle
iliskilendirilir (Yakut ve ark., 2017).

Top 2@ drugs by degree:
‘Amiodarcone’, 1028)
'Nefazodone', 986)
'Phenobarbital’, 976)
"Venlafaxine', 969)
'Primidone’, 947)
"Phenytoin', 935)
'Fluvoxamine', 933)
'Curcumin’, 924)
'Ziprasidone', 92@)
'Carbamazepine’, 917)
'Fosphenytoin’, 916)
'Pentobarbital’, 899)
"Verapamil', 878)
‘Clozapine’, 855)
'Diltiazem’', 849)
‘Vemurafenib', 842)
"Cyclosporine’, 841)
‘Pitolisant’, 815)
'Stiripentol’, 813)
‘Rifampicin’, 811)

B R i i T T T T S N

Sekil 4. En ¢ok etkilesime giren ilk 20 ilag ve karsilik gelen diigiim derecesi
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2.1. Ag Analizi ve Gorsellestirmeye Genel Bakis

Aglarla caligmanin en giizel tarafi gorsellestirmedir. Bu tarz gorsellestirmeleri kolaylikla
olusturulmasina yardimei olan, etkilesimli ag grafikleri meydana getirmesiyle bilinen Pyvis aracidir.
Pyvis aract, minimum Python koduyla hizl1 bir sekilde gorsel ag grafikleri olusturmak i¢in kullanilan
Python kiitiiphanelerinden biridir.

Ag analizi ve gorsellestirme, ¢oklu aglarda 6zellikleri ve iliskileri incelemek i¢in kullanilan bir
tekniktir. Aglar, bircok noktay1 veya aktorii temsil eden baglantilar arasindaki iligkilerin gosterildigi,
karmasik yapilara sahiptir. Ag analizi ve gorsellestirme, bu karmasik yapilarin daha anlasilabilir hale
getirilmesine yardimer olmaktadir.

Ag analizi ve gorsellestirme, aglarin temel Ozelliklerini 6lgmek icin kullanilan birtakim
teknikleri igermektedir. Bu teknikler arasinda, aglar arasindaki baglantilarin sayisinin (baglanma
sayisi) Ol¢iilmesi, aglar arasindaki baglantilar arasindaki uzakliklar Sl¢iilmesi ve aktorler arasindaki
iligkilerin gosterilmesi sayilabilir. Bunun yani sira, ag analizi ve gorsellestirmenin kullanabilecegi
diger teknikler de mevcuttur.

Ag analizi ve gorsellestirmenin en biiyiikk avantajlarindan biri, karmasik verilerin daha
anlagilabilir hale getirilmesine yardimci olmasidir. Gorsel olarak sunulmus veriler, daha kolay
anlagilabilecek sekilde sunulmaktadir. Ayrica, ag analizi ve gorsellestirmenin kullanarak elde edilen
sonuglar, karar verme siireglerinde kullanmanin daha kolay hale gelmesine yardimci olur.

2.2. Tlac-la¢ Etkilesimlerinin Karmasikhigimi Kesfetmek

[lag-ilag etkilesimleri, saglik hizmetlerinde dnemli ve karmasik bir konudur. iki veya daha fazla
ilag, bir veya her iki ilacin etkinligini veya toksisitesini etkileyecek sekilde etkilesime girdiginde
ortaya cikabilir. Bu etkilesimlerin, advers olay riskinde artis ve hatta 6liim dahil olmak iizere ciddi
sonuclar1 olabilir.

Farkli ilag-ilag¢ etkilesimleri tiirlerini anlamak igin, bu etkilesimlere yol acabilecek farkli
farmakokinetik ve farmakodinamik mekanizmalar1 anlamak gerekmektedir. Farmakokinetik
etkilesimler, ilaglarin viicutta emilimini, dagilimini, metabolizmasini ve eliminasyonunu etkileyen
etkilesimlerdir. Farmakodinamik etkilesimler, ilaglarin istenen etkileri olusturmak i¢in viicuttaki
reseptorlerle nasil etkilesime girdigini etkileyen etkilesimlerdir.

Farkl1 ilag-ilag etkilesimleri tiirlerini anlamanin yani sira, ilag-ilag etkilesimlerinin ciddiyetini
etkileyebilecek ¢esitli faktorleri anlamak da 6nemlidir. Bunlar, hastaya 6zgii faktorleri (yas, cinsiyet,
genetik ve komorbiditeler gibi), ilaca 6zgii faktorleri (dozaj, formiilasyon ve uygulama yolu gibi) ve
cevresel faktorleri (diyet ve yasam tarzi gibi) barindirmaktadir.

[lag-ilag etkilesimlerinin degerlendirilmesi ve yonetimi, biiyiik 6nem tastyan bir konudur. Bu
baglamda, ilaglar arasindaki etkilesimlerin tespiti ve etkilerinin anlagilmasi, giivenli ve etkili tedavi
stratejilerinin olusturulmasi i¢in gereklidir. Bu, kapsamli ilag incelemeleri yoluyla potansiyel ilag-
ilag etkilesimlerinin belirlenmesini, klinik karar destek araclari aracilifiyla ilag-ila¢ etkilesimleri
riskinin degerlendirilmesini ve doz ayarlamalari, ilag ikameleri veya diger miidahaleler araciligiyla
[lag-ilag etkilesimlerinin yonetilmesini igermektedir.

[lag-ilag etkilesimlerinin karmasikligin1 kesfetmek, giivenli ve etkili saglik hizmeti saglamanin
onemli bir parcasidir. Saglik profesyonelleri, farkl ilag-ilag etkilesimlerini tiirlerini, ciddiyetlerini
etkileyen faktorleri ve bunlarin nasil degerlendirilip yoOnetilecegini anlayarak, hastalarin uygun
ilaglar1 yan etki riski minimum diizeyde olacak sekilde almalarina yardime1 olabilir.
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2.3. Ag Analizi ve Gorsellestirme Teknikleri

Ag analizi ve gorsellestirme teknikleri, aglarin yapisini kesfetmek, analiz etmek ve
gorsellestirmek icin kullanilir. Bu teknikler, bir ag icindeki farkli 6geler arasindaki iliskileri daha iyi
anlamamiza ve verilerdeki kaliplar1 ve egilimleri belirlemeye olanak tanir. A§ yapilarini anlayarak,
bilgilerin bir sistemde nasil aktigina dair iggoriiler elde edebilir, gizli iliskileri ortaya ¢ikarabilir ve
potansiyel giivenlik agig1 alanlar1 belirlenebilmektedir.

Ag analizi ve gorsellestirme teknikleri, sosyal ag analizi, biyoloji, bilgisayar bilimi, ekonomi
ve pazarlama gibi ¢ok ¢esitli alanlarda kullanilmaktadir. Her alanda, bu teknikler bir agin yapisina ve
icinde bilgi alisverisinin nasil yapildigina dair fikir edinmek igin kullanilabilir. Ornegin, sosyal ag
analizinde bu teknikler, farkli insanlarin birbirine nasil bagl oldugunu ve ag lizerinden bilginin nasil
aktigin1 anlamak ic¢in kullanilabilir. Biyolojide, bu teknikler gen aglarini analiz etmek ve gen
ekspresyon modellerini belirlemek i¢in kullanilabilir. Bilgisayar biliminde, bu teknikler bir bilgisayar
aginin yapisini ve diigiimler arasinda veri aligveriginin nasil yapildigini belirlemek i¢in kullanilabilir.

Ag analizi ve gorsellestirme teknikleri, karmasik sistemleri daha iyi anlamamiza yardimci
olabilecek giiclii araclardir. Bu tekniklerden yararlanarak, aglarin yapisina ve bunlar icinde bilgi
aligveriginin nasil yapildigina dair daha derin i¢goriiler elde edilebilir.

2.4. Ag Analizi ve Gorsellestirme Uygulamalari

Ag analizi ve gorsellestirme, karmasik sistemleri anlamak icin giiclii araglardir. Bir sosyal
agdaki etkili aktorleri belirlemek, farkli veri kaynaklari arasindaki anlamli iliskileri kesfetmek ve
biiyilik veri kiimelerindeki gizli kaliplar1 ortaya ¢ikarmak gibi cesitli sorunlara iliskin i¢goriiler elde
etmek icin kullanilabilirler. Ag analizi ve gorsellestirme, halk saglig1, ekonomi, sosyoloji, bilgisayar
bilimi ve daha fazlasini iceren birgok farkli alana uygulanabilir.

Halk sagliginda, farkli hastaliklar veya saglik durumlar1 arasindaki iliskileri ortaya ¢ikarmak
icin ag analizi ve gorsellestirme kullanilabilir. Bu, arastirmacilarin hastaliklarin altinda yatan
nedenleri anlamalarina ve Onleme veya tedavi i¢in stratejiler gelistirmelerine yardimci olabilir.
Ekonomide, farkli ekonomik politikalarin bir iilke ekonomisi tizerindeki etkisini anlamak i¢in ag
analizi ve gorsellestirme kullanilabilir. Sosyolojide ag analizi ve gorsellestirme, arastirmacilarin
sosyal aglarin yapisini ve i¢inde bireylerin oynadigi rolleri anlamalarina yardimci olabilir.

Bilgisayar biliminde ag analizi ve gorsellestirme, bilgisayar aglarindaki sorunlar teshis etmek,
internetteki kotii niyetli aktorleri belirlemek veya biiyiik veri kiimelerinin yapisini gorsellestirmek
icin kullanilabilir. Ag analizi ve gorsellestirme, farkli veri parcalar1 arasindaki iliskileri
gorsellestirmek veya kullanicilarin biiyiik veri kiimelerini sezgisel bir sekilde kesfetmesine olanak
taniyan etkilesimli gorsellestirmeler olusturmak i¢in de kullanilabilir.

Ag gorsellestirmesinin goriiniimiinii yapilandirmak veya degistirmek i¢in ForceAtlas2Based,
Hrepulsion, Repulsion, Barnes Hut gibi pek ¢ok ozellestirme bulunmaktadir. Bu ¢alismada The
Popular Repulsion Solver ve Barnes Hut Physics modelleri, hiyerarsik olmayan diizenler i¢in en hizl,
varsayilan ve Onerilen ¢oziicii olduklari i¢in tercih edilmistir. Tiim ilag etkilesimi verileri bir Pyvis
Barnes Hut grafigi ile ¢izdirildigi zaman ortaya ¢ikan goriintii Sekil 5’te verilmistir.
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Sekil 5. Barnes Hut Physics Modeli ile tam etkilesim veri kiimesinin ag gorsellestirmesi

Grafikleri agiklayici ve etkileyici bir sekilde sunabilmek igin, veri filtreleme ile daha kiigiik bir
veri seti lizerinde ¢alisilmis ve daha anlasilir olacagi i¢in en fazla ilag etkilesimine sahip oldugu
kesfedilen Amiodarone igin bir Pyvis ag1 (Itme ¢oziicii kullanarak) olusturularak Sekil 6’da
verilmigstir. Buna gore asagidaki gorsellestirme, Amiodarone’nin etkilesimde bulundugu diger 1028
ilag varligi ile ¢evrili merkezi diigim olarak sunmaktadir.

Sekil 6. Amiodarone ilag etkilesimlerinin ag gorsellestirmesi

Statik goriintiilerin 6tesinde, Pyvis gibi Python kitapliklari, ag gorsellestirmesi i¢in oldukca
etkilesimli grafikler olusturmaya imkéan saglamaktadir. Bu grafiklerin yerel Jupyter Notebook gibi
uygulamalarda ve dosyalarda bosta kalmasina izin vermek yerine, baskalarinin etkilesime girmesi
icin onlar1 ¢evrimi¢i dagitmak daha anlamlidir. Pyvis'in 6nemi, gorsellestirmelerin etkilesimli
olmasidir, yani diigiimleri yakinlagtirmak, isaret etmek i¢in fare (mouse) kullanilmaktadir. Etkilesimli
grafikleri deneyimleyebilmek igin https://iuysal1905-streamlit-pyvis-network-app2-
91q9sv.streamlit. app/ adresindeki uygulamadan ilag segmek yeterli olacaktir. Bu uygulamada basit
bir 6rnek ile ilag etkilesimleri grafigi gosterilmis olup ayrica etkilesim tiplerine ve belirli hastaliklara
gore kullanic1 se¢im yaparak ilag etkilesimlerinin ag gorsellestirmesini etkilesimli olarak
gorebilmektedir.

3. BULGULAR VE TARTISMA

Ag gorsellestirmesinden yararlanirken bazen tek bir ilaca bakmak pozitif sonuglar ortaya
cikarmayabilir, bu sebeple biraz daha biiyiik bir veri igeren bir ag da bu ¢aligma kapsaminda ayrica
incelenmistir. Sirastyla diyabet, hipertansiyon ve hiperlipidemi gibi yaygin hastaliklardaki kritik
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rollerine dayanarak daha fazla arastirma yapmak i¢in ti¢ ilag Metformin, Lisinopril ve Simvastatin
secilmigtir. Metformin, Lisinopril ve Simvastatin ilaglarindan en az birini kapsayan etkilesimleri
gormek icin veriler filtrelendikten sonra ortaya ¢ikan grafik Sekil 7°de verilmistir.

Metformin, Lisinopril ve Simvastatin ile ortak etkilesimleri olan farkl ilaglar ag grafiginden
kolaylikla tespit edilebilmektedir. Bu ag grafigi etkilesimli oldugu i¢in ilag etkilesimlerini kesfetmek
de eglenceli bir hal almaktadir. Grafikler ayrintili bir sekilde incelendiginde, 222296 ilactan segilen
ti¢ ila¢ (Metformin, Lisinopril ve Simvastatin) ile de etkilesimde bulunan (yani kenarlar1 olan) 17 ilag
tespit edilmis ve Cizelge 1°de isimleri ile agiklamalar1 verilmistir. Buna gore diyabet, hipertansiyon
ve hiperlipidemi hastaliklar1 i¢in kullanilan Metformin, Lisinopril ve Simvastatin ilaglarinin gt ile
de etkilesim gosteren ilaglar arasinda Methazolamide, Aripiprazole, Arsenic trioxide, Duloxetine,
Verapamil, Tranylcypromine, Clozapine, Ciproflaxacin, Nefazodone, Phenelzine, Trimethoprim,
Tipranavir, Risperidone, Everolimus, Sirolimus, Tacrolimus ve Temsirolimus yer almaktadir. Bu
ilaglar arasinda, bipolar bozukluk, depresif bozukluk, sizofreni, HIV enfeksiyonu, glokom, mesane
enfeksiyonu, hiperkalemi, organ nakli reddi ve renal hiicreli karsinom gibi bir¢ok hastaligin
tedavisinde kullanilmaktadirlar.

Sekil 7. Metformin, Lisinopril ve Simvastatin igeren ilag etkilesimlerinin ag gorsellestirmesi

Cizelge 1. Metformin, Lisinopril ve Simvastatin ile etkilesime giren ilaglar ve agiklamalari

flac Ismi fla¢c Aciklamasi

Methazolamide  Belirli tipte glokomlu (goz tansiyonu) kisilerde goz igindeki basinci (goz
i¢i basinci) diistirmek i¢in kullanilmaktadir. (Jiang ve ark., 2017)

Aripiprazole Sizofreni ve bipolar bozukluk tedavisinde dnerilmekte ve kullaniimektadir.

(Korkmaz ve ark., 2015)

Arsenic trioxide  Son 17 yilda, diinya ¢apinda yiiriitiilen klinik deneyler, tekrarlayan akut
promiyelositik 16seminin (APL) tedavisinde arsenik trioksitin (As203)

etkinligini gostermistir (Emadi ve Gore, 2010).

Duloxetine Major depresif bozuklugunu tedavi etmek igin yaygin olarak
kullanilmaktadir (Qin ve ark., 2023).

Verapamil Hipertansiyon tedavisinde kullanilan Amerika Birlesik Devletleri Gida ve
[lag Dairesi (FDA) onayli bir ilagtir (Kim ve ark., 2023).
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Tranylcypromine Depresif bozuklugun tedavisinde kullanilan ilaglardan biridir (Shrestha ve

Banga, 2022).

Clozapine

Psikiyatrik bir ilag olup zihinsel bozukluklar1 tedavi etmek igin
kullanilmaktadir, ayrica intihar ve kendine zarar verme davraniglarini

azaltabilmektedir (Pruette ve ark., 2023).

Ciproflaxacin

Genis spektrumlu bir antibiyotik olup ¢esitli enfeksiyonlarin ve bakteri
kaynakl1
(Nwabuife ve ark., 2022).

hastaliklarin  tedavisinde yaygin olarak kullanilmaktadir

Nefazodone

Zihinsel bozukluklar1 tedavi etmek i¢in kullanilan antidepresan bir ilagtir

(Kumar ve Jalaluddin, 2022).

Phenelzine

Anksiyolitik 6zelliklere sahip bir antidepresandir (Matveychuk ve ark.,
2022).

Trimethoprim

Hiperkalemiye (kandaki potasyum seviyesinin olmasi gerektiginden daha
yiiksek seviyede olmasi) neden olabilen (Faré ve ark., 2022) ve mesane
enfeksiyon tedavisinde kullanilan diinya c¢apindaki en yaygin bes

antibiyotikten biridir (Annamalai ve Shin, 2022).

Tipranavir HIV enfeksiyonunu tedavi etmek igin kullanilmaktadir (Ezeh ve ark.,
2022).

Risperidone Sizofreni ve bipolar tedavisinde kullanilmaktadir (Kotzeva ve ark., 2023).

Everolimus Immiinsiipresif bir ilag¢ olan Everolimus, nakil alicilarinda organ reddini
onlemek i¢in kullanilmaktadir (Tedesco-Silva ve ark., 2022).

Sirolimus Ozellikle organ nakli reddini engellemek i¢in kullanilmaktadir (Zuccato ve
ark., 2022).

Tacrolimus Ozellikle organ nakli reddini engellemek icin kullanmilmaktadir (Brunet ve
Pastor-Anglada, 2022).

Temsirolimus Sirolimusun bir tiirevi ve 6n ilaci olup bir tiir bobrek kanseri olan renal

hiicreli karsinom tedavisinde kullanilmaktadir (Farley ve ark., 2022).

llag-ilag etkilesimleri, hasta giivenligi ve saglik sonucglar1 iizerinde ciddi etkileri
olabileceginden, saglik sektoriinde dnemli bir sorundur. Mevcut ilaglarin sayisi arttikca, ilag-ilag
etkilesimlerinin karmasiklign da artmaktadir. Ilac-ilag etkilesimlerinin karmasikligim daha iyi
anlamak ve kesfetmek icin ag analizi ve gorsellestirmeyi kullanmak 6nemli bir avantaj olarak
goriilmektedir.

Ag analizi, ilag-ilag etkilesimleri gibi karmasik sistemleri anlamak i¢in giiglii bir aragtir. Ilac-
ilag etkilesimlerini bir ag olarak temsil ederek, farkli ilaglar arasindaki kaliplart ve iliskileri
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belirlemek miimkiindiir. Agin gorsellestirilmesi, potansiyel ilag hedeflerinin belirlenmesinin yani sira
onemli diiglimlerin ve baglantilarin belirlenmesine de yardimci olabilmektedir.

Gorsellestirme, ag analizinin O6nemli bir pargasidir. Agt gorsellestirmek, verileri
anlamlandirmaya yardimci olmakta ve ilag-ilag etkilesimlerinin karmasikligina iliskin ongdriide
bulunmaktadir. Gorsellestirme, agin daha fazla arastirma gerektiren alanlarimi belirlemek icin de
kullanilabilecegi diistiniilmektedir. Ag analizi ve gorsellestirme, belirli bir durumu tedavi etmek igin
kullanilabilecek potansiyel ilag kombinasyonlarini belirlemek i¢in de kullanilabilir. Ag1 analiz
ederek, benzer etkilere sahip olan ve belirli bir durumu tedavi etmek i¢in kombinasyon halinde
kullanilabilecek ilaglar1 belirlemek miimkiindiir.

4. SONUC

llag-ilag etkilesimlerinin karmasikligini kesfetmek igin ag analizi ve gorsellestirme
kullaniminin, ila¢lar ve bunlarin viicut iizerindeki etkileri arasindaki karmasik iliskileri anlamak i¢in
giiclii bir ara¢ oldugu kanitlanmistir. Ag analizi ve gorsellestirme, verilerin gorsel bir sunumunu
saglayarak, arastirmacilarin ve klinisyenlerin potansiyel ila¢ etkilesimlerini belirlemesine ve ilag-ilag
etkilesimlerinin hasta sonuglari tizerindeki etkilerini daha iyi anlamalarina yardimer olabilir. Bu
yaklagim, potansiyel biyobelirtegleri ve terapotik hedefleri belirlemek i¢in de kullanilabilir ve ilag
kesfi ve gelistirmesi i¢in degerli bir kaynak saglar. Nihayetinde ag analizi ve gorsellestirme, hasta
giivenligini artirmak ve terapotik sonuglart optimize etmek i¢in kullanilabilir.

llag-ilag etkilesimleri, saglik sektoriinde ciddi bir sorundur ve hasta giivenligi ile saghk
sonuclar1 iizerinde olumsuz etkilere sahip olabilir. Bu nedenle, ilag-ilag etkilesimlerinin
karmasikligin1 anlamak ve kesfetmek icin ag analizi ve gorsellestirme kullanmak onemli bir
avantajdir. A analizi, ilag-ila¢ etkilesimlerinin karmasik sistemlerini anlamak i¢in giiclii bir aragtir.
Ilag-ilag etkilesimlerini bir ag olarak temsil ederek, farkli ilaglar arasindaki kaliplar1 ve iliskileri
belirlemek miimkiindiir. Agin gorsellestirilmesi, potansiyel ilag hedeflerinin belirlenmesinin yani sira
onemli diigiimlerin ve baglantilarin belirlenmesine yardime1 0lmaktadir. Gorsellestirme, ag analizinin
onemli bir parcasidir. Ag1 gorsellestirmek, verileri anlamlandirmaya yardimer olmakta ve ilag-ilag
etkilesimlerinin karmasikligina iliskin 6ngoriide bulunmaktadir. Gorsellestirme, agin daha fazla
arastirma gerektiren alanlarini belirlemek icin de kullanilabilecegi diisliniilmektedir. Bu ¢alismada
sunulan ag analizi ve gorsellestirme yaklagimi, belirli bir durumu tedavi etmek i¢in kullanilabilecek
potansiyel ilag kombinasyonlarini belirlemek i¢in de kullanilabilir. Ag1 analiz ederek, benzer etkilere
sahip olan ve belirli bir durumu tedavi etmek icin kombinasyon halinde kullanilabilecek ilaglari
belirlemek miimkiindiir. Sonug olarak, ilag-ilag etkilesimleri karmasik bir problem olmasina ragmen,
ag analizi ve gorsellestirme gibi teknolojilerle ¢oziilebilecek bir problem oldugu 6ngoriilmektedir. Bu
yaklagim, ila¢ etkilesimleri hakkinda daha fazla bilgi edinmek ve hastalarin giivenligi ve saghk
sonuglart tizerindeki olumsuz etkileri en aza indirmek i¢in saglik sektorii icin 6nemli bir aragtir.

Bu calismadaki sistem, ilag-ila¢ etkilesimlerini anlamak i¢in kullanilan ag analizi ve
gorsellestirme yontemlerini kullanarak potansiyel ilag kombinasyonlarini belirleyebilir. Bu
potansiyel ila¢ kombinasyonlari, veri madenciligi veya yapay zekd algoritmalar1 gibi diger
teknolojiler tarafindan kullanilabilir. Ornegin, veri madenciligi algoritmalari, biiyiik miktarda ilac-
ilag etkilesimi verisini analiz ederek, ilag kombinasyonlarinin etkililigini veya yan etkilerini tahmin
edebilir. Bu veriler ayrica yapay zeka algoritmalar1 tarafindan kullanildiginda belirli bir hastaligi
tedavi etmek i¢in en iyi ila¢ kombinasyonu belirlenebilir. Bu nedenle, ilag-ilag etkilesimleri tizerine
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yapilan ag analizi ve gorsellestirme ¢aligmalari, diger teknolojiler i¢in 6énemli bir kaynak olabilir ve
potansiyel olarak daha iyi tedavilerin gelistirilmesine katkida bulunabilir.

Calismanin smirlilik olan gériilen bir yan1 oldugu diisiiniilmektedir. Ilac etkilesimlerinin farkli
siddet dereceleri (kiiglik, orta, biiyiikk vb.) bulunmaktadir. Bu durum, veri eksikligi nedeniyle
aciklanamamistir. Kenarlarin degisen siddeti yansitacak sekilde gesitli degerlerinin olmasi i¢in bu
veriyi bulup dahil etmek gerekecektir. Gelecek galismalarda bu durum goz 6niine alindig1 zaman daha
giizel sonuclar ve calismalar ortaya ¢ikacagi diistiniilmektedir.

5. CIKAR CATISMASI

Yazarlar, bilinen herhangi bir ¢ikar ¢atismasi veya herhangi bir kurum/kurulus ya da kisi ile
ortak c¢ikar bulunmadigini onaylamaktadirlar.

6. YAZAR KATKISI

Utku KOSE ¢alismanin kavramsal ve tasarim siireglerinin belirlenmesi ve yonetimi, son onay
ve tam sorumluluk kisminda, ilhan UYSAL ise veri toplama, veri analizi, yorumlama, son onay ve
tam sorumluluk kisminda katkida bulunmuslardir.
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OZET: Her tiirlii kullaniciya hitap edecek ara yiiz ile kullanim kolaylig1 saglayan fonksiyonel bir
akilli masa saati bu galismada gerceklestirilmistir. Akilli masa saati zaman1 analog/dijital gdstermenin
yaninda sicaklik, nem, hava kalitesi gibi bulundugu ortamla ilgili kullaniciya bilgi vermektedir.
Sensorlerden gelen verilerin sinir degerlerin digina ¢ikmast durumunda sesli ikaz vermenin yaninda
TFT ekranda da durumun ayrintili bilgisi gosterilmektedir. FM radyo ve MP3 modiilleri sayesinde
dijital bir radyo ile MP3 calarin bir¢ok 6zelligi akilli masa saatinde bulunmaktadir. RTC modiilii ve
batarya kullanimiyla elektrik kesintisi durumunda ayar gerektirmeden saat, giin, ay ve yil bilgisi TFT
ekranda kullaniciya sunulmaktadir. Hastalar i¢in olusturulan ilag¢ takip ara yiizii ile ayarlanan ilag¢
kullanim zamanlar sesli ikaz ile kullaniciya bildirilmekte, onay alinmamasi durumunda bu bilgi SD
karttaki ilgili dosyada kayit altina alinmaktadir. Gerek hasta gerekse ilaglar i¢in ortam sicaklik ve
nem parametreleri siirekli kontrol edilmektedir. Gorme engeli veya zorlugu olan bireyler i¢in
bluetooth modiilii ile TFT ekrandan yapilacak ¢ogu islemin Android igletim sistemine sahip bir cep
telefonu/tablet vasitasiyla sesli olarak yapabilmesi imkani sunulmaktadir. Akilli masa saati modiiler
bir yapiya sahip oldugundan yaziliminda giincelleme yapilarak yeni donanimlar kolayca
eklenebilmektedir.
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Multifunctional Smart Table Clock

ABSTRACT: A functional smart clock that provides ease of use with an interface for all users has
been realized in this study. Besides displaying time as analog/digital, the smart clock gives
information to users about the environment such as temperature, humidity and air quality. In case the
sensors’ data is out of the limit values, detailed situation information is also shown on the TFT screen
besides giving an aural warning. Many features of a digital radio and MP3 player are available in the
smart clock with FM radio and MP3 modules. With the use of RTC module and battery, time, day,
month, and year information is presented to the user on the TFT screen without to need any adjustment
in case of blackout. With a drug tracking interface created for patients, set usage times are notified to
the user with an aural warning, and if approval is not received, this information is recorded in the
relevant file on SD card. Ambient temperature and humidity parameters are kept under constant
control for both patients and drugs. For people that blind or have visual impairments, the Bluetooth
module provides an opportunity to perform most operations on TFT screen with a voice via a mobile
phone/tablet with an Android operation system. Since smart clock has a modular structure, new
hardware can be easily added by updating its software.

Keywords: Smart clock, Arduino, Module, Monitoring, Environment

1. GIRIS

Glinlimiizde saatler zamani gostermenin yaninda kullaniciya bir¢ok ek fonksiyon sunmaktadir.
Khan ve ark. (2012) iki adet PIC mikro kontrolor, RTC modiili, LM35 ve yedi parcali gosterge
kullanarak zamani, tarihi ve sicakligi gosteren diisiik maliyetli akilli ¢ok amaclh dijital saat
tasarlamiglardir. Sundaresan ve ark. (2014) Atmega8A mikro kontrolér ve DS1307 RTC tabanl
diisiik maliyetli akilli uzaktan kontrol edilebilen dijital saati dizayn etmislerdir. Akilli saat zamant,
tarihi, sicaklig1 ve 151k siddetini LCD’de gosterdigi gibi gece lambasi, bazer sesi ve yangin sensorii
ozelligine de sahiptir. Gerekli ayarlamalar saat {lizerindeki butonlar ve uzaktan kumanda ile
yapilabilmektedir. Drabek ve ark. (2016) hareket sensorii ile toplanan viicut hareket bilgilerini
kullanilarak uyku kalitesini belirleyen akilli bir Arduino alarm saati tasarlamislardir. Uyku evrelerinin
belirlenmesinde hareket sensorii bilgisinin yaninda sicaklik, nem ve aydinlik seviyesi bilgilerini de
kullanmiglardir. Kumar ve ark. (2018) kisiyi uyandirmak i¢in giin dogumu simiilasyonu yapan, kahve
aromas! lreten, kullanicinin sectigi miizigin tonunu arttirarak c¢alan, hava tahmin bilgileri veren,
hatirlaticilar ayarlama imkani sunan Arduino Uno tabanli bir akilli ¢alar saatin yapimi ve ¢aligmasi
icin yeni bir yontem Onermislerdir. Nesnelerin internetinin uygulandigi akilli duvar saati zamani
gostermenin yaninda wi-fi modiilii tizerinden internete baglanarak evin giivenligini de saglamaktadir.
Saate entegre edilmis mikrodalga radar sensorii sayesinde kimligi dogrulanmamis kisinin hareketi
algilanarak 6nceden tanimlanmig adreslere/kisilere durumla ilgili aninda bilgi verilmektedir (Thakur
ve ark., 2020). Wen ve Zheng (2021) AT89S52 tek ¢ip mikro bilgisayar, DS12C887 saat ¢ipi, 2x16
LCD ve DSI8B20 sicaklik sensorii kullanarak zamani, tarihi ve sicakligi gdsteren yiiksek
performansa sahip akilli saat tasarlamiglardir. Mandula ve ark. (2015) ev otomasyonuna yonelik
olarak yaptiklar1 calismada Arduino Uno kartina bagli olan elektrikli cihazlar1 bluetooth ve ethernet
modiilleri araciligiyla cep telefonuyla kontrol etmiglerdir. Husain ve ark. (2016) havadaki zararl gaz
ve toz miktarin1 bluetooth modiilii iizerinden cep telefonuna gondererek takibini yapabilen
bilgisayarda da izlenebilen bir sistem tasarlamiglardir. Ahasan ve ark. (2018) Arduino tabanli hava
kalitesi sensorii kullanan hava kirliliginin tespiti tizerine ger¢ek zamanl sistem tasarlamislardir. Saon
ve ark. (2014) yaptiklar1 calismada Arduino Mega kontrol karti ve DHT11 sensoriinii kullanarak ilag
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deposunun sicaklik ve nem seviyesini 6l¢miislerdir. Olgiilen veriyi XBee modiilii iizerinden transfer
eden kablosuz veri toplama sistemi gelistirmislerdir. Oter ve ark. (2016) tasinabilir bir parmak ucu
nabiz Olcer cihazin1 PIC16F877 mikrodenetleyicisi ve CNY70 sensorii kullanarak tasarlamiglardir.
Bhati ve ark. (2017) yaptiklar1 ¢alismada unutkanlik yasayan ve yasl hastalar i¢in ila¢ saatini
hatirlatan, i¢ecegi ilacin bulundugu bélmenin ledini aktif ederek gosteren bir sistemi Arduino tabanl
olarak gerceklestirmislerdir. Parihar ve ark. (2017) ger¢ek zamanli olarak hastanin saglik durumunu
gosteren kalp atis1 ve sicaklik bilgisini uzaktan izlenme imkani1 veren Arduino tabanli bir sistem
tasarlamiglardir. Basyal ve ark. (2018) yaptiklar1 ¢alismada sistemlerine baglh ekipmanlarin kontroli
icin sesli komutlar1 Android tabanli cep telefonundaki yazilim ile metne doniistiirmiis ve sisteme
bluetooth modiilii tizerinden gondermislerdir. Sathvik ve ark. (2018) hasta ve yasli insanlarin kalp
atis hizinin ve viicut sicakliginin gergek zamanli takibini yapan ve anormal bir durumda GSM modiili
vasitasiyla ilgililere mesaj atan bir sistem tizerine ¢alismislardir.

Bu ¢alismada ¢ok fonksiyonlu akilli masa saati gelistirilmistir. Gelistirilen saat ile kullanici saat
bilgisinin yaninda tarih, ortamin sicaklik, nem, aydinlik diizeyi, hava kalitesi, gaz sizintis1 gibi
bilgileri de kolayca elde edebilmektedir. Ortamla ilgili parametrelerin sinir degerlerin digina ¢ikmasi
durumunda sesli ve TFT ekranda yazili ikaz verilmektedir. Kullanict hem gelistirilen saat tizerindeki
dokunmatik ekran ile hem de Android tabanli cep telefonu/tablet iizerinden sesli olarak saati kontrol
edebilmektedir. Hasta/yasli kisiler icin ilag, nabiz ve ates takip sistemi de mevcuttur. Réle modiilii ile
saatin bulundugu ortamdaki 4 adet lamba/isitici/fan gibi cihaz ve ekipmanlarin kontrolii
yapilabilmektedir. Kapsamli radyo ve MP3 calar ara yiizleri mevcuttur. Hesap makinasi alt mentisii
ile hesaplamalar kolayca yapilabilmektedir. Fotograf goriintiileyici sayesinde SD karttaki fotograflar
TFT ekranda goriintiilenebilmektedir.

2. MATERYAL VE YONTEM

Akillt masa saatinde kullanilan ekipmanlar ve gorevleri Sekil 1’deki semada ayrintili olarak
gosterilmistir. Kontrol kartt Arduino Mega’nin yaziliminda ve programlanmasinda Arduino IDE
programi kullanilmistir. Bu sayede kullanicinin kodlar iizerinde kolayca degisiklik yapabilecegi ve
yeni donanimlar/meniiler ekleyebilecegi wuyarlanabilir ¢ok fonksiyonlu akilli masa saati
tasarlanmistir.

2.1 Materyaller

Sistemin kontrolii Atmega2560 tabanli mikro denetleyici bulunan Arduino Mega 2560 R3 kart1
ile gerceklestirilmistir. Kartta 15'1 PWM ve 16’s1 analog giris 6zelligine sahip olan toplamda 54 dijital
girig/¢ikis pini bulunmaktadir. Mikro denetleyicinin flash bellegi 256KB, SRAM’1 8 KB ve EEPROM
4 KB hafizaya sahiptir (Anonim 2023). Yapilacak uygulama i¢in yeterli diizeydedir.

Akilli masa saati i¢in 2.4" diyagonal 320x240 piksele sahip TFT LCD rezistif dokunmatik ekran
kullanilmistir (Anonim 2023a). Ekran renk ¢oziiniirliigii 18 bit olup 8 bit dijital arayiize sahiptir.
Ekran altindaki mikro SD kart yuvasina takili olan kart sistemle ilgili durumlar1 kaydetmek ve
fotograflar1 saklamak i¢in kullanilmistir.

Saat ve tarih bilgilerinin hassas bir sekilde ayarlanmasi ve enerji kesilmesi durumunda yeniden
ayarlamaya gerek duyulmamasi i¢in Tiny RTC modiilii kullanilmistir. RTC modiilii, I2C haberlesme
ozelligine sahip olup DS1307 clock ¢ipi tabanlidir (Anonim 2023b). DS18B20, One-Wire haberlesme
protokoliinii kullanan, yiiksek hassasiyetli dijital sicaklik sensoriidiir. -55 °C ile +125 °C araligindaki
sicakliklar1 £0.5 °C hata payiyla 6lgebilmektedir (Anonim 2023c¢). Besleme girisi ile veri 6l¢iim girisi
arasma 4.7 kQ degerinde diren¢ baglanarak kullanilmstir.
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Sekil 1. Akilli masa saati blok semasi

Ortamin sicaklik ve nem bilgisinin tespiti i¢in DHT22 dijital ¢ikish sicaklik sensorii
kullanilmistir. 8 bit mikroislemci tabanli olup hizli tepki vermektedir. -40 ile +80 °C araliginda +1
°C hata ile sicaklik 6lgen birim, 0-100% RH araliginda +5 % hata ile nem 6lgtimii yapabilmektedir.
Sensoriin 6rnekleme zamani 2 sn.’dir (Anonim 2023d).

MP3 calar modiilii olarak UART seri iletisim protokoliinii kullanan DFPlayer mini modiilii
tercih edilmistir. Modiiliin dahili hafizas1 olmayip iizerinde mikro SD kart yuvasi bulunmaktadir.
Micro SD kart FAT16 veya FAT32 olarak formatlanmali ve icerisindeki dosyalar MP3, WAV ve
WMA formatinda olmalidir. Modiildeki USB cikiglarina baglanan soket ile USB bellekteki miizik
dosyalarini da ¢aldirilabilmektedir (Anonymous 2023).

Radyo modiilii olarak yiiksek duyarlilikli, diisiik gii¢ tiiketimli, I2C seri haberlesme 6zelligi
olan FM stereo radyo alict modiili RDAS5807M kullanilmigtir. 87.5-108.5 MHz band araliginda
yayinlar1 almaktadir.

Ortamin aydinlik seviyesi tespiti i¢in LDR kullanilmigtir. MQ-135 hava kalitesi sensorii
ortamdaki NH3, NOx, alkol buhari, benzen, duman ve CO2 gazlarinin miktarini dlger. Havadaki gaz
konsantrasyonuyla orantili analog gerilim ¢ikis1 vermektedir (Anonim 2023e).

Nabiz 6l¢iim i¢in KY-039, parmak nabiz modiilii kullanilmistir. Sensor tizerinde kizil6tesi led
ve alict bulunmaktadir. Sinyal pininden gelen veriler kontrol karti tarafindan islenerek, nabiz 6l¢timii
gergeklestirilmektedir (Anonim, 2023f). Ates 6l¢iimii icin ise LM35 analog ¢ikish sicaklik sensorii
tercih edilmistir. Cikis gerilimindeki her 10mV’luk degisim 1 °C sicaklik degisimine karsilik
gelmektedir. 55 °C ile +150 °C araliginda sicaklik 6l¢iimii yapmaktadir (Anonim 2023g).
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4 kanal role karti 5V ile kontaklarin kontrol edilebildigi, mikro denetleyiciler ile
kullanilabilmektedir. 30V DC veya 220V AC gerilimde 10A'e kadar akim g¢ekebilen cihazlari
kontroliinii gergeklestirir. Her bir rolenin ¢alisma durumu kart {izerindeki ledler ile gozlemlenir.

HC-05 Bluetooth modiilii kablosuz seri haberlesme uygulamalari i¢in tasarlanmistir. Diger
bluetooth modiillerinden farkli olarak master modunu da desteklemektedir. Modiil Bluetooth 2.0t
desteklemekte, 2.4GHz haberlesme frekansi ile agik alanda yaklagik 10 m haberlesme mesafesine
sahiptir (Anonim 2023h). Bluetooth modiilii ile sistem kablosuz olarak Android tabanli cep
telefonu/tablet lizerinden kontrol edilebilmektedir.

2.2 Metot

Cok fonksiyonlu akilli masa saati yapiminda kullanilacak olan her bir donanimin ayarlari
oncelikle Arduino IDE programi ile gerceklestirilmistir. Modiillerden gerekli verilerin alinmasi ve
ayarlanmasi i¢in TFT ekranda ara yiizler olusturulmustur. Tiim yazilimlar birlestirilerek ana yazilim
programi elde edilmistir. Ekran1 silme komutu olmadigindan ara yiiz olusturulurken piksele uygun
rengin atanmasina dikkat edilmelidir. TFT ekrana c¢izilen sekillerde karisikligi engellemek icin
kolaylik agisindan AutoCAD programu ile ara yiiziin iskeleti ¢ikartilmistir. Gerekli koordinat bilgileri
alinarak temel ¢izim komutlar1 yardimiyla ara yiiz olusturulmus ve renk atamasi yapilarak mentiler
elde edilmistir.

(a) (b)
Sekil 2. Analog/dijital saat (a) ve ayar (b) arayiizleri

Ana kontrol kartina enerji verildiginde ekranda ilk olarak Sekil 2° deki saat/tarih/sicaklik
bilgileri bulunan saat ara yiizii goriilmektedir. Saat ayar ekranina beyaz daire simgesi tiklanarak
gecilmekte ve istenen alan seg¢ilip yukari/asagi ok simgeleriyle yapilan ayarlamalar AYARLA butonu
ile giincellenmektedir (Sekil 2 (b)). Enerji kesintisi durumunda RTC modiil pil tizerinden beslenerek
caligmasin siirdiirdiiglinden saatin ayarlanmasi gerekmemektedir. Alarm fonksiyonu benzer sekilde
ayarlanarak kirmizi kare ile aktif hale getirilir ve kare yesil renge doniisiir. Alarmin sesli uyarisi
ekrana dokunulup iptal edilene kadar giderek siddetini arttirmaktadir. Sekil 2 (b)’deki ekrandan saat
ekranina doniis beyaz daire ile ve ana meniiye gecis ev simgesi ile yapilmaktadir. Ana meniideki alt
meniilere ge¢is TFT ekrandaki dokunmatik diigmelerle saglanmaktadir (Sekil 3). Farkli yas
gruplarindan kullanicilarin tercih edebilecegi meniiler eklenmistir. Kullanic istege bagl olarak kendi
mendiilerini de kolayca olusturabilecektir.
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Sekil 3. Ana menii ekrani

RDAS5807M radyo modiiliiniin tiim ozelliklerinin kolay kullanimini saglayan bir ara yiiz
Sekil 4 (a)’da ki gibi tasarlanmistir. Sesin stereo/mono segimi, sesi kapatma, bass kontrolii, mevcut
frekans1 ekranda gosterme, otomatik bir sonraki/dnceki kanali bulma, frekansi artirma/azaltma, ses
artirma/azaltma ve istenilen 5 radyo kanalina ait frekans bilgilerini hafizada tutma, enerji kesintisi
durumunda son dinlenen radyo frekansini hafizada tutarak tekrar ayni frekansta agilma gibi
ozelliklere sahiptir. Kanal kaydetmek i¢in yesil daire ile kayit kismina gecilmektedir. Kanal se¢imi
<s ve s> ile gergeklestirmekte ve istenen m. kismina 5 sn. basildiginda yesil daire kirmizi renge
doniisecek ve radyo kanali segilen m. hafizaya kaydedilecektir. Radyo kanalinin RDS o6zelligi
mevcutsa bilgileri frekans ekranin lizerine yazdirilmaktadir (Sekil 4 (a)).

(@) (b)
Sekil 4. FM radyo (a) ve MP3 calar (b) ara yiizleri

DFPlayer mini MP3 modiilii i¢in tasarlanan ara yiliz bir MP3 calarin tiim 6zelliklerini
barindirmaktadir. Sekil 4 (b)’deki ara yiiz ile sarkilarin depolandigi yerin (SD kart veya harici USB
bellek) secimi, 6 farkli ekolayzir segenegi, rastgele parca ¢calma veya ayni pargayi/ klasorii stirekli
calma secgenekleri mevcuttur. Parca ¢calmay1 baslatma sonraki /6nceki pargayr segme calan parcayi
durdurup daha sonra kaldig1 yerden devam etme, ses seviyesi ayart, sesi kapatma imkéani kullaniciya
sunulmaktadir.

Ortam bilgisi i¢in Sekil 5’teki ara yiiz olusturulmustur. Olgiilen havanin nem miktar1 %,
sicakl1g1 °C ve ortamin aydinlik seviyesi liix biriminde ekranda gosterilmektedir. Ayrica ortamin hava
kalitesi ile ilgili durum bilgisi detayl1 olarak ekrana yazdirilmaktadir.
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Sekil 5. Ortam ara yiizii

Saglik alt meniisiinde nabiz ve ates Sl¢iimii icin Sekil 6°daki ara yiiz hazirlanmistir. Olgiilen
nabiz/ates bilgisi sinir degerlerin disina ¢ikarsa ilgili kismin rengi kirmiziya donerken sesli ikaz
verilmektedir. Anormal durumlar TFT ekrandaki mikro SD kart icerisine tarih/saat/6l¢iim degeri ile
kaydedilmektedir. Degerler normale dondiigiinde sesli ve gorsel uyar1 kalkmaktadir.

Sekil 6. Saglik ara yiizii

Saglik alaninda bir tedavi yOnteminin basarisiz olmasinin en yaygm nedeni, hastanin
ilacini/ilaglarin1 dogru doz ve zamanda almamasidir (Solanki ve Zope, 2018). Giiniimiizde dogru doz
ve zamanda ila¢ kullanimi i¢in hatirlatict akill ilag kutular1 gelistirilmistir. Cok fonksiyonlu akilli
masa saatinde ilag takip ara yiizii de bulunmaktadir. ilag takip sistemi ara yiizii Sekil 7°de verilmistir.
Ara yiizdeki beyaz daire ile saat ara yiiziine, beyaz ev simgesi ile ana meniiye ge¢is yapilmaktadir.
Giin igerisinde 12 farkli ilag alimi alarmi ayarlanabilmektedir. [lag zamani ayarlamast i¢in saat/alarm
strast/ilag tiirti/alarm tipi kisimlarindan birine dokunarak se¢me islemi yapilip +/- tuslar ile ayarlar
yapilir. Gerekli tiim ayarlar yapildiktan sonra Onay Ekle tusuyla ilgili alarm sirasina atama islemi
gerceklestirilir. Alarm olarak bazer sesli ikaz secilebilecegi gibi mp3 modiiliine kaydedilmis ses
dosyasindan alinacak ila¢ ve kullanim bilgisi de kullanilabilmektedir. Alarm siralarinin yanindaki
kutu secildiginde eger renk mavi olursa aktif eger renk kirmizi ise pasif olma durumunu
gostermektedir. Glinliik degil giin asir1 veya farkl glinlerde kullanilacak ilaglar i¢in ikinci bir ekran
ilave edilerek tarihe bagli ayarlamada yapilabilir.
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Sekil 7. ilag takip ara yiizii

Ilag alarm zamam geldiginde akill1 saatte ekrana Sekil 7°deki gibi 2 sn. araliklarla uyar1 yazisi
gelmekte ve sesli ikaz yapilmaktadir. Kullanici tarafindan ekrana dokunularak alarm iptal edilmezse
5 dk. araliklar ile 1 saate kadar tekrarlanmakta ve SD karta alinmayan ilacin tarih/saat/ilag tiirii
kaydedilmektedir. ila¢ alim zamanlar1 ve bilgileri EEPROM hafizada tutuldugundan sistemin
beslemesi kesilse dahi veriler silinmemektedir.

Ana meniiye her tiirli kullanicinin temel hesaplarint gergeklestirebilecek diizeyde bir hesap
makinasi da eklenmistir. Hesap makinasi ekranina dokunularak ana meniiye gecis yapilir (Sekil 8).

Sekil 8. Hesap makinasi ara yiizii

Ana meniiden fotograf alt meniisii tiklandiginda SD kat igerisine .bmp uzantili kaydedilen
320x240 boyutundaki fotograflar 10sn araliklarla ekrana gelmektedir. Sekil 9°daki gibi ekranda
fotograf gosterilirken ekranin herhangi bir noktasina dokunuldugunda fotograf alt meniisiinden ana
meniiye ge¢is yapilmaktadir.

Sekil 9. TFT ekranda fotograf gdsterimi
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Cok fonksiyonlu akilli masa saatini Android tabanli cep telefonu/tablet lizerinden bluetooth
modiilii ile uzaktan kontrolii i¢in {icretsiz olan Bluetooth Electronics uygulamasi kullanilmigtir
(Anonymous 2023a). Bluetooth Electronics uygulamasinin kiitiiphanesinden ilgili elemanlart alip
kontrol arayiizii Sekil 10 (a)’daki gibi olusturulmustur. Ozellikle yash insanlar i¢in tasarlanan bir ara
yiiz olup 5V ile ¢alisan 4’lii r6le kartinin kontrolii gergeklestirilmektedir. Role 1 sisteme enerji
verip/kesme islemini gergeklestirmektedir. Odadan c¢ikarken tiim ekipmanlardaki enerjinin
kesildiginden emin olmak i¢in boyle bir islem diistiniilmiistiir. Role 1 aktif degilse diger rolelere enerji
uygulanamayacagindan cihazlar devre dis1 kalacaktir. Réle 2 odanin lambasini kontrol ederken, Role
3 odadaki 1siticiy1 ve Role 4’te havalandirma (fan) sistemini kontrol etmektedir. Olusturulan ara
yiizde her bir role i¢in bir anahtar ve bir gosterge amagli renkli lamba tercih edilmistir. Enerji anahtari
acildiktan sonra tizerindeki lamba yanar ve sisteme enerji verilir bundan sonra diger ekipmanlarin
anahtar1 agilirsa ekipmanlar ¢alismaya baslar, Calisir durumda olan ekipmana ait led role kartinda
gorsel olarak bilgi vermektedir (Sekil 10(b)).

Enerji Lamba Isitict Havalandirma

(@) (b)
Sekil 10. Cihaz kontrolii i¢in olusturulan ara yiiz (a) ve role kontrol kart1 (b)

Cok fonksiyonlu akilli masa saati tizerindeki TFT ekrandan kontrol i¢cinde asagidaki ara yiliz
olusturulmustur. Tlgili ekipman/cihaz devre dis1 ise iizerindeki lamba siyah, devreye alindiginda ise
kirmizi yanmaktadir (Sekil 11). Ekipman/cihazin devrede olup/olmamasi durumu EEPROM
hafizasinda saklandigindan Android cihaz veya saat iizerinden gergek zamanl olarak giincel ¢ikis
bilgilerine ulagilmaktadir.

Sekil 11. Cihaz kontrol ara yiizii

Role kartinin ve tiim sistemin kontrolii ses komutlariyla da gerceklestirilebilmektedir. Bunun
icin Arduino Voice Control uygulamasinin cihazda kurulu olmasi yeterlidir. Connect butonuna
basildiginda agilan bluetooth baglanti ekran1 (Sekil 12) bluetooth modiiliit HC-05 se¢ilmektedir.
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Sekil 12. Arduino Voice Control program baglanti ekran

Bluetooth baglantis1 durum kismindan gozlemlenebilmektedir. Internet baglantist mevcutken
s0zli komut iletimi mikrofon butonuna basilarak saglanmaktadir. Algilanan komutlar hem ekrana
yazilmakta (Sekil 13) hem de iletilmektedir. Uygulama araciligiyla sesli komutlar yaziya
doniistiiriilerek bluetooth modiilii tizerinden seri haberlesme ile kontrol kartina aktarilmaktadir. Role

bR AN1Y 99 ¢¢

cikislarinin kontrolii i¢in gegerli sesli komutlar “enerji a¢”, “enerji kapa”, “lamba ag¢”, “lamba kapa”,

99 ¢ b 1Y

“is1tic1 ag”, “isitict kapa”, “fani a¢g”, “fan1 kapa” olarak tanimlanmustir.

CONNECT DISCONNECT LANGUAGE

Status : Connected Lana : tr

4

enerji kapa

I

Sekil 13. Arduino Voice Control konusma ve algilama

3. BULGULAR VE TARTISMA

Cok fonksiyonlu akilli masa saatinde kullanilan tim ekipmanlarin bir araya getirilmesiyle
olusturulan prototip Sekil 14’te verilmistir. Goriilldiigii gibi sistem kolayca bir {irline
doniistiiriilebilecektir. Prototipte gdziiken Arduino Uno kartinin sadece 5V ve 3.3V c¢ikislar
donanimlarin beslenmesinde kullanilmistir. Gelistirilen akilli masa saatinin fonksiyonlari/6zellikleri
detayli olarak Cizelge 1’de verilmistir.
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Sekil 14. Cok fonksiyonlu akilli masa saati prototipi

Cizelge 1. Akilli masa saatinin fonksiyonlari ve dzellikleri
Saat Fonksiyonlari Ozellikleri

Saat » Analog ve dijital saat gosterimi » Ay/Giin/Y1l olarak tarih gosterimi
» Ortam sicaklik bilgisi gdsterimi » Alarm
» Stereo/Mono ses segimi » Sessiz mod
Radyo > Bass ko_ntrolii » Kanallar1 hafizaya alma
» Otomatik kanal arama > Manuel kanal arama
» RDS modu
MP3 » SD kart/USB’den sarki ¢alma » Rastgele par¢a ¢alma
» Ekolayzir » Parca/dosya dongiiye alma
» Ortamin sicaklik bilgisi »  Ortamin nem bilgisi
Ortam » Ortamin Aydinlik diizeyi »  Ortamin hava kalitesi
» Anormal durum gozlemlendiginde sesli ikaz
Saghk » Nabiz olgiimii B > Viicut sicaklik dlgtimii
» Anormal durumda sesli ikaz » Ol¢iim degerlerini saklama
flag Takip > llag tiirii/alim zamani ayar1 > Ikaz tipi segimi
» Sesli ve gorsel ikaz » llag kullanim bilgilerini saklama
Hesap Makinas1 » Dort i_slem > Kare alma
» Cos/Sin/Tan hesaplama
Cihaz kontrol » TFT ekrandan kontrol » Android cihaz ile sesli kontrol
» 4 adet role ¢ikisi lizerinden cihaz kontrolii.  » Android cihaz ile arayiizden kontrol
Fotograf » 320x240 ya da 240x320 boyutunda fotograf gosterimi
» SD Kkarttaki fotograflart 10sn araliklarla oynatma

Akillr saatler ile ilgili olarak literatiirde yapilan c¢aligmalar incelenmis olup kullanilan
mikroislemci ve 6zellikleri bakimindan karsilastirmasi Cizelge 2’de verilmistir.
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Cizelge 2. Literatiir calismalarinin karsilastiriimasi

Kaynaklar Mikroislemci Ozellikleri
Khan ve ark. (2012) 16F877A Yedi pargali gdstergede zaman, tarih ve sicaklik gdsterimi
Sundaresan ve ark. Atmega8A Zaman, tarih, sicaklik ve 11k siddetini LCD’de gosterme, gece lambasi,

(2014) yangin algilama ve bazer sesi ile ikaz, uzaktan kontrol

ATmega2560  Zaman, hareket, sicaklik, nem ve aydinlik seviyesi bilgilerini kullanarak

Drabek ve ark. (2016) (Arduino Mega) uyku kalitesini belirleme

Atmega328P Giin dogumu benzetimi, kahve aromasi, tonu degisen miizik ile alarm,

Kumar ve ark. (2018) (Arduino Uno)  hava tahmini, hatirlatici

LX6 (ESP32) Zaman gosterimi, hareket algilama ve wi-fi modiil iizerinden internet

Thakur ve ark. (2020) erisimi ile evin giivenligini saglama

Wen ve Zheng (2021) AT89S52 Zaman, tarih ve sicaklik bilgilerinin LCD’de gésterimi

Hama Rawf ve Atmega328P Buton/sesli komut ile zamani sorgulama sonucunda sesli olarak zaman
Abdulrahman (2022) (Arduino Uno)  bilgisini kullaniciya iletme ve ekranda zaman/tarih bilgisini gosterme
Kwansomkid ve ark. Xtensa LX106 Etkili uyku sagligini ayarlama, Bylink tabanli olarak sensor verilerinin

gOsterimi/sistemin kontroliinii akilli telefon uygulamasi iizerinden

(2023) (ESP8266) gergeklestirme

Zaman, tarih, sicaklik bilgilerini TFT dokunmatik ekranda gosterme,
alarm, radyo ve MP3 ¢alar, bulundugu ortamin sicaklik, nem, aydinlik
diizeyi ve hava kalitesini dlgme, bireyin viicut sicakligi ve nabiz

ATmega2560  dl¢liimiinii yaparak gozetim altinda tutma, ilag kullanimi hususunda

(Arduino Mega) bireyi alinacak ilag ve zamani hakkinda ikaz ederek takibini yapma,
ortamda bulunan cihazlarin kontroliinii yapma, SD karta kayith
fotograflar: belirli araliklarla gosterme, temel islevleri gergeklestirecek
hesap makinasi fonksiyonu

Bu ¢aligmada

Giliniimiizde dijital saatler mekanik saatlere gore yiiksek dogruluk ve dayanikliliga sahip
oldugundan daha ¢ok tercih edilmektedir. Tasarlanan saat degerlendirilmesi agisindan ergen, geng,
orta yas, yaslt olmak iizere her bir yas grubundan 3 bireye kullandirilmistir. Kullanim kolayligi,
icerdigi 6zellikler ve performans acisindan olumlu geri bildirimler alinmistir. Kullanicilar tarafindan
internet iizerinden de tablet/telefon ile ortamdaki cihazlarin kontrol edilebilmesi, kamera modiilii
ilave edilerek ortamin giivenliginin takip edilebilmesi, saatin kullanimin sadece dokunmatik ekran ile
degil de harici butonlar {izerinden de yapilabilmesi, menii simgelerinin biiyiitiilerek menii sayfa
sayisinin arttirilmasi, saatin alarm olarak sesli alarmin yaninda kullanici tarafindan segilen radyo
kanal1 veya mp3 modiilii tizerinden istenen parganin kullanilabilmesi gibi farkl talepler gelmistir.
Glines pili ve sarj edilebilir batarya eklenerek saatin ihtiyag duydugu enerji icin harici kaynak
kullanim1 ortadan kaldirilabilir. Modiiler yapisi eklenecek ekipman ve yaziliminda yapilacak ufak
degisiklikler ile hepsinin kolayca yapimini miimkiin kilacaktir.

4. SONUC

Gilinlimiizde saatler sadece zamani gostermenin yaninda bir¢ok 0Ozelligi de beraberinde
kullanictya sunmaktadir. Tasarlanan akilli masa saati zaman, tarih, ortam sicaklik-nem, aydinlik
seviyesi ve hava kalitesi bilgisini bir arada sagladig1 gibi, bir radyo ve MP3 ¢alarda olmas1 gereken
ozellikleri de barindirmaktadir. Dokunmatik ekran ile her yas grubu i¢in kullanim kolaylig1
sunmaktadir. Bulundugu ortamin hava kalitesi, sicaklik-nem bilgisi siirekli olarak izlenmekte ve
belirlenen esik degerlerin asilmasi durumunda sesli alarm ile ikaz vermekte ve ekranda da yazili
olarak belirtmektedir. Anormal duruma ait bilgileri tarih ve saat bilgisiyle birlikte ORTAM
dosyasinda kayit altina almaktadir. Boylece ortamdaki ilag ve gida gibi maddeler koruma altina
alinmaktadir. Ortamda sigara i¢ilmesi veya gaz kagagi durumlarini hemen tespit ederek sesli ikaz
verilmektedir. Boylece olasi bir yangin veya zehirlenme durumunun 6niine gegilebilir.
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Takip edilen bir hastanin nabiz ve ates bilgisi 6lgiilerek anormal durum gozlemlenmesi halinde
SAGLIK dosyasinda tarih/zaman bilgisiyle birlikte kayit altina alinarak, sesli ikaz verirken alt
meniideki ilgili kismin fonu kirmizi renge doniisecektir. flag kullanan bir kisi i¢in kullanim ¢izelgesi
ile dogru doz ve zaman ayarlamasi saglanabilecektir. Kullanilmayan doz i¢in alarm verilerek ILAC
dosyasina kaydi saglanmaktadir.

Bir¢ok fonksiyona sahip radyo ve MP3 ara yiizii klasik radyo ve MP3 ¢alar1 aratmamaktadir.
MP3 modiilii sayesinde ¢ocuklara masal/hikaye/dykii dinletilebilecektir. Yazilimdaki degisiklikler ile
saat alarmi1 olarak radyo/mp3 kullanilabilecektir.

Gorme engelli ve bozuklugu olan kisiler icin Android isletim sistemine sahip bir cep
telefonu/tablet tizerinden de akilli masa saati sesli kontrol edilebilmektedir

Akilli masa saati mikro denetleyiciler ile ilgili dersler igin egitim materyali olarak da
kullanilabilir. SPI, 12C, RS232 vb. haberlesme 06zelligine sahip sensorler kullanildigindan bu
protokoller hakkinda uygulamali egitim ¢alismalar1 da gergeklestirilir. Akilli masa saati modiiler
oldugundan yeni ekipmanlar kolayca eklenebilir. Akill1 masa saatinin mevcut prototipi gelistirilerek
iirlin haline kolayca déniistiiriilebilir 6zelliktedir.

Gelecek calismalarda kontrol kart1 olarak hem daha hizli hem de dahili wi-fi ve bluetooth
modiilii bulunan ESP32 karti kullanilabilir. internet olan herhangi bir yerden Android tabanli
telefon/tablet ile akilli masa saatine kolayca erisilip gerekli ayarlamalar yapilabilir ve bilgiler elde
edilebilir. PWM ve ADC ¢oziiniirliikleri daha yiiksek oldugundan cihazlar/ekipmanlar daha hassas
olarak kontrol edilebilir. Kamera eklenerek ortamin giivenligi de saglanabilir. Cok ¢ikisli réle modiilii
ile ¢ok sayida ekipman kontrol edilebilir.
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the HVOF technique before and after hot corrosion tests. The findings indicate that WC-Co-Cr hard
coatings, which are known for their high resistance to abrasion, sustain severe damage at high
temperatures. The coating was damaged after 5 hours in the hot corrosion tests performed in the
presence of V20s and NaxSO4 molten salt at 750°C. In addition, due to the progressing corrosion
process in the coating layer, spills and deterioration occurred. Due to the shedding of the coating
layer, damage has occurred in the substrate material.
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HVOF Yontemiyle Kaplanan WC-Co-Cr Kaplamalarin Sicak Korozyon Davranisinin
Degerlendirilmesi

OZET: Termal piiskiirtme kaplama teknikleri, denizcilik, otomotiv, biyomedikal ve o6zellikle
havacilik endiistrisi gibi ¢esitli alanlarda genis kapsamli uygulamalara sahiptir. Bu yontemler, termal
puskiirtme kaplamalarla kaplanmis malzemelerin, o6zellikle yiiksek sicakliklarda oksidasyona,
erozyona, korozyona ve asindirici ortamlara karst milkkemmel direng gostermesi nedeniyle yaygin
olarak kullanilmaktadir. Bu ¢alismada, modern bir termal piiskiirtme kaplama yontemi olan yiiksek
hizli oksi-yakit (HVOF) teknigi kullanilarak, WC-Co-Cr igeren sert sermet seramik kaplama
malzemesi, 316L paslanmaz ¢elik bir alt tabaka tizerine kaplanmistir. Ayrica, 1, 3 ve 5 saat boyunca
750°C'de %45 NaxSO4 ve %55 V205 sicak korozyon tuzlarr varliginda izotermal sicak korozyon
testleri yapilmistir. HVOF teknigi kullanilarak kaplanmis 6rnekler, X-1s1m1 Difraktometrisi (XRD),
Enerji Dispersiyon Spektrometresi (EDS), taramali elektron mikroskopisi (SEM) ve elementel
haritalama analiz cihazlar1 gibi gelismis karakterizasyon teknikleri kullanilarak sicak korozyon
testleri Oncesi ve sonrasinda karakterize edilmistir. Bulgular, yiiksek aginma direnci ile bilinen WC-
Co-Cr sert kaplamalarin yiliksek sicakliklarda ciddi hasar gordiigiinii gostermektedir. Kaplama,
750°C'de V205 ve NaxSOg4 erimis tuz varliginda yapilan 5 saatlik sicak korozyon testlerinden sonra
hasar gdrmiistiir. Ayrica kaplama tabakasinda ilerleyen korozyon siirecine bagl olarak doékiilmeler
ve bozulmalar meydana gelmistir. Kaplama tabakasimin dokiilmesinden dolay1 da altlik malzemede
hasarlar olusmustur.

Anahtar Kelimeler: WC-Co-Cr Sert Sermet Seramik Malzeme, Sicak Korozyon, Yiiksek Hizli Oksi
Yakit (HVOF), Termal Sprey Kaplamalar.

1. INTRODUCTION

Hot corrosion, oxidation, and wear are the most common damage mechanisms that surface
engineers encounter. It is of great importance that the materials produced and used in our daily lives
are more durable in terms of less material and energy loss (Singh et al., 2022; Testa et al., 2022). It is
necessary to protect these materials to have less loss of materials used in many application areas such
as automotive, ship, aircraft, and medical. The longevity of the materials used in these sectors will
reduce the production of new materials (Singh et al., 2022; Hu et al., 2021). Reducing material
production will result in less energy and ore usage. Thus, it will contribute to the world economy and
ecosystem. One of the works of surface engineers to reduce material losses and extend their life is to
coat materials (Lashmi et al., 2019; Carpio et al., 2019). The coating process is the general name of
the processes carried out to physically and chemically change the surface of a material. By coating
the surface of a material, a more durable and economical material design is provided against
aggressive environments that the substrate materials alone cannot resist (Ahmadi et al., 2019).
Coating methods of materials, especially metals, are generally hot-dip, electroplating, mechanical
coating, diffusion, and thermal spray coating methods. Thermal spray coating techniques are used to
coat metals, particularly those utilized in high-temperature applications (Wiesner et al., 2020).

Substrat materials in thermal spray coating methods are high-temperature resistant materials
such as cast irons, super alloy materials, and steels (Patil and VVagge, 2022). The basic goal of this
technology is to melt a coating material that is stronger than the substrate material at high
temperatures and send it as molten or semi-molten material to the surface of the substrate. Flame
spray, arc spray, detonation gun, high-velocity oxy-fuel, cold gas dynamic spray, atmospheric plasma
spray, vacuum plasma spray, and electron beams physical vapor deposition are a few thermal spray
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coating techniques. Among these methods, EB-PVD and APS methods are used to deposit coating
materials with very high melting temperatures, such as ceramic materials, on the substrate surface
(Ozgurluk et al., 2018). The HVOF method, on the other hand, is preferred for depositing metal
coating materials with high melting temperatures on the substrate surface. According to other
methods, since the melted coating material in this technique is sent to the substrate surface at
supersonic speeds, the material to be coated has little contact with atmospheric conditions. Therefore,
oxide and porosity in the coating microstructure are at a minimum level (Liu et al., 2022).

The HVOF coating method, which has been used since the beginning of the 20th century, is
one of the most important thermal spray coating techniques even today. Acetylene, propylene, and
propane gases, as well as mixtures of these gases, are mostly preferred as flammable gases in the
system. The procedure is started by sending an oxygen-rich gas mixture into the coating system. The
coating process takes place under approximately 65-85 psi pressure (Wang et al., 2022; Testa et al.,
2022). The thickness of the produced coatings varies between 0.1-1 mm. Combustion gas mixtures
melt the coating material and send it to the substrate surface at supersonic speeds. The optimum
distance of the coating torch from the substrate varies between 200-400mm. Coatings obtained after
production have high adhesion strength, low porosity, and high density. The high temperatures used
in the coating process ensure that the molten or semi-molten particles have significant thermal energy.
The coating particles are delivered to the substrate surface at a rate of 500 to 800 m/s (Kalush et al.,
2022; Doleker et al., 2018). The negative effects brought on by high temperatures are lessened by the
fact that the temperature is lower than the plasma spray coating process. Additionally, due to the high
speeds at which the materials to be coated are delivered to the substrate surface, even if the coating
material is not melted, it can still cling to the substrate material because of the kinetic energy it
possesses (Yang et al., 2022; Karaoglanli et al., 2017; Doleker et al., 2020). The excellent bond
strength of the materials coated using the HVOF process is guaranteed by this adhesion property.
Additionally, compared to the plasma spray coating technology, high-speed coatings and lower
temperatures offer exceptional impact resistance in the coating layers. Additionally, many coatings
created with this technique exhibit excellent slip, friction, and wear resistance. The drawback of this
method is that ceramics with high melting temperatures cannot be used as coating materials, and the
noise level is extremely high during production (Kiatisereekul et al., 2021; Doleker et al., 2021;
Ozgurluk, 2022).

The HVOF technique, a cutting-edge thermal spray coating technique, demonstrates benefits
like adaptability, continuity of the curing stage, and cheap cost when it comes to the deposition of
WC-based materials. The HVOF-produced WC-Co-Cr coating materials have exceptional resistance
to slip, wear, erosion, and friction. In particular, the high performance of WC-Co-Cr coatings at room
temperature is supported by the studies available in the literature (Ma et al., 2014; Bolelli et al., 2014;
Wood, 2014; Song et al., 2020). Tested the wear behavior of WC-Co-Cr and WC-CrxCy-Ni coatings
produced by Song et al. In the study, it was observed that the Ni element added to the coating had a
strength-enhancing effect at high temperatures. In addition, WC-Co-Cr coatings are the preferred
material to prevent water droplet erosion in steam turbines. For this reason, WC-based coating with
the HVOF technique is preferred as a promising approach in many areas (Vuoristo, 2007). The
materials, which are typically coated using the WC-containing HVOF process, exhibit good high-
temperature resistance and strength (Campo et al., 2009). The coatings coated with this approach
exhibit very good behavior against wear and oxidation due to their low porosity and oxide content.
Additionally, they are quite good at attaching the coating material to the substrate surface and
resisting high temperatures (Ghadami., 2015; Niihara 1983).
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In contrast to previous research, this study looked into the hot corrosion behavior of WC-Co-
Cr coatings deposited on 316L stainless steel substrates using the HVOF process at high temperatures.
Results of mapping analysis, SEM, XRD, and EDS performed after 750 °C hot corrosion tests were
compared and analyzed.

2. MATERIALS AND METHODS

2.1 Materials

For the production of the coatings, firstly, 316L stainless steel substrate materials with the
dimensions of 25x25x10mm?3 were procured. To prepare the substrate materials for the coating
procedure, to clean the surfaces from dirt and oxide layers, and roughen them, they were sandblasted
with the help of Al.Oz powder particles under approximately 2 bar pressure. Then, WC/Co/Cr coating
powders with a purity of 99% at a mixing ratio of 86/10/4 by weight were obtained from the GTV
company in the range of 5-25 um. SEM image showing the spherical morphology of commercially
obtained WC/Co/Cr powders is given in Figure 1. The substrate materials, which were sandblasted
and made ready for the coating process, were placed in the Hipojet 2700-M (Mec, Jodhpur, India)
branded HVOF coating unit and commercially obtained WC-Co-Cr powders were added to the
powder feed unit. The spherical morphology of the powders provided a lot of convenience for the
coating process. The parameters and carrier gases used in the HVOF coating process are given in
Table 1.

Figure 1. SEM image of WC—CO—Cr coat‘ing powders 7

Table 1. Parameters used in the HVOF thermal spray coating method
Carrier gases

Materials Combustible gases used in used in the Material Coating
the method feed rate distance
method
WC-Co-Cr 02 (230-240 slpm) N2 (5.5-6 12.5-13 ]
cermet powders CH4 (85-90 slpm) slpm) g/min. 250-260 mm

Coatings produced by the HVOF method are more environmentally friendly and perform better
than coatings coated with the electrolysis method. In addition, the choice of coating material in this
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method includes a wide range. Cermet coatings produced by the HVOF method, such as WC-Co-Cr,
are replacing many coating methods (Pulsford et al., 2019). Due to the nature of the HVOF method,
coating large and complex-shaped parts was not possible. Thanks to the new generation of spray
torches developed, the surfaces of narrower areas began to be effectively coated from shorter
distances (Lyphout and Bjorklund 2014). Thus, the contact of molten particles with the atmosphere
in coating processes carried out from shorter distances is also minimized (Zhao et al., 2019). During
the coating processes, which sequentially take place from a shorter distance, the heated coating
particles reach the substrate material without losing their heat. With this effect, complete melting may
not occur in the particles reaching the substrate. As a result, low plastic deformation and poor bonding
ocur. Considering all the positive and negative effects of the new generation HVOF method, materials
produced using optimum coating parameters exhibit superior properties compared to materials
produced by other methods. In this study, the coating parameters specified in Table 1 are the optimum
values for WC-Co-Cr coating material.

The surface roughness, hardness, and porosity of the WC-Co-Cr hard cermet material deposited
on the 316L stainless steel substrate using the HVOF technique, a new thermal spray coating method,
were measured prior to high-temperature testing. The results of the measurements, conducted using
a Mitutoyo SJ-310 (Japan) device for surface roughness, a Qness Q10 (Austria) device for hardness,
and the Image-J porosity measurement program for porosity, are presented in Table 2. All values
shown in Table 2 are values obtained before the hot corrosion of coating samples. After the sanding
and polishing stages of the samples, which were mounted for hardness, the hardness value was
measured from 5 different regions in the microhardness device. For porosity, cross-sectional SEM
images were taken from the samples taken from the bakelite. Average porosity values from 5 different
cross-sections SEM images are added to the table. For the roughness value, the average of the values
taken from 5 different regions from the top surface of the pre-corrosion coating sample was
determined.

Table 2. The roughness, porosity, and hardness values of WC-Co-Cr hard cermet coating materials, which were coated
using the HVOF technique, one of the thermal spray coating methods
Hardness (Hv) Porosity (%0) Roughness (Ra pm)

WC-Co-Cr material 1565-1570 0.49+0.17 3.17-3.20

2.2 Hot Corrosion tests

Hot corrosion is a type of damage that occurs at high temperatures due to the presence of
impurities in fuels used in various industrial sectors, such as NaCl, V20s, Na;SOa, and KCI. These
impurities melt at high temperatures and diffuse into the coating materials, causing damage. There
are two types of hot corrosion damage: Type-I at high temperatures of 850-1000°C and Type-II at
lower temperatures of 600-850°C. This study investigated Type-Il hot corrosion damage of WC-Co-
Cr coating material by sprinkling 55% V20s and 45% Na>SQOj4 salt mixtures on the coating materials,
which were then subjected to isothermal hot corrosion tests for 1, 3, and 5 hours at 750°C. The
samples were analyzed using advanced techniques such as SEM, XRD, EDS, and mapping before
and after the tests to investigate their behavior against hot corrosion. Approximately 20mg/cm? of hot
corrosion salts were sprinkled on each sample, and they were placed in an electric furnace operating
at 750°C under open atmospheric conditions.

The diagram showing the time-dependent damage effect of hot corrosion damage mechanisms
is given in Figure 2.
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Figure 2. Time-dependent damage effect of hot corrosion damage mechanisms

After the hot corrosion tests, each sample was first taken from the oven that cooled down to
room temperature for microscopic analysis. All samples taken from the furnace were individually
embedded in cold bakelite. The samples taken for mounting were sanded for approximately 3 minutes
on 60, 80, 100, 120, 300, 400, 600, 800, 1000, 1200, and 2000 mesh-size sandpapers, respectively.
All the sanded samples were then polished with the diamond solution in 3um, 1pm, and 0.25pum
cloths and made ready for microscopic analysis.

3. RESULTS AND DISCUSSION

3.1 Characterization of as-sprayed WC-Co-Cr advanced ceramic cermet coatings

The HVOF coating method, which is widely used in many sectors such as aviation, space, ship,
and automotive, provides an oxide-free, porosity-free, and dense coating layer. In Figure 3, a cross-
section SEM image of 316L stainless steel material coated with WC-Co-Cr advanced ceramic cermet
material by the HVOF method is given. It is seen that the coating layer completely exhibits the
characteristic features of the HVOF method. As a result of the measurements made from 4 regions of
the produced coating thickness, it is seen that it is approximately 450 pm. The coating layer with
WC-Co-Cr content provides the 316L stainless steel substrate material with hardness and strength, as
well as oxidation and corrosion resistance.

Figure 3. As-sprayed cross-section SEM image of 316L stainless steel material coated with WC-Co-Cr

Figure 4 presents the elemental mapping analysis results of the WC-Co-Cr coating system
deposited by the HVOF technique. The coating content mainly consists of W, C, Co, and Cr elements,

while the 316L stainless steel substrate contains Fe, C, Cr, and Co elements. The coating layer exhibits
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an oxide-free, non-porous, and compact microstructure, which is a characteristic feature of the HVOF
technique. These results are consistent with our previous studies that also utilized the HVOF method
(Doleker et al., 2018; Doleker et al., 2021).

WC-CoCr

316L stainless steel
substrate
[l refee] v [ occer)
Figure 4. As-sprayed cross-section mapping analysis of WC-Co-Cr coated 316L stainless steel material

The XRD phase analysis results from the top surface of the WC-Co-Cr cermet coating layer are
presented in Figure 5, which reveals the presence of WC, W2C, and Co phase structures in the coating
system manufactured using the HVOF method.
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Figure 5. XRD analysis of the as-sprayed WC-Co-Cr coating system

3.2 Hot corrosion effect on WC-Co-Cr advanced ceramic cermet coatings
As it is known, if the hot corrosion damage mechanism occurs between 850-1000°C, it is called
high-temperature hot corrosion (typel), if it occurs between 650-850°C, it is called low-temperature
hot corrosion (type2). Since WC-Co-Cr coating system tests are carried out at 750°C in the presence
of 55%V20s and 45% Na,SOs corrosion salts, it is in type 2 corrosion type. In this damage
mechanism, corrosion salts melt with the effect of temperature and interact with the coating system.
The reactions present in the damage mechanism begin as follows:
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V205 + Na;S04 = 2(NaVOs) + SOs (1)
Naz20 (base) +V20s (acid) = 2NaVOs (salt) (2

In the hot corrosion event, V205 and NaxSO4 corrosion salts begin to melt under the influence
of temperature, leak into the coating through micro-cracks and pores and move toward the lower
layers. Hot corrosion damage mechanism occurs with various reactions. The corrosion salts that melt
at high temperatures react with each other to form the NaVOs3 phase first (Peng et al., 2012; Habibi
etal., 2013; Saremi et al., 2013).

1h hot corrosion

molten salt

Figure 6. Cross-section SEM images of WC-Co-Cr coating system after hot corrosion test

In Figure 6, cross-section SEM images obtained after isothermal hot corrosion tests of the WC-
Co-Cr coating system are given. In this study, in which the low-temperature hot corrosion damage
mechanism was realized, molten corrosion salts formed reactions with the coating layer and caused
the layer to be damaged. Parts of the coating layer interacting with corrosion salts were separated
from the structure and a significant decrease in coating thickness was observed. After the first 1-hour
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hot corrosion test, the porosity structure with the top parts of the substrate material was observed.
After the corrosion test of 3 and 5 hours, the existing porosities in the structure were closed with the
effect of sintering. The coating thickness continued to decrease as the hot corrosion process
progressed. After the corrosion test was conducted for 3 and 5 hours, the existing porosities in the
structure were closed with the effect of sintering. This indicates that the high temperature and pressure
conditions of the hot corrosion process caused the coating material to fuse together, filling in any
pores or voids that were previously present. This effect is known as sintering. The coating thickness
continued to decrease as the hot corrosion process progressed. This suggests that the hot corrosion
process was causing the coating material to wear away or dissolve, potentially exposing the
underlying substrate material to further damage (Chen et al., 2018; Habibi et al., 2013). Overall, these
results suggest that the hot corrosion process can have significant effects on the structure and
properties of coated substrate materials, and further research may be needed to better understand and
mitigate these effects (Kim et al., 2017).

In Figure 7, there are SEM images of the surface obtained after the hot corrosion tests of the
WC-Co-Cr coating system at different magnifications. On the top surface, there are long bar
structures formed by coating layers interacting with corrosion salts. It is thought that the V element
causes these long rod structures. Similar long rod-like structures were seen in previous hot corrosion
studies (Ozgurluk et al., 2018). In this study, long rod-like structures were formed as a result of the
reaction of melting corrosion salts with the coating layer.

Figure 7. SEM images of the top surface of the WC-Co-Cr coating system after the hot corrosion test

The coating layer reacted with the molten salts and started to separate into layers after 1 hour of hot
corrosion and after 5 hours of corrosion test, it almost completely detached from the substrate
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material. The cross-section images in Figure 6 were obtained from the coating residues on the
substrate surface after the tests. Similar to this study, the tribocorrosion behavior of three WC-based
coatings prepared by the HVOF method was carried out in a 3.5% NaCl solution. Unlike hot
corrosion, the effect of corrosion and wear was investigated in the study, which was carried out with
the help of an abrasive at room temperature. These three coatings were Co, CoCr, and Cr-7Ni matrix
WC cermets. According to the experimental results, it has been observed that the binding phases
greatly affect the corrosion and wear performances. Among the coatings, WC-12Co content exhibited
very low corrosion resistance, while coatings with WC-10Co4Cr and WC-Cr3C»-Ni contents showed
higher corrosion resistance. Similar to this study, in other studies in the literature, it was observed
that the added Cr element in addition to the Co element increased the corrosion resistance (Zou et al.,
2015).

The results of the elemental mapping analysis conducted after the hot corrosion test are
presented in Figure 8. The hot corrosion tests were performed in open atmospheric conditions, which
resulted in the simultaneous occurrence of both oxidation and hot corrosion damage mechanisms in
the coating materials. The mapping analysis clearly illustrates the infiltration of the V205 and Na;SO4
salt mixtures, which melt at high temperatures, into the inner regions of the coating layer.

hot corrosion

316L

Figure 8. Cross-section elemental mapping analysis of WC-Co-Cr coating system after hot corrosion test

Unlike in this study, Kaur et al. used the HVOF technique to coat CrsC,-NiCr on SAE-347H
boiler steel. Kaur et al., who performed cyclic hot corrosion experiments in the presence of Na;SOs-
Fe2(SO4) corrosion salts at approximately 700°C, stated that the oxidized structure of the rich Cr
content increased the hot corrosion and oxidation resistance (Kaur et al., 2009). Similarly, corrosion
resistance of materials coated with the HVOF method on mild steel substrate using NiCr powders
was tested. It was observed that the corrosion resistance of the samples whose SEM and XRD
analyzes were performed before and after the corrosion tests were also increased (Aalamialeagha et
al., 2003). Sundararajan et al. coated the coating material containing 80Ni-20Cr and 50Ni-50Cr on a
steel substrate surface using both HVOF and APS methods. In the oxidation tests performed at 650°C
for 100, 1000, and 3000 hours, they stated that all coatings produced by the HVOF method were more

295



Ozgiirlik, Y. JournalMM (2023), 4(1) 286-301

durable than the coatings produced by the APS method (Sundararajan et al., 2005). Sidhu et al.
produced Cr203-NiCr, WC-12Co, Stalite 6, and Ni-20Cr coatings on ASTM-SA210 GrAl boiler tube
steel using the HVOF method. In the cyclic hot corrosion tests carried out in the presence of 60%
V205 and 40% Na>SOg salts at 900°C, it was observed that the corrosion resistance of the coatings
formed a protective oxide layer was better. In densely layered structures, an increase in corrosion
resistance has been observed since oxygen and molten corrosion salts have to travel a long way along
grain boundaries (Sidhu et al., 2006). In another study, the behavior of T11 and T22 boiler pipe steels
against oxidation was investigated by coating with NiCrFeSiB alloy by the HVOF method. It has
been observed that the superior oxidation performance of the NiCrFeSiB coating is due to the
amorphous SiOz and protective Cr.O3 layer formed on the top surface (Mahesh et al., 2009). In a
work in which 347H boiler steel was coated with Ni-20Cr with the HVOF technique, the oxidation
resistance of coated and uncoated steels at 700°C was investigated. As a result of cyclic oxidation
tests, it was observed that the coated samples were highly resistant to oxide flaking (Kaushal et al.,
2011). Similar results were also seen in our study.
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Figure 9. Top surface EDS analysis after hot corrosion test of WC-Co-Cr coating system

Unlike other studies, in our hot corrosion study, EDS analyzes were performed on the top
surfaces of the WC-Co-Cr coating system after the hot corrosion tests. The result of this EDS analysis
obtained from the top surface is given in Figure 9. Elemental point analysis was carried out in 4
different regions. The effects of V.Os and Na>SO4, which are hot corrosion salts, are observed at
every point where the analyzes are performed. Analysis 1 was performed from the long rod-like
structures present on the top surface. As an elemental distribution, in addition to W, C, and Co
elements, V and Na elements were also encountered. It has been observed that the Cr element in the
coating structure is not present in the long rod-like structures. Point analysis number 2 was carried

out from the sedimentary structures present on the coating surface. In addition to W, C, Co, and Cr
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elements in the elemental distribution of sediment-shaped structures, V elements from corrosion salts
and Ni and Fe elements present in the substrate material components were also encountered. EDS
analysis results from 3 and 4 contain similar contents to the results of EDS analysis 2. According to
the results of 4 different EDS analyses, it was observed that long rod-like structures were first formed
in the structure in the hot corrosion damage of the WC-Co-Cr coating system. It was understood that
the long rod-like structures were separated from the top surface together with the coating layer,
depending on the progressive corrosion time.
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Figure 10. Top surface EDS analysis after hot corrosion test of WC-Co-Cr coating system

We can also see the results of the XRD analyses performed, where the coating layer is damaged
and separated from the structure. The XRD analyses performed after each hot corrosion test are given
in Figure 10 by superimposing them. As a result of isothermally performed hot corrosion tests, it is
seen that phase separation occurs in the WC layer in the WC-Co-Cr coating layer inside the structure.
While the WC layer transforms into the W»C phase, it is seen that the element Co, which has a high
affinity for oxygen, also turns into the CoO phase. As a result of the separations in the coating layer
and the migration of the base material components towards the top part, oxidized phases of the Fe
element were also encountered. The elements V and Na, which are hot corrosion salts, were not
encountered in the XRD phases. The reason for this is thought to be that these corrosion salts are very
low compared to other composition elements and that the long rod-like structures that perform phase
transformation are separated from the coating surface. X-ray diffraction (XRD) is a powerful
technique used to analyze the crystal structure and chemical composition of materials. However, the
XRD analysis can only detect the elements and compounds that are present in sufficient quantities
and within the detection limit of the technique. In the case of hot corrosion salts, such as V and Na,
their concentrations in the coating material may be relatively low compared to other elements, which
makes them difficult to detect using XRD. Moreover, the long rod-like structures that perform phase
transformation during hot corrosion may be located deep within the coating material and separated
from the coating surface. This can also make it difficult for XRD to detect the presence of these
structures, as the technique is typically surface-sensitive and may not penetrate deeply into the
material. Other analytical techniques, such as scanning electron microscopy (SEM), energy-
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dispersive X-ray spectroscopy (EDX), or transmission electron microscopy (TEM), may be more
suitable for detecting and characterizing the hot corrosion salts and the rod-like structures in the
coating material. These techniques can provide higher resolution and depth of analysis, which can be
used to locate and identify the hot corrosion products and understand their mechanisms of formation.

In addition to phase transformations such as WC, W-C, it is possible to talk about the presence of
iron oxide phase structures such as Fe2O3 and Fe3zO4 in the XRD analysis results. No iron-containing
compounds are present in the coating layer. The reason why these phase structures are encountered
in the XRD analysis is due to the shedding of the coating layer in some regions and the emergence of
ferrous compounds in the base material, stainless steel. These results were also seen in the hot
corrosion studies carried out before (Kiatisereekul et al., 2021; Doleker et al., 2021; Ozgurluk, 2022).

4. CONCLUSION

Isothermal hot corrosion tests were conducted on the WC-Co-Cr hard cermet coating materials
deposited on a substrate of 316L stainless steel using the HVOF technique, which is one of the thermal
spray coating methods, at a temperature of 750 °C. The results were analyzed in accordance with the
existing literature and presented below.

e WC-Co-Cr advanced hard cermet coating materials were deposited successfully on a 316L
stainless steel substrate using the innovative thermal spray coating method, HVOF. The
resulting coating microstructure is characterized as dense, non-porous, and oxide-free.

e Hot molten corrosion salts formed long rod-like structures on the top surface of the WC-Co-
Cr coating layer. Since long rod-like structures cause volume increases in the coating layer,
thermal expansion mismatches have occurred in the coating layer and some parts of the
coating layer have been spilled.

e Asaresult of XRD analysis, it was observed that oxidized compounds of Fe element occur
in a hot corrosion damage mechanism.

e It has been observed that the behavior of WC-Co-Cr hard cermet material, which is known
to be resistant to abrasion, against hot corrosion is quite weak.

e In the XRD analysis results, phases such as Fe>Oz and FezO4 were found in addition to the
phase structures in the coating. The appearance of these phases indicates that shedding has
occurred in the coating layer.
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1. INTRODUCTION

The structural stability of floating offshore structures can be compromised by various factors,
which can have catastrophic consequences. One of the leading causes of malfunctions in these
structures is the damage to the mooring systems due to wear, corrosion and fatigue (Angulo et al.,
2019). The links and accessories of mooring chains experience corrosion and wear as they move
against each other in the dynamic marine environment, including factors like tides, waves, and
currents (Alkan, 2017). Synergistic interaction between wear and corrosion speeds up each other, and
material loss occurs more than in wear-alone or corrosion-alone situations (Ma et al., 2013; Lopez-
Ortegaetal., 2018; Jiajiaetal., 2019; Zhang and Hoogeland, 2019; Du et al., 2020). This phenomenon
is known as tribocorrosion. Understanding the tribocorrosion behaviour of offshore mooring
components and enhancing their tribocorrosion resistance is crucial due to replacement challenges
and maintenance costs (Moghaddam et al., 2020).

Offshore mooring chains are manufactured using high-strength, low-alloy (HSLA) steel in six
grades selected based on their strength properties (IACS, 2013). The alloy content of conventional
carbon steels is low, and their elemental content is insufficient to form a passive protective oxide
layer on their surface. For this reason, to slightly improve the corrosion resistance of typical low-
alloy carbon steel, it is therefore recommended by the standards that HSLA offshore mooring steels
have at least 20% molybdenum (IACS, 2013). However, the oxide layer on the surfaces of low-alloy
carbon steels is not pretty protective as passive alloys, such as stainless steels, and it may decompose
by mechanical effects in aggressive electrolytes. On the other hand, the ferric oxyhydroxide layer,
known as rust, that develops on the carbon steel accumulates, especially in the non-abraded areas in
tribocorrosion, due to the continuously developing corrosion. This rust layer causes a decrease in the
corrosion rate, behaving as a coating after a certain level. This situation also causes a galvanic cell
due to the potential difference between worn and unworn parts, creating micro or macro pits on the
corroded surfaces. Macro or micro pits may cause a decrease in the cross-sectional areas and increases
global and local tensions in the structure.

The ability of passive materials to regenerate the oxide film (repassivation), which is broken
due to mechanical effects under tribocorrosion conditions, puts them in the class of corrosion and
tribocorrosion-resistant materials. However, passive alloys like stainless steel and titanium are costly
material groups for tribocorrosive environments compared to low-alloy carbon steels, and using these
costly materials is not feasible for sizeable offshore mooring systems. To overcome this issue,
thermochemical surface modifications are promising alternatives to increase the tribocorrosion
resistance of HSLA carbon steels instead of costly passive materials for the marine environment
(Shen et al., 2016; Giinen et al., 2018; Shen et al., 2018; Lopez-Ortega et al., 2018; Lopez-Ortega et
al., 2018; Lopez-Ortega et al., 2019; Pandim et al., 2020). One of the most promising ways is the
thermochemical coating of low alloy steels with inert boride layers after aluminizing heat treatment
(Giinen et al., 2022). In addition to being resistant to many corrosive liquids, boroaluminizing can
also increase the tribocorrosion resistance of HSLA mooring chain steels cost-effectively. This study
aims to understand the pitting and tribocorrosion behaviour of HSLA steel and improve the
tribocorrosion resistance in seawater by boroaluminizing.
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2. MATERIALS AND METHODS

2.1 Sample preparation and coating process

The R4 grade HSLA mooring chain steel was chosen as the base material as it is widely
employed in practical applications. Furthermore, HSLA steels can be used for the pack
boroaluminizing procedure. The R4 grade mooring chain steel was accurately sectioned into 23 x 10
mm pieces with a thickness of 10 mm using a precise cutting tool to prepare it for coating. The pack
cementation method was used to form a boron-aluminide layer on the substrate. After being
appropriately ground with 320-400-600-800-1000-1200 SiC sheets, the samples' surfaces underwent
a 15-minute ultrasonic cleaning procedure in an alcohol bath.

The boroaluminizing technique uses 45% B4C, 5% NaBF4 for boronizing and 22.5%
aluminium, 22.5% Al>O3 and %5 NH4Cl for aluminizing. Based on boronizing powders and
aluminizing powders used in previous studies, the powders were prepared in a 1/1 ratio (Giinen et al.,
2022). The specimens were placed inside stainless steel containers known as crucibles. Then, a 10
mm thick coating of boro-aluminizing powder was spread around each piece on all sides to generate
a layer of boron-aluminide. After that, the crucibles containing the samples were inserted into a
furnace heated to the aluminizing temperature of 900 °C. The crucibles were firmly attached with
fasteners and left inside the furnace for two hours. Subsequently, the furnace was turned off, and the
crucible was taken out and left to cool down to room temperature. Once the samples were cooled, any
remaining dust was removed from their surfaces. A diagram of the boroaluminizing process is shown
in Fig. 1.

To prepare the samples, they were first embedded in bakelite and then ground using SiC ground
paper ranging in size from 320G to 2000G. The ground samples were then polished with Al.O3
solutions of 3 um and 1 um until a reflective surface was achieved. Next, they were submerged in a
5% Nital solution for 6 seconds, which allowed the intricate features of the microstructure to become
visible.
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Figure 1. Schematic illustration of the boro-aluminizing setup and process

The microstructural properties and distribution of elements in the coating layer were
investigated using SEM (MAIA3 XMU-TESCAN) and EDS (X-Max-OXFORD) analysis. EDS
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analysis was utilized to examine how the alloying elements were distributed in the coating layer. The
coating thickness was determined by measuring an average of five samples using the Fiji ImagelJ
measurement tool based on SEM images. To investigate the XRD patterns, Cu K radiation with a
wavelength of 0.154 nm, a scan step size of 0.0525211, and 2 angles ranging from 10 to 90° were
used with the Rigaku Smart LabTM.

2.2 In-situ corrosion and tribocorrosion test procedure

A reciprocating tribometer (TURKYUS) combined with a potentiostat was used to assess the
tribocorrosion behaviour of HSLA steel samples with and without boron-aluminide coating in marine
environments. As illustrated in Fig. 2, the experimental setup was designed to simultaneously
measure wear and corrosion data during the tests (Alkan, 2022a). A 3.5% sodium chloride solution
was prepared to simulate seawater for the corrosion and tribocorrosion investigations. A Delrin (a
polymer material) cell containing 150 ml of the electrolyte was used for each test to avoid any
unwanted electrochemical effects.

”\
Shielded
electrical
cable

Working
electrode

- )

Figure 2. Setup for triboelectrochemical tests (Alkan, 2022a)

In order to conduct the sliding tests, an alumina ball (6.35 mm diameter and 14 GPa hardness)
was employed as the abrasive counter body. The tests were carried out at a speed of 0.02 m/s and a
sliding stroke of 6 mm, which resulted in a total wear path of 36 m under a normal load of 5 N. The
samples were made sure to have a 2.3 cm? contact surface by coating with epoxy and then placed in
a corrosion cell composed of Delrin for one hour to measure OCP. In the corrosion and tribocorrosion
assessments, the coated or uncoated R4 steel samples were used as the working electrode, while
platinum acted as the reference electrode and Ag/AgCl as the counter electrode. A conventional three-
electrode system was used for the electrochemical tests, and the Zive SP1 analyzer test equipment
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was utilized to examine the findings. The ASTM G5-14 standard was used to evaluate the
electrochemical values of OCP, corrosion potential, and current density.

In this study, the impact of sliding wear on the corrosion rates of simulated seawater was
investigated. Potentiodynamic polarization tests were performed under 5 N loads with scan rates of
0.166 mV/s to evaluate the corrosion resistance. The potentials ranged from 0.5V to -1 V relative to
each sample's OCP (vs Ag/AgCl). Before corrosion and tribocorrosion testing, all specimens were
immersed and stabilized in the electrolyte for 3600 seconds. Each test was repeated thrice to ensure
accuracy, and the average was calculated. The experiments were conducted at a temperature of 2342
°C to maintain the consistency in the results.

2.3 Assessment of surface morphology
Following the tribocorrosion tests, the wear track dimensions were measured using a 3D laser
scanning microscope from Filmetrics to determine the wear morphology. An SEM (Scanning
Electron Microscope) device attached with EDS capability was also utilized to study the surface

morphology of the tested samples after each test.

3. RESULTS AND DISCUSSION

3.1 Coating Characterization

Figure 3 shows the boron-aluminide layer's morphology, SEM cross-section, and EDS analysis.
The boro-aluminizing process produced three visible zones, determined through EDS line analysis.
Within the coating layer's 0-10 pm range, the first zone contains a distribution of approximately 70%
B, 15% Fe, and 15% Al atoms at the atomic level throughout the layer. The second zone, a FeAl
layer, contains equal amount of Al and Fe about (%45-50) and is located in the 10-50 micrometres
range. It is clearly observed that the aluminium ratio in this region decreases as it moves away from
the surface. The third region is the matrix structure unaffected by the boro-aluminizing process. It is
thought that the boron content detected within this region is possibly due to the difficulty of
distinguishing boron from carbon in the substrate material using EDS. Ouladsaad et al. (2019)
reported that XC38 steel obtained a 44 um thick boro-aluminide coating layer after boro-aluminizing
at 900 °C for 4 hours. Thus, the coating layer produced in the research aligns with the findings in
previous literature.

The EDS analysis demonstrated that the coatings had a significant amount of Al post-boron-
aluminizing but lower concentrations of Fe and B within the coating layer. These EDS results
supported the XRD analysis, which identified FeAl as the dominant phase in the structure with minor
amounts of FeB, Fe-B, and FesAlg phases present. Spot EDS analyses of Fe-Al-B, Fe-Al, and the
substrate material indicated that the surface layer was mainly composed of B with low levels of Fe
and Al. In contrast, the second layer was composed of Fe-Al, indicating that the temperature required
for aluminizing was lower than that for boronizing, leading to the formation of a Fe-Al layer on the
surface followed by the beginning of boron diffusion and a decrease in Al diffusion. The substrate
material contained Cr, Mn, Mo, and Fe, which were part of the grade R4 steel chemical composition
and were detected through EDS analysis.

Fig. 4 illustrates the X-ray diffraction (XRD) pattern of both R4 steel and the boron-aluminide
coating. As seen in Fig. 4, it was determined that R4 steel consists of ferrite and iron peaks. After
boron-aluminizing, it was found that the dominant phase in the samples is FeAl, and minor amounts
of FeB, Fe2B, and Fe;Als phases are also present in the structure, as reported previously (Oksiizoglu
and Doleker, 2021). The coating structure also included FeAl;, FeoAls, FeAl, and AlsFeNi phases.
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FeAl and Fe>Als phases on the surface are noteworthy since they can maintain their stability even at
high temperatures, suggesting that the coating may have potential applications in high-temperature
environments (Yener et al., 2019; Erdogan et al., 2021).
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Figure 3. The microstructure and elemental composition of the boro-aluminized R4 sample
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Figure 4. X-ray diffraction (XRD) analysis for R4 steel and boron-aluminide coating
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3.2 Potentiodynamic polarization

The electrochemical behaviour of R4 steel and boro-aluminized R4 in 3.5% NaCl solution was
investigated using Tafel plots, as shown in Fig. 5. The polarization curves obtained from the tests
were used to analyze the kinetics of corrosion over a range of potentials from 0.5V to -1 V. Table 1
summarizes the electrochemical data obtained from the polarization curves. The findings suggested
that, although the corrosion potential values of the boron-aluminide coating were similar to those of
the substrate, the corrosion current density was roughly double. However, the boron-aluminide
coating enhanced the corrosion resistance of R4 steel, leading to lower corrosion currents, better
corrosion resistance, and lower corrosion rates than untreated R4. The boron-aluminide ceramic
structure and higher chemical stability in the NaCl electrolyte acted as a barrier between the coating
and the steel substrate, contributing to enhanced corrosion resistance (Lopez-Ortega et al., 2018).
These results suggest that the boron-aluminide coating can improve the corrosion resistance of R4
steel in marine environments characterized by simultaneous wear and corrosion.
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Figure 5. The Potentiodynamic scans of R4 and boron-aluminide coating under corrosion conditions

Table 1. The electrochemical data obtained from polarization curves in a 3.5% NaCl solution

R4 Boro-aluminized R4
Ecorr (MV) -479 -424
lcorr (A/cm?) 2.12E-5 1.35E-5
Corr. Rate (mmpy) 0.4730 0.2913

3.3 Assessment of OCP during corrosion and tribocorrosion
Fig. 6 (a) displays the OCPs of R4 steel and boron-aluminide coated samples immersed in a
3.5% NaCl solution for 3600 seconds. R4 steel experienced a decrease in electrochemical potential
due to the continuous action of the corrosion process during the soaking time. In contrast, the boron-
aluminide coating exhibited a more stable potential response between -0.50 V and -0.51 V in the first
hour of immersion, thanks to forming an oxide layer with a barrier effect on the surface. After the
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first hour, the potential of the boron-aluminide coating reached around -0.51 V in a simulated marine
environment, indicating excellent seawater protection.

Fig. 6 (b) illustrates the changes in OCP before, during and after sliding. As a result of the
sliding motion, the electrochemical potential of R4 steel shifted towards more positive values due to
the disparities between the worn and unworn surfaces. This resulted in two regions behaving like
batteries, with the wear track exhibiting cathodic behaviour. The ongoing mechanical activity of the
counter body controlled the corrosion kinetics in the track, leading to a decrease in the corrosion rate
in the wear track region of the HSLA R4 steel. Following the sliding duration, the surface of the wear
track interacted with the electrolyte, forming a fresh rust layer that enabled the material to revert to
nearly its initial potential values before sliding.

During the initial 900 seconds, as shown in Fig. 6(b), the potential of the boron-aluminide
coating decreased to more negative values. The onset of sliding resulted in a potential difference
between the two regions, as the alumina ball continuously acted on the wear track, leading to a
potential shift. The OCP of the boron-aluminide layer increased due to removing the protective layer
from the wear track and the electrolyte leakage onto the steel substrate. In passive surfaces, the change
in the OCP under tribocorrosion usually occurs as a potential drop, although cracks or pits formed on
the coating surface can cause the electrolyte to reach the substrate metal. Towards the end of the
sliding period, the potential of the boron-aluminide layer dropped around 2700 s, following the re-
passivation which was facilitated by the boron-aluminide surface. Furthermore, due to the
aluminium’s ability to form passive layers, the boron-aluminide coating could re-passivate more
effectively than R4 steel (Alkan, 2022a).
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Figure 6. The electrochemical potential a) after being immersed in the solution for one hour and b) during the corrosion
and sliding tribocorrosion

3.4 Examination of surface morphology
Fig. 7 displays the wear track generated on untreated R4 steel under open circuit potential
(OCP) conditions after conducting tribocorrosion tests. The optical images revealed abrasive effects
and micro-grooving wear marks resulting from the separation of hard oxide abrasion debris from the
surface during wear, which stuck into the surface and dragged away with the counter ball. This
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mechanism is well-documented in previous studies on materials with low surface hardness (Marques
et al., 2011; Giinen, 2016; Erdogan, 2019).

An SEM image of the wear track in Fig. 8 supported the presence of abrasive effects and
material detaching under OCP conditions with corrosion processes. In Fig. 8, the corrosion products
and wear debris were determined in the non-abraded region. These results could be attributed anodic
behaviour of unworn surfaces and the cathodic behaviour of worn surfaces (Alkan and Gok, 2021).
According to Fig. 8, pits in the unworn surface of R4 steel also support the idea of the high dissolution
of material from the unworn surface. However, material detachments from the wear track, which
would cause the formation of third bodies in the wear region, were determined. Another remarkable
result obtained from Fig. 8 is the determination of clustered and developing micro pits in the wear
track of R4 steel.
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Figure 7. Optical microscopy captured after R4 steel tribocorrosion tests under OCP
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Figure 8. SEM photos of R4 steel following tribocorrosion testing under OCP

Fig. 9 shows the wear track generated on the boro-aluminized R4 under OCP in simulated
seawater. Pits were visible inside and on the edge of the track, indicating pitting corrosion. The wear
track surface morphology was smooth than the R4 steel track under OCP conditions. In addition, the
wear track transverse section was consistent with the alumina ball. Although boron aluminide coating
does not show an utterly passive behaviour in seawater like stainless steel, the formation of pits
outside the trace instead of inside the track may be evidence that the coating layer exhibits a passive-
like behaviour (Lopez-Ortega et al., 2018; Alkan, 2022a). In this case, the worn region under the
effect of sliding may have exhibited anodic behaviour, while the unworn regions may have performed
cathodic behaviour (Lopez-Ortega et al., 2018; Alkan and Gok, 2022).

311



Alkan, S. JournalMM (2023), 4(1) 302-317

30 View

Hoght (um)
iV
l’/
/

Figure 9. Optical microscope images of boro-aluminized R4 steel after open circuit potential tribocorrosion test

SEM images of wear tracks created on the surface of boro-aluminized R4 steel specimens after
the tribocorrosion test are shown in Fig. 10. A few pits were observed in the unworn region, and their
counts were clearly less than untreated R4 steel (Fig. 8). This result can be attributed to the formation
of galvanic coupling between the worn and unworn surface of the boron aluminide layer and related
to the cathodic behaviour of unworn regions during tribocorrosion. Fig. 10 displays cracks on the
wear track with the corrosion process. This mechanism is explained in Fig. 11 to identify the
tribocorrosion behaviour of the boron aluminide layer. According to Fig. 11, the boron aluminide
coating has a rough surface morphology, and this rough morphology caused it to disable the contact
counter body to the whole surface. Fig. 11 (a) explains the mechanism, and SEM images in Fig. 11
(b) support the proposed idea that the alumina counter body creates some plateaus. This mechanism
produced wear particles and cracks in the wear track by shear force. However, the formation of the
brittle Fe2Als phase, which was formed as a minor component along with the dominant ductile FeAl
phase as determined in XRD analysis, is believed to have caused the fractures in the boron-aluminide
layer (Li et al., 2021). The brittle Fe>Als intermetallic compound, which does not provide sufficient
resistance against force, falls off the surface, damaging the mechanical properties of the steel under
tribocorrosion conditions (Hu et al., 2006).
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Figure 10. SEM images of boro-aluminized R4 steel following a tribocorrosion test conducted under OCP

An EDS analysis was conducted further to investigate the pitting corrosion behaviour and crack
formation of boron aluminide coating, and Fig. 12 was created for this purpose. The pits and cracks
contained oxides with Cl and Na ions, supporting the idea of marine corrosion. The leakage of ClI
ions through pits and cracks would cause the anodic dissolution of the coating layer, a well-known
phenomenon in marine tribocorrosion (Pardo et al., 2008; Zhang et al., 2015; Alkan, 2022b, 2022a).

Despite all wear and corrosion effects, when the wear track sections are compared (Fig. 7 and
Fig. 9), it is seen that the boro-aluminized R4 steel has a very close wear depth (approximately 2.5
microns) and track width (approximately 300 microns) with the untreated sample. However, it should
be noted that the corrosion-induced material loss of the boro-aluminide layer occurred mainly from
the wear track, while the untreated sample was from the non-abraded region due to galvanic
interactions. In this case, the total material loss of untreated R4 steel would be more than boro-
aluminized R4. This result suggests that the boro-aluminide coating improved the tribocorrosion
resistance of grade R4 offshore mooring steel.
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Figure 11. Tribocorrosion mechanism in the wear track: SEM images of boro-aluminized R4 steel following a
tribocorrosion test conducted under OCP
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Figure 12. SEM and EDS images of boro-aluminized R4 steel after tribocorrosion test

4. CONCLUSION

This study investigates the characteristics of the boron-aluminide coating produced on R4 steel
and its effectiveness in enhancing the corrosion resistance of the substrate. Following main results
can be concluded from this study. The final coating comprised of three zones: a B-rich zone, FeAl
layer, and a substrate matrix. XRD analysis revealed the dominant phase of the coating to be FeAl,
with minor amounts of FeB, Fe2B, and Fe5AI8 phases present. The electrochemical tests indicated
that the boron-aluminide coating improved the corrosion resistance of R4 steel in a 3.5% NaCl
solution, leading to lower corrosion rates and better corrosion resistance than untreated R4 steel. The
coating's ceramic structure and chemical stability acted as a barrier between the coating and the
substrate, contributing to enhanced corrosion resistance. These results suggest that boron-aluminide
coatings have the potential of application in marine environments characterized by simultaneous wear
and corrosion. Additionally, the FeAl and Fe»Als phases in the coating may have potential
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applications in high-temperature environments. Overall, this study provides insights into the
development of advanced coatings for improving the corrosion resistance of steel substrates.
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ABSTRACT: In knee prostheses, the curve of the instantaneous center of rotation (ICR) and,
therefore, stability of the prothesis are the most important parameters to be considered. The ICR curve
depends on many parameters. One of them and the most effective one is the dimensions of four bar
mechanism. In polycentric knee mechanisms, it has become inevitable to use optimization techniques
while determining the dimensions of the mechanism for the stability of the prosthesis in the stance
position. In this study, definitions of knee prostheses and polycentric knee mechanisms are given,
optimization studies written in this field are mentioned thorough literature research. The study aims
to find mechanism dimensions that gives ICR curve close to the reference curve by optimizing the
mechanism dimensions of four-bar knee mechanisms. The Bees Algorithm and Genetic Algorithm
(GA) were used for this purpose. The limits and objective function for the optimization were
determined, and after many trials, separate mechanism dimensions with The Bees Algorithm and the
Genetic Algorithm are obtained. By comparing the results, it has been observed that the dimensions
obtained by The Bees Algorithm produced a better approximation to the reference instantaneous
center of rotation curve.
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Dort Cubuk Mekanizmal Diz Protezlerinin Ar1 Algoritmasi ve Genetik Algoritma ile Boyut
Optimizasyonu

OZET: Diz protezlerinde kullanilan dort ¢ubuk mekanizmalarda durus durumunda ani donme
merkezi koordinatlar1 ve buna bagl olarak amputenin dengesi dikkat edilmesi gereken en dnemli
parametredir. Ani donme merkezi egrisi birgok parametreye baglidir. Bunlarin arasindan dikkat
edilmesi gereken en dnemli parametrelerden biri de mekanizmanin boyutlarindan gegmektedir. Dort
cubuk mekanizmasinin kullanildig1 diz protezlerinde durus konumunda amputenin dengede olmasi
icin mekanizmanin boyutlar1 belirlenirken optimizasyon tekniklerinin kullanilmasi kaginilmaz bir hal
almistir. Bu ¢alismada, diz protezleri ve diz protezlerinde kullanilan dort ¢ubuk mekanizmalari
hakkinda tanimlamalar verilmis, literatlir arastirmasi yaparak bu alanda yazilan optimizasyon
caligmalarindan bahsedilmistir. Yapilan c¢alisma, diz protezlerinde kullanilan dort cubuk
mekanizmanin sentezini yaparak referans ani donme merkezi egrisine yakin mekanizma boyutlar
bulmayr amaglamaktadir. Mekanizma boyutlar1 icin Art Algoritmasi ve Genetik Algoritma
kullanilmistir. Optimizasyon i¢in gerekli sinirlar ve amag fonksiyonu belirlenmis, bir¢ok deneme
sonras1 Ar1 Algoritmasi ve Genetik Algoritma i¢in ayr1 ayri mekanizma boyutlar1 elde edilmistir. Elde
edilen sonuglar karsilastirilmis ve Ar1 Algoritmasinin referans ani donme merkezi egrisine daha iyi
yakinlasan mekanizma boyutlar1 verdigi goriilmiistiir.

Anahtar Kelimeler: Diz Protezleri, Cok Merkezli Diz Mekanizmasi, Dort Cubuk Mekanizmasi, Alt-
Ekstremite Protezi, Goniillii Kontrol, Ani Donme Merkezi

1. INTRODUCTION

Walking and running are one of the daily activities for humans. In transfemoral amputees, on
the other hand, the best way to gain walking ability is to use knee prostheses. In these prostheses, the
most important factor affecting walking and performance is the knee mechanism (El-Sayed et al.,
2014). Knee prostheses are generally divided into passive and active knee prostheses with respect to
the power requirement. Active knee prostheses have a motor or actuator unlike passive knee
prostheses which increases the weight and volume of the knee prosthesis and shortens the operating
time of the prosthesis due to the battery capacity. Passive knee prostheses, on the other hand, are more
used in the commercial field since there is no need for batteries (Fu et al., 2016). Knee prostheses are
further divided into two as single axis and polycentric prosthetic knee mechanisms with respect to
their functions (Radcliffe 1994). Although single axis (monocentric) knee mechanisms are cheaper,
simpler, and smaller, their control is limited since they have fixed axes of rotation. This causes an
unstable and unnatural gait. While polycentric knee mechanisms are expensive compared to single
axis knee mechanisms, they are easy to control since they have the curve of the instantaneous center
of rotation (ICR) that provide stability in the stance and swing phases of the prosthesis (Chauhan and
Bhaduri 2011). The four-bar mechanism, which is a polycentric knee mechanism, is widely used in
knee prostheses due to its simplicity. To assure stability, polycentric knee mechanisms must meet the
following factors: length and strength of the remaining limb, the fitting of the socket, position of the
hip joint relative to the knee and ankle joints of the prosthesis, and functional characteristics of the
knee and foot-ankle mechanisms included in the prosthesis (Radcliffe 2003).

There are many studies on four-bar mechanisms in the literature. Since the meta-heuristic
optimization techniques that have developed and increased in recent years, optimization studies of
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the ICR curve and path synthesis of the four-bar mechanism have increased in number. Some of these
studies are given below.

Anand T.S. and Sujatha S. stated that they made the dimension optimization of the four-bar
mechanism according to six different parameters using multi-objective Genetic Algorithm and
compared it with the commercially used four-bar knee mechanisms in terms of toe tolerance,
maximum knee extension and the stability of the knee prosthesis. As a result of the comparison, they
indicated that the four-bar mechanism they designed was the best among others according to the
parameters they chose (Anand and Sujatha, 2017). Roy et al. obtained the desired path of the four-
bar mechanism by optimizing the dimensions of the mechanism with the Genetic Algorithm. They
wrote the objective function as the sum of the squares of the difference of the path coordinates of the
desired and obtained mechanism. In addition, they compared the paths of the four-bar mechanisms
obtained before and after optimization (Roy et al., 2008). Soriano et al. using videogrammetry, put
sensors on the ankle, knee, and hip of a few healthy individuals to examine their gait patterns. As a
result of their examination, they deduced the curve of the ICR of the knee. They used linear regression
method on these curves and applied Genetic Algorithm for dimension optimization of four-bar knee
mechanism. They stated that the objective function was determined for voluntary control four-bar
knee mechanism and the stability of the knee prosthesis. As a constraint, they determined a control
area for voluntary control four-bar knee mechanism. Then, they compared the obtained four-bar knee
mechanism with four different four-bar knee mechanism used in the commercial field (Soriano et al.,
2020). Pfeifer et al., performed an optimization study for the torque profile of four different
mechanisms used in active knee prostheses. They wrote that they chose the objective function as the
sum of the squares of the difference between the desired torque profile and the obtained torque profile,
through the flexion angle of the knee. As a result of their study, they indicated that the single axis
knee mechanism gives the highest torque value, while the four-bar mechanism gives an almost
uniform torque profile throughout the movement of the knee (Pfeifer et al., 2012). Sen M. A. made a
dimension optimization study of the four-bar mechanism using Whale Optimization Algorithm
(WOA) for the path synthesis of mechanism. He chose the reference curve as a circumscribed
trajectory with a certain portion as a line segment. He expressed the objective function by mean value
of the absolute error values along the x-axis between the reference trajectory and the actual trajectory.
In addition, the results obtained after the optimization were compared with the results before the
optimization (Sen 2021). Eqra et al. performed an optimization study for path synthesis of four-bar
mechanisms using four different algorithms. They reported that the best results were obtained with
AIW-PSO. They determined the objective function as the square of the sum of the difference between
the reference path coordinates and the obtained path coordinates. They arranged the objective
function for both open and crossed four-bar mechanism (Eqra et al., 2018). Mufioz-César et al. used
the Taboo Search Algorithm and made dimension optimization of the voluntary control four-bar knee
mechanism. They defined the objective function as the quadratic error of the difference between the
reference ICR curve and the calculated ICR curve. In addition, they manufactured and applied the
optimized knee prosthesis for a user whose left leg was amputated (Mufioz-César et al., 2013).
Marisami P. and Venkatachalam R. synthesized a polycentric knee mechanism to improve the toe-
clearance at mid-swing with optimizing dimensions of the mechanism by Evolutionary Algorithm.
They used both the fixed and moving trajectories of the four-bar mechanism as parameters; they also
wrote that, by creating a radar diagram over some parameters with commercial knee prostheses, the
mechanism they obtained scored, in overall higher than the most available mechanisms (Marisami
and Venkatachalam, 2022). Poliakov et al., obtained an appropriate Pareto solution set by means of
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the PSI Algorithm for the dimensions of four-bar knee mechanism. A multi-criteria dimension
optimization study was performed for the reference ICR curve and the reference mechanism path.
However, the four-bar mechanism they obtained as a result of the optimization is not fully suitable
for use in knee prostheses unless the exact desired parameters are given (Poliakov et al., 2013).
Different from the others, Yonghong et al. studied the six-bar mechanism for knee prosthesis and
stated that they obtained the values of the knee and ankle angles of thirty different healthy individuals
in the gait analysis by using motion capture technology. They also indicated that they chose the six-
bar mechanism to better mimic the movement of the human knee in the configuration of the knee
prosthesis. They used Genetic Algorithm for the dimension optimization of the six-bar mechanism
and formed the objective function by the least square method using the values obtained from the gait
analysis and the ICR curve of the ideal human knee (Zhang et al., 2021).

In the studies given above, optimization works of the four-bar mechanisms used and not used
in knee prostheses were carried out by using different objective functions and different optimization
techniques. The other studies that implemented the optimization techniques to their work in literature
did not perform any comparison with other algorithms. This may lead to think if the results from the
optimizations are the best or not. However, in this study we used the results of the most used algorithm
in this area which is The Genetic Algorithm and compared it with The Bees Algorithm which is
succesfull in local search. The suitability of The Bees Algorithm for use in this area has been
mentioned by optimizing the dimensions of four-bar knee mechanisms according to the ICR curve of
the mechanisms.

2. MATERIALS AND METHODS

2.1. Polycentric Knee Mechanisms
The four-bar knee mechanism, which is one of the polycentric knee mechanisms is divided into
three as follows (Al-Maliky and Chiad, 2021): the hyper-stabilized four bar knee mechanism,
voluntary control four bar mechanism, and the four-bar mechanism with elevated instantaneous
center. A schematic of these three types of four-bar mechanisms is given in Figure 1.

No extension moment Hip joint force
required for stable Hip extension
knee at heel contact m'.‘,’mem I

Hip joint force Hip joint force

No extension moment
required for stable
knee at heel contact

Instant centre

in full extension Equivalent

is posterior to single force

the load line

Load line

at heel contact Load line

at heel
contact
anterior to

Instant centre
at full extension

Load line lies is posterior to instant centre
close to the the load line
hip-heel line

DISADVANTAGE
Poor control of

knee stability as
instant centre moves
downward rapidly
with knee flexion

1

() (b) ©
The four-bar mechanism Hyper-stabilized four-bar Voluntary control of a four-
with elevated instant-centre knee mechanism bar knee mechanism

Figure 1. Four-bar mechanisms used in knee prosthesis (Radcliffe 1994).
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While the four-bar mechanism with elevated instantaneous center provides stability at the heel
contact, the hyper-stabilized four bar knee mechanism functions as fixed knee mechanism to ensure
durability for less active amputees. Compared to the other two, for the voluntary control four-bar
mechanism, amputee applies hip moment. However, this four-rod mechanism gives freedom to the
amputee since the ICR can be controlled by the user both at heel contact and at push-off. This
mechanism used in knee prosthesis is preferred by aggressively active amputees (Andrysek et al.,
2011). In the commercial and academic fields, the voluntary control four-bar knee mechanism is used
more than others.

The voluntary control four-bar knee mechanism has control area that allows the amputee to
control the stability and position of the prosthetic knee in stance phase stages (Sancisi et al., 2009).

One of the voluntary control four-bar knee mechanism that is used in commercial area is Otto
Bock 3R20 knee prosthesis. The Otto Bock 3R20 knee prosthesis is designed to provide stability and
mobility for individuals with lower limb amputations. Here are some specifications of the Otto Bock
3R20 knee prosthesis:

e Weight: The weight of the 3R20 knee prosthesis for the stainless steel material is
approximately 690 grams.

e Mechanical Design: It features a four-bar linkage mechanism that allows for controlled
movement and stability during various activities.

e Flexion/Extension Range: The knee prosthesis offers a flexion range of approximately 110
degrees, allowing for natural movement during walking, sitting, and other activities.

e Stance Control: The 3R20 knee prosthesis incorporates a stance control feature that
provides stability and control during the stance phase of walking.

e Compatibility: It is compatible with various prosthetic components and can be customized
to fit individual user needs and preferences (Otto Bock 3R20/3R36 User Manuel, n.d.).

The Otto Bock 3R20 knee prosthesis is given in Figure 2.

Figure 2. Otto Bock 3r20 knee prosthesis (Otto Bock 3R20, n.d.).

In this study, using the ICR curve of the Otto Bock 3R20 knee prosthesis as reference, which
is used in the commercial area and a voluntary control four-bar knee mechanism, mechanism
dimensions suitable for the curve were obtained with two different algorithms. The reason for
choosing this particular knee prosthesis is twofold: it is widely used in the commercial field, and it
has also been taken as the reference ICR curve in (Al-Maliky and Chiad, 2021). In this study, different
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optimization methods were employed with the four-bar mechanism to successfully achieve the same
curve.

2.2. Displacement Analysis of the Mechanism

The configuration of the four-bar mechanism used in knee prostheses is given in Figure 3. The
dimensions of four bar links are as follows: s, h, k, and v, where “s” is the link 1, “h” is the link 2,
“k” 1s the link 3 and “v” is link 4.

Centrode points of the joints of four-bar mechanism are as follows: A, B, C and D. The upper
link BC is connected to socket part. On the other hand, the shank is connected to the lower link AD.
The angles 6, 6,, 65 and 6, are the rotation angles of the links s, h, k, and v respectively. One of
the rotating joint points, A, is selected as [0,0] in Cartesian coordinates. ICR coordinates defined as
Gicr- The AD link of the mechanism was taken as fixed. The relationship between 6, the knee
flexion angle and 65, the rotation angle of link BC can be written as 6; = 6z + 3, where £ is the
starting angle of the knee when 6; = 0.

Figure 3. Configuration of four-bar mechanism.

During the movement, the BC link rotates at an angle of 65 and determined as the driving angle.
The following equations are written according to the method proposed by Hobson and Torfason for
the coordinates of the ICR of four-bar mechanisms (Hobson ve Torfason, 1974).

hcos(0,) + kcos(63) = vcos(0,) +s (1)

hsin(0,) + ksin(03) = vsin(0,) (2

By examining the configuration of the mechanism, the relationship between the rotation angles
of the second and third links is written from equations (1) and (2):
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Esin(6,) + F cos(0,) = P 3)
Here;
E = sin(05) 4)
F = cos(03) —% ®)
2 hZ k2_ 2
P = —% + %cos(63) (6)

By making an abbreviation, 8,, which is the angle of rotation of the link h, and as a function
of 6,, 6, is written as follows:

V=vVEZ+F2-P2 (7)
0, = 2tan™? (%) )
0, = sin"! (h sin(ez):k sin(ez)) ©)
0, = cos™! (h COS(GZ)JF:: Cos(e3)_s) (10)

There are two different solutions of 6, from equation (8). Both solutions give different types of
four-bar mechanism. By choosing one of these values, the angle 6, is found.

By using the equations given above, the coordinates of G;-g, which is the coordinates of ICR,
can be written as follows:

__ [tan(6,1+864) cos(6,)—sin(B,)
Gx - [ tan(6,+6,4)—tan(6,+06,) ]S (11)
__ [tan(®,+6;)[tan(81+8,4) cos(8,)—sin(61)]
Gy - [ tan(61+64)—tan(61+62) ]S (12)

In this study, 8; = 5° was taken and the equations were solved in the MATLAB program.

2.3. Dimension Optimization of Knee Mechanism
In this section, dimension optimization of the four-bar knee mechanism has been studied by
using Genetic Algorithm and The Bees Algorithm.

The constraints for the desired results are given below:

e The four-bar mechanisms used in the knee prostheses must act as double rocker. According
to Grashof's Law, if the mechanism is a double rocker, the relationship between link
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dimensions can be defined as L, + Lnax < U +U"'. Here, l,,;, represents link “k” of the
mechanism whose configuration is given in Figure 2.

e Ifthe ICR of the mechanism is desired to remain high up to 6 = 15° — 20°, the constraint
h < v can be written (Chauhan ve Bhaduri, 2011).

e Considering the aesthetics of the mechanism, the limitations determined for the mechanism
dimensions are given in Table 1 (Anand ve Sujatha, 2017).

Table 1. Dimension limits of the four-bar knee mechanism.

S h k v
Minimum 15 30 11 35
Maximum 25 40 14 50

The reason for choosing this dimension limits for the optimization work, is to find a smaller
and lighter four-bar knee mechanism than Otto Bock 3R20 knee prosthesis that can approximate the
reference ICR curve as much as possible. This is why the dimension limits of the shortest link “k”
are chosen this close.

According to the limitations given in Table 1, the objective function is given in equation (13).

AF = 37 [(Xre, = X6,)" + (Yoo, = Ya)) |+ Z2(fur) (13)

Here, n is chosen to be the flexion angle values of the knee at the stance position. The objective
function was determined as the sum of the square of differences between “x” and “y” coordinates of
reference ICR and obtained ICR curve. That is, the least square method is used. Here, f;;, represents
the penalty function for Grashof's Law for double rocker.

In this study, the ICR curve of the Otto Bock 3R20 knee prosthesis was selected as a reference.

The reference ICR curve is given in Figure 4.

100 T T T T T T T

a0 - 1

a0 1

Tor .

Vertical Position (v) [mm)]

10 1 I 1 1 1 1 I
=20 13 10 5 0 5 10 15 20

Haorizontal Position (x) [mm|

Figure 4. ICR curve of Otto Bock 3R20 at stance phase (Al-Maliky ve Chiad, 2021).
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2.3.1. Dimension optimization with genetic algorithm

In this sub-section, the process of the Genetic Algorithm (GA) and the application of the
determined objective function according to the limits are briefly explained.

In Figure 5, the flowchart of the Genetic Algorithm is given. As shown in below, the process is
repeated until the iteration is over or the appropriate solution is found. Although Genetic Algorithm
may not find the accurate answer as it works according to the rules of probability, it is used to solve
problems that are difficult or impossible to solve with traditional methods (Holland 1992; Ilgen et al.,

2022).

Generation of random initial
population

I

Calculation of fitness for each
individual

Termination
Criteria?

| Selection |

}

| Crossover |

}

| Mutation |

4{ New Population |

Figure 5. The flowchart of Genetic Algorithm.

2.3.2. Dimension optimization with The Bees Algorithm

Proposed by Pham et al., The Bees Algorithm is a population-based search algorithm that
imitates the resource-seeking behavior of honeybees. An example of such interactive behavior is that
honeybees share information about the quality of the source (nectar, water, etc.) they find by
performing bee dance. Bees that find a high-quality source through this dance, share their direction,
distance, and nectar amount information about this source with other bees. With the help of this
mechanism, the colony can be directed to sites with high quality resources (Pham et al., 2005, 2006).
Pham and Kalyoncu made a study to control a flexible link robot manipulator using PID and The
Bees Algorithm based Fuzzy Logic controllers. Using The Bees Algorithm, this work is the first
experimental and theoretical study for controller optimization (Pham et al., 2008; Pham ve Kalyoncu,
2009). For the evaluation of the suitability of The Bees Algorithm in controller optimization area,
Sen and Kalyoncu designed PID and LQR controller with The Bees Algorithm for the optimization
of inverted pendulum system (Sen et al., 2016; Sen and Kalyoncu, 2015). As a result of these studies,
it is observed that The Bees Algorithm gives appropriate results in the designing of the controller
parameters and compared to the traditional methods the position control of the system is improved.
Eser et al. carried out optimization studies to reduce the deviations in the suspension system to achieve
better driving ability and comfort of the quarter vehicle suspension system in the road map. They
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compared the deviations using The Bees Algorithm and Particle Swarm Optimization and stated that

The Bees Algorithm gave more successful results (Eser et al., 2021).

There are many parameters in the working principle of the Bee Algorithm. These are:
n: The number of scout bees.

m: Number of sites selected from "n" points visited.

e: The number of elite sites in the selected m sites.

nep: The number of bees sent to the best e site.

nsp: The number of bees sent to the remaining (m-e) site.

ngh: size of the site.

iter: stop criteria number or iterations (Eser et al., 2021; Pham et al., 2006).

The flowchart of The Bees Algorithm is given in Figure 6.

Place randomly m explorer bees in the research area

|

Evaluate the compatibility of the points visited by the
explorer bees

Neighborhood Search

A
Select m regions with more suitability values among n
regions

}

Send the ‘Follower Bees’ to the selected m regions (more
bees to ““e’’ elite regions)

}

Select the most suitable bee within each region.

v
Other bees are split from the research area

!

Other bees (n-m) are randomly located into the research
space to discover new possible solutions.

!

New explorer bees population

Figure 6. The flowchart of The Bees Algorithm.

The steps of flowchart in detail are given below:

1)
2)
3)
4)
5)

6)
7)

8)

Create a randomly generated population in space, adhering to constraints.
Calculate the error of the population and sort from smallest to largest.

Continue the loop until the stop condition is met.
Select the best populated areas for neighborhood search.

Send bees to the neighborhoods of the best populated regions and calculate the error of each

bee.

Sort the error of each neighborhood group from smallest to largest.

Randomly distribute the remaining bees back to space considering the constraints and

calculate their errors.

Start the loop again (go to step 3)
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Table 2. Parameters of The Bees Algorithm.

n m e nep  nsp ngh itr

80 12 5 2 4 0.01 105

3. RESULTS AND DISCUSSION

In this section, the dimension optimization of the four-bar knee mechanism is made according
to the limitations, objective function and algorithm parameters given above. Reference curve is taken
as the ICR curve of the Otto Bock 3R20 knee prosthesis. With MATLAB software, Genetic
Algorithm which is widely used in the literature and The Bees Algorithm are compared for the
dimension optimization of the four-bar knee mechanisms. The other studies that implemented the
optimization techniques to their work in literature did not perform any comparison with other
algorithms. This may lead to think if the results from the optimizations are the best or not. However,
in this study we used the results of the most used algorithm in this area which is The Genetic
Algorithm and compared it with The Bees Algorithm which is successful in local search. The aim in
this study is to evaluate the suitability of The Bees Algorithm in knee mechanisms. The initial angle
of the first link 6; = 5° was chosen. The limitations are given in Table 1.

In Figure 7, using both algorithms, the convergence graph of the dimension optimization study
of the four-bar knee mechanism is given.

2.5

‘ ‘ —Geneti(; Algorithm
J —The Bees Algorithm
2
1.5+
@
o
S
0-5 ~K
0 C L L L ]
0 20 40 60 80 100

iteration
Figure 7. Convergence graph of the optimization study with The Bees Algorithm and Genetic Algorithm.

In Figure 8, the reference ICR curve compared with the ICR curves obtained from optimization

with Genetic Algorithm and The Bees Algorithm. In Table 3, the dimensions obtained after
optimization using Genetic Algorithm and The Bees Algorithm are given.
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Figure 8. Comparison of ICR curves.

Table 3. Mechanism dimensions obtained using Genetic Algorithm and The Bees Algorithm.
S h k %
Genetic Algorithm 20.7465mm  34.0135mm  12.0544mm  41.8178 mm
The Bees Algorithm 19.1815 mm 34.9417 mm 11.3698 mm 41.8924 mm

In the convergence graph seen in Figure 7, the Genetic Algorithm converged to the result in
less iterations than The Bees Algorithm. However, in the comparison given in Figure 8, optimization
results using The Bees Algorithm are closer to the reference curve than optimization results using
Genetic Algorithm. The reason for this is that The Bees Algorithm makes a more sensitive search in
smaller areas and converges to the optimum values higher.

4. CONCLUSION

In this study, determining the reference as ICR curve of Otto Bock 3R20 knee mechanism at
stance phase, an optimization comparison was done for the mechanism dimensions by using The Bees
Algorithm and Genetic Algorithm. The constraints required for the aesthetic aspects of the
mechanism and for the use of the mechanism in knee prostheses were determined, penalty functions
were written, and the necessary objective function was defined according to these parameters.
Parameters of The Bees Algorithm are defined. After many optimizations attempts with The Bees
Algorithm and Genetic Algorithm, the minimum and maximum limits of the mechanism dimensions
were updated, and appropriate results have obtained in less iterations. As a result of the comparison
of both algorithms, it was seen that The Bees Algorithm reached the appropriate result at higher
iterations than Genetic Algorithm. However, more accurate mechanism dimensions were obtained
with The Bees Algorithm in approaching the reference curve.

In this study, it was seen that The Bees Algorithm gave a suitable result for the four-bar
mechanisms used in knee prostheses. As a result, it can be said that The Bees Algorithm can be
applied to four-bar knee mechanisms.
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OZET: Mevcut calisma AA6061 plakalarin MIG kaynak yontemiyle birlestirilmesinin ardindan MIG
ve TIG kaynak yontemleri kullanilarak {iger defa tamir iglemini kapsamaktadir. Kaynakli numunelere
tahribatl ve tahribatsiz testler uygulanmistir. Gozle muayene ve sivi penetrant testi sonuglarina gore
TIG kaynag1 MIG kaynagina gére daha diizgiin bir kaynak ylizeyi sergilemis ve radyografik muayene
sonuglarinda hataya rastlanmamustir. Makroyap: incelemelerinde tamirat isleminin gozenek
olusumuna gozle goriiliir bir etkisinin olmadigi, mikroyap1 incelemelerinde tamirat sayisi arttikca 1s1
girdisine bagli olarak ITAB bdlgesinde tanelerin irilestigi belirlenmistir. Sertlik degerleri ana
metalden kaynak bolgesine dogru gidildik¢e azalmis, cekme deneyi sonuglarinda ise MIG kaynaginin
TIG kaynagina gore daha yiiksek mukavemet degerlerine sahip oldugu ve tamirat sayisi arttikga
mukavemet degerlerinin azaldig1 tespit edilmistir. SEM-EDS sonuglarina gore tamirat sayist arttikga
mukavemet arttirict gérevi olan Mg’nin oranimin azaldigi belirlenmistir. XRD sonuglarina goére
aliminyum pikleri ile birlikte, Mg2Si’nin diigiik siddette pik verdigi gézlemlenmistir.
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*Sorumlu yazar / Corresponding author: mustafa.arslan@turasas.gov.tr

Bu makaleye atif yapmak icin /To cite this article

Arslan, M., Toplan, N. (2023). AA6061 Serisi Aliiminyum Plakalarina Yapilan MIG ve TIG Kaynak Tamirlerinin
Tahribatli ve Tahribatsiz Testlerle Incelenmesi. Journal of Materials and Mechatronics: A (JournalMM), 4(1), 333-
354.


https://doi.org/10.55546/jmm.1284581
https://orcid.org/0000-0003-0106-7656
https://orcid.org/0000-0003-4130-0002
mailto:toplan@sakarya.edu.tr

Arslan, M., Toplan, N. JournalMM (2023), 4(1) 333-354

Investigation of MIG and TIG Welding Repairs on AA6061 Series Aluminum Plates by
Destructive and Non-Destructive Tests

ABSTRACT: The study includes the joining of AA6061 plates with MIG welding method and then
repairing three times using MIG and TIG welding methods. Destructive and non-destructive tests
were applied to the welded samples. According to the results of visual inspection and liquid penetrant
test, TIG welding exhibited a smoother weld surface than MIG welding, and no defect were found in
the radiographic inspection results. It was determined that the repair process did not have a visible
effect on the pore formation in the macrostructure examinations, and the grains in the HAZ region
became coarser due to the heat input as the number of repairs increased in the microstructural
examinations. The hardness values decreased from the base metal to the welding zone, and in the
tensile test results, it was determined that MIG welding had higher strength values than TIG welding
and the strength values decreased as the number of repairs increased. According to the SEM-EDS
results, it was determined that as the number of repairs increased, the ratio of Mg, which has the task
of increasing the strength, decreased. According to the XRD results, it was observed that Mg.Si gave
low intensity peaks together with the aluminum peaks.

Keywords: AA6061, Destructive test, Non-destructive test, HAZ, MIG welding, TIG welding.

1. GIRIS

Aliiminyum alagimlar1, havacilik, uzay araclari, yapisal ve askeri alanda; ytiksek elastik modiil,
yiiksek spesifik mukavemet, iyi kirilma toklugu ve miikemmel korozyon direnci gibi 6zelliklerinden
dolay1r kullanilmaktadir. AA6061 magnezyum ve silisyum gibi ana alagim elementlerini igeren
¢okelme ile sertlestirilmis aliminyum alasimlart olup ¢okelme sertlesmesi ile mukavemeti
artirilabilen, 1s1l islem gorebilen ve ayrica kaynakta 1s1 girdisi sirasinda faz doniisiimii meydana gelen
alagimlardir. 1935 yilinda gelistirilmis ve Alloy 61S olarak adlandirilmistir (Kumar ve ark., 2021).
Aliiminyumun ekonomikligi ve kullanim alanlarinin ¢ok genis olmasi, uygun mekanik 6zelliklerinin
yani sira, diisiik yogunlugu, kolay islenebilir ve sekillendirilebilirligi, geri donilistimiiniin miimkiin
olmasi, yiiksek 1s1 ve elektrik iletkenligi gibi Ozelliklere sahip olmasindan kaynaklanmaktadir
(Prakash ve ark., 2012).

Aliiminyum kaynagi ile ilgili Malin tarafindan yapilan bir ¢calismada, 6061-T6 parcas1 4043
dolgu malzemesi ile MIG kaynagi kullanilarak kaynak yapilmistir. Mikrosertlik degeri 6l¢timleri, 100
gram yiik ile bir Knoop mikrosertlik test cihazi kullanilarak, kaynaga paralel olarak ve kaynak merkez
hattindan 0.125 ing¢’lik artislarla alinmistir. Calisma, 1sidan etkilenen bolgedeki (ITAB) sertlik
degerlerinin ana malzemenin yaklasik %701 oldugunu gostermistir. Ana malzemenin kaynak oncesi
akma dayanimi 44.35 ksi iken kaynak sonrasi ortalama degeri 30 ksi olarak dl¢iilmiistiir. Calismada
test edilen 12 numuneden 7’si flizyon hattiyla ITAB arasindaki 0,01-0,4 in¢ arasinda degisen
bolgelerden kopmustur (Malin, 1995). Ambriz ve arkadaslar1 gaz metal ark kaynaginin 6061-T6
iizerindeki etkisini inceledigi ¢alismasinda, 1s1 girdisi ne kadar yliksek olursa, ITAB’1in mekanik
ozelliklerinin o kadar diisiik oldugunu ortaya koymuslardir. Kaynak c¢atlamasinin nedeninin,
aliminyum alagiminin ¢ok yiiksek termal genlesme miktarinin yani sira genis katilasma sicaklik
araligindan kaynaklandigini ortaya koymuslardir (Ambriz ve ark., 2009). Hirose ve arkadaglar1 6061-
T6 i¢in lazer kaynaginin ITAB iizerindeki etkisi {izerine bir ¢calisma gergeklestirmistir. Kaynak islemi
sirasinda daha fazla 1s1 girdisinin, 1sidan etkilenen bolgede sertlik diisiisiine ve kaynak esnasinda
yiiksek 1s1 girdisinin dalgalanmasi ITAB’da ¢okeltilerinin ¢dziinmesine neden oldugunu ortaya

koymuslardir. Bu ¢aligmada 1 mm kalinliginda bir 6061-T6 parcasi lizerinde TIG kaynag: ve lazer
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kaynagi uygulanmistir. Lazer kaynagi i¢in 1s1dan etkilenen bdlgenin TIG kaynagininkinin yaklasik
1/7 ila 1/4’1 kadar azaldigin1 gézlemlemislerdir. Sadece ITAB bolgesi kiigiilmekle kalmamais, ayn1
zamanda suni yaslandirma ile sertlik neredeyse tamamen geri kazanilmistir (Hirose ve ark., 1999).
Withers bir malzemenin yiizeyindeki 1s1 girdisinin, o metalde olusan kalint1 gerilimler lizerindeki
etkisini incelemis ve 1s1 girdisi azaldiginda yiizeydeki alanin ¢ok daha hizli biiziildiigii ve malzemenin
oda sicakligina daha hizli sogudugu sonucuna varmistir. Soguma esnasinda dis ylizey biiziilme
egiliminde iken malzemenin i¢ bolgesi hala daha yliksek sicakliklara sahip oldugundan, bu durum
yilizeyde kalint1 gekme gerilmeleri olusturacaktir. Ayni teori kaynak icin de gegerlidir. Kaynak hatti
en son soguyan bolge oldugundan, bu durum yiizeyde kaynak hattinda kalint1 gerilmelere neden
olmaktadir (Withers, 2007). Singh ve arkadaslar1 kaynak akimi, gaz debisi ve kaynak hiz1 gibi kaynak
parametrelerinin AA5083 aliiminyum alagiminin ¢ekme dayanimi iizerindeki etkisini TIG kaynagi
kullanarak aragtirmistir. 240 amper kaynak akimi ve 7 1t/dk gaz debisi kullanildiginda maksimum 129
MPa ¢ekme dayanima ulasiimistir. Yiksek ¢ekme mukavemeti i¢in kaynak hiz1 98 mm/dk olarak
tutulmustur. Kaynakli birlestirilen AAS5083 alliminyum alasiminin ¢ekme dayanimi, kaynak hizinin
artmastyla optimum bir degere kadar artmis, bu degerden sonra azalmistir. Boylece maksimum ¢ekme
dayanimi i¢in optimum kaynak parametreleri; kaynak akimi 240 amper, kaynak hiz1 98 mm/dk ve
gaz debisi 7 1t/dk olarak bulunmustur (Singh ve ark., 2013). Kamat ve Kumar siirtlinme karigtirma
kaynag1 ve TIG kaynag ile birlestirilen aliiminyum alasimi AA6106 T6’nin mekanik 6zelliklerini
incelemek i¢in deneysel bir aragtirma ylriitmiistiir. Numune boyutu 160 mm x 30 mm x 3 mm olarak
secilmistir. Stirtlinme karistirma kaynagi ile yapilan AA6106 T6 alasiminin gekme dayaniminin TIG
kaynagma gore daha fazla oldugunu ortaya koymustur. Kaynak numuneleri, ana malzeme ile
karsilastirildiginda daha diisiik mekanik ozellikler sergilemistir. Siirtiinme karistirma kaynaginin
sertliginin TIG kaynagina gore daha fazla oldugu tespit edilmistir (Kamat ve Kumar, 2013).

Aliminyum kaynagina tamir yapmak, termal gerilmeler ve 1s1 girdisi nedeni ile istenilen bir
durum olmamakla beraber, tekrar eden 1s1 girdileri malzemenin dayanimini azaltmaktadir. Bu nedenle
miimkiin oldugunca tamirat isleminden kaginmak gerekmektedir. Ancak bazi durumlarda ise kaynak
parametrelerinin yanlis se¢imi, ortam kosullar1 ve kullanilan malzemelerden otiirii ¢esitli kaynak
hatalariyla karsilasilmaktadir ve tamirat islemi kac¢inilmaz olmaktadir. Tamirat islemi malzemenin
servis sartlarinda ve gilivenli bir sekilde kullanilmasi i¢in maksimum hassasiyet gosterilerek
yapilmalidir. Mevcut calismada AA6061 serisi plakalarin kaynakli birlestirmeleri i¢in dolgu
malzemesi ve kaynak parametreleri belirlenmistir. Kaynakli numunelere tahribatli ve tahribatsiz
muayene testleri yapilmis ve elde edilen muayene sonuglarina gore degerlendirmeler yapilmustir.
Farkl1 kaynak yontemleriyle (TIG, MIG) tiger defa kaynak tamiri yapilmig ve her bir tamirat sonrasi
sonuglar degerlendirilerek karsilastirilmistir.

Metal inert gaz (MIG) bir ergitme kaynagi olup, kaynak alanin1 dig atmosferden korumak i¢in
inert gazin kullanildig1 bir kaynak yontemidir. Diger bir¢ok ark kaynagi yontemine kiyasla yiiksek
kaliteli bir kaynak yontemidir ve ayrica bu yoOntem yar1 otomatik veya otomatik olarak
uygulanabildiginden, besleme acisindan daha fazla verimlilik saglamakta, akim ve voltaj a¢isindan
kaynak sirasinda islemi kolaylastirmaktadir. Koruyucu gaz, tek gazli veya gaz karisimindan
olusabilir. Koruyucu gaz ve elektrot tipi se¢imi kullanilan metalin cinsine baglidir ve elektrot makara
seklindedir. MIG kaynag1 DC veya AC akim kullanilarak yapilabilir (Khafaji, 2020). Erimis kaynak
havuzu ve ark bolgesi, argon veya helyum gibi asal gazlarla korunur. MIG kaynak yontemi
aliminyum alagimlarinda yaygin olarak kullanilan bir tekniktir ve dengeli bir ark ile diisiik sigrama
kayb1 ve 1y1 kaynak penetrasyonlari ile piiriizsiiz bir metal transferi elde edilebilir (Okay, 2016).
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Koruyucu gaz olarak genellikle argon gazi kullanildigi i¢in, Tungsten inert gaz (TIG) ark
kaynagina argon-ark kaynagi da denir. Bir elektrik ark kaynagi yontemi olan TIG ark kaynagi
yonteminde kaynak i¢in gereken 1s1, erimeyen bir tungsten elektrot ile is pargasi arasinda olusan
elektrik arki ile saglanir. Ark bolgesi genellikle argon gazi gonderilerek korunur. Kaynak yapilacak
ana metale gore kaynak ilave metali kullanilip kullanilmayacagina karar verilir (Debeski, 2017).

Calismanin amaci; AA6061 serisi plakalara minimum kaynak tamiriyle kaynagin
siirdiirtilebilirligini saglamak ve artan tamirat sayisiyla birlikte kabul kriterlerine bagli olarak
malzemenin servis sartlarinda kullanilip kullanilamayacagini belirlemektir.

2. MATERYAL VE YONTEM

Mevcut calismada kaynak ana malzemesi olarak; 45° kaynak agz1 acilmis 300x280x4 mm
boyutlarinda AA6061 T6 serisi Al plakalar kullanilmistr.

Tablo 1 ve Tablo 2’de 6061 T6 aliiminyum plakanin kimyasal kompozisyonu ve mekanik
degerleri verilmistir. (Kocaman ve Demirer, 2021).

Tablo 1. AA6061 T6 aliiminyum plakanin kimyasal kompozisyonu
Element Si Fe Cu Mn Mg Cr Zn Ti Diger Al

ag. % 0.68 0.44 0.24 0.14 0.94 0.2 0.06 0.04 0.03 Kalan

Tablo 2. AA6061 T6 aliiminyum plakanin mekanik degerleri

Temper Akma Cekme Uzama Sertlik
Mukavemeti Mukavemeti (%) (Vickers-HV)
(MPa) (MPa)
T6 270 260-310 16 86

Dolgu malzemesi olarak ER5356 kodlu %5 Mg (Magnezyum) alasimli aliiminyum kaynak teli
kullanilmigtir. Ana metal ile renk uyumu ve ozellikle yiiksek korozyon direncinden dolay1 Al-Mg ve
Al-Mg-Si alagimlarinin kaynaginda yaygin olarak kullanilmakta olup; kimyasal bilesimi Tablo 3’te
verilmistir (Akman, 2018).

Tablo 3. ER5356 dolgu telinin kimyasal bilesimi (ag. %)
Si Fe Cr Mn Mg Cu Zn Ti Diger Al

0,03 0,15 0,11 0,14 4,83 0,01 0,01 0,09 - kalan

ERS5356 mekanik 6zellikleri Tablo 4’te verilmistir (Clingiir, 2021).

Tablo 4. ER5356 dolgu telinin mekanik 6zellikleri

Akma Dayamim Cekme Dayamim o Ergime Sicakhg:
(MPa) (MPa) Uzama (%) °C)
110-120 240-280 17-26 562-633

AA6061 T6 serisi 300x280x4 mm boyutlarindaki Al plakalar MIG kaynak yontemiyle
birlestirilmistir. Daha sonra ayni boyut ve bilesime sahip pargalar tekrar MIG kaynagi ile
kaynatilarak, kaynakli bolgeler taslanmis ve MIG kaynagiyla tamirat kaynagi yapilmistir. Ayni
islemler MIG kaynagi ile 3.tamirat asamasina kadar tekrarlanmistir. Ayn1 tamirat islemleri (1. 2. ve
3. tamiratlar) TIG kaynagiyla da yapilmistir. Her iki kaynak yontemi ile gergeklestirilen tamirat
islemleri tiger defa tekrarlanmis ve her tamirattan sonra kaynakli bolgeler incelenmistir. Ana kaynak

336



Arslan, M., Toplan, N. JournalMM (2023), 4(1) 333-354

0, MIG kaynak tamirleri 1 ve TIG kaynak tamirleri 2 kodu ile gosterilmistir. Kullanilan kaynak
parametreleri Tablo 5’te verilmistir.

Tablo 5. MIG ve TIG kaynak parametreleri

Kaynak parametreleri MIG TIG
Kullanilan Ana Malzemeler ~ 6061 T6 (280x300x4 mm ) 6061 T6 (280x300x4 mm )
Kaynak Makinast Fronius TPS 400 i EWM Tetrix
Voltaj (V) 21-23 17-19
Akim (A) 170-180 180-200
Gaz Debisi (It/dk) 15 12
Kullanilan Gaz (% 99.99) Argon Argon
Kaynak hiz1 (cm/dak) 70-75 45-48
Tel Cinsi/Cap1 (mm) Esab 5356 /1.2 TNT ER5356 / 3.2

AA6061 Al plakalarin birinci kaynak islemi MIG kaynak yoOntemiyle yapilmistir. Tamir
islemleri ise hem MIG hem de TIG kaynak yontemleriyle yapilip gerekli muayeneler tamamlandiktan
sonra kaynak bolgesi taslanip tamir kaynagi i¢in hazir hale getirilmistir. MIG ve TIG kaynagi ile
tamir islemi licer kez tekrarlanmistir. Her defasinda yeni bir malzeme alinarak kaynak ve tamir
kaynaklari tekrarlanmistir. Tablo 6’da, gerceklestirilen kaynaklarin kodlar1 diizenlenmistir.

Tablo 6. Yapilan kaynak ve tamiratlarin kodlar

1. MIG kaynagi: 0.0
1. MIG Kaynak Tamiri: 1.1 1. TIG Kaynak Tamiri: 1.2
2. MIG Kaynak Tamiri: 2.1 2. TIG Kaynak Tamiri: 2.2
3. MIG Kaynak Tamiri: 3.1 3. TIG Kaynak Tamiri: 3.2

Tahribatlhh muayene veya tahribatsiz muayene kullanilarak kaynak muayenesi
yapilabilmektedir. Tahribatli kaynak testi, tamamlanmis kaynagin 6zelliklerini degerlendirmek igin
malzemenin fiziksel olarak tahrip edilmesini igeren bir kaynak test teknigidir. Tahribatsiz muayene,
parca veya sistemin servis sartlarini bozmadan malzemedeki siireksizlikleri veya ozelliklerdeki
farkliliklar belirlemek i¢in muayene, test veya degerlendirme siirecidir.

2.1 Tahribatsiz Muayene Yontemleri
Tahribatsiz muayene, bir iiriiniin kalite kontrol siirecinde énemli bir rol oynamaktadir. Bir
iirliniin imalatinin tiim asamalarinda kullanilir ve asagidaki siire¢clerde malzemenin kalitesini izlemek
icin kullanilir (Bhatia, 2023).
a. Uriiniin yapiminda kullanilan hammaddelerde.
b. Uriinii imal ederken.
c. Hizmete sunulmadan 6nce bitmis iiriinde.

2.1.1 Gozle muayene yontemi

Gorsel test, kaynakta yiizey siireksizliklerini belirlemek i¢in gozle veya yardimer bir ekipman
kullanarak yaptigimiz bir tahribatsiz muayene yontemdir. Gorsel testler, test yilizeyinin yeterli sekilde
aydinlatilmasini ve test cihazinin uygun sekilde goriilmesini gerektirir.

TS EN 13018 (Genel Kurallar) standardina gore, genel gézle muayene i¢in en az 160 lux, yerel
gozle muayene i¢in en az 500 lux aydinlatma gerekmektedir. TS EN ISO 17637 (Kaynaklar i¢in
Genel Kurallar) standardina gore, Muayene yiizeyinin aydinlanma siddeti en az 350 liiks olmalidir;
ancak bu degerin 500 liikks olmasi tavsiye edilmektedir. Dogrudan muayene yapilirken, muayene
yiizeyi ile goz arasindaki mesafe 600 mm’yi ge¢memis olmasi gerekmektedir. Dolayli gozle
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muayenede bu sart gdzetmeksizin yapilabilmektedir. (Goniil, 2023). Muayene agis1 Sekil 1°de
gosterilmistir.

Sekil 1. Muayene agis1

2.1.2 Sivi penetrant muayenesi

S1vi penetrant testi, malzemelerdeki veya kaynak yiizeyindeki kiiciik sizintilari, ¢atlaklari,
gbzenekleri ve siireksizligi tespit etmek icin tasarlanmistir. Bu prosediirde, 6nceden belirlenmis bir
siire boyunca iirlin yiizeyine sivi niifuz edici bir boya piiskiirtiiliir. Penetran daha sonra kilcal etki
yoluyla en kiiciik catlaklara veya gozeneklere siiriinerek girer. Yiizey kuruduktan sonra, kusurda
kalan penetrant1 emen ve konumu, boyutu ve tiirii de dahil olmak iizere tiim kusurlar1 gosteren bir
gelistirici uygulanir. Sivi penetran testi, goriiniir 151k veya florisil aydinlatma ortaminda yapilir.
(Bhatia, 2023). Penetrant testi islemi Sekil 2’deki sira izlenerek yapilir (Goniil, 2023). TSE EN ISO
3452-1 standartina uygun penetrant {iriin ailesi Sekil 3’te verilmistir.

Sekil 3. Penetrant iiriin ailesi ( MR 85 alkol, MR 68C penetrant sivi, MR 70 gelistirici)

2.1.3 Radyografik muayene
Radyografik test, bir bilesenin i¢inin goriintiilenmesini saglayan bir goriintiileme test yontemini
ifade eder. Radyografik X 1smlarin1 kullanir ve bu 1sinlar kaynagin i¢inden geger ve malzemenin
arkasina yerlestirilen bir film tlizerinde golge bir resim olusturur. Bu 1smlarin dalga boyu 0.001
Angstrom mertebesinde ¢ok kisadir ve genellikle radyoaktif bir malzeme tarafindan iiretilen gama

1sinlart (Co-60 ve Ir-192 radyoizotoplari), saha ayarlarinda kaynaklarin incelenmesi i¢in de kullanilir
338



Arslan, M., Toplan, N. JournalMM (2023), 4(1) 333-354

(Bhatia, 2023). Sekil 4 a)’da X 1s1n1 ile yapilan muayene (Goniil, 2023) ve 4 b)’de kullanilan cihaz
gosterilmektedir.

Aliiminyum pargalar i¢in;

Secilen gerilim: 120 keV

Secilen akim degeri: 1,9 mA,

Hesaplanan poz siiresi: 50 sn

Titksek gerilm

a) b)
Sekil Hata! Belgede belirtilen stilde metne rastlanmadi.. a) X 1s11 ile yapilan muayene b) Radyografik muayene cihazi

2.2 Tahribath Muayene Yontemleri
Tahribath kaynak testi, adindan da anlasilacagr gibi saglamligint ve Ozelliklerini
degerlendirmek icin tamamlanmis bir kaynagin fiziksel olarak tahrip edilmesini icerir. Bu testler, esas
olarak bir numunenin performansini veya malzemenin farkli yiikler altindaki davranigini
degerlendirmek i¢in gergeklestirilir. Bu testlerin gerceklestirilmesi, daha fazla bilgi vermesi ve
yorumlanmasi tahribatsiz testlere gore ¢ok daha kolaydir.

2.2.1 Sertlik testi

Malzemelerin aginmaya, ¢izilmeye veya kesilmeye kars1 direng gosterme yetenegi sertlik olarak
bilinir. Malzemenin kalici deformasyona direnme Ozelligidir. Kaynak sertlik testi, taglanmus,
parlatilmis veya parlatilmig ve daglanmis baglantt bolgesinin bir kesiti tizerinde yapilir. Kaynak
merkez hatti, dolgu yiizeyi veya kok bolgeleri, ITAB ve ana metal {izerinde girintiler olusturmak
suretiyle yapilir.

Kaynaklarda Brinell, Rockwell, Vickers ve Knoop sertlik testleri, en basit ve kolay
degerlendirilebilen mekanik o6zelliklerden biri olan sertligi belirlemek i¢in kullanilabilir. Sertlik
testinin tiirli, malzemenin sertligi, mukavemeti, kaynakli baglantinin boyutuna gore degisir (Bhatia,
2023). Sekil 5’te, kullanilan Qness marka sertlik 6l¢iim cihazi verilmistir.
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Sekil Hata! Belgede belirtilen stilde metne rastlanmadi.. Qness marka sertlik 6lgiim cihazi

2.2.2 Cekme deneyi

(Cekme mukavemeti, bir metalin onu ayiran kuvvetlere dayanma kabiliyetini ifade eder. Enine
cekme testi, enine ¢gekme dayanimini, akma dayanimini, uzama gerilimini, statik ytik altinda bir alin
baglant1 alaninin azalmasini dlgmek icin yapilir. Tasarimin biiyiik bir kismi kaynakli baglantidaki
cekme Ozelliklerine dayandigindan, ana metalin, kaynak metalinin, taban ile kaynak arasindaki bagin
ve 1s1dan etkilenen bdlgenin ¢ekme 6zelliklerinin tasarim gereksinimlerine uymasi dnemlidir. Nihai
cekme mukavemeti, malzemelerin mekanik performanslarini belirlemede 6nemli bir yer tutar (Bhatia,
2023).

Kaynakli pargalarin ¢gekme numuneleri TS EN ISO 4136 (Metalik malzemelerin kaynaklari
tizerinde tahribatli deneyler - Enine ¢ekme deneyi) standardina gore hazirlanmistir. Deney Instron
Marka cihaz ile yapilmistir. Sekil 6’da ¢gekme numunesinin temsili sekli ve Sekil 7°de Instron marka
cekme test cihazi goriilmektedir.

Sekil 6. Cekme numunesi temsili sekil
(Numune Olgiileri: Lt = 200 mm, b =25 mm, ts = 4mm, Lc = 80 mm)
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Sekil 7. Instron marka ¢ekme test cihazi

2.2.3 Makro inceleme
Bu yontem, kaynakli baglantidan kiiciik numunelerin ¢ikarilmasini gerektirir. Bu numuneler
daha sonra zimparalanir, parlatilir ve kullanilan temel malzemeye bagli olarak hafif bir asit karisimi
kullanilarak daglanir. Asitle asindirma, kaynagin i¢ yapisinin net goriintiislinii saglar. Numunenin
incelenmesi, niifuz etme derinligini ve fiizyon eksikligi, yetersiz kok penetrasyonu, i¢ gézeneklilik
ve kaynak ile ana malzeme arasindaki gegis bolgesindeki ¢catlamanin kanitlarini ortaya ¢ikarir (Bhatia,
2023).

2.2.4 Mikroyap1 inceleme

Yontem, catlaklar, mikroskobik boyuttaki kalintilar, tane sinirlari, kaynak metalinin yapist,
1sidan etkilenen bolge, kaynak metalindeki mikro bilesenlerin dagilimi gibi 6zellikleri incelemeye
imkan sunar. Mikroyapi incelemeleri OLYMPUS marka optik mikroskop ile yapilmistir. Bu yontem
malzemenin i¢ yapisini incelemek icin uygulanmaktadir. Yontemin asamalari: numune alma,
bakalitleme, zimparalama, parlatma, daglama ve mikroskobik incelemedir. Numunenin alinacagi
bolge tespit edildikten sonra kesici tas, testere vb. aletlerle numune kesilir. Kesme islemi yaparken
malzemede plastik deformasyona sebebiyet vermeyecek ve 1s1 girdisinin az oldugu bir yontem
secilmelidir. Ciinkli malzemenin orijinal i¢ yapisi da incelenecektir. Zimparalama isleminde 320, 400,
600, 800 ve 1200 numarali1 zzimparalar kullanilmistir. Zimparalama isleminden sonra numuneler ¢uha
kapli parlatma disklerinin istiine alinir ve parlatma islemi tamamlanir. Numunenin i¢ yap1
ozelliklerinin incelenmesi i¢in daglanmasi gerekmektedir. Bu islem keller (2ml HF, 3ml HCI, 5ml
HNO3, 190 ml saf su) reaktifiyle yapilmistir. Daglama islemi yaparken numuneyi daglama
¢ozeltisinde gok fazla bekletmemek gerekmektedir aksi halde kararma meydana gelmektedir. Sekil
8’de makroyap1 inceleme cihazi ve optik mikroskop cihazi goriilmektedir.
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el

0B METAL

a)
Sekil 1. a) Struers marka welding expert 5 makroyap1 inceleme cihazi, b) Olympus marka optik mikroskop.

2.3. SEM-EDS Analizi
Uygun metalografik standartlarda hazirlanmis numunelerin kaynak dikisi ve ITAB bdlgesinin mikro
yapilarmin incelenmesi ve yorumlanmasi i¢in taramali elektron mikroskobu (SEM) kullanilmistir.
Mikroyapilarin goriintiilendigi Joel marka JSM-6060LV model SEM cihaz: Sekil 9°da goriilmektedir.
Ayrica numuneler lizerindeki elementel kompozisyonu belirlemek i¢in enerji dagilimli spektrometre
(EDS) analizi uygulanmistir. EDS analizi SEM cihazi ile birlikte ¢alistig1 i¢in, element kompozisyonu
ayni cihaz lizerinden yapilmistir.

Sekil 2. Joel marka JSM-606OL/\£/:10de1 SEM cihazi
2.4. X-Isinlar1 Analizi
MIG ve TIG kaynag1 sonrasinda yapida olusan fazlarin belirlenmesi i¢in X-1sinlart analizleri
(XRD) yapilmistir. Yapilan XRD analizinde, dalga boyu A=1,54059 nm olan CuKa 151n demeti
kullanilarak tarama agis1 (20) 0 ile 90 © araliginda olacak sekilde RIGAKU marka D/MAX/2200/PC
model X-isinlar1 difraktometresi kullanilmigtir. Sekil 10’da kullanilan XRD cihazinin fotografi
goriilmektedir.

Sekil 3. X-1sinlart difraksiyon analizi cihazi
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3. BULGULAR VE TARTISMA

3.1 Tahribatsiz Testler

4 mm kalinligindaki AA6061 T6 aliiminyum plakalar alin kaynagiyla birlestirildikten sonra
tamirat yapilmayan, MIG ve TIG kaynaklariyla tiger defa tamir kaynag1 yapilan numunelerin gozle
muayenesi TS EN ISO 10042 standartina gore yapilmistir. Kullanilan lazerli kaynak 6l¢tim cihazi ve
mercek Sekil 11°de verilmistir. Kaynaktan sonra olmasi gereken olgii sinir degerleri standartta gore
cihaza girilir ve cihaz kaynak dikisi lizerinde gezdirilir. Kabul kriterleri igerisinde kalan olgiiler
sekilde goriildiigii gibi yesil tonda, disinda kalan Slgiiler ise kirmizi tonda belirti vermektedir. Cihaz
ekraninda da gorildiugi gibi kep ytiksekligi 2.3 mm, kep genisligi 9.9 mm ve yanma olugu 0 mm
olarak Ol¢lilmiistiir.

Sekil 11. Servo-Robot marka Wiki-Scan lazerli kaynak 6l¢iim cihaz1 ve mercek

Kaynak yapilan pargalarin sivi penetrant muayenesi igin kaynak ve ITAB bdlgeleri MR 85
alkolle temizlenmis ve yiizeylerine standartlara uygun MR 68 C penetrant s1vist uygulanmistir ve 10
dk. beklenilmistir. Yiizeyde kalan penetrant su ve bez yardimiyla temizlendikten sonra MR 70
gelistirici uygulanmistir. Sekil 12°de penetrant ve gelistirici uygulamasi goriilmektedir. Sonuglar TSE
EN ISO 23277 (Kaynaklarin tahribatsiz muayenesi-Kaynaklarin penetrant muayenesi-Kabul
seviyeleri) standartina gére degerlendirilmistir. Kaynaklara uygulanan penetrant test (PT) sonucunda
herhangi bir ¢atlaga rastlanmamistir fakat gozenek olusumu goézlemlenmistir.

d) e)
Sekil 12. a) Penetrant uygulama b) 0.0 nolu tamirat yapilmayan, c) 1.1 ve 1.2 nolu 1. tamirler d) 2.1 ve 2.2 nolu 2. tamirler
ve e) 3.1 ve 3.2 nolu 3. tamir yapilan pargalarin PT sonuglarina ait makro goriintiiler
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Sekillerde de goziiktiigi gibi TIG kaynagiyla yapilan kaynaklar gorsel olarak daha iyi
goziikmektedir. MIG kaynagindaki gozenek olusumu TIG kaynagina gore daha fazladir.
Gozenekliligin sebebi kaynak havuzunu terk etmeyen hidrojenden kaynaklanmaktadir ve bu durum
en yaygin goriilen kaynak hatalarindan biridir. MIG kaynaginda tamirat sayisi arttik¢a gézeneklerde
de artig gortilmistiir. TIG kaynaginda ise durum degismemistir.

Kaynakli numunelerin radyografik muayenesi i¢in ICM SiteX model cihaz kullanilmistir. TS
EN ISO 17636-1 (Kaynak dikislerinin tahribatsiz muayenesi, Radyografik, muayene Bolim 1: Filmli
X ve gama 1s1m1 teknikleri) standartina gore muayene parametreleri belirlenmistir. Radyografik

muayene sonuclar1 Sekil 13°te verilmistir.
-
(@)
- _
(b) (©)
(d)
()

[OFEEN

JFEEN

(€)
- _

(9)
Sekil 13. a) Tamirat yapilmayan, b) 1. MIG, c¢) 1. TIG tamirleri, d) 2. MIG, e) 2. TIG tamirleri, f) 3. MIG, g) 3. TIG

tamirleri yapilan parcalarin radyografik muayene goriintiileri

Radyografik muayene goriintiilerinde TSE EN ISO 10675-2 standardina gore ¢atlak, ergime
noksanlig1, yanma olugu gibi herhangi bir siireksizlige rastlanmamugtir.

3.2 Tahribath Testler
Numune hazirlama islemlerinden sonra makroyapi incelemeleri TS EN ISO 10042 (Kaynak-
Aluminyum ve alagimlarinda ark kaynakli birlestirmeler-diizgiinsiizliikler igin kalite seviyeleri)’ye
gore degerlendirilmistir. Kalite seviyesi C’ye gore tek gozenek capinin malzeme kalinliginin 0.3
katindan fazla olmamasi gerekmektedir. Tamiratsiz ve tamir yapilan numunelere ait makroyapi
goriintiileri Sekil 14’ te verilmistir.
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(b) () (d)

(e) () C)]
Sekil 14. a) Tamirat yapilmayan, b) 1. MIG, c) 2. MIG d) 3. MIG, e) 1. TIG, f) 2. TIG, g) 3. TIG tamirleri yapilan

numunelere ait makroyap1 goriintiileri

Kaynak islemi ve sonrasinda tamirat kaynaklar1 yapilan numunelerin makro goriintiileri Sekil
14°te, 0.0 nolu ilk uygulanan MIG kaynagi sonrasi alinan makroyap:r goriintiileri Sekil 14 a’da
goriilmektedir. Kaynak uygulanan levhanin kalinligt 4mm’dir. Kaynak bolgesinde hidrojen gazi
kaynakli gozenekler bulunmakta olup bu durum yaygmn bir kaynak hatasidir. Alinan makro
goriintiilere gore 0.16-0.18 mm ¢aplarinda gdzeneklerin mevcut oldugu tespit edilmistir. Ik kaynak
isleminden sonra yiizey taslanmis ve birinci MIG kaynagi onarimi yapilmistir. Onarim sonrasi alinan
makroyapi goriintiileri Sekil 14 b’de verilmistir. Yapilan MIG tamiratina bakilarak ITAB igerisindeki
gozenek boyutlarmin 0.46-0.54 mm arasinda oldugu gozlemlenmistir. Gozenekliligin nedeninin,
katilasan kaynak metali havuzundaki hidrojen gazinin varligi, nem ve kaynak Oncesi temizligin
yeterince yapilmamasi oldugu diisiiniilmektedir. ilk kaynak isleminden sonra yiizeyi taslanan
numuneye birinci TIG kaynagi tamirati uygulanmistir. Gozeneklenmelerin kaynak kokiinde
toplandig1 ve 0.22-0.29 mm caplarinda degisim gosterdigi tespit edilmistir (Sekil 14¢). Artan 1s1
girdisi sebebiyle malzemede burulmalarin da bagladigi goriilmiistiir. Birinci kaynak tamir
islemlerinden sonra tamirat yapilan kaynaklar taglanarak ikinci kaynak tamir iglemine hazirlanmis ve
hazirlanan numuneye MIG kaynag: ile ikinci tamirati yapilmistir. Gozeneklenmelerin kaynak
kepinde ve kokiinde devam ettigi ve en biiyilikk gozenek boyutunun 0.54 mm c¢apinda oldugu
goriilmiistiir (Sekil 14d). Birinci kaynak tamir islemlerinden sonra yiizeyi taslanan numuneye ikinci

TIG kaynagi tamirati uygulanmistir. G6zeneklenmelerin kaynak kokiinde toplandigi ve en biiyiik
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gozenek boyutunun 0.2 mm capinda oldugu tespit edilmistir (Sekil 14e). Artan 1s1 girdisi sebebiyle
malzemede burulmalarin daha da arttig1 gériilmiistiir. Ikinci kaynak tamir islemlerinden sonra tamirat
yapilan kaynaklar taslanarak iigiincii kaynak tamir islemine hazirlanmistir. Ugiincii MIG tamiratindan
sonra gozeneklenmelerin kaynak kepinde ve kokiinde devam ettigi ve en biiylik gdzenek boyutunun
0.18 mm c¢apmnda oldugu goriilmiistiir. (Sekil 14f). Ugiincii TIG kaynag tamiratindan sonra
gozeneklenmelerin kaynak kokiinde toplandig1 ve en biiylik gozenek boyutunun 0.22 mm ¢apinda
oldugu tespit edilmistir. Artan 1s1 girdisi sebebiyle malzemede burulmalarin daha da arttigi
goriilmiistiir (Sekil 14g). Ugiincii kaynak tamiratlarindan sonra artan termal gerilmelerin de etkisiyle
kaynak kok bolgesinde kilcal catlaklar gozlemlenmistir.

MIG kaynagi sonrasi ve MIG ve TIG tamirat islemlerinden sonra yapilan ¢gekme testi sonuglari
Tablo 7°de verilmigtir. TS EN ISO 15614-2 numaral1 standarta gore kaynak yapilmis 6000 serisi
aliminyum alagimlarinda dogal yaslanma sonucunda elde edilen ¢ekme mukavemet degeri ana
malzemenin minimum ¢ekme mukavemet degerinin 0.6 katinin, suni yaslandirmada ise 0.7 katinin
altinda olmamalidir.

Tablo 7. MIG kaynagi ile tamiratsiz ve MIG ve TIG ile li¢ kez tamirat yapilan numunelerin ¢ekme testi sonuglari

Kod G?rli(lrr?]?esi G(ejl?ilr ﬂeesi Maksimum Yiik Alan D:ralmam Hesaplan;nls
(MPa) (MPa) (N) (%) Uzama (%)
MIG
0.0 139.1674 203.3048 17890.8223 32.5392 8.057
11 132.8321 196.0877 17255.7148 45.4800 8.226
21 134.6181 181.0924 15936.1348 46.6392 8.547
3.1 106.2336 180.2296 15684.2070 33.3663 9.811
TIG
12 124.3719 186.1235 16378.8672 43.9273 8.868
2.2 125.4717 179.4365 15702.4160 50.1477 9.698
3.2 91.82285 175.1522 15413.3974 33.4095 9.796

Cekme testi sonuglarindan da anlasilacagi iizere her iki kaynak yonteminde de tamirat sayisi
arttikca malzemenin akma ve ¢ekme gerilmelerinde azalmalar goriilmiistiir. Ugiincii kaynak
tamirinde bu degerler gozle goriiliir bir sekilde azalmistir. Artan 1s1 girdisi ve termal gerilmelerin de
malzemenin dayanimini azalttigin1 gostermektedir. Ana malzemenin ¢ekme mukavemetinin 260-310
MPa oldugu bilinmektedir. Elde edilen test sonuglarina gore en diisiik cekme mukavemetinin 3. TIG
kaynak tamiri sonucunda 175.15 MPa oldugu saptanmistir. MIG kaynagi sonucu elde edilen ¢ekme
degerleri TIG kaynagina gore daha yiiksek ¢ikmistir. TIG kaynagindaki 1s1 girdisinin daha fazla
olmasindan 6tiirii bu durum ortaya ¢ikmuistir. Is1 girdileri MIG kaynaginda 214 J/mm, TIG kaynaginda
ise 285 J/mm civarinda hesaplanmistir. Is1 girdisi hesaplama formiilii (Denklem 3.1) su sekilde ifade
edilir:

Q= k(VxI)/w (3.1)
Q: Is1 girdisi (j/mm)
k: enerji verimlilik faktorii (0.7)
V: Kaynak gerilimi (volt)
I: Akim (amper)
w: Kaynak hizi (mm/sn)

Vickers sertlik dl¢timleri; tamiratsiz ve MIG ve TIG kaynak yontemleri ile 1.,2. ve 3. tamiri
yapilan tim numunelerde gerceklestirilmistir. Numunelerin ortalama Vickers (HV 0.5) sertlik
degerleri Tablo 8’de goriilmektedir.
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Tablo 8. Kaynak ve tamiri yapilan numunelerin ortalama Vickers sertlik degerleri
00 11 12 21 22 31 32

Ana 87,2 865 849 87 847 855 865
malzeme
ITAB 705 685 684 689 675 654 654

Kaynak 732 734 712 726 725 732 693

Sertlik 6l¢limii sonuglarina gore en yiiksek degeri ana metalde, daha sonra kaynak bolgesinde
ve en diisiik degerleri de ITAB bolgesinde oldugu goriilmektedir. En fazla 1s1 girdisi ITAB bolgesinde
oldugundan dayanim azalmis ve en diisiik sertlik degerleri de burda goriilmiistiir. TIG kaynagindaki
1s1 girdisi daha fazladir ve buna bagl olarak dayanim ve sertlik degerleri MIG kaynagina gore daha
diistiktiir.

3.3 XRD Analizleri

1.1 (1.MIG kaynak tamiri) ve 1.2 (1.TIG kaynak tamiri) kodlu numunelerin XRD analizleri

Sekil 15°te verilmistir.

Al
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Sekil 15. 1.1 ve 1.2 kodlu 1. MIG-TIG kaynak numunelerine ait XRD analizi

XRD sonuglarinda da aliiminyum pikleri ile birlikte, Mg2Si1 fazinin ise diisiik siddette bir pik

verdigi gozlemlenmistir. XRD analizinde yapida herhangi oksitli bir bilesige rastlanmamastir.

3.4 Mikroyap1 Analizleri
0.0, 1.1, 1.2, 3.1, 3.2 kodlu numunelerin ITAB ve kaynak bolgesinden alinan optik mikroyap1

goriintiileri Sekil 16°da verilmistir.
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Kod ITAB
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0.0
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3.1
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Sekil 16. Kaynak tamiri yapilmamis MIG kaynaginin ve MIG ve TIG kaynaklariyla 1. ve 3. tamirat1 yapilmis numunelerin
ITAB ve kaynak bolgelerinden alinan 50X biiyiitmedeki mikroyapi goriintiileri

Koyu siyah parcaciklar Mg>Si taneciklerini temsil etmektedir. Mg hem ana malzemede hem de
ER5356 kodlu dolgu metalinde mevcut olup XRD analizleri ile varligi tespit edilmistir. Tamirat sayist
ve 1s1 girdisi arttik¢ca tane boyutlarindaki artis ile birlikte ITAB bolgesindeki tanelerde irilesme
goriilmektedir. Birinci ve {i¢iincii tamirat sonrast ITAB bolgelerindeki tane boyutu farki acikga
goriilmektedir.

Kaynak ve ITAB bolgesine ait SEM goriintiileri Sekil 17°de verilmistir. SEM gdriintiilerine
baktigimizda tamirat sayisi arttik¢a yapida ozellikle ITAB bolgesinde 1s1 girdisinin etkisiyle tane
boyutunda irilesme dikkat cekmektedir. Kaynak bolgesinde ise gozle goriiniir bir degisiklik olmadigi
belirtilebilir.
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Kod
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21

2.2

3.1
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Sekil 17. Kaynak tamiri yapilmamis MIG kaynaginin ve MIG ve TIG kynaklarlyla 3 kez tamirati yapilmig numunelerin
ITAB ve kaynak bolgelerinden alinan 500X biiyiitmedeki SEM gorintiileri

3.5 SEM-EDS Analizleri
0.0, 1.1, 1.2, 3.1, 3.2 kodlu numunelerin ITAB bolgelerindeki element dagilimini belirlemek
icin genel EDS analizleri yapilmig, Sekil 18’de tamirat yapilmayan 0.0 kodlu numunenin EDS analizi
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ve elemental haritalamas1 (mapping) Sekil 19°da birinci MIG kaynagi tamirat1 yapilan numunenin,
Sekil 20°da birinci TIG kaynagi tamirati yapilan numunenin, Sekil 21°de tiglincii MIG kaynagi
tamirat1 yapilan numunenin ve Sekil 22’de iiclincii TIG kaynagi tamirati yapilan numunenin EDS
analizi ve elementel haritalamasi verilmistir.

= Al - &l
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@
CEE VIg si .
©

Sekil 18. 0.0 kodlu numunenin EDS analizi ve elementel haritalamas1

(b)
SI

Element Ag.%

Mg 1.634
Fe Al 97.921
e Si 0.445
(d) M

il
Element Ag.%
Mg 1.301
Fe si Al 98.079
iy o Si 0.620
(© (d) () ®

Sekil 19. 1.1 kodlu numunenin EDS analizi ve elementel haritalamas1

Birinci MIG kaynagi tamiratindaki elementel dagilima gére, mukavemet artirict Mg’ nin tamirat
yapilmayan numuneye gore azaldig1 goriilmektedir.
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Element Ag§.%

Mg 1.325
Al 98.035
: Si 0.640
(d) ()

Sekil 20. 1.2 kodlu numunenin EDS analizi ve elementel haritalamast

Birinci TIG kaynagi tamiratindaki elementel dagilima gore, mukavemet artirict Mg nin kaynak
tamirat1 yapilmayan numuneye gore azaldigi goriilmektedir.

Rl
Element Ag§.%
Mg 1.168
Fe si Al 98.295
hiy o Si 0.537
(c) (d) (e) U]

Sekil 21. 3.1 kodlu numunenin EDS analizi ve elementel haritalamast

Ugiincii MIG kayna@ tamiratindaki elementel dagilima gore, mukavemet artirict Mg nin artan
1s1 girdisiyle beraber birinci MIG kaynagi tamiratina gore azaldig1 goriilmektedir. Artan 1s1 girdisinin
Mg2Si  ¢okeltilerinin  ¢dziinmesine neden oldugu diisiiniilmektedir. Ugiincii TIG kaynagi
tamiratindaki elemental dagilima gore, mukavemet artirict Mg’ nin artan 1s1 girdisiyle beraber birinci
TIG kaynagi tamiratina gore daha da azaldig goriilmektedir. TIG kaynagi tamiratinda 1s1 girdisi MIG
kaynagina gore daha fazla oldugundan Mg’nin TIG kaynaginda daha fazla ¢6ziinmeye ugradig tespit
edilmistir. Bu durum ¢ekme mukavemetlerinde degisimle benzerlik gostermektedir.
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Bl
Element Ag§.%
Mg 0.898
Fe si Al 98.947
oF % S 0.155
(© (d) © ®

Sekil 22. 3.2 kodlu numunenin EDS analizi ve elemental haritalamas1

4. SONUC

4mm kalinligindaki 6061 serisi aliiminyum levhalar MIG kaynak yontemi ile birlestirilmistir.
MIG kaynak yapilmis numuneler taglanarak 1., 2., ve 3. tamirat seklinde hem MIG hem de TIG
kaynagi ile onarimlar1 gerceklestirilmistir. Numunelerin tahribatsiz testleri, makroyapi-mikroyap1
incelemeleri, mekanik testleri, XRD ve EDS analizleri gergeklestirilmistir.

e Gozle muayene sonuglarina gére kaynakta herhangi bir probleme rastlanmamaigtir. Kaynak
kep ve kok yiikseklikleri kabul seviyesindedir. Kaynak isleminin yerine gore mukavemetli degil de
gorsel olarak da kabul gormesi istenilen yerlerde TIG kaynag: bir adim 6ne ge¢gmektedir. Penetrant
muayene sonuglarina gore MIG kaynaginda tamirat sayisi arttikca kaynak yiizeyindeki
gozeneklenmenin de artti1 goriilmiistiir. Radyografik muayene sonuglarina gore kaynak dikislerinde
herhangi bir siireksizlige rastlanmamastir.

e Makro inceleme sonuglarinda gézeneklenmenin daha ¢ok kok bolgesinde oldugu goriilmiistiir.
Bunun sebebinin kaynak oncesi temizlik isleminin yeteri kadar yapilmamasidir.Yapilan tamiratlarda
gozenek dagilimi ve boyutlar1 kabul kriterlerinin i¢inde degerlendirilmistir.

e Mikroyap:t goriintiilerinde goriilen koyu siyah pargaciklar MgoSi taneciklerini temsil
etmektedir. Dolgu metali ER5356 oldugundan kaynak yapisinin iginde de MgoSi tanecikleri
mevcuttur. Is1 girdisi arttikca tane boyutlarnda da artis goriilmiistiir. Tamir sayisi arttikca ITAB
bolgesindeki tanelerde irilesme goriilmektedir ve buna bagli olarak dayanim azalmistir.

e Ambriz ve arkadaslari tarafindan yiirtitiilen bir calismada, gaz metal ark kaynaginin 6061-T6
iizerindeki etkisi incelenmistir. Tipik olarak, 1s1 girdisi ne kadar yiliksek olursa, ITAB’1in mekanik
ozellikleri o kadar diisiik olmaktadir sonucuna varmislardir (Ambriz ve ark., 2009). Uygulanan tamir
islemleri ve mekanik mukavemet testleri dogrultusunda malzemeye tamir islemi uygulandik¢a cekme
mukavemetlerinde diislis goriilmiistiir. Tablo 7°de kaynak tamiratiyla birlikte akma ve g¢ekme
mukavemet degerlerinin azaldig1 goriilmiistiir. Ayrica tablolardaki veriler incelendiginde yapilan
tamiratlarda MIG kaynaginin ¢cekme mukavemetinin TIG kaynaginin ¢ekme mukavemetinden daha
fazla oldugu goriilmiistiir. MIG kaynaginda en diisiik cekme muavemeti 180 MPa, TIG kaynaginda
ise 175 MPa olarak olgiilmiistiir. 3.TIG kaynak tamiri sonucunda ¢ekme mukavemet degeri suni
yaslandirilmis malzeme icin kabul kriterlerinin disina ¢ikmistir. Cekme deneyinde biitiin kopmalar
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ITAB bolgesinde gergeklesmisitr. 6061 T6 aliiminyum alagimiin kaynaginda, 1sidan etkilenen
bolgelerde mukavemet arttirict (Mg2Si) ¢okeltilerinin ¢éziinmesinin mekanik 6zelliklerde diisiise yol
actig1 diisiiniilmektedir. Bu durum literatiirdeki ¢calismalara benzerlik gostermektedir.

o Is1 girdileri MIG kaynaginda 214 J/mm, TIG kaynaginda ise 285 J/mm civarinda
hesaplanmastir. Is1 girdisinin daha fazla olmasindan 6tiirii TIG kaynagi ile yapilan tamiratlardan sonra
malzemede daha fazla yamulma (distorsiyon, ¢arpilma) gézlemlenmistir.

o Sertlik deneyi sonuglarina gore en yiiksek sertlik degerinin ana malzemede, daha sonra kaynak
bolgesinde ve en diisiik degerin de ITAB bdlgesinde oldugu goriilmiistiir. V. Malin tarafindan yapilan
caligmada 1sidan etkilenen bolgedeki sertlik degerlerinin ana malzemenin yaklasik %70’1i oldugu
gosterilmistir (Malin, 1995). Mevcut ¢alismada ise bu oran birinci MIG kaynagi tamiratinda % 82
iken tiglincii MIG tamirinde % 78, tli¢iincii TIG tamirinde % 76 olarak belirlenmistir.

e XRD sonuglarinda da aliminyum pikleri ile birlikte M@2Si fazinin varlig1 tespit edilmistir.
Hirose ve arkadaslari kaynak sirasinda, yiiksek 1s1 girdisinin dalgalanmasi ITAB’da ¢okeltilerin
¢oziinmesine neden olmaktadir sonucuna varmislardir (Hirose ve ark., 1999). Mevcut ¢alismada da
artan 1s1 girdisiyle Mg2Si miktarinin azaldigi tespit edilmigtir.

e ITAB bolgelerinden alinan EDS analizi ve haritalama sonuglarina gore artan tamirat sayisiyla
ve 1s1 girdisiyle paralel olarak Mg miktarinda diisiis goriilmiistiir. Cekme dayanimlariin da bu
durumla iliskili olarak azaldig: diistiniilmektedir.

5. CIKAR CATISMASI

Yazarlar, bilinen herhangi bir ¢ikar ¢atismasi veya herhangi bir kurum/kurulus ya da kisi ile
ortak ¢ikar bulunmadigini onaylamaktadirlar.
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