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Anahtar Kelimeler:
Kok bosluk

S235JR
Metalografi
MIG-MAG Kaynag

OZET

Bu c¢aligmada, S235JR g¢eliginin kok bosluklu ve kok bosluksuz kaynak uygulama
yonteminin kaynak  kalitesine ve malzemenin mekanik &zelliklerine etkisi
arastirllmistir. Kaynakli numunelere ¢ekme testi, ¢entik darbe testi, sertlik dlglim testi
ve mikro yap1 analizleri uygulanmistir. Test sonuglar1 verilerine gére, hangi yontemin
malzeme mekanik Ozelliklerini iyilestirebildigi gozlemlenmistir. Alinan sonuglara
gore, kok boslugu birakilarak kaynak islemi yapilan numunelerin mikro yap1
incelemelerine bakildiginda kaynak niifuziyetinin tam saglandigi goriilmiis olup kok
boslugu birakilmadan kaynatilan numunelerde ise kaynagin nufuz etmedigi alanlar
tespit edilmistir. Bu durum, ¢ekme testi deneyinde, ¢entik darbe testinde ve sertlik
Ol¢iim testlerinde de kok bosluklu numunelerin ¢ekme dayaniminin, absorbe
edebildigi enerjinin ve sertliginin artig gostermesini saglarken, kok bosluklu olmayan
numunelerde ise bu degerlerin daha diisiik ¢ikmasina neden olmustur. En iyi ¢ekme
testi sonucu 419 MPa, en iyi ¢entik darbe sonucu ise 159 J olarak kok bosluklu
kaynak uygulamalarinda alinan sayisal degerlerin sonuglaridir.
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ABSTRACT

This study investigated the effect of the root gap and root gap welding application
method of S235JR steel on the material's weld quality and mechanical properties.
Tensile test, notch impact test, hardness test and microstructure analysis were applied
to welded samples. According to the test results data, it has been observed which
method can improve the mechanical properties of the material. According to the
results obtained, when the microstructure examinations of the samples that were
welded by leaving a root gap were examined, it was seen that the weld penetration
was fully achieved. The areas where the weld did not penetrate were determined in the
samples welded without leaving a root gap. This situation increased the tensile
strength, absorbable energy and hardness of the hollow root samples in the tensile test,
notch impact test and hardness measurement tests. At the same time, these values
were lower in the samples without root voids. The best tensile test result is 419 MPa,
and the best notch impact result is 159 J, the results of numerical values taken in root
gap welding applications.

1. GIRIS (INTRODUCTION)

Gelismekte olan iilkelerde, niifus artis1 ile beraber kentlesme orani da her gegen giin artis
gostermektedir. Kentlesme oraninin artis gosterme nedenlerinden birisi de sanayilesme ile birlikte
koyden kente olan gdclerin artmasidir. Biyiik sehirlerin gé¢ almasi ile birlikte artan niifusun
gereksinimlerini karsilamak amaci ile tretim modellerinde dikey mimariye dogru bir degisim
yasanmuistir. Gelen Kkalabalik, beraberinde ¢evresel kaygilar1 da getirdigi igin yapilarda yiiksek katli
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tasarimlarin zorunlu bir ihtiya¢ oldugu ortaya ¢ikmistir. Son donemlerde ivmelenen celik yapi
sektoriindeki hizli biiyiime ve artan rekabet, alternatif imalat uygulamalarinin gelistirilmesine zemin
hazirlamigtir. Artan misteri taleplerini karsilayabilmek adina; gelistirilen farkli imalat yontemleri,
baz1 yontemlerin digerlerine kiyasla 6ne ¢ikmasini saglamistir [1].

Celik yap1 sektorii, bir {ilkenin yasam kosullarinin yiikselmesinde ve ekonomik agidan
ilerlemesinde biiyiik bir pay sahibidir. Konu bu agidan ele alinirsa, yapiin olusturulmasinda gérev
alan herkesin diinyada ¢elik yap1 sektoriiniin nasil ve nereye dogru evrildiginden, son gelismelerden
haberdar olmasi gerektigi kaginilmaz bir gergektir. Son zamanlarda celik yap1 sektoriinde one ¢ikan
gelismeler, 6zellikle yasanan sarsict depremler dolayisi ile yapilarda dayaniklilik ve imalat kalitesi
tizerinde yogunlasmis durumdadir [2].

Tiirkiye, jeolojik ve topografik yapist nedeniyle sik sik yikici ve sarsici depremlere maruz
kalmaktadir. Ulkemiz topraklarinin %92'si deprem bolgelerinde yer almaktadir ve insanlarimizin
%95'1 bu bolgelerde yasamaktadir. 1903'ten 1999'a kadar 100.000'den fazla insanin hayatini
kaybetmesi ve 420.000 evin 58 biiyilk depremle ¢okmesine neden olan depremler, Tiirkiye'nin
tehdit altinda oldugu deprem felaketinin boyutlarini agik¢a gozler dniine sermektedir. Bu nedenle,
giiniimiizde depreme dayanikli yapilarin tasarimi ve 6zellikle yeni yapilacak yapilarin tasarim ve
imalat siireclerindeki dikkat edilmesi gereken 6nemli kriterler, yapilarin dayaniminin ve dmriiniin
en onemli belirleyicileri olmaktadir. Celik yapilar, lilkemizde konutlarda da kullanilmakla birlikte
ozellikle endiistriyel yapilar i¢in de tercih edilmektedir. Bunlar arasinda, genis acgiklikli kopriiler,
spor salonlari, sergi ve konferans salonlar1 6rnek olarak verilebilmektedir. Glinlimiizde 6zellikle son
on yilda artis gosteren deprem olaylarinin yasanmasina paralel olarak, yapilarda ¢elik kullaniminin
giderck artis gosterdigi gozlenmektedir [3]. Celik, mimari yapilarda gosterdigi iistiin mekanik
ozellikleri sayesinde gilinlimiizde diinyada bircok iilke tarafindan yaygin olarak tercih edilmektedir
[2].

Celik, demir elementi ile genellikle %0,02 ila %2,1 oranlarinda degisen karbon miktarinin
bilesiminden meydana gelen bir alasimdir. Celik alagimindaki karbon miktarlar1 c¢eligin
siiflandirilmasinda 6nemli rol oynamaktadir. Diinyanin altyapisini ve endiistrilerini inga etmek i¢in
acik ara en yaygin kullanilan malzeme olan ¢elikler, dikis ignelerinden petrol tankerlerine ve devasa
gokdelenlere kadar her seyi imal etmek i¢in kullanilmaktadir. Ayrica bu tiir esyalar1 ve yapilart imal
etmek icin gerekli aletler de yine celikten yapilmaktadir. Celigin ana metali demirdir. Sicakliga
bagl olarak, iki kiibik kristal yap1 (allotropik form) alabilir: hacim merkezli kiibik ve yilizey
merkezli kiibik. Demirin allotroplarinin, basta karbon olmak iizere alasim elementleriyle etkilesimi,
celige ve dokme demire benzersiz 6zellikler katmaktadir. Demire kiyasla mukamevet agisindan ve
islenebilirlik 6zelliklerinden 6tiirii oldukga iistiin 6zellikler barindiran ¢elik, ayn1 zamanda demirden
daha hafiftir. Celige gore daha kirillgan bir 6zellik tasiyan demirin aksine c¢elik, agirlik ve baski
karsisinda daha direngli bir 6zellik sergilemektedir. Celik malzemenin bu gibi avantajlar tasiyor
olmasi, ona koprii insasi, yliksek katli binalarda kullanimi, biiylik projelerde ana yapi elemani
olarak kullanilmasi ve demiryolu raylari gibi agirlik tasiyan araglar i¢in oldukg¢a yaygn bir kullanim
alan1 kazandirmistir [4-6].

Tiirkiye’de {iretilen celik yapilarin yaklasik olarak %60°1 endiistriyel yapilar olarak goze
carpmaktadir. Bu orana, kuleler ve enerji altyapr yatirimlar1 da eklendiginde bu oran %90’lara
cikmaktadir. Sekil 1’de goriildiigii tizere, ticari yapilar ve kopriiler ise kalan payin %10’unu
olusturmaktadir [7].
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Sekil 1. Tiirkiye’de ¢elik yapilarin dagihimu (Distribution of steel structures in Tiirkiye) [7]

Yapilarda ¢elik kullanimi, mimari 6zgiinliik, estetik, hafiflik, cok katli bina yapimina uygunluk,
depreme dayaniklilik, prefabrikasyon, kolay denetim, hizli yap1 iiretimi, nakliye kolayligi, %100
geri dondistiirilebilme, giliclendirme etkisi gibi kolayliklar1 da beraberinde getirmektedir. Bu
avantajlarin varligi baglaminda ‘“neden ¢elik yap1?” diye soruldugunda sOyle bir sonuca
ulasilmaktadir: Yap1 celiginin kirilgan degil siinek bir yapida olmasi, kalip ve iskele kullanma
zorunlulugu olmadig1 icin daha kiiclik temel ve kazi yapilabilmesi, yeniden kullanabilirlige uygun
olmasi ve en kotli zeminleri bile degerlendirebilmek icin daha genis kullanim alanlari
olusturabilmesidir. Ayrica kolon sayisini azaltabilmek i¢in, ucuz degil ekonomik olabildigi igin,
yapim esnasinda kolay denetlenebildigi i¢in, isletme giderlerini asgari seviyeye indirebildigi igin,
cevreyi kirletmemek i¢in, ormanlarin siirekliligini saglamak i¢in ve depremlere dayanabildigi i¢in,
yapi ¢eligi sik¢a tercih edilmektedir [8].

Yapilara ve sektorlere saglamis oldugu avantajlar sayesinde celik, diinya iizerinde bir¢ok iilkede
yaygin olarak iiretilmekte ve kullanilmaktadir. Diinyada ¢eligin iiretim ve kullanim oranlarina
bakildiginda, Diinya ¢elik iiretiminin yaklasik olarak yarisin1 Cin’in gergeklestirdigi goriilmektedir.
Son yillarda yiikselen bir ekonomiye sahip olan Cin ekonomisi, diger bir¢ok sektorde oldugu gibi,
celik sektoriinde de iistiin ve belirleyici bir konum elde etmistir. Celik {iretimi, ¢elik kullanimi, ¢elik
thracat1 ve ithalatinda ilk sirada olan Cin’in ardindan Japonya, Giiney Kore gibi Uzakdogu iilkeleri
gelmektedir. Tiirkiye, ¢elik iiretimi konusunda Italya, Fransa ve Belgika gibi iilkeler ile aym
kategoride bulunurken, Brezilya ve Ispanya gibi iilkeler ise katma degeri yiiksek ¢elik {iriin imalat:
yapan diger tilkelerdir [9].

Celik malzemeler, ihtiyaca ve sartlara gore, kesilerek, bikiilerek, kaynatilarak
kullanilabilmektedir. Yapilara kattig1 deger sayesinde her sektorde kendine kullanim alani bulan
celigin birlestirilmesi, bir diger ifade ile ¢elik malzemelerin kaynatilmasi, dogru yontem ve
uygulamalar ile gerceklestirildigi taktirde g¢eligin biitiin 6zelliklerinden fayda saglamak miimkiin
olabilecektir. Ciinkii uygulanan kaynak yontemindeki en kiigiik bir hata, birlestirilen ¢eliklerin
birbirinden kopmasina, yapilarda meydana gelebilecek hasarlara, yapilarin ¢dkmesine ve hatta
insanlarin yaralanmasina ya da 6liimiine bile sebebiyet verebilecek tiirden biiyiik ¢apli sorunlara yol
acabilecektir. Dolayisiyla, ¢elik malzemelerin kullanilacak oldugu alana, ortama ve tasiyacak
oldugu yiike gore en uygun ve kaliteli kaynak yonteminin se¢ilmesi hayati bir 6nem tagimaktadir.
Bu nedenle, g¢elik malzemelerin kaynak yontemleri ve mekanik dayanimlari ile ilgili yapilan
calismalarin, yol gosterici olmasi agisindan dnemi biiytiktiir [10 - 14].

Bu c¢alismada, Diinya genelinde 6zellikle yapr sektoriinde oldukga yaygin bir kullanim alani
bulunan S235JR kalitesindeki ¢elik malzemelerin kaynak yapim agsamalarinda, AWS-D1.1-D1.1M-
2020 [15] standardinda belirtildigi gibi kaynak kok boslugu birakmanin ne gibi sonuglar ortaya
cikarabilecek oldugu detayli bir sekilde analiz edilerek, kaynak iizerindeki mekanik 6zelliklerinin
ve mikro yap1 analizlerinin incelenmesi amaglanmistir.
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2. MATERYAL VE YONTEM (MATERIAL AND METHOD)

Alin kaynagi ig¢in; 450x37x8mm olgiilerinde, kose kaynagi igin ise 450x37x8x10mm
olgiilerindeki numuneler, 450x400mm o6lgiilerinde kaynatilan 4 adet plakadan telerozyon yontemi
ile kesilerek ¢ikarilmistir. Bu ¢alisma, 2 opsiyon olarak gergeklestirilmistir. Birinci opsiyonda
numuneler arasinda bosluk birakilmadan kaynak islemi gerceklestirilirken ikinci opsiyonda ise
kaynatilan numuneler arasinda 4mm kok boslugu birakilarak kaynak uygulamasi yapilmistir.
Kaynak islemi Oncesi numune ylizeyleri kir, yag, toz ve ¢apak gibi istenmeyen maddelerden
arindirilmistir. Kaynak islemlerinde 1mm ¢apinda Magmaweld marka SG2 (TS EN 1SO 14341-A)
kaynak teli sec¢ilmistir.

Yapilan deneysel ¢alismada kullanilan S235JR ¢eliginin kimyasal kompozisyonu Tablo 1°de,
mekanik 6zellikleri Tablo 2°de, malzeme standardi Tablo 3’de, gdsterilmistir.

Tablo 1. S235JR ¢eliginin kimyasal kompozisyonu (Chemical composition of S235JR steel) [16]

Malzeme No C Mn P S N Fe
1.0254 017 14 0.035 0.04 0.0012 Kalan

Tablo 2. S235JR ¢eliginin mekanik 6zellikleri (Mechanical properties of S235JR steel) [16]

Cekme Dayanmim Akma Dayanim
(Mpa) (Mpa)
1.0254 350.0-480.0 235.0 25.0

Malzeme No Uzama %

Tablo 3. S235JR ¢eliginin malzeme standard1 (Material standard of S235JR steel) [16]

DIN AISI/SAE/St EN
17100 St 37 S235JR

Calismada kullanilan gaz alti kaynak telinin kimyasal kompozisyonu Tablo 4’de verilmistir.
Kaynak esnasunda kullanilan deneysel kaynak parametreleri ise Tablo 5°de verilmistir.

Tablo 4.Gazalt1 kaynak telinin kimyasal kompozisyonu (Chemical composition of arc welding wire) [17]

Malzeme C Si Mn Fe
SG2 Kaynak Teli 0.08 0.85 1.45 Kalan

Tablo 5. Kaynak parametreleri (The welding parameters)

Tel ilerleme iz1  Kaynak gerilimi  Kaynak hizi  Koruyucu Gaz debisi  Tel Capr  Akim tiirii
(cm/dk) V) (mm/dk) gaz (It/dk) (mm)
800 22.7 450 CO;, 14 1.2 DC

Bu c¢alismada S235JR c¢eliginin alin ve kdse kaynak uygulamasi sonrasi kék boslugunun
gereksiniminin  onemini  aciklayabilmek icin ¢ekme testi ve mikro yapt analizleri
gercgeklestirilmistir. Her opsiyon i¢in 3 farkli numune iizerinde detayl bir veri elde edebilmek adina
mikro yapi incelemesi, sertlik Ol¢limii, c¢ekme deneyi ve ¢entik darbe uygulamalar
gergeklestirilmistir. Kose kaynagi icin, kdk bosluklu ve kok bosluksuz olarak 2 opsiyon, alin
kaynagi i¢in de ayn1 sekilde kok bosluklu ve kok bosluksuz olmak iizere 2 opsiyonlu kaynak islemi
uygulanmistir. Deney icin hazirlanan biitlin numunelerde kok boslugu degiskeni disindaki biitiin
etkenler (kaynak voltaj degeri, kaynak hizi, kaynak amper degeri vb.) sabit tutularak kaynak islemi
yapilmistir. Test numuneleri, kaynak sonrasi oda sicakliginda sogumaya birakilmistir. Soguma
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gerceklestikten sonra mikro yapi analizi, sertlik 6l¢iimii, gekme testi ve ¢entik darbe uygulamalarina
baglanmustir.

Calismada, kaynakli birlestirme islemi i¢in Gaz alti kaynagi (M1G-Metal Inert Gas, GMAW-Gas
Metal Arc Welding) yontemi tercih edilmistir. Gaz alt1 kaynagi, iki ayr1 metalin, gaz ortaminda
kaynak islemi ile birlestirildigi bir kaynak yontemidir. Bu yontemde, genellikle argon gazi
kullanilarak kaynak islemi gergeklestirilmektedir. Gaz alti kaynak, elektrik arki kullanarak metal
parcalart birlestirmek i¢in kullanilan ve sik¢a tercih edilen bir kaynak yontemidir. Bu yontemde,
elektrik arki, bir metal elektrot ve kaynak malzemesi arasinda olusurken, koruyucu bir gaz kaynak
havuzunu ¢evreleyerek havadan oksijen ve diger toz, polen, parikiil gibi kirleticilerin kaynaga zarar
vermesini Onler. Gaz altt kaynak, olduk¢a genis bir kullanim alanina sahiptir ve oOzellikle
aliminyum ve paslanmaz c¢elik gibi metallerin birlestirilmesinde siklikla tercih edilmektedir.
Gazalt1 kaynak yontemi; yiiksek kalite, az deformasyon, estetik goriiniim, atmosfer korumasi, az
spatter (sigranti-sicrama) gibi avantajlari bulundugundan dolay1 genellikle ingaat, otomotiv,
havacilik, gemi yapimi, basingli kaplar ve hassas endiistriyel uygulamalar gibi alanlarda tercih
sebebi olmaktadir. Gaz alt1 kaynagi, gazla calisan bir kaynak makinesidir ve genellikle oksijen ve
aketilen gazlarinin yanmasiyla yiiksek sicaklikta metal birlestirmek i¢in kullanilmaktadir. Gaz alt1
kaynagmin uygulama prosesi kisaca su sekilde gerceklestirilir: Oksijen ve aketilen gazinin
saglanmasi, gaz kaynagi icin kaynak makinesi secimi (yapilan ise gore secilmelidir), gilivenlik
onlemlerinin alinmasi (iyi havalandirma ve yangin risklerine karsi alinacak dnlemler gibi), gazlarin
baglanmasi ve son kontroller, kaynak islemine baslanmasi [12-21].

Gaz alt1 kaynak isleminde, voltaj degerleri ve kaynak hizi; kaynak isleminin dogrulugu, erime
hiz1 ve malzeme birlestirme kalitesi agisindan dnemlidir. Bu degerler, kullanilan gaz tiiriine, kaynak
malzemesine ve kaynak uygulamasinin gerektirdigi spesifikasyonlara bagli olarak degisebilir.
Voltaj degerleri, kaynak arkinin istenen performansi saglamasi i¢in uygun bir seviyede olmalidir.
Genellikle gaz alt1 kaynakta, DC (dogru akim) veya AC (alternatif akim) kullanilabilir. DC kaynak,
daha yiiksek bir derinlik kontrolii saglarken, AC kaynak daha iyi temizleme etkisi ortaya g¢ikartir.
Genellikle, kaynak yapilacak malzemenin kalinlig1 ve kaynak uygulamasinin gereksinimleri goz
onilinde bulundurularak voltaj degeri ayarlanir. Kaynak hiz1 ise, erime hizin1 ve malzeme birlestirme
kalitesini etkiler. Hizli bir kaynak islemi, daha az 1s1 girisi ve daha kiigiik bir etkilenen bolge
anlamina gelir, ancak malzeme penetrasyonunu ve kaynak dikisi kalitesini etkileyebilir. Yavas bir
kaynak hizi ise daha fazla 1s1 girisi ve daha biiyiik bir etkilenen bdlgeye neden olabilir, bu da
malzeme deformasyonu ve termal gerilmelere neden olabilir. Kaynak hizi, malzeme kalinligina,
kaynak uygulamasinin gerektirdigi penetrasyon derinligine ve diger parametrelere bagli olarak
dikkatlice ayarlanmalidir. Her kaynak islemi i¢in spesifik voltaj ve kaynak hizi degerleri kullanilir.
Bu nedenle, belirli bir uygulama i¢in dogru voltaj ve kaynak hizini belirlemek icin, kaynak
operatorii tarafindan uygulama gereksinimleri, kaynak malzemesi ve kaynak makinesinin {iiretici
talimatlar1 g6z Oniline alinmalidir. Ayrica, kaynak islemi sirasinda kaynak kalitesini izlemek ve
gerekirse anlik miidahaleler ve ayarlamalar yapmak da 6nemlidir [10-20].

2.1. Deney Diizenegi

Bu makaledeki deneysel ¢aligmalar Dekoral Aliiminyum A.S. biinyesinde gergeklestirilmistir.
Test i¢in hazirlanan numuneler iizerinde ilk olarak mikro daglama yontemi kullanilarak mikro yap1
analizleri gergeklestirilmistir. Mikro yap1 incelemesi; TS EN ISO 17639 standardina gore 20 °C de
ve %51 nem oranina sahip bir ortamda yapilmistir. Analiz i¢in Nikon Ters Metal Mikroskobu test
cihazi olarak se¢ilmistir.

Sertlik &l¢iimii uygulamasi, TS EN 1SO 9015-1 standardina gore yapilmistir. Olgiim, 25.01.2023
tarihinde, 20°C sicaklikta ve 51 % nemli bir ortamda gergeklestirilmistir. Sertlik 6l¢timii, mikro
vickers sertlik 6l¢timii ile yapilmustir.

Cekme testi uygulamasi; 25.01.2023 tarihinde, ASTM A 143/ DIN EN ISO 6892-1 standartlarina
gore 20 °C de ve %51 nem oranina sahip bir ortamda yapilmistir. Test cihaz1 olarak Zwick marka,
25000 KN kapasiteye sahip bir cihaz kullanilmisgtir.
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Centik darbe testi, TS EN ISO 148-1 standardina gore gergeklestirilmistir. 25.01.2023 tarihinde
gerceklestirilen testi sirasinda ortam sicakligt 20°C, nem miktar1 ise, %51 olarak kayit altina
alinmistir. Gergeklestirilen biitiin test uygulamalarinda ortam sicakliginin ve nem oraninin sabit
olmasina 6zen gosterilmistir.

¥

Sekil 2. Test i¢in hazirlanan numune gérselleri (Sample images prepared for testing)
3. DENEY VE OPTIMIZASYON SONUCLARI (EXPERIMENT AND OPTIMIZATION RESULTS)

Kok bosluklu-kok bosluksuz olarak 2 farkli opsiyon ve kose kaynagi-alin kaynagi olarak 2 cesit
kaynak seklinde hazirlanan numunelerin mikro yapi1 analiz dl¢timleri, sertlik dl¢ctimleri, ¢gekme testi
ve ¢entik darbe testi deneyleri gergeklestirilmistir.

Tablo 6. Opsiyonlarin 6zellikleri (features of options)

Opsiyon Kodu Opsiyon Yontemi
Opsiyon A Kok Bosluksuz Kose Kaynagi ve Alin Kaynagi Uygulamasi
Opsiyon B 4mm Kok Bosluklu Kése Kaynagi ve Alin Kaynagi Uygulamasi

Mikro yap1 analizi malzemenin kaynak dagilimlarinin, geometrik yapilanmasinin ve hacim
icerisinde nasil yayindigimin mikroskop altinda incelenmesidir [18]. Sekil 3’te ana malzemenin
mikro goriintiisii verilmistir. Tiim kaynak iglemlerinde hem 1s1 girdisi hem de tiim parametreler
kontrol altinda tutulmustur. Buna bagl kalarak, tiim kaynaklarin tam niifuziyetle tamamlanmasi
esastir. Herhangi bir gozeneklilik, gaz boslugu, erimemis bdlge, cliruf kalintilar1 (hacimsel hata) ve
tiim kaynakli malzemeleri arastirmak i¢in mikro incelemesine tabi tutulmustur [19].

Sekil 3. Ana malzeme (Main material)
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Sekil 4’te Opsiyon A’nin mikro yap1 goriintlisii verimistir. Opsiyon A’ya kok bosluksuz bir
sekilde kaynak islemi uygulanmistir.

Sekil 4. Kok bosluksuz kaynatilan numunenin mikro yap1 goriintiisii (Microstructure image of the sample welded
without root space)

Sekil 4’te gorildigi gibi kok bosluk birakilmadan kaynatilan numunenin malzemeleri arasinda
niifuziyet eksikligi goriildiigii saptanmistir. Ince taneli yapidan iri taneli yapiya gegisin diizenli
saglanamadig1 gozlemlenmistir.

Opsiyon B’de ise kaynak islemi uygulanirken malzemeler arasi kok bosluk birakilarak kaynak
islemi ugulanmistir. Mikro yap1 goriintiisii Sekil 5’te verilmistir.

Sekil 5. Kok bosluklu kaynatilmis numunenin mikro yap: goriintiisii (Microstructure image of welded sample with
root cavities)

Sekil 5°te gorildiigii gibi kok bosluk birakilarak kaynatilan numunede malzemeler arasinda tam
niifuziyet saglanmistir. ITAB bolgesinde gecis eksikligi yoktur. Uygulanan kaynak islemi
sonucunda numunenin mikro yapisinda ve 1sidan etkilenen bolgelere dogru (ITAB) taneler arasi
gecis saglanmustir [20].

Mikro analizler gerceklestirilikten sonra numunelere TS EN 1SO 9015-1 standardinda bir sertlik
Ol¢timii yapilmistir. Kok bosluklu ve kok bosluksuz olarak kaynagi yapilmis malzemelerin mikro
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sertlik test grafigi Sekil 6 ‘da, sertlik Olglim sonuglari ve kaynak boélgeleri ise Tablo 7°de
gosterilmistir.

Sertlik Sonuclari
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Sekil 6. Sertlik 6l¢ciim grafigi (hardness measurement chart)

Tablo 7. Sertlik 6l¢iim sonuglari ve kaynak bolgeleri (hardness measurement results and weld zones)

Olciim No  Malzeme HAZ Kaynak HAZ  Malzeme Kaynak Bolgeleri
1 140 156.9 209 158.8 140 ITAB
2 140 159.5 221 157.4 140 Kaynak Bolgesi
3 140 155.8 207 156.9 140 Kaynak Numunesi

Kok bosluklu kaynak isleminde kaynak havuzu ve numuneler arasi niifuziyet daha iyi bir sonug
vererek sertligi olumlu yonde etkilemistir. Kaynak uygulamasi ve kaynaktan etkilenen bolge
(ITAB) sertlik degerlerinin en yiisek oldugu yerlerdir. Kaynak uygulamasi alanindan numuneye
dogru gidildikge sertlik degerleri azalma gostermistir. Topgu’da yaptigi caligmada bu bulguya
ulastigin1 belirtmistir [20]. Kaynak sonrasi incelemelerde sertlik testinin temel amaci, sertlik
degerinin bir bolgeden digerine gegisindeki egilim yoniinii izlemektir [20].

Sekil 6 ‘daki grafige ve Tablo 7°deki degerlere gore, uygun kok boslugunun kaynak kalitesini
arttirdigi goriilmektedir. Ayn1 sekilde bu durumun malzemede tam niifuziyet saglamasi ile birlikte
malzemenin sertligini de dogru oranda artirmis oldugu gozlemlenmektedir.

Numunelere mikro yap1 analizi, sertlik dl¢iim testleri uygulandiktan sonra ¢ekme deneyi testi
uygulanmistir. Cekme testi deneyi numunenin kopana dek tek eksenli bir sekilde g¢ekme
kuvvetlerine maruz birakildig1 ve buna bagli olarak da numunenin kaynak kalitesinin 6l¢iilmesini ve
malzeme ile arasindaki dayanimi dlgmeye saglayan bir testtir. Ozdes tiirdeki iki ¢eligin kaynakla
birlestirilmesinde, numunelerin ¢ekme dayaniminin ana malzemeye esit veya yakin olmasi
istenmektedir [21]. Bu ¢alismada 6zdes tiirdeki malzemeler kaynakla birlestirilip gekme testine tabi
tutulmaktadir. Sekil 7°de hazirlanan numunelerin ¢ekme testi sonucu gorselleri verilmistir.
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Sekil 7. Numune gorselleri (Sample images)

Sekil 8’de numuneler arasi kok boslugu birakilmadan kaynak islemi uygulanmistir. Cekme testi
deneyi sonuglart Sekil 8’de verilmistir. Sekil 8’de de goriildigii gibi, kok bosluksuz uygulama ile
kaynatilan numunenin gerilme direnci 377 MPa sonu¢ vermistir. Bu deger de malzemenin
maksimum ¢ekme dayaniminin 377 MPa degerde oldugunu gostermektedir.
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Sekil 8. Kok bosluksuz kaynatilan numunenin ¢ekme testi deneyi sonucu (Tensile test result of welded sample
without root gap)

Diger opsiyon olarak kok bosluklu kaynak uygulamasinin ¢ekme testi yapilmigtir. Cekme testi
deneyi Sekil 9’da verilmistir. Sekil 9’da gorildigi gibi kok bosluklu kaynak uygulamasi ile
kaynatilan numunelerin gerilme direnci 419 MPa sonu¢ vermistir. Bu sonu¢ bu uygulama ile
kaynatilan numunelerin maksimum ¢ekme dayaniminin 419 MPa degerde oldugunu gostermektedir.
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Sekil 9. Kok bosluklu kaynatilan numunenin ¢ekme testi deneyi sonucu (Tensile test result of welded sample with
root space)

Son olarak numunelere g¢entik darbe testi deneyi uygulanmistir. Bu tip deneylerin nedeni,
numunenin gerilmeye kars1 gosterdigi tepkiyi belirlemek amaciyla numuneye 6nceden yapay bir
centik olusturup bir kirilma etkisi yaratarak gosterdigi tepkiyi olgmektir [20]. 2 farkli uygulama
seklinde kaynak islemi yapilan numuneler arasinda kok boslugu birakilarak kaynatilan numunenin
centik darbe testi sonuglar1 Tablo 8’de verilmistir.

Tablo 8. Kok boslugu birakilarak kaynatilan numunenin ¢entik darbe testi sonucu (Notch impact test result of the
sample welded by leaving a root cavity)

Centik . Sonug/ Result
Tipi Test Sicakhig1 Sl / (Joule)
Test Yeri/ cg;;ére‘m) Numune Yonii/ Ortalama/
Test Location Notch Test Dimensions Sample Direction 1 2 3 Avarge
Type Temperature
Malzeme/Material \% 23°C 10x10x55 Material/Transverse 174 160 144 159
Kaynak/Weld \ 23°C 10x10x55 Weldseam/90° 20 12 16 16

Tablo 8’de de goriildiigi gibi kok boslugu birakilarak kaynatilan numunelerin ortalama absorbe
edebildigi enerji 159 J olarak sonuglanmistir.

Kok bosluksuz sekilde kaynak islemi yapilan numunenin ¢entik darbe testi sonuglar1 Tablo 9’da
verilmistir.

Tablo 9. Kok boslugu birakmadan kaynatilan numunenin ¢entik darbe testi sonucu (Notch impact test result of the
sample welded without leaving a root cavity)

C_:l;:k Test Sicakhigi Song]q(;/ufllee;sult
Test Yeri/ Olgg;;éfém)/ Numune Yonii/ Ortalama/
Test Location Notch Test Dimensions Sample Direction 1 2 3 Avarge
Type Temperature
Malzeme/Material \Y 23°C 10x10x55 Material/Transverse 160 126 148 145
Kaynak/Weld \Y 23°C 10x10x55 Weldseam/90° 52 44 68 55

Tablo 9’da gorildigi gibi kok boslugu birakilarak kaynatilan numunenin ortalama absorbe
edebildigi enerji degeri 145 J olarak sonug¢ vermistir.

Kaynak sonrasi her iki opsiyon uygulamasindan da tahribatli muayenelerden birisi olan g¢entik
darbe testi i¢in numune alinirken, kesimlerde numunelerin i¢ yapisini bozacak sicak
uygulamalardan uzak durulmus ve sogutucu bir siv1 kullanilarak islem tezgahinda ihtiya¢ duyulan
centikler dikkatle atilmistir. Centik darbe testi numunelerinin gorselleri, Sekil 10’da verilmistir [21].
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Sekil 10. Centik darbe testi numuneleri (Notch impact test specimens)

Her iki uygulama c¢esidi de ISO148-1 standartlarina gore yapilmistir. 1ISO148-1 standartlarina
gore centik darbe testi sonuglart Sekil 11°de gosterilmistir [22].

V-notch test piece U-notch test piece
Symbol P P
. . . Machining tolerance A Machining tolerance
Designation and Nominal Nominal
no. dimension Tolerance | gjmension Tolerance
classa class?
Length L 55 mm +0,60 mm js15 55 mm 40,60 mm js15
Width w 10 mm +0,075 mm js12 10 mm +0,11 mm js13
Thickness® B 10 mm +0,11 mm js13 10 mm +0,11 mm js13
— standard test 10 mm 0,11 mm jsi3 10 mm 40,11 mm js13
piece 7,5 mm +0,11 mm jsi3 7,5 mm +0,11 mm —
— subsize test piece S5 mm +0,06 mm js12 5 mm +0,06 mm —
— subsize test piece 2,5mm +0,05 mm js12 —_— — —
— subsize test piece
Angle of notch 1 45° +2° — — — —
Ligament 2 8 mm +0,075 mm js12 5 mm +0,09 mm js13
Notch radius 3 0,25mm [ +0,025 mm — 1mm +0,07 mm jsi2
Notch position 4 27.5mm |[#0,42mm4d js15 27.5mm | £0,42 mmd jsi5
(centering)
Angle between plane 90° +2° — a0° +2° —
of symmetry of notch
and longitudinal axis
of test piece
Angle between S 0" +2° — Q0° +2° —
adjacent longitudinal
faces of test piece
Surface roughnessb NA <5 um <5 um
a  Inaccordance with ISO 286-1.
b The test pieces shall have a surface roughness better than Ra 5 pm except for the ends.
< Ifanother thickness (2 mm or 3 mm) is specified, the corresponding tolerances shall also be specified.
d  For machines with automatic positioning of the test piece, it is recommended that the tolerance be taken as +0,165 mm
instead of 0,42 mm.

Sekil 11. 1SO 148-1 standartlarina gore gentik darbe testi sonuglar1 (Notch impact test results according to 1SO 148-
1 standards)
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4. SONUCLAR (CONCLUSIONS)

Bu c¢alismada, kaynak kok boslugu uygulamasinin kaynak kalitesine etkisi ve malzemenin

mekanik 6zelliklerine etkisi arastirilmistir. Elde edilen sonuglar asagida verilmistir.

e Mikro yapilar incelendiginde ana malzemede diislik karbonlu c¢eliklere ait es eksenli tane
yapist gorlilmistiir. Kaynak dikislerinde asikiiler ferrit tane yapist vardir. Bu yapinin
olusumu kaynak dikisinde bir miktar sertlik artisina neden olmustur. Mikro yapilarina
bakildiginda kaynak kok boslugu birakilan numunelerde tam niifuziyet saglandigi
goriiliirken kaynak kok boslugu birakilmamis olan numunelerde ise niifuziyet eksikligi
tespit edilmistir.

e Sertlik Olglimlerine bakildiginda sertlik Olgtimleri mikro vickers sertlik Ol¢tim cihazi ile
yapilmistir. Ana malzemeden kaynak metaline dogru gidildik¢e sertligin artti§i goriilmiistiir.
Bu artis genel kabul kriterlerine ve dnceki deneysel calismalara uygun oldugu ve sertlik
miktarlarinin kabul kriterleri arasinda oldugu tespit edilmistir.

e (Ceckme testi sonuclarina bakildiginda teste tabi tutulan numunelerin ana malzemeden
kirildig1, yiizde uzama miktarlarinin kabul kriterleri arasinda oldugu tespit edilmistir. Kok
bosluksuz kaynak uygulamasina gore kok bosluklu kaynak uygulamasinin ¢ekme dayanim
degeri daha yiiksek sonug¢ vermistir.

e Centik darbe testi sonuglari incelendiginde ise kok bosluklu uygulamanin absorbe edebildigi
enerji miktar1 kok bosluksuz kaynak uygulamasindan daha fazla degerde sonu¢ vermistir.
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INFORMATION ABSTRACT

Received:. 25.07.2023 This study focuses on investigating the influence of printing parameters on the tensile
Accepted: 18.08.2023 strength of PLA and iron-reinforced PLA samples produced using FDM technology.
Keywords: Filament material (PLA and iron-reinforced PLA), infill ratio (20, 40 and 60%), layer

Fused deposition modeling thickness (0.1, 0.2 ve 0.3 mm), printing speed (40, 60 and 80 mm/s) and raster angle

(T)ptir_Tization ) (30, 45 and 60°) were selected as process parameters. The experimental design was
PeLnA5|estrengt based on the Taguchi L18 index. Signal-to-Noise (S/N) ratio, variance analysis

(Anova) and regression analyses were used to statistically analyze the tensile strength
values obtained as a result of experimental measurements. The outcomes of this study
show that the reinforcement to PLA material decreases the tensile strength and
increases the % elongation. The maximum tensile strength was measured as 33.55
MPa at 60% infill rate, 0.3 mm layer thickness, 60 mm/s printing speed and 60° raster
angle in PLA filament material, which is the optimum process parameters.

Eriyik Yigma Modelleme Yontemi ile Uretilen PLA ve Demir Takviyeli PLA
Numunelerinin Cekme Dayammmimi Etkileyen Proses Parametrelerinin
Analizi ve Optimizasyonu

MAKALE BILGISI OZET

Ahnma: 25.07.2023 Bu calisma, FDM teknolojisi kullanilarak iiretilen PLA ve demir takviyeli PLA
Kabul: 18.08.2023 numunelerin ¢ekme mukavemeti {izerinde baski parametrelerinin etkisini arastirmaya
Anahtar Kelimeler: odaklanmaktadir. Proses parametreleri olarak filament malzemesi (PLA ve demir
Eriyik yigma modelleme takviyeli PLA), dolgu orani (20, 40 ve 60%), katman kalmhg (0.1, 0.2 ve 0.3 mm),
Optimizasyon bask1 hiz1 (40, 60 ve 80 mm/s) ve tarama acis1 (30, 45 ve 60°) secilmistir. Deney

Cekme dayanimi

PLA tasarimi Taguchi L18 indeksine gore yapilmistir. Deneysel olglimler sonucunda elde

edilen cekme dayanimi degerlerini istatistiksel olarak analiz etmek i¢in Sinyal Giiriilti
(S/N) orani, varyans analizi (Anova) ve regresyon analizleri kullanilmistir. Bu
caligmanin sonuglart PLA malzemeye demir takviyesinin ¢ekme dayanimim
diistirdtigiinii ve % uzamayi arttirdigini gostermektedir. Maksimum ¢ekme dayanimi
optimum proses parametreleri olan PLA filament malzemesinde, 60 doluluk oraninda,
0.3 mm katman kalinligi, 60 mm/s baski hizinda ve 60° tarama acisinda 33.55 MPa
olarak ol¢iilmiistiir.

1. INTRODUCTION (GIiRiS)

Today, Fused Deposition Modeling (FDM) technology has become a widely used technique to
produce complex-shaped parts that are difficult to manufacture due to its advantages over
traditional methods [1]. Unlike traditional manufacturing methodologies where a final small design
is achieved by removing material from a large part, FDM allows complex shapes to be created with
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less material waste by combining materials layer upon layer [2, 3]. This technology can help
increase industrial productivity and reduce production costs by reducing time-to-market [4]. Due to
these superior aspects, its use in industrial applications such as aerospace, automotive, medical, and
construction, is becoming widespread [3-5]. In addition, this method can produce 40-60% lighter
and structurally robust products for applications where weight savings are critical [6].
Thermoplastic polymers are utilized in this technique as construction materials [7]. The type of
construction materials has a significant impact on print quality and mechanical properties. The
quality and mechanical properties of the printed samples are also influenced by several process
variables such as layer thickness, raster angle, infill percentage, extruder temperature, bed
temperature, printing speed and extrusion [8]. Giinay et al. applied the Taguchi method to
investigate the effect of printing parameters on the tensile strength of PLA+ material fabricated by
FDM technology [9]. Their results showed that the most effective parameter on the tensile strength
was the fill rate, and the scanning angle and printing speed were the other important parameters,
respectively. Roa et al. investigated the effect of printing parameters such as layer thickness, print
temperature, and infill pattern on the tensile strength of carbon fiber PLA [10]. The results showed
that the interaction between layer thickness and infill pattern has a significant effect on the tensile
strength of carbon fiber PLA. Kamer et al. investigated the mechanical properties of ABS and PLA
material fabricated with different printing speeds by FDM technology [11]. As a result, the authors
indicated that the tensile strength of the samples produced with PLA material is higher than the
samples produced with ABS material. Altan et al. [12] investigated the effects of process
parameters on the quality of PLA composites produced by FDM method and reported tensile
strength and surface quality of the FDM samples improved by about 25% and 12%, respectively at
optimal process conditions. Schirmeister et al. investigated the effects of printing parameters such
as temperature and diameter of the nozzle, extrusion rate, build plate temperature, and build plate
material on the mechanical properties and surface quality of samples produced using HDPE (high
density polyethylene) [13]. The authors reported that the nozzle diameter and printing speed affect
the surface quality but not the mechanical properties. Sammaiah et al. investigated the influence of
process parameters on the surface quality of ABS composites produced by FDM [14]. The results
showed that the surface roughness values increased with the increase of the layer thickness and
decreased with the increase of the filling density. Liu et al. investigated the effects of wood,
ceramic, metal, and carbon fiber reinforcements on the mechanical characteristics of PLA
composites fabricated by FDM method [15]. The authors reported that ceramic, copper, and
aluminum-based PLA composite samples exhibit similar mechanical properties to PLA samples.
Zhang et al. studied the characterization of the mechanical properties of PLA and copper/PLA
composite part produced by FDM method [16]. As a result, they observed that copper reinforcement
decreased the tensile strength and increased the % elongation compared to PLA material.

In this study, it is aimed to compare the tensile strength of PLA and iron reinforced PLA
composites produced using fused deposition modeling (FDM) at different printing parameters. In
this context, tensile samples have been produced using the Taguchi L18 orthogonal array. Analysis
of the Signal-to-Noise (S/N) ratio, variance analysis (ANOVA) and regression analysis have been
used in statistical evaluation of the data obtained as a result of tensile tests. Finally, the validation of
the optimization has been checked by verification tests.

2. MATERIAL AND METHOD (MATERYAL VE YONTEM)

In this study, it is aimed to analyze the effect of filament materials and process parameters on the
mechanical properties of tensile specimens produced by the FDM method. In this context, tensile
specimens conforming to ASTM D638-1V standards have been produced using PLA and iron-
reinforced PLA filaments with Zaxe brand 3D printer. These filaments, which are suitable for
production by the fused deposition modeling (FDM) method, were commercially available from
Zaxe. The printing temperature and table temperature were selected as 210°C and 40°C, considering
the manufacturer's recommendation. Figure 1 shows the experimental set. Three different fill rates
(20, 40 and 60%), three different layer thicknesses (0.1, 0.2 and 0.3 mm), three different printing
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speeds (40, 60 and 80 mm/s) and three different raster angles (30°, 45° and 60°) were selected as
process parameters. According to these parameters, tensile specimens were produced using the
Taguchi L18 orthogonal array. Tensile tests were carried out on an INSTRON brand test device
(Instron Corp., Canton, MA, USA) with a capacity of 100 kN.

3D Printing

Tensile Testing

i, R ‘g«a
il
s

z =%

Figure 1. Experimental setup (Deney diizenegi)

In the optimization process, filament material (A), infill ratio (B), layer thickness (C), printing
speed (D), and raster angle (E) were selected as input factors while tensile strength was selected as
output parameters. Analysis of variance (ANOVA) and regression analyses were used to explain
and model the relationship between tensile strength values obtained from experimental
measurements and process parameters, respectively [17, 18]. The "largest best” approach in
Equation 1 was used to determine the maximum tensile strength value.

s 1\ 1
n= N —1010g (;Zi=1ﬁ> (1)

3. EXPERIMENT AND OPTIMIZATION RESULTS (DENEY VE OPTIMIiZASYON SONUCLARI)
3.1. Analysis of the Signal-to-Noise (S/N) ratio (Sinyal-Giriiltii (S/N) Oram Analizi)

The tensile strength values of the samples produced with PLA and iron-reinforced filaments at
different printing parameters and the corresponding S/N values for each printing combination and
S/N analysis response results are given in Table 1 and Table 2, respectively. In Table 2, the highest
value for each process factor indicates the optimum level of control. From this table, the optimal
combination of process parameters for maximum tensile strength is found to be: A2B3C3D2ES.
The symbols A, B, C, D and E represents process parameters: filament material, infill ratio, layer
thickness, printing speed, and raster angle, respectively. Figure 2 shows the scatter plot of process
parameters on the average S/N ratio. In this graph, the point where the S/N ratio is the highest for
each process parameter indicates the optimum level.
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Table 1. Results of the experiment (Deney sonuglari)

Parameters
A B C D E Tensile Tensile
Tledst strength  strength
(MPa) SIN
(dB)
1 Iron-reinforced PLA 20 0.1 40 30 10.82 20.684
2 Iron-reinforced PLA 20 0.2 60 45 11.92 21.525
3 Iron-reinforced PLA 20 0.3 80 60 12.35 21.833
4 Iron-reinforced PLA 40 0.1 40 45 15.43 23.767
5 Iron-reinforced PLA 40 0.2 60 60 16.04 24.104
6 Iron-reinforced PLA 40 0.3 80 30 16.19 24.184
7 Iron-reinforced PLA 60 0.1 60 30 19.06 25.602
8 Iron-reinforced PLA 60 0.2 80 45 19.11 25.625
9 Iron-reinforced PLA 60 0.3 40 60 19.54 25.818
10 PLA 20 0.1 80 60 24.86 27.910
11 PLA 20 0.2 40 30 25.14 28.007
12 PLA 20 0.3 60 45 25.89 28.262
13 PLA 40 0.1 60 60 27.85 28.896
14 PLA 40 0.2 80 30 28.12 28.980
15 PLA 40 0.3 40 45 28.36 29.054
16 PLA 60 0.1 80 45 32.28 30.178
17 PLA 60 0.2 40 60 33.10 30.396
18 PLA 60 0.3 60 30 33.55 30.513
A B C D E
29 F
i
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28 ! /@
. / /
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Figure 2. Distribution of process parameters on average S/N ratio (Ortalama S/N orani {izerinde proses parametrelerinin
dagilimi)

Table 2. ANOVA results for tensile strength (Cekme dayanimi igcin ANOVA sonuglari)

Level A B C D E
1 23.68 24.70 26.17 26.29  26.33
2 29.13 26.50 26.44 26.48  26.40
3 28.02 26.61 26.45  26.49
Delta 5.45 3.32 0.44 0.20 0.16
Rank 1 2 3 4 5
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As a result, the maximum tensile strength value was measured as 33.55 MPa at 60% infill rate,
0.3 mm layer thickness, 60 mm/s printing speed and 60° raster angle in PLA filament material,
which is the optimum process parameters.

3.2. Evaluation of Tensile Test Results (Cekme Testi Sonuglarinin Degerlendirilmesi)

Figure 3 shows the variation of tensile strength of the samples produced with PLA and iron-
reinforced PLA filament materials at different printing parameters. When Figure 3 is examined, it is
seen that the tensile strengths increase with the increase in the filling ratio and layer thickness for
the two filament materials. Giinay et al. associated the increase in tensile strength with the increase
in the filling ratio with the increase in the tensile load carrying capacity per unit area as a result of
the increase in the filling ratio in the cross-sectional area [9]. According to the general trend, the
tensile strength of both filament materials increased slightly with the increase in printing speed but
showed a decreasing trend after 60 mm/s press speed. Raster angle, on the other hand, does not
seem to have a significant effect on the tensile strength.

40 T

35 1

30 -
4B --
20+ et - --
15 -

10+

Tensile strength , (MPa)

20 40 60 0.1 0.2 0.3
Infill rate, % Layer thickness, mm

40 T

B Iron-reinforced PLA

35 1
30 4
25 -
20 -

Tensile strength , (MPa)

Printing speed, mm/'s Raster angle, ©

Figure 3. Variation of tensile strength according to proses parameters (Proses parametrelerine gore ¢cekme dayaniminin
degisimi)

On the other hand, it is clearly seen that the filament material plays an effective role on the

tensile strength. The tensile strength values measured in PLA filament are higher than the tensile
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strength values obtained in iron-reinforced PLA filament under all printing conditions. In a similar
study, Uzun and Erdogdu reported that the tensile strength of the carbon and copper-doped samples
was lower than the PLA samples [19]. Moreover, Ozsoy et al. reported that PLA specimens had
higher strength values than ABS specimens and explained this with the fact that the bonding
between the layers during the specimen production process was better for PLA material specimens
than ABS specimens [20]. Figure 4 shows the SEM images taken from the fracture surfaces of the
specimens after the tensile test. When Figure 4 is examined, it is seen that the top and bottom layers
adhere perfectly to each other for all filaments, but there are more air pockets and porous structures
containing voids between the layers in the iron-doped PLA sample compared to the PLA sample.
The formation of these porous structures is thought to be the cause of the decrease in the tensile
strength of the iron-reinforced PLA sample. In short, iron reinforcement reduces tensile strength
and increases % elongation compared to PLA material.

@ (b)

Figure 4. SEM fracture surface images of a) PLA and b) Iron-reinforced PLA samples (a) PLA ve b) Demir takviyeli
PLA numunelerin SEM kirik yiizey goriintiileri)

3.3. Analysis of Variance Results (varyans Analizi Sonuglar)

ANOVA is a statistical technique used to detect how each of the control elements in the test
design interacts with output parameters [17]. In this study, ANOVA was used to analyze the
individual interaction of each process parameter on tensile strength. This analysis was performed at
5% significance level and 95% confidence level [17, 21-23]. ANOVA results for tensile strength are
given in Table 3. The importance levels of the process parameters were determined by considering
the F values in Table 3. The last column of the table shows the percentage value of the level of
influence of each process parameter. According to Table 3, the percentage effects of factors A, B,
C, D and E on the surface roughness were found to be 81.35%, 18.10%, 0.27%, 0.03% and 0.01%,
respectively. The error percentage was quite low at 0.24%. As a result, the most important process
factor affecting the tensile strength with 81.35% additive ratios is the filament material.

Table 3. ANOVA results for tensile strength (Cekme dayanimi igcin ANOVA sonuglari)

Source  DF SS MS F P Contribution (%)
A 1 782.629 782.629 2682.98 0.000 81.35
B 2 174.104  87.052 298.43 0.000 18.10
C 2 2.608 1.304 447  0.050 0.27
D 2 0.329 0.164 056  0.590 0.03
E 2 0.073 0.037 0.13 0.884 0.01
Error 8 2.334 0.292 - - 0.24
Total 17 962.076 - - - 100
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3.4. Regression Analysis of Tensile Strength (Cekme Mukavemetinin Regresyon Analizi)

Regression analysis was applied to numerically express the relationship between the tensile
strength of PLA and iron-reinforced PLA samples produced by FDM method and process
parameters. The equations developed with the linear regression model to predict the tensile strength
of PLA and iron-reinforced PLA specimens are given below, respectively.

o, = 19.909 + 0.19025B + 4.65C + 0.00217 D + 0.00478 E )
o, = 6.722 + 0.19025 B + 4.65C + 0.00217 D + 0.00478 E ?)

The R? value for the tensile strength prediction equations developed through linear regression
analysis was 0.968. The prediction equations, which have a very high coefficient of determination
(R?), produce values close to the true values and this is also confirmed by the comparison plot for
the test results and predicted values given in Figure 5. Validation experiments are very important to
see the success of the developed prediction equations and the optimization process. In this context,
the confidence interval (CI) value for tensile strength was calculated using Equations 4 and 5.

N
neff - 1+Tgof (4)

1 1
Cl = \/Fa,l,fe A [ + E] )

Neff

The symbols N, Tdof, Fq, 17, @, fe, Ve, R and nefs represents the total number of experiments, the
total main factor degrees of freedom, the F ratio at a 95% confidence, the significance level, the
degrees-of-freedom of error, error variance, the effective number of replications and the number of
replications for confirmation experiments, respectively [24, 25]. The confidence interval was
calculated as 1.554. According to the signal-to-noise (S/N) ratio analysis, the optimum factor group
giving the highest tensile strength value was obtained as A2B3C3D2E3. the average value of the
tensile strength was calculated to be 22.2 MPa.

O0Topt = (AZ - Ta‘r) + (BB - Tar) + (CB - Tar) + (Dz - Ta‘r) + (ES - Ta‘r) + Tar

[0Topt — CI| < 0Texp < [0Tope + CI| = [33.43 — 1.554] < 33.55 < [33.43 + 1.554] = 31.876 <
33.55 < 34.984

As a result, the tensile strength values are within the confidence interval limits and accordingly,
optimization of the process parameters has been performed at a significance level of 0.05.
Furthermore, the accuracy of the optimization process have been tested at optimum levels and
random levels for tensile strength. The validation results are given in Table 4. The error percentages
calculated for the tensile strength are within acceptable limits and this indicates a successful
optimization.
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Figure 5. Comparison of the prediction results with experimental results (Tahmin sonuglarinin deneysel sonuglarla
karsilastirilmasi)

Table 4. Validation test results (Dogrulama testi sonuglari)

Actual  Predict Error (%)

A;B3C3D,E; (optimum) 3355 33.13 1.25
A,B,C,D5E; (random) 28.12 28.72 2.13

4. CONCLUSIONS (SONUCLAR)

In this study, the effects of printing parameters such as infill rate, layer thickness, printing speed
and raster angle on the tensile strength of PLA and iron-reinforced PLA specimens produced by
fused deposition modeling technology were investigated experimentally and statistically. The
results obtained from this study are summarized below:

e The optimal printing parameters for the tensile strength were determined as A2B3C3D2E3
(i.e., filament material = PLA, infill rate = 60%, layer thickness = 0.3 mm, printing speed =
60 mm/s and raster angle = 60°).

e According to the results of statistical analyses, the filament material plays an important role
in tensile strength with a percentage contribution of 81.35%.

e The equation developed to predict the tensile strength of the samples produced using the 3D
printer gives results very close to the actual values with an R value of 0.968.

e |t was observed that iron reinforcement of PLA material decreased the tensile strength and
increased the % elongation.
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MAKALE BILGISI OZET

Al’”’”f“ 01.05.2023 Metal tozlarinin eklemeli imalatta kullanimi giin gectikge artmaktadir. Metal tozu,
Kabul: 22.08.2023 tim bu proseslerin hammaddesi olup nihai iiriiniin fiziksel, kimyasal ve mekanik
Anahtar Kelimeler: ozelliklerinin yani sira boyut ve tolerans degerleri gibi dzelliklerini belirlemektedir.
Toz metalurjii Konvansiyonel atomizasyon prosesleri ile toz iiretimi, seri liretime uygunlugu, yiiksek

Atomizasyon teknikleri
Ultrasonik atomizasyon
Eklemeli imalat

kalitede metal tozu ve diisiik maliyetli liretim imkani ile dikkat ¢cekmektedir. Ancak,
partikiil boyut dagilimi ve kiireselligi, eklemeli imalat proseslerinde kullanilacak toz
kalitesi ve son iriin maliyeti i¢in belirleyici faktorlerdir. Atomizasyon prosesinde
kullanilan baglangi¢ hammaddesi de iiretilen tozun kalitesi ve fiyatim etkiler.
Dolayisiyla, yiiksek kalitede ve uygun maliyetli toz {iretimi igin atomizasyon
proseslerinin parametreleri (ergimis metalin sicakligi, atomizasyon atmosferi ve tiiri
gibi) {iretim Oncesinde Dbelirlenmelidir.  Ultrasonik atomizasyon yontemi,
konvansiyonel yoOntemlere gore daha diigik maliyetle yiiksek kalitede toz
iiretilebilmekte ve 6zellikle eklemeli imalat alaninda ihtiya¢ duyulan partikiil boyut
dagilimi ve akigskanligi karsilayabilmektedir. Bu caligmada ultrasonik atomizasyon
yonteminin ¢aligma mekanizmasinin incelenmis ve konvansiyonel atomizasyon
teknikleri ile nihai iirlin kalitesi a¢isindan arada olugan farklar karsilastirilmistir.

Ultrasonic Atomization: An Alternative Path to Powder Production

ARTICLE INFO ABSTRACT

Received: 01.05.2023 The use of metal powders in additive manufacturing is increasing day by day. Metal
Accepted: 22.08.2023 powder is the raw material for all these processes and determines the properties of the
Keywords: final product, such as its physical, chemical, and mechanical characteristics, as well as
Powder metallurgy its dimensions and tolerance values. Metal powder production using conventional
Atomization techniques atomization processes is noteworthy due to its suitability for mass production, high-

Ultrasonic atomization

Additive manufacturing quality metal powder, and low-cost production. However, particle size distribution

and sphericity are crucial factors for the quality of the powder used in additive
manufacturing processes and the cost of the final product. The raw material used in
the atomization process also affects the quality and price of the produced powder.
Therefore, the parameters of the atomization processes, such as the melting
temperature of the metal, the atomization ambient, and the type should be determined
before production to achieve high-quality and cost-effective powder production. The
ultrasonic atomization method can produce high-quality powder at a lower cost
compared to conventional methods and can meet the particle size distribution and
fluidity required in the additive manufacturing field. This study examines the
ultrasonic atomization method's operating mechanism and compares the final product
quality differences between conventional atomization techniques.

1. GIRIS (INTRODUCTION)

Son yillarda 6zellikle savunma, havacilik, uzay, medikal ve otomotiv sektorleri, son iirlin olarak
kullanilan pargalarin {iretiminde toz metalurjisi esash iiretim yontemlerini tercih etmektedir. Bu
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yontemler yiiksek kaliteli parcalarin net sekilli olarak iiretilmesine olanak tanir [1, 2]. Dokiim,
dévme ve plastik sekil verme gibi iiretim yontemlerine gore iistiin malzeme o6zellikleri, daha az
ikincil islemlere olan ihtiyag¢ gibi sagladig1 avantajlarindan dolay: birgok farkli toz metalurjik proses
gelistirilmis ve hala gelistirilmeye devam etmektedir. Toz metalurjik {iretim yontemi i¢in baslangig¢
hammaddesi olan tozun farkli ozelliklere sahip olmasi istenmektedir. Bu ozelliklerin basinda
partikiil sekli, boyutu, boyut dagilimi ve tozun safligi gelmektedir [3].

Toz metalurjisi proseslerinde konvansiyonel olarak temelde presleme ve sinterleme alt
yapisindaki sistemler kullanilsa da giincel teknolojiler ile gelinen son noktada eklemeli imalat
prosesleri yayginlagmaktadir. Tiim bu toz metalurjik proseslerin hammaddesi olan metal tozu, nihai
iirlinde istenilen fiziksel, kimyasal ve mekanik 6zelliklerin yani sira boyut ve tolerans degerlerini ve
en Onemlisi maliyeti belirlediginden, segilecek hammaddenin o6zellikleri nihai {iriin kalitesini
dogrudan etkilemektedir [4-6].

Farkl1 toz 6zelliklerine yonelik degisen toz iiretim teknikleri mevcuttur. Mekanik, kimyasal ve
atomizasyon yontemleri toz iiretiminde kullanilan ydntemlere 6rnek olarak verilebilir. Uretim
yontemine bagli olarak, tozun sahip oldugu fiziksel, kimyasal ve mekanik 6zellikler, nihai parcada
elde edilecek 6zellikleri dogrudan etkilemektedir [4, 7]. Nihai par¢ada elde edilecek Ozelliklerin
kontrol altina alinmasi i¢in baglangic hammaddesi olan tozun; homojenligi, kimyasal
kompozisyonu, empiirite varligi, partikiill morfolojisi, boyut dagilimi, akiskanligi gibi
parametrelerin kontrol edilmesi 6nem arz etmektedir [8-12]. Atomizasyon ile toz liretim yontemi;
seri iiretime uygunlugu, yiiksek kalitede metal tozu eldesi ve diisiik maliyetli {iretime olanak
saglamasi ile dikkat ¢ekmektedir. Bu yontem ile demir-gelik, siiper alasim, titanyum, bakair,
aliiminyum alagimlar1 gibi farkli metal ve alasimlar iiretilebilmektedir. Ozellikle eklemeli imalat
prosesleri i¢in gerekli olan toz talebinin karsilanabilmesi ve istenilen 6zelliklerde iiretilebilmesi igin
genellikle atomizasyon yontemleri kullanilmaktadir [13-15].

Giliniimiiz miihendislik bilesenlerinin iiretiminde eklemeli imalat yontemlerinin kullanimi giin
gectikce yayginlagsmaktadir. Farkli eklemeli imalat yontemleri iiretim prosesinin tarzina gore
degisik ozelliklerde hammadde gerektirir. Sik¢a kullanilan eklemeli imalat yontemlerine; SLE
(Secici Lazer Ergitme), EIE (Elektron Isin Ergitme), Secici Lazer Sinterleme (SLS) ve Direkt Metal
Lazer Sinterleme (DMLS) 6rnek verilebilir [16, 17]. Bu iiretim yontemlerinde kullanilan tozlar
genel anlamda atomizasyon yontemleriyle liretilmekledir. Gaz atomizasyonu yontemi ise bu agidan
diger yontemler arasinda (su atomizasyon, plazma atomizasyon, santrifilij atomizasyon) en sik tercih
edilenidir [18-20].

Partikiil boyutu ve kiireselligi, eklemeli imalat proseslerinde kullanilacak toz i¢in kisitlayici ve
maliyet belirleyici faktorlerdir. Bunlarin yani1 sira atomizasyon proseslerinde, baglangig
hammaddesinin ne kadarinin istenilen 6zellikleri saglayacak toza doniistiiriilebilecegi hem {iretilen
tozun hem de nihai iriin fiyatin1 dogrudan etkilemektedir. Tiim faktorler g6z oniine alindiginda,
atomizasyon prosesleriyle lretilecek tozun, yiiksek kalitede ve uygun maliyetli olarak temin
edilmesi istenir. [21-25].

Atomizasyon prosesleri genel anlamda ergitilmis metalin 6nceden belirlenmis bir sivi veya gaz
yardimiyla degisen boyutlarda damlaciklara ayrilmasi ve bu ayrilan damlaciklarin inert gaz veya
normal atmosfer kosullarinda katilastirilmasi prensibine dayanmaktadir. Ergimis metal partikiilleri,
ani soguma ve inert gaz atmosferinin sagladig 1s1 absorpsiyon etkisiyle yliksek soguma hizlarinda
kiireselleserek katilagirlar. Bu nedenle, ergimis metalin sicakligl, atomizasyon atmosferi, yiizey
gerilimini saglayacak atomizasyon tiirii gibi parametreler, elde edilecek tozun fiziksel, kimyasal ve
mekanik 6zelliklerini belirlemektedir [26-28]. Atomizasyon prosesleri kendi i¢inde konvansiyonel
olarak; gaz, su, santrifiij ve plazma metotlarina ayrilmaktadir. Bu yontemlere bagli olarak elde
edilecek tozun partikiil boyut dagilimi, morfolojisi, yogunlugu, akigkanligi, iiretim miktar1 vb.
ozellikler degisiklik gostermektedir [29-31]. Farkli {iretim yontemleriyle iiretilen bu tozlarin
ozellikleri, son iiriin teminiyle toplam verimi dogrudan etkileyerek nihai iiriinlin maliyetini
belirlemektedir. Gelistirilmis farkli atomizasyon prosesleriyle Ozellikle eklemeli imalat
teknolojisinde kullanilmak {izere uygun metal tozlar iiretimi yayginlasmistir. Ancak, maliyet ve
istenilen toz kalitesi dikkate alindiginda, konvansiyonel prosesler yiiksek verimde nihai {iriine
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ulagsmak icin gerekli yeterliligi saglayamamaktadir. Ozellikle eklemeli imalat alaninda yiiksek
kiiresellik ve buna baglh olarak akiskanliga ihtiyag duyulmasi durumunda, gaz atomizasyon
yontemlerinde de maliyetler artmaktadir. Buradan yola ¢ikarak, sektorel agidan olusan bu ihtiyaci
ultrasonik atomizasyon yontemiyle karsilama potansiyeli son yillarda dikkat ¢eker hale gelmistir
[31-34].

Yiiksek kalitede toz iiretimini saglayan ultrasonik atomizasyon, gaz atomizasyon toz iiretim
yontemine gore partikiil boyut dagilimi ve morfolojisinde istenilen kaliteye daha uygun ve diisiik
maliyetle toz eldesini saglamaktadir. Gaz atomizasyon yontemiyle 15-300 pm, ultrasonik
atomizasyon yontemiyle ise 15-150 pm partikiil boyut dagilimina sahip toz iiretimi miimkiindiir
[35, 36]. Ultrasonik atomizasyon yontemi, sarj edilen malzemenin alin yiizeyinin elektrik arki ile
ergitilmesi ve ergiyen metalin ultrasonik tabla {izerine diismesiyle belirli frekans degerlerinde
ultrasonik dalgalarinin sagladigi titresim hareketine maruz birakilarak katilagsmasi prensibine
dayanmaktadir. Daha 6nce yapilan ¢aligsmalarda, ultrasonik atomizasyon i¢in ¢alisma sicakligi bir
kisit olarak kaldigindan, nispeten daha diisiik ergime sicakliklarina sahip Al, Pb ve Au gibi
metallerin alagimlarinda uygulamalar yapilmistir [37, 38]. Gelisen teknoloji, ultrasonik atomizasyon
ile ¢alisan proseslerin gelismesine de katki saglayarak daha yliksek ergime sicakliklarina sahip
metal ve alagim tozlarinin iiretilebilmesine imkan sunmustur [37-39]. Bu ¢alismada toz metalurjisi
alaninda yapilan ¢alismalar sonucunda, 6zellikle eklemeli imalat alaninda ihtiya¢ duyulan miktar ve
kalitede toz diiretiminin yapilabilmesine olanak saglayan ultrasonik atomizasyon metodu ele
alinmistir. Ultrasonik atomizasyon yontemi diger atomizasyon yontemleriyle karsilastirmali olarak
incelenerek Tiirkge literatiire katk1 saglanmasi amaglanmustir.

2. MATERYAL VE YONTEM (MATERIAL AND METHOD)

2.1. Ultrasonik Atomizasyon Prosesinin Tanimmlanmasi (Description of The Ultrasonic Atomization
Process)

Ultrasonik atomizasyon prosesi genel anlamiyla elektrik ark kullanilarak metal malzemenin
ergitilmesi ve ergitilmis metalin belirli frekans degerlerinde ultrasonik titresime maruz birakilarak
katilagmasidir. Uygulanan frekans degerlerinde yapilabilen degisiklikler sayesinde diger
atomizasyon yontemlerinden farkli 6zelliklere sahip metal tozlar1 elde edilebilmektedir [40]. Sekil
1’de ultrasonik atomizasyon yonteminin sematik gosterimi verilmistir. Atomizasyon prosesinde
cubuk veya tel formunda olabilen tozu iiretilecek malzeme, sistem icerisine beslenmektedir. Is
pargasi, ultrasonik tabla ve elektrot arasinda konumlandirilarak elektrotta ark vasitasiyla olusan
yiiksek 1s1 sayesinde ergitme olusturulur ve ultrasonik tabla iizerine distrilir. Ultrasonik tablada
olusturulan frekans, ergimis metale titresim hareketleri olarak aktarilarak ylizey gerilimi ve
viskozite etkisiyle ergimis metalin damlaciklar halinde sacilmasini saglar. Ultrasonik tablada
tiretilen dalgalarin  frekans: ile olusacak tozun partikiil boyutu arasinda ters bir oranti
bulunmaktadir. Ultrasonik tablanin titresmesi ile mikron boyutunda damlaciklara doniisen sivi
metal, inert gaz atmosferinde sogutulup morfolojik agidan yiiksek kiiresellige sahip partikiillere
dontigiir [41].
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Sekil 1. Ultrasonik atomizasyon sematik gosterimi (Schematic representation of ultrasonic atomization)

2.2. Ultrasonik Atomizasyon Prosesinde Toz Boyutunu Etkileyen Parametreler (Parameters
Affecting Powder Size in Ultrasonic Atomization Process)

Ultrasonik atomizasyon yontemi ile {iretilen tozun boyutu, gesitli proses parametrelerine bagl
olarak kontrol altina alinabilmektedir. Ortalama toz partikiil boyutu; ultrason dalgasina ait frekans,
ergiyik metalin yiizey gerilimi ve yogunluk degerlerine gore belirlenmektedir. Tim bu
parametrelerin nihai toz boyutuna etkisinin incelenmesi i¢in Lang esitligi kullanilmaktadir [42].
Lang Esitligi Formiil 1°de verilmistir.

8nc

d=a* (p_fz) Q)

Formiil 1°de verilen Lang esitligindeki parametreler; d atomize edilmis tozun ortalama partikiil
capini, ¢ ergiyik metalin yiizey gerilimini, p ergiyik metalin yogunlugunu, a prosese bagl bir sabit
katsayiy1 ve f ergiyik metale aktarilan ultrasonik dalgalarin frekansin1 gostermektedir. Yogunluk ve
yiizey gerilimi, ergiyik metalin sicakligina bagli olarak degigsmektedir. Buna bagl olarak ergiyik
metalin sicaklig1 da proses boyunca belirleyici bir parametre oldugu unutulmamalidir. Ayrica ylizey
gerilimi ve yogunluk 6zellikleri ile alasimin kimyasal kompozisyon orani, degisen parametreler ve
malzemenin kendine has 6zellikleri ultrasonik atomizasyon ydntemi ile liretilecek tozun boyutunu
dogrudan etkilemektedir. Bu nedenle, ilgili parametrelerin optimizasyonunun dogru yapilmamasi
istenmeyen boyutta ve 6zelliklerde toz olusumuna sebep olacaktir [43, 44]. Alasimlarin kimyasal
kompozisyonlarindaki degisime bagli olarak ayrica hesaplanmasi gereken bu malzeme 6zellikleri,
Hesaplamali Malzeme Miihendisligi (HMM) yardimiyla sayisal modelleme ortaminda giivenilir
termodinamik veriler ile hesaplanabilmektedir [45-48]. HMM ile alasim ve kimyasal kompozisyon
oranina gore giivenilir olarak hesaplanan yiizey gerilimi ve viskozite degeri, ultrasonik tablada
olusturulacak dalga frekansinin dogrudan belirlenmesi ve buna bagl tozlarin nihai 6zelliklerinin

ongoriilerek prosesin istenilen dogrultuda gergeklestirilip sonuglanmasma olanak saglamaktadir
[49].

Ergiyik metal ultrasonik dalgalar ile temasa gegtiginde, metal yiizeyinde kapiler dalgalar
olusmaktadir. Sekil 2’de ultrasonik tabla {izerindeki ergiyik metalin maruz kaldigi kapiler
dalgalarin, farkl frekans degerlerinin etkisiyle nasil degistigi sematik olarak gdsterilmistir. Buradan
yola ¢ikarak atomizasyon sirasinda artan dalga frekansi, ergiyik metalden daha kii¢iik boyutlu
ergiyik metal partikiilleri sagilmasina ve bu partikiillerin soguyup katilagmasiyla daha kiiglik
partikiil boyut dagilimina sahip toz iiretimi olabilecegi goriilmektedir. Daha kiigiik toz boyutlar
daha yiiksek ylizey alanina sahip oldugundan daha fazla reaktivite gosterme potansiyeline sahip
olacaklardir. Ote yandan, daha kiiciik toz boyutlar1 daha homojen dagilim ve daha yiiksek kalite
saglama potansiyeline sahiptirler. Ancak, dalga frekansinin artmasi, sivinin veya malzemenin
atomizasyon enerjisinin artmasina, dolayisiyla daha yiiksek maliyetlere neden olabilir. Bu nedenle,
dalga frekansinin dogru secimi, toz boyutunun yani sira maliyet ve kalite gibi faktorlere gore
yapilmalidir [50, 51].
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Sekil 2.Kapiler dalgalarin sematik gosterimi a) diisiik vibrasyon ve b) yiiksek vibrasyon (Schematic representation of
capillary waves a) low vibration and b) high vibration)

3. DENEY VE OPTIMIZASYON SONUCLARI (TEST AND OPTIMIZATION RESULTS)

3.1 Ultrasonik ve Gaz Atomizasyon Yoéntemlerinin Karsilastirilmasi (Comparing The Ultrasonic
Atomization and Gas Atomization Methods)

Iki farkli atomizasyon prosesi sonucu elde edilecek olan toz ozellikleri birbirinden farkli
olmaktadir. Her iki atomizasyon yontemi ile firetilen tozlarin Oncelikli karsilastirilabilecek
ozelliklerinden birisi partikiil boyut dagilimidir. Sekil 3’te hem ultrasonik hem de gaz atomizasyonu
ile Uretilen Ti6AI4V tozunun SEM goériintiileri verilmistir. Goriintiiler incelendiginde ultrasonik
atomizasyon sonucu elde edilmis olan tozlarin daha dar partikiil boyut dagilimina sahip olduklar
gozlemlenirken gaz atomizasyonunda ise bu durum tam tersidir. Partikiil boyut dagilimimin genis
olmasi presleme ve sinterleme proseslerinde daha yiiksek siki paketlenme yogunlugu sunarken,
eklemeli imalat proseslerinde igyapida cesitli bolgelerde topaklasma, birlesmeme ve yap1 icinde
porozitelere neden olabilmektedir. Eklemeli imalat prosesleri i¢in gerekli diisiikk miktarli tozlarin
iretilmesi, yliksek tonajli kapasiteye sahip olan gaz atomizasyonu yontemi kullanilarak tozlarin
eldesinin yiiksek maliyetlerine gore avantaj sunmaktadir [52-55]. Sekil 3a’da verilen gaz
atomizasyonu ile lretilen Ti6Al4V tozuna ait SEM goriintiisiinde uydu olusumlar1 goriilmektedir.
Bu uydulu yapi, eklemeli imalat prosesinde akis1 ve buna bagl olarak prosesi olumsuz yonde
etkilemektedir. Ultrasonik atomizasyon yontemi ile {iretilen ve Sekil 3b’de verilen SEM
goriintiisiinde ise, olusan partikiiller tamamen kiiresel olup akis1 etkileyecek herhangi bir uydu
olusumu da s6z konusu degildir. Tiim bu sebeplerden dolay1, eklemeli imalat proseslerinde ve yeni
alasim  gelistirme c¢aligmalarinda ultrasonik  atomizasyon ydntemiyle iiretilen tozlarin
kullanilmasinin, proses uygunlugu, istenilen mikro yap1 ve mekanik 6zellikleri elde etmekte avantaj
saglayabilecegi goriilmektedir [56-58].

Tablo 1’de ultrasonik ve gaz atomizasyonu teknikleri ile iiretilen Ostenitik paslanmaz ¢elik 316L
ve Ti6Al4V tozlarinin fiziksel 6zelliklerinin karsilastirmasi yapilmistir. Tozlarin kiiresellik degeri,
ideal kiire yapisi ile orantilandiginda 0 ile 1 arasinda bir deger almaktadir. Bu deger 1’e yaklastik¢a
ideal kiireye daha yakin bir morfolojide toza sahip olundugu anlasilmaktadir. Her iki yontem ile
tiretilen tozlarin kiiresellik degeri incelendiginde, ultrasonik atomizasyon yontemi ile {iiretilen
tozlarin morfolojisinin gaz atomizasyon ile iiretilen tozlara gore daha iyi oldugu goriilmektedir.
Kiresellik 6zelligine bagli olarak akiskanlik 6zelligi de dogru orantiyla gelismektedir [59, 60].
Yiiksek kiiresellige sahip olan ultrasonik atomizasyon ile liretilen tozlarin akigkanlik 6zelligi gaz
atomizasyon yontemi ile {retilen tozlara goére daha yiiksektir. Akigkanlik 6zelligini ayrica
katilagmadaki uydu olusumu da etkilemektedir. Sekil 3’te her iki atomizasyon yontemi ile {iretilen
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Ti6Al4V tozundan anlasilacagi gibi uydu olusumu, tozun akisini engelleyerek proses uygunlugunu
azaltmaktadir [61].

X500 S0pum

Sekil 3. Ti6Al4V alasimina ait farkli yontemler ile iiretilen tozlarin SEM mikroyapi gorselleri; Gaz atomizasyonu, b)
Ultrasonik atomizasyonu (SEM microstructure images of powders produced by different methods of Ti6AI4V alloy; a)

Gas atomization, b) Ultrasonic atomization) [59].

Tablo 1. Ultrasonik ve gaz atomizasyonu ile iiretilen tozlarinin 6zelliklerinin karsilastirilmast (Comparison of the
properties of powders produced by ultrasonic and gas atomization) [51].

Atomizasyon Gaz Ultrasonik Gaz Ultrasonik
Metodu (EIGA) (35kHz) (EIGA) (35kHz)
Alagim AISI 316L Ti6AI4V
D10 [um] 27.3 40.9 29.0 454
D50 [um] 45.8 49.7 47.3 55.0
D90 [um] 73.1 58.2 77.8 62.4
Kiiresellik 0.75 0.89 0.76 0.90
Tap Yogunlugu (g/cm?®) 4.67 4.72 2.6 2.86
Goriiniir Yogunluk (g/cm®) 4.29 4.40 2.4 2.62
Akigkanlik (s/50 g) 18.7 14.8 40.8 26.43

3.2 Ultrasonik Atomizasyon ile Uretilen Tozlarin Eklemeli imalat Proseslerine Sagladig

Avantajlar (Advantages of Powders Produced by Ultrasonic Atomization to Additive Manufacturing
Processes)

Ultrasonik atomizasyon ile elde edilecek ve gelistirilecek yeni alagimlarin kullanilacagi en
onemli alan siliphesiz ki eklemeli imalat yontemleridir. Her gecen giin gelismekte olan yeni
mithendislik teknolojileri ile miihendislik bilesenlerinden beklenilen servis 6zellikleri degismekte
ve kullanicilarin iirtinden beklentileri ylikselmektedir. Buna bagli olarak, Hesaplamali Malzeme
Miihendisligi’nin saglamis oldugu giivenilir termodinamik ve termokinetik veriler ile yeni alagimlar
ve bu alasimlarin proses parametreleri ile gereken veriler sayisal ortamda hesaplanabilmektedir [62,
63]. Bir¢ok yeni alagimin gelistirilmesi siirecinde prototip iiretimlerin yapilmasi elzem olup, Ar-Ge,
Ur-Ge calismalar1 ve seri iiretim gibi farkli proses basamaklari eklemeli imalat teknolojileri
kullanilarak yapilabilmektedir. Nihai iriinde istenilen kalite diizeyine ulasilabilmesi adina,
kullanilacak olan metal tozlar1 belirli bir geometriye ve fiziksel 6zelliklere sahip olmalidir. Bu
ozellikler, nihai iriine ulasmadan Once iiretim yonteminin gerekliliklerine gore belirlenmelidir.
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Bunun anlami, eklemeli imalatta kullanilacak olan metal tozlarinin eklemeli imalat proseslerindeki
tim proses parametrelerine uygunlugun goz oniinde bulundurulmas: gerektigidir [64-66].

Bu kapsamda sinterleme bazli iiretim yontemleri olan toz yatakli sinterleme yontemleri (Segici
Lazer Sinterleme, Direkt Metal Lazer Sinterleme) ele alindiginda, toz morfolojisi ve tozun boyutu
proses uygunlugu icin en Onemli parametrelerdir. Sinterlemede maksimum proses veriminin
alinabilmesi i¢in metal tozlarinin yiiksek kiiresellige ve ince boyutlara sahip olmasi gerekmektedir.
Tozlarin sahip oldugu kiireselligin derecesi, proses uygunlugunu yani parca iiretim hiz1 ve siiresiyle
olusacak maliyeti belirlemektedir. Ayn1 zamanda sinterleme i¢in gerekli olan itici gii¢ daha diisiik
partikiil boyutlarinda maksimum olmaktadir [67, 68]. Bu kapsamda, ultrasonik atomizasyon
yonteminde uygulanacak frekans degeri ile tozlarin boyutu belirlenirken katilasma yaklagimi ile
uydu ve morfolojik ozellikleriyle tozun akis karakteristigi iyilestirilebilmektedir. Sekil 4’te,
ultrasonik ve gaz atomizasyonu ile iiretilen AISI 304 paslanmaz geligi tozunun SEM goriintiileri
verilmistir. Gaz atomizasyonu ile lretilen tozlarin kiiresellik oraninin ultrasonik atomizasyon
yontemi ile iiretilen tozlara gore daha diisiik oldugu goriilmektedir. Ayrica katilasma yaklagimlari
ile kiiresellige ek olarak uydu olusumu da goriilmekte olup, tozlarin akisinm etkileyen diger bir unsur
olarak karsimiza ¢ikmaktadir. Her iki yontem ile iiretilen tozlarin boyutlar1 sirasiyla gaz
atomizasyonu igin 40-55 pm, ultrasonik atomizasyonu i¢in ise 15-30 um arasindadir. Daha kiigiik
boyutlu tozlarin kullanimi, eklemeli imalat yontemleri i¢in 6nem arz ederken, ultrasonik
atomizasyon yontemi ile iiretilen tozlarin, gaz atomizasyonu ile elde edilenlere gore daha avantajl
olabilecegi goriilmektedir [69].

_ WY

100pm

100pum

Sekil 4. AISI 304 paslanmaz geligine ait farkli yontemler ile tiretilen metal tozlarin SEM gérintiileri, a) Gaz
atomizasyonu, b) Ultrasonik atomizasyon (SEM images of metal powders produced by different methods of AlISI 304
stainless steel (Gas atomization, b) Ultrasonic atomization (SEM images of metal powders produced by different
methods of AISI 304 stainless steel) a) Gas atomization, b) Ultrasonic atomization) [40].

Yiiksek kiiresellige sahip tozlarin daha yiiksek verim saglamasinin en 6nemli sebebi, tozun
kiireselligi ve porozite miktar1 arasindaki iligkidir. Tozun sahip oldugu ortalama kiiresellik degeri
artarken, tozun ihtiva ettigi porozite miktari azalmaktadir [70, 71]. Ayrica, metal i¢cinde bulunacak
olan poroziteler iiriin iginde ¢entik etkisi yaratacaktir. Bu sebeple eklemeli imalat prosesi sonucu
elde edilecek iiriinde yliksek mekanik ozellikler istendigi sartlarda yiiksek kiiresellige sahip tozlarin
tercih edilmesi gerekmektedir. Sinterlemenin verimini arttirabilecek bir diger faktdr de partikiil
boyutudur. Partikiil boyutunun azalmasi atomik mobiliteyi arttiracak ayni zamanda ylizey alaninda
da ters oranli bir artisa sebebiyet vereceginden sinterlemeyi tetikleyen itici giice de pozitif etkisi
olacaktir [70, 72]. Ultrasonik atomizasyon prosesi daha diisiik sicakliklarda frekans degisimiyle
daha kiigliik partikiil boyutuna sahip tozlar elde edilmesine olanak saglamaktadir. Tim bu
sebeplerden dolayi, ultrasonik atomizasyon ile elde edilecek tozlarin sinterleme bazli eklemeli
imalat yontemlerinde kullanilmasi, elde edilecek {iriinlin yiiksek mekanik degerlere sahip olmasi
acisindan onem arz etmektedir. Ti6Al4V, Inconel siiper alasimlari, yiiksek entropi alagimlar1 ve
daha bir¢ok yeni nesil malzemeler ile istiin mekanik degerlere sahip miihendislik pargalari,
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cklemeli imalat yontemleriyle yiiksek kalitede tiretilmeye calisilmaktadir. Bu ve diger tim
miihendislik tirlinlerinin eklemeli imalat ile iiretimi i¢in istenilen fiziksel ve geometrik 6zelliklere
sahip toz {retimi, ultrasonik atomizasyon ile kolaylikla dretilip kullanima hazir hale
getirilebilecektir.

4. SONUCLAR (RESULTS)

Bu calismada toz metalurjisi alaninda atomizasyon teknikleri i¢in dnemli bir alternatif yol olan
ultrasonik atomizasyon yontemi incelenmistir. Literatlir verileri ultrasonik atomizasyonun gaz
atomizasyonu gibi yaygin tekniklere gore bircok avantaji oldugunu gostermektedir. Elde edilen
sonuglar ultrasonik atomizasyonu ile elde edilen tozlarla iiretilen malzemelerin daha yiiksek
mekanik ozellik degerlerine sahip olabilecegini ortaya koymaktadir. Yapilan calisma, Tiirkge
literatiire katki saglamaya yonelik olarak hazirlanmistir. Elde edilen veriler kisaca asagidaki gibi
Ozetlenebilir;

e Ultrasonik atomizasyon ergiyik metale gonderilen ultrasonik dalgalarin frekans degerlerinin
degistirilmesiyle elde edilecek metal tozunun ortalama partikiil boyunun belirlenebilmesine
olanak saglamaktadir.

e Lang esitligi esas alindiginda, sabit bir sicaklik girdisi durumunda frekans degerinin artisi
nihai tozun partikiil boyutunun kiigiilmesi ile sonu¢lanmaktadir.

e Ultrasonik atomizasyon tozlar1 gaz atomizasyonu ile elde edilen tozlarla karsilagtirildiginda
daha dar partikiil boyut dagilimi araligina sahip olmaktadir.

e Ultrasonik atomizasyon teknigi ile iretilen tozlar gaz atomizasyon tozlarina goére daha
yiiksek kiiresellik 6zelligine sahiptir. Bu 6zellik tozlarin akiskanlik degerlerinde artisa sebep
olmaktadir. Ayrica tozlarin yiiksek kiiresellikteki geometrileri ulagabilecekleri en yiiksek
yiizey alan1 degerlerine sahip olmalarina yol agmaktadir. Bu sayede tozlarin eklemeli imalat
uygulamalarinda daha iyi 1s1 absorpsiyonu saglamasinin yolunu ag¢ip enerji kullanimindaki
verimin ylikselmesine olanak saglayacaktir.

e Tap ve goriiniir yogunluk karsilastirmasinda da ultrasonik atomizasyon tozlarinin daha
yiiksek degerlere ulasabildikleri bu sayede morfolojilerinde daha az miktarda poroziteye
sahip olduklar1 goriilmiis ve yapidaki porozite miktarinin azalmasi nihai tirliniin mukavemet
degerlerinde artisa yol acacagi sonucuna varilmistir.
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ve gozeneklilik ozellikleri i¢in sonlu elemanlar analiz metodu kullanilarak
incelenmistir. Elde edilen sonuglar, cuboctahedron kafes yapisinin diger kafes
yapilarina gore daha yiiksek dayanim sagladigini gostermistir.

Investigation of The Structural Behaviors of Lattices Designed for AM
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approach, which is one of the design approaches suitable for additive manufacturing,
is discussed. Cuboctahedron, octahedron and rhombic dodecahedron lattice structures
were investigated for structural strength and porosity properties using finite element
analysis method. The results obtained showed that the cuboctahedron lattice structure
provided higher strength than the others.

1. GIRIS (INTRODUCTION)

Eklemeli imalat (EQ) yontemi, son yillarda iiriin gelistirme siireglerinde biiyiik bir ilgi gérmiis ve
onemli gelismeler kaydetmistir. Bu yontem, bir¢ok endiistride yaygin olarak kullanilmaya
baslamistir. Otomotiv, havacilik, saglik, mimarlik, moda ve oyuncak gibi bircok sektdrde EI
yonteminden faydalanilmaktadir. Ozellikle, mevcut iiretim siiregleri ile yiiksek maliyet olusturan
miisteri talepleri, bu ydntem ile daha kolay ve diisiik maliyetler ile iiretilebilmektedir. Uriinlerin
hafif, yliksek dayanimli, hizli iretilebilir, fonksiyonel, ergonomik olmasi gibi artan gereksinimleri
El icin ideal bir kosul olarak ortaya ¢ikmustir. Bununla beraber, Ei; hizli prototipleme, seri iiretim,
ozellestirilmis tiretim ve siirdiiriilebilir Giretim gibi alanlarda da biiyiik bir potansiyele sunmaktadir
ve gelecekte tiretim teknolojileri alaninda daha da 6nemli bir rol oynayacagi tahmin edilmektedir.
Bu kabiliyetleri ile geleneksel imalat yontemlerine gore avantajlidir. Bugiin 6zellikle, bilgisayar
ortaminda yapilan tasarimlarin hizl bir sekilde fiziksel iirlinlere doniismesini saglamasi ve karmagik
tasarimlarin liretimini kolaylastirmasi ile 6ne ¢ikmaktadir [1-2].
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Geleneksel imalat yontemlerinde pargalarin tiretimi genellikle karmasik bir siiregtir. Bir par¢anin
iretimi genellikle malzemenin kesilmesi, delinmesi, sekillendirilmesi ve bir araya getirilmesi gibi
bir dizi islemi igerir. Bu yOntemlerle iiretim siireci genellikle zaman alicidir ve tasarimin
uygulanmas: i¢in daha fazla iscilik gerekir. Ayrica, tasarimda yapilan degisikliklerin uygulanmasi
da zaman alic1 olabilir. El yontemi, bu siireci biiyiik dl¢iide basitlestirir. Tasarim, dijital bir model
olarak bilgisayar ortaminda olusturulur ve ardindan 3B yazic1 gibi bir cihaza gonderilerek fiziksel
bir nesneye doniistiiriiliir. Bu sayede tasarimin prototip liretimine veya seri iiretime doniistiiriilmesi
¢ok daha hizl1 bir sekilde gergeklestirilebilir [3]. Uretim ydntemlerinden kaynakli smirlandirilmis ve
yiiksek maliyetli olabilecek karmasik geometriler, organik sekiller ve i¢ i¢e gecmis yapilar, Ei
stiregleriyle daha diisiik maliyetler ile tiretilebilir olacaktir.

Uriin gelistirme siirecinde tasarim iterasyon sayilarmin artmasi, bu siireglerde yasanan
iyilestirme faaliyetleri, nihai tasarimin elde edilmesine kadar devam eder. Tekrarlanan tasarim
yaklagimi, tasarimda daha iyi sonuglar elde etmeyi ve {irlinlin performansini optimize etmeyi
mimkiin kilar. Savunma ve havacilik endiistrisinde eklemeli imalat yontemi kullanilmasi bu
avantajlar1 ispatlar niteliktedir. Bu yontemle iiretilen gozenekli i¢ yapilar ve optimize edilmis
geometriler, yiiksek faydali yiik hedefleyen platformlarin agirligini azaltmakta, yakit verimliligi
artirmaktadir. Son yillarda, avantajlarindan dolay1 en yaygm calisilan konularin basinda EI i¢in
Tasarim (DFAM) gelmektedir. Neslihan ve ark. DFAM kabiliyetlerini yapay kemik iskelesi
ingasinda kullanmiglardir. Caligmada scutoid, diizglin yirmi yiizlii ve biyomimetik olmak tizere ii¢
farkli hiicresel birim tasarlanmistir. Bu birimler, CT verileri ile elde edilen L4 kemiginin tekrar
tasarlanmasinda kullanilmig ve kemik iizerine gelen yiiklere gore dayanimlari incelenmistir [4].
Yavuz, kafes tasarimlar: iizerine yaptig1 ¢alismada, kemik gelisimine en uygun geometrinin yiizey
tabanli geometrilerden olan gyroid oldugunu ifade etmistir. Humerus kemigine uygulanacak
sabitleme implantinin gyroid kafes yapili olarak tasarimini gerceklestirmis, Sonlu Elemanlar
Analizi (SEA) ile yiik altinda implantin ve kemigin lizerine gelen gerilmeler elde edilmistir. Bu
sayede kafes yapinin giivenilirligi analiz edilmistir [5].

Kafes yapilarin farkli disiplinlerde kullanimi konusunda genis bir literatiir mevcuttur. Araglarin
on tekerlerinde kullanilan salincak kollarinin agirligimi hafifletilmesi i¢in yapilan ¢alismada ii¢
farkli kafes yapist kullanilmigtir. Aslan’in yaptigi calisma, kafes yapilarin statik yiik kosullari
referans alarak gergeklestirilmistir. SEA yontemleri ile kafes yapilarin birbirlerine gore farklar
ortaya konmustur [6]. Wang ve ark., derecelendirilmis kafes yapilarin optimize edilmesi i¢in yeni
bir yapisal tasarim metodu Onermistir. Caligma kapsaminda hedeflenen stratejinin, homojen
denklemlerin ¢oziim i¢in hesaplama siiresini 6nemli Olclide azalttigi ve tasarim verimliligini
arttird1g1 ifade edilmistir [7]. Siikrii hazirladig: tez calismasinda, El ile iiretilen kati ve gozenekli
polimer kopiik yapilarin yapisal davraniglarini mekanik test yoluyla karsilastirmistir. Mikro
gozenekli polimerik yapilarin basilmasini saglayan termoplastik poliiiretan filamentlerin, darbe
emici davranis elde etmede basarili oldugunu gostermistir [8]. Egan ve ark. sekiz farkli topolojiye
sahip kafes yapinin, kemik doku miihendisligi uygulamalariyla ilgili 6zelliklerini degerlendirmek
icin bir hesaplama yaklasimi gelistirmistir. Ozellikler arasinda gdzeneklilik, gozenek boyutu,
yiizey-hacim orani, elastik modiil, kayma modiilii ve gegirgenlik bulunmaktadir. Kafes topolojileri,
kiris tabanli birim hiicrelerin desenlenmesiyle olusturulmus ve kiris ¢cap1 ve birim hiicre uzunlugu
icin tasarim parametreleri belirlenmistir. Her bir topoloji i¢in SEA yapilmis ve elastik modiil ve
kayma modiliiniin gozeneklilikle nasil degistigini, gegirgenligin gozeneklilik iissii ylizey-hacim
oranmin karesiyle nasil degistigini nicel olarak belirlemiglerdir [9]. Yesiloglu yaptig1 ¢aligmada,
PLA malzemeden iiretilen farkli dolgu geometrisi ve yogunluga sahip parcalarin mekanik
ozelliklerinin karsilastirilmas1 amaglamistir. Octet, gyroid ve cross kafes yapisina sahip birim
geometriler 5x5x5 mm boyutlarinda modellenmistir. % 50, % 30 ve % 20 izafi yogunluk degerinde
deney numunelerini {iretilmistir. Bu parcalarin mekanik davraniglarini arastirmak amaciyla ¢ekme,
basma ve darbe deneyleri yapilmis ve karsilastirilan mekanik 6zellikler agisindan en uygun birim
hiicre yapis1 belirlemistir [10].

Bu caligmada, octahedron ocret, rhombic dodecahedron ve cuboc tahedron kafes yapilarinin
dayanimlarinin niimerik olarak belirlenmesi ve 3B yazici ile yazdirilmas: amaclanmistir. Yapilan
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literatiir taramasinda, Segilen kafes modellerinin yapisal davranislarinin belirlenmesine dair yeterli
diizeyde bilgi bulunamamistir. Bu nedenle bu tasarimlar segilmis ve belirli bir yiik altindaki yapisal
dayanimlar1t SEA yontemi ile belirlenmistir. Calismada ilk olarak, cuboctahedron, octahedron ve
rhombic dodecahedron kafes yapilar1 birim hiicre olarak modellenmis ve hedeflenen boyutlarda
dogrusal gogaltilarak kiibik yapisi elde edilmistir. Caligmanin ikinci agamasinda, SEA metodu ile
yapisal dayanimlar belirlenmistir. Son asamada ise, FDM metodu ile bu ii¢ geometriden 3B baski
alinmis ve tiretim uygunlugu belirlenmistir.

2. MATERYAL VE YONTEM (MATERIAL AND METHOD)

Calismanin ilk asamasinda, kafes yap1 olarak belirlenen cuboctahedron, octahedron ve rhombic
dodecahedron modellerinin 3B kiibik tasarimlarit CAD ortaminda hazirlanmistir. Ardindan, kafes
tasarimlarina statik yiik altinda yapisal dayanimlar:1 SEA metotlari ile elde edilmistir. Son olarak Ei
ile iiretim siiregleri gerceklestirilmistir. Islem siiregleri asagida sirastyla tanitilmustir.

2.1. Kafes Geometri Tasarim (Lattice Geometry Design)

Kafes geometri calismasi icin tel kafes ve kat: modelleme metotlar1 kullanilmistir. Ozellikle strut
tipli kafes yapilarin tel kafes olarak modellenmesi siireci hizlandirmaktadir. Yiizey tipli kafes
yapilar yiizey modelleri ile modellenirken, es kesitli yapilar (strut) tel kafes geometriler ile insa
edilir ve ardindan birim hiicrenin kat1 modeli elde edilir. Asagida ii¢ kafes yapinin tasarim siireci
verilmistir.

Octahedron, sekiz yiizlii olan ¢okyiizliidiir. En yaygin olarak dordii her tepe noktasinda bulusan
sekiz eskenar liggenden olusan bir katidir. Rhombic dodecahedron, 12 adet uyumlu eskenar dortgen
yiizli olan digbiikey ¢ok yiizliidiir. 24 kenar1 ve 2 tip 14 kosesi vardir. Cuboctahedron, 8 tiggen ve 6
kare yiizii olan bircok yiizliidiir. Her bir bilesen 2 iicgen ve 2 kare ile 12 6zdes koseye ve her biri bir
ticgeni bir kareden ayiran 24 6zdes kenara sahiptir.

(b)

Sekil 1. a) Octahedron, b) rhombic dodecahedron ve ¢) cuboctahedron modellerinin 3B birim tasarimlar1 (octahedron,
rhombic dodecahedron and cuboctahedron 3D cell model)

Birim hiicrelerin insasinda, elemanlar Sekil 1’de gdsterildigi gibi tel kafes olarak modellenmistir.
Strut ¢ap1 olarak 3B yazicida kullanilan nozul gap1 referans alinarak 0.4 mm dairesel kesit tel kafes
yap1 lizerinde siipliriilmistir. Bu sayede 3B birim kati geometriler elde edilmistir. Birim
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elemanlarin 10x10x10 mm kiip olusturmasi i¢in ayni oranda ¢ogaltilmasi gerekmektedir. Sekil 2°de
kiip yapisi igerisinde ¢ogaltilmis geometriler verilmistir. Kafes yapilarin farkli geometrilerde olmasi
kiip olarak ¢ogaltilma yontemlerinde farklilik olmasina neden olmaktadir.

Octahedron hiicre modeli i¢in diiz kenarlardan birbirlerine temas edecek sekilde X ve Z eksenleri
dogrultusunda 5 adet hiicre birimi olacak sekilde, Y ekseni dogrultusunda ise 4 hiicre birim
yiiksekliginde olacak sekilde ¢ogaltilmistir. Rhombic dodecahedron hiicre modeli 4 adet eskenar
dortgenin birlestigi kose noktasindan birbirlerine temas edecek sekilde X, Y ve Z eksenleri
dogrultularinda 5’er birim olacak sekilde ¢ogaltilmistir. Son hiicre modeli olan Cuboctahedron kare
yiizeyleri birbirlerine temas edecek sekilde X, Y ve Z dogrultular1 boyunca 5’er birim ¢ogaltilmistir.
Elde edilen sonuclar asagida gosterilmistir (Sekil 3).

(b)

Sekil 2. a) Octahedron, b) Rhombic dodecahedron ve c¢) Cuboctahedron modellerinin 3B kafes tasarimlar1 (Octahedron,
Rhombic dodecahedron and Cuboctahedron 3D lattice model)

Hiicre modellerinin en ideal ¢ogaltim metodunun belirlenmesi i¢in maket modellerden
yararlanilmigtir. Karmasik ve simetrik olmayan c¢okytizlii kafes yapilarin ¢ogaltilmasinda zorluklar
yasanabilmektedir. Bu nedenle ideal ¢ogaltma yaklasimlarinin degerlendirilmesi uygun olacaktir.
Bu calisma kapsaminda hiicreler kagit maketlerden hazirlanmis ve ¢ogaltma tipleri belirlenmistir.
Asagida ii¢ farkli kafes model i¢in hazirlanan maketler verilmistir (Sekil 3).

Sekil 3. Octahedron, rhombic dodecahedron ve cuboctahedron modellerin 3B maket modelleri (Octahedron, rhombic
dodecahedron and cuboctahedron 3D mock-up)

2.2. Kafes Geometrilerin Gozenek Boyutlar (Lattice Geometry Porosity Size)

Secilmis kafes yapilar bir araya getirilirken i¢ yapilarinda bulunan bosluklarin, yani gézeneklerin
boyutlar1 farkliliklar gostermektedir. Sekil 4’te octahedron, rhombic dodecahedron ve
cuboctahedron hiicre modellerinin gozenek boyutlar1 verilmistir. Octahedron kafes modelinin
gozenek boyutu kati model tizerinden 6.14 mm olarak olgtilmiistiir. Rhombic dodecahedron hiicre
modelinin gézenek boyutu 5.07 mm olarak dl¢lilmiistiir. Cuboctahedron hiicre modelinin gézenek
boyutu ise 5.08 mm olarak elde edilmistir.

95



Akbulut, Top, Gokee / Imalat Teknolojileri ve Uygulamalar: 4(2), 92-100, 2023

Yapilan gozenek boyutu Slgiimlerinde, kati modeller CATIA programinda agilarak gozeneklere
dik bakilacak sekilde diizlemler elde edilmistir. Agilmis olan diizlemlerde en biiyiik gdzeneklerin
kosegenleri referans cizgileri ile birlestirilmis ve orta noktasina daire ¢izilerek 6l¢iisii alinmistir. Bu
sekilde kullanilan {i¢ farklt model i¢in bu islem tekrar edilerek biitiin hiicre modellerinin gézenek
ol¢timii yapilmigtir.

Sekil 4. Octahedron, rhombic dodecahedron ve cuboctahedron modellerin gézenek boyutlar1 (octahedron, rhombic
dodecahedron and cuboctahedron 3D model porosity size)

3. KAFES MODEL YAPISAL ANALIZLERi (LATTICE MODEL STRUCTURE ANALYSIS)

Tasarimi yapilan octahedron, rhombic dodecahedron ve cuboctahedron modellerinin analizleri
icin Fusion 360 yazilim1 kullamilmustir. Ilk olarak ¢ogaltilan hiicre modellerinin taban ve tavanina 2
mm kalinliginda rijit plakalar yerlestirilmistir. SEA, geometriyi sonlu sayida elemanlara bolerek,
sonsuz sayidaki denklemler yerine sonlu sayida denklemler ¢dzerek geometri hakkinda bilgi
edinmemizi saglayan bir yaklasimdir. Tablo 1’de kullanilan analizde kullanilan 3B modelin ¢6ziim
agina ait eleman ve diigiim sayis1 hakkinda bilgiler verilmistir.

Tablo 1. Kafes geometri eleman sayis1 ve diigiim sayis1 (Lattice geometry number of mesh and number of nodes)

Geometri (10x10x10) Diigiim Sayis1 | Coziim Ag1 Sayisi
Octahedron ocret 600 1041
Rhombic dodecahedron 1625 3250
Cuboctahedron 1500 1800

Geometrilerin FEA igin segilen malzeme Akrilonitril Biitadien Stiren (ABS) plastik olarak
belirlenmistir. ABS plastigi asit ve bazlara kars1 dayanikli oldugu gibi elektriksel yalitimi da 1yidir.
ABS plastik malzemesi, polibiitadien igerisinde stiren akrilonitrilin polimerizasyonu ile elde edilen
bir polimerdir. Igerdigi madde oranlar1 % 20 akrilonitril, % 20 biitadien, % 60 stiren seklinde
olusarak malzemenin karakteristiklerini meydana getirmektedir. Stiren maddesi plastige parlaklik
saglar ve ylizey kalitesini iyilestirir. -20° ve 60° derece sicaklik araliginda kullanilabilir. Cevreye
zararli olmamas1 ve dayanikli gvdeler kullanilan iiriinlerde yer almasi en 6nemli 6zelliklerindendir.
Tablo 2’de yapisal analizde kullanilan ABS’nin elastisite modiilii ve poisson orani verilmistir.

Tablo 2. FEA’da kullanilan ABS’nin mekanik 6zellikleri (ABS mechanical properties for FEA studies) [11]

Malzeme Young Modules (MPa) | Poisson Ratio (v)
ABS Plastik 2240 0.38

Elastisite modiilii, malzemenin lineer elastik davranisini ifade eder, yani gerilme miktari dogru
orantili olarak arttik¢a gerceklesen deformasyon miktar1 da artar. Farkli malzemeler farkli elastisite
modiillerine sahiptir. Ornegin, celik gibi sert malzemeler yiiksek elastisite modiiliine sahipken,
kaucuk gibi esnek malzemelerin elastisitesi diigiiktiir. Poisson orani ise, malzemenin elastik
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davranigini tanimlayan bir malzeme o6zelligidir. Poisson orani, bir malzemenin uzunlamasina
gerilirken enine yonde ne kadar sikistigini veya uzandigini gosterir. Poisson orani negatif degerler
arasinda degisebilir. Negatif degerler, malzemenin uzunlamasina gerildiginde enine yonde sikigma
egilimi gosterdigini ifade ederken, pozitif degerler ise malzemenin uzandiginda enine yonde
genisleme egilimi gosterdigini ifade eder. Ornegdin, cogu metal malzeme igin Poisson orani pozitif
bir degere sahiptir, yani uzunlamasina gerilirken enine yonde genisler. Poisson orani, malzeme
mithendisligi ve yapisal analiz gibi alanlarda Onemlidir. Malzemelerin elastik davraniginin
anlasilmasi, tasarimlarin ve yapilarin dogru sekilde analiz edilmesi i¢in 6nemlidir. Poisson orani,
malzeme testleri veya malzeme Ozellik tablolar1 gibi kaynaklardan elde edilebilir. Caligma
kapsaminda ti¢ farkli geometri segilerek hiicresel birim tasarimlari i¢in tek bir malzeme ile yapisal
analiz sonuglari degerlendirilmistir.

4. SONLU ELEMANLAR ANALIZ SONUCLARI (FEA RESULTS)

Tasarimi yapilan octahedron, rhombic dodecahedron ve cuboctahedron modellerin SEA ile
yapisal davraniglar1 sonuglarini elde etmek igin Fusion 360 yazilimi kullanilmistir. Calismada her
ic model 2 mm rijit olarak tanimlanmis plaka arasinda tutulmus ve alt plaka her bolgeden serbestlik
derecesi 0 olacak sekilde sabitlenmistir. Plaka ve kafes arasindaki baglant1 tipi “bonded” olarak
tammlanmustir. Ust plaka ve kafes geometri temas yiizeyleri igin benzer bir tanimlama yapilmis ve
100N dagilimli yiik, st plaka {izerine uygulanmistir. Sekil 5°te SEA c¢alismasinda uygulanan sinir
kosullar1 gdsterilmistir.

Octahedron Rhombic dodecahedron Cuboctahedron

Sekil 5. SEA sinir kosullar1 genel goriintiisii (Overview of FEA boundary conditions)

Olusturulan ¢6ziim aginda, eleman boyutu 0.2 mm ve geometrisi diizgiin dortyiizlii (tetrahedral)
olarak belirlenmistir. Tim kafes modellerinde en kiiciik eleman boyutu % 50 oraninda
ayarlanmistir. Bu oran analiz yapilan bilgisayarda daha kolay analiz alabilmek icin yiiksek
tutulmamistir. Yazilimin izin verdigi en kaba ¢6ziim agi ise % 10 olarak sinirlandirilmistir.

|
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Von Mises v | F vl | “® - ixs 2 - 3 1
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Octahedron Rhombic dodecahedron Cuboctahedron

Sekil 6. von Misses gerilme sonuglart (von Misses stress results)

Von Misses gerilimi, gerilim limitine esit oldugunda esnek malzemenin sekil degisikligine
ugrayip ugramadigini belirlemek amaciyla yapilan bir yapisal analiz tiiriidiir. Kullanilan octahedron,
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rhombic dodecahedron ve cuboctahedron geometrilerinin von Misses gerilim analizi Sekil 6’da
gorlilmektedir. Yer degistirme degerleri ise, nesnenin bir referans sistemine gore hareket ettiginde 0
nesnenin konumunda meydana gelen degisikliktir. Belirli bir kuvvet altinda ii¢ farkli geometrinin
yer degistirme dagilimlar1 Sekil 7°de verilmistir.
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Octahedron Rhombic dodecahedron Cuboctahedron

Sekil 7. Yer degistirme sonuglar1 (Displacement results)

Kalint1 gerilmeler, yilik altinda bulunan bir malzemenin, yiik uygulamadan onceki durumu ile
kiyaslandiginda ne oranda degisim gosterdigini ifade eden bir yapisal analiz ¢esididir. Gerilmeler,
malzemenin ylizeyine uygulanan mekanik kuvvetlerin veya sicaklik degisimlerinin etkisiyle olusur
ancak bu etkiler kaldirildiktan sonra dahi malzeme {izerinde bir miktar gerilme kalir. Ozellikle
malzemenin plastik deformasyona ugramasi, kaynak islemleri, yiizey islemleri, soguma islemleri
gibi faktorlerden kaynaklanabilir. Kalint1 gerilmeler; yorulma dayanimi, ¢atlak olusumu, malzeme
bozulmasi gibi mekanik performanslart etkileyebilir. Bu nedenle, kalinti gerilmelerin kontrolii ve
Ol¢iimii, parganin iiretiminde 6nemli rol oynar. Sekil 8’de ii¢ farklt geometri i¢in kalinti gerilme
sonuclari sunulmustur.

Octahedron Rhombic dodecahedron Cuboctahedron
Sekil 8. Kalint1 gerilme sonuglar1 (Residual stress results)

4. SONUCLAR (CONCLUSIONS)

El yontemleri ile tasarrmi karmasik olan iiriinlerin iiretimi daha kolay olmakla birlikte
tasarimlarda yapilan yeniliklerle zaman kaybi olmadan imal edilebilmektedir. Bu calismada EI
yontemlerinden biri olan FDM kullanilarak eriyik maddenin katmanl bir sekilde daha az malzeme
kullanarak tiretimi saglanmistir. Bu yontemin sagladigi ayricaliklardan bazilart ucuz maliyet ve
daha az malzeme kullanimi oldugundan dolay1 pargalarin agirliklar1 azalmis ve dolayisiyla daha
hafif pargalar tretilmistir. Calisma kapsaminda segilen kafes modellerinin kiibik tasarimlari
gerceklestirilmis ve bu kafes tasarimlarina sonlu elemanlar tabanli yapisal analizler uygulanmistir.
Analiz sonuglar1 asagida maddeler halinde verilmistir.

v" Octahedron kafes modelinin tasarimi yapildiktan sonra gergeklestirilen analizlerde von Misses
gerilim analizi sonucu kafes modeli igin en yiiksek 12.87 MPa, yer degistirme analizinde kafes
modelinin en yiiksek yer degistirmesi 0.16 mm, kalint1 gerilme analizinde ise 0.0067 pm/m
olarak hesaplanmustir.

v" Octahedron kafes modeli i¢in yapilan gerilim analizi sonucunda gerilmelerin yogun oldugu
yerlerin diigiim noktalarinda ve diigii noktalarmma yakin olan egik kenarlarda fazla oldugu
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goriilmiistiir. Ayrica yapilan gerinim analizi sonucu streslerin biriktigi noktalarin gerilim
analizde oldugu gibi diigiim noktalarinda ve bu diiglim noktalarina yakin kenarlarda olustugu
gorilmistir.

v" Rhombic dodecahedron hiicre modeli kafes tasarimina yapilan analizlerde von Misses gerilim
analizi en yiiksek 11.62 MPa, yer degistirme analizinde kafes modeli icin en yiiksek yer
degistirme 0.132 mm ve gerinim analizi 0.0087 um/m olarak hesaplanmustir.

v Rhombic dodecahedron hiicre modeli i¢in yapilan gerilim analizi sonucunda streslerin
biriktigi yerlerin diiglim noktalar1 oldugu sonucuna varilmis ve bu noktalarda gerinmelerinde
fazla oldugu goriilmiistiir.

v" Cuboctahedron kafes modeli tasarimi i¢in yapilan analizlerde sonuglar von Misses gerilim
analizi i¢in en yiikksek 7.53 MPa, yer degistirme analizinde kafes modelinin en yiiksek yer
degistirmesi 0.0857 mm ve gerinim analizinde 0.0056 pm/m olarak hesaplanmustir.

v" Cuboctahedron kafes modeli i¢in yapilan analizlerde streslerin yogun oldugu yerlerin egik
kenarlar ve diiglim noktalar1 oldugu belirlenmistir. Ayn1 zamanda gerinmelerin fazla oldugu
yerlerde, streslerin yogun oldugu yerlerdeki ile ayni oldugu goriilmiistiir. Fakat diger
modellerden farkli olarak yapilan analizlerdeki dagilmalar bu model i¢in daha fazladir.

e

Sekil 9. 3B baskisi alinan parga goriintiisti (3D printed model view)

Elde edilen analiz sonuglarina bakildiginda kafes tasarimi gergeklestirilen hiicre modelleri
icerisinden cuboctahedronun diger hiicre modellerine gore daha dayanikli oldugu goriilmustiir.
Sekil 9’da baski aliman cuboctahedronun modeli verilmistir. Calismasi kapsaminda tasarim ve
analiz sonuglar1 g6z Oniine alinarak uzay ve havacilik sektoriinde ugaklarin inis takiminda
kullanilan ve farkli bir alasim maddeden yapilmis parga {izerine montaj edilen destek parcasi olan
braketler kullanilmaktadir. Bu pargalarin iiretimi yapilirken, i¢ gézenek yapisinda cuboctahedron
hiicre modeli kafes yapisi kullanilirsa hem {iretimi yapilan parcanin agirligr hafifletilecek hem de
dayanimu arttirilacaktir.
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ABSTRACT

The Digital Human Modelling (DHM) method, in which the anthropometric
characteristics of humans are represented using a computer-aided three-dimensional
model, is used in many different ergonomic optimisation applications, especially in
areas such as manufacturing, machine utilization, assembly simulation, cabin design,
human-robot communication. This method aims to identify and reduce potential
ergonomic risks in posture and work positions during the design phase by simulating
human-machine interactions in digital environments. Thus, possible injuries and
injuries can be prevented. Especially in critical aviation applications where operator
safety is vital, functionality and ergometry analyzes are important in cockpit and
console designs. In this study, ergonomic analyzes of the operator consoles in an air
support aircraft were carried out according to the Rapid Entire Body Assessment
(REBA) and Rapid Upper Limb Assessment (RULA) methods, according to two
different postures, using the Human Builder and Human Activity Analysis modules in
the CATIA V5 sofware. In Position-1, the operator's situation of directly looking at
the screen and reaching for the screen buttons is considered, while in Position-2, the
operator's situation of reaching for the tablet located on the side and looking at the
screen below has been evaluated from an ergonomic perspective. Additionally, angle
of view analyses have been performed for these two postural positions.

Hava Destek Ucagindaki Operator Konsollarinin Ergonomik Analizi
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OZET

Insanlara ait antropometrik &zelliklerinin bilgisayar destekli {ic boyutlu model
kullanilarak temsil edildigi Dijital insan Modelleme (DHM) yéntemi, basta iiretim,
makine kullanimi, montaj simiilasyonu, kabin tasarimi, insan-robot iletigimi gibi
alanlar olmak tiizere bir ¢ok farkli ergonomik optimizasyon uygulamalarinda
kullanilmaktadir. Bu yontem, dijital ortamlarda insan-makine etkilesimlerini simiile
ederek, tasarim agamasinda durus ve ¢alisma pozisyonlarindaki potansiyel ergonomik
riskleri belirlemeyi ve azaltmayir amaglamaktadir. Bdylece, olasi yaralanma ve
sakatlanmalarin oniine gegilebilmektedir. Ozellikle operatoér giivenliginin 6nemli
oldugu kritik havacilik uygulamalarinda, kokpit ve konsol tasarimlarinda islevsellik
ve ergometri analizleri 6nem tasimaktadir. Bu ¢aligmada, CATIA V5 uygulamasi
icerisindeki Human Builder ve Human Activity Analysis modiilleri kullanilarak bir
hava destek ugaginin igerisindeki operator konsollarmin iki farkli durusa gére Rapid
Entire Body Assessment (REBA) ve Rapid Upper Limb Assessment (RULA)
yontemlerine gore ergonomik analizleri gerceklestirilmistir. Pozisyon-1’de operatoriin
ekrana diiz bakma ve ekran diigmelerine ulasma durumu ele alinirken, Pozisyon-2’de
operatoriin yanda bulunan tablete uzanma ve asagida bulunan ekrana bakma durumu
ergonomik agidan degerlendirilmistir. Ayrica, bu iki durus pozisyonuna yonelik goriis
agis1 analizleri de gerceklestirilmigtir.
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1. INTRODUCTION (GIiRiS)

The evolution of technology and increased industrialization have paved the way for the creation
of cutting-edge machines. In recent times, there's been a noticeable shift towards autonomous
machines that demand less human interaction, which aids in reducing errors caused by human
factors. However, in instances where human-machine interactions persist, the ergonomic aspect of
design takes on a significant role. Ergonomic analysis is utilized during the design process to ensure
that machines are compatible and comfortable for human use. The focus of these ergonomic
assessments is to tailor the design of workplaces, products, and systems to fit the physical
dimensions and capabilities of the users. For an ergonomic workplace, it is essential to develop
designs that are compatible with the physical characteristics and capacities of users [1, 2].

Ergonomics is the scientific field that investigates the anatomical, physiological, and
psychological interactions between the user and the environment [3, 4]. It considers physical,
cognitive, social, organizational, and environmental factors in workplace design with a human-
centered approach [5, 6]. In the early years of the 20th century, there was a significant leap in
technological innovations, particularly in the realm of military equipment and machinery.
Concomitant with the complexity of these tools, ensuring humans could utilize these technological
assets efficiently, safely, and effectively became increasingly paramount. The era marked by the
world wars catalyzed the acceleration of these technological advancements. In the post-Second
World War period and the subsequent years characterized by the proliferation of assembly lines, it
was observed that continuous repetitive motions could lead to persistent injuries in individuals.
Furthermore, it became evident that the design of military aircraft and other equipment was directly
correlated with user comfort and functionality. These discoveries paved the way for the evolution of
ergonomics into the comprehensive discipline we recognize today. A pivotal moment in this
evolutionary trajectory was marked by the establishment of the Human Factors and Ergonomics
Society in the United States in 1957.

The aim of ergonomics is to minimize risk factors and the likelihood of injury in workspaces.
With ergonomic studies, human access to and compatibility with machines, as well as productivity
in working together, are enhanced. Ergonomics is based on research in more established scientific
fields such as engineering, physiology and psychology. In the process of conducting ergonomic
studies, disciplines and techniques such as anthropometry, biomechanical action analyses,
environmental physics, applied psychology, and social psychology are utilized. Potential physical
and psychological problems in users can be prevented at early stages with ergonomic analyses
applied prior to production [7-10].

The Digital Human Modeling (DHM) approach allows for the early identification of potential
problems by considering ergonomic risk factors in the design process [11]. Therefore, by
previewing the interaction between the machine and the human in the digital environment with
simulations, potential injuries and disabilities can be prevented. DHM not only ensures compliance
with health and safety standards but also accelerates the product's time to market. As a result, work
efficiency is increased and production costs are reduced [12]. Due to these advantages, the use of
the DHM approach has become widespread in various sectors such as aviation and space, military,
energy/power, industrial facilities, automotive, and shipbuilding industry.

Several different DHM tools such as Jack®, Ramsis®, Santos, and Delmia® have been
developed. These tools allow for the simulation of digital human models in virtual environments
and the analysis of ergonomic performances [11]. Ramsis® and Jack® tools are used more for
aviation and automotive applications due to their success in ergonomic analyses related to force,
accessibility, and comfort [13, 14]. Delmia®, on the other hand, constructs multiple human
modeling systems for research related to human-centered design problems [12]. In addition to these
tools, there are DHM applications that work integrated with CAD software such as CATIA.

In the aviation sector, where ergonomic analyses are frequently used, anthropometric data plays
a significant role in the design of cockpits and operator consoles. These data vary according to the
race of the relevant user. Designers strive to achieve an optimum design by using the
anthropometric data of the country where the designs will be used. The MIL-STD-1472 Human

102



Kilig, Eldem, Top, Eren, Sahin | Manufacturing Technologies and Applications 4(2), 101-110, 2023

Engineering American military standard [15] has been published to ensure that everything involving
the human factor in military designs can be designed to a certain standard. This standard includes
various design criteria such as equipment design dimensions, control unit dimensions, viewing
angles, etc. Standard measurements are established for devices and control units that need human
interaction. This facilitates the commencement of the design process with the most appropriate
dimensions prior to conducting ergonomic assessments.

In this study, ergonomic analyzes were carried out on the operator consoles of the air support
aircraft by using the Human Builder and Human Activity Analysis modules in the CATIA V5
software. Analyzes were performed according to two different posture positions using Rapid Entire
Body Assessment (REBA) and Rapid Upper Limb Assessment (RULA) methods. Additionally, the
results obtained from viewpoint analyses for these two posture positions were discussed.

2. MATERIAL AND METHOD (MATERYAL VE YONTEM)

Ergonomics is a field of science focused on analyzing ergonomic risk factors resulting from
human-machine interactions, aided by anthropometric data. With the continuous advancement of
technology, ergonomic considerations in workplace design and product development are now
carried out using computer-aided applications, employing digital human models for simulation in a
virtual environment [11]. These digital human models should be based on anthropometric data
specific to different countries, allowing for evaluations based on the average body measurements of
end-users to achieve the most suitable and user-friendly designs.

One of the sectors where ergonomic analyses are most prevalent is the aviation industry,
particularly within air support aircraft, which often feature numerous operator consoles. Due to the
spatial constraints of the aircraft's interior, these consoles are designed with minimum dimensions.
However, this approach may pose ergonomic challenges, potentially impacting operator efficiency
and comfort. In this study, the consoles were meticulously crafted using standard basic console
dimensions as outlined in Figure 1, aiming to minimize the need for trial and error in the design
process.
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Figure 1. Basic console dimensions in MIL-STD-1472 standards (MIL-STD-1472 standartlarindaki temel konsol
boyutlar1) [15]

Various analysis methods such as Rapid Upper Limb Assessment (RULA), Rapid Entire Body
Assessment (REBA), Ovako Working Analysis System (OWAS), National Institute for
Occupational Safety and Health (NIOSH) Lifting Equation, and Lumbar Motion Monitor (LMM)
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are utilized for ergonomic risk assessments [16-18]. These analyses involve examining the
interaction between a digital human model, based on anthropometric data, and the machinery. In the
scope of this study, REBA and RULA analyses were employed to identify ergonomic risks
associated with two different posture positions of operator consoles within an air support aircraft.

The REBA (Rapid Entire Body Assessment) ergonomic analysis method is a tool that allows the
identification of potential risks that may arise from postural behaviors during work. The REBA
method focuses on discomforts that may occur in the human musculoskeletal system, developing a
scoring system for muscle activity caused by various postures - static, dynamic, rapidly changing,
or unbalanced, based on the aircrafts of movement [19]. The REBA ergonomic analysis method can
be conducted easily without the need for expensive equipment or advanced ergonomic knowledge.
Using standard charts (Figure 2) utilized in the REBA analysis, posture measurements are identified
and scored accordingly. To determine the REBA score, the body is considered in two groups:
Group A (neck, trunk, and legs) and Group B (upper arm, lower arm, and wrists) (Figure 2).
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2or3 = low risk, change may be needed
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4107 = medium risk, further investigation, change soon
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Figure 2. REBA scoreboard (REBA puan tablosu) [19]

The Rapid Upper Limb Assessment (RULA) method is utilized to detect potential problems that
may arise in the region of the upper extremities during static and repetitive tasks. Similar to the
REBA method, in RULA, the body is also divided into two groups: Group A (arms and wrists) and
Group B (trunk, neck, and legs) [20]. The final RULA score is determined using data from the
RULA standard chart (Figure 3) for the ergonomic analysis. The RULA analysis method examines
the impact of a machine or platform on the user's musculoskeletal system. Health problems resulting
from the usage of the designed environment or machine are evaluated through the RULA scoring

system.
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Step 3: Locate Wrist Position: B 6 6/6/7(7778 If not: +2 Leg Score
- E
“ s 12 i B B +3 154 1 71717(7]7)8[819 Neck able B: Trunk Posture Score
' ' s 6 2 8 888 8999 1 2 3 B 5 3
Posture
E‘ i._.. y _ ﬂ\ 3 999993993 Score Le85 legs legs legs Legs Legs
. 12121 b B i JE 107 )
/ Neck, Trunk, Leg Score 1 3/12(3/3(4/5i5/6:6/ 7|7
Table C
- 1234567 BN 2(3(2(3/4!/5/5/5/6{7(7(7
S(e;? 3<.1 Adjust... » Bl 1 23 3 4|5 5 333 4556677
If wrist is bent from midline: Add + 2 5556677777 )
B2 2/3/4/4(5 5 =151315 :
Step 4: Wrist Twist: B 5 3344506 B 7 7|7 7862888 8
If wrist is twisted in mid-range: +1 Wrist Twist Score Wil Score A 21919 ol 6 8 888 888990999
Wwrist Is at or near end of range: +2 e e B 3 3345 6|6 Step 12: Look-up Posture Score in Table B:
Step 5: Look-up Posture Score in Table A: Score 5 4 4 4 56 7 7 Using values from steps 9-11 above,
Using values from steps +4 above, locate score in 6 4 456677 locate score in Table B Postiiré B Scors
Table A B 5566 777
Posture Score A 8 s 56777 7 Step 13: Add Muscle Use Score
Step 6: Add Muscle ‘_’59 Score i B4 W) If posture mainly static (i.e. held>1 minute),
If posture mainly static (i.e. held>1 minute), A = R Or if action repeated occurs 4X per minute: +1
Or if action repeated occurs 4X per minute: +1 lsﬁ°"“§ (fmalljcore from Table C) Muscle Use Score
.= aCcapinba Poshe Step 14: Add Force/Load Score
Step 7: Add Force/Load Score Muscle Use Score 3.4 = further investigation, change may be needed i I::d < 4.4 Ibs. (intermittent): +0
If load < .4.4 Ibs. (intermittent): +0 5-6 = further Investigation, change soon If load 4.4 to 22 Ibs. (intermittent): +1
If load 4.4 to 22 Ibs. (Intermittent): +1 7 = Investigate and implement change If load 4.4 to 22 Ibs. (static or repeated): +2
If load 4.4 to 22 Ibs, (static or repeated). +2 i t‘h 221b 3 " bed ey .k i3 Force / Load Score
If more than 22 Ibs. or repeated or shocks: +3 Force / Load Score more than S. Or repeated or shocks:
% Step 15: Find Column in Table C
i:!?i‘:/:u:?:o?g:::; ;a7bll:o$)tam Add values from steps 12-14 to obtain
Wrist and Arm Score. Find row in Table C. rerm— RULA Score Neck, Trunk and Leg Score. Find Column in Table C Neck, Trunk, Leg Score
based on RULA: a survey method for the investigation of work-related upper limb disarders, McAtamney & Corlett, Applied Ergonomics 1993, 24(2), 9199

Figure 3. RULA scoreboard (RULA puan tablosu) [21]

3. FINDINGS (BULGULAR)

This research assessed the operator's posture while working on a console, considering two
distinctive positions through the application of both REBA and RULA methodologies. The operator
was evaluated under two separate scenarios, with observed differences noted between them. The
work postures were labeled as Position-1 and Position-2. REBA and RULA analyses were
conducted on both situations using CATIA. In Position-1, the situation of the operator looking
straight at the screen and reaching the screen buttons was considered, while in Position-2, the
situation of the operator reaching for a tablet on the side and looking at a screen below was
evaluated from an ergonomic perspective.

3.1. Ergonomic Analysis with REBA (REBA ile Ergonomik Analiz)

The REBA scoring for Position-1 was calculated in accordance with the tables present in Figure
2, yielding an A score of 2 and a B score of 1. Consequently, the overall REBA score was
determined to be 2 (Figure 4).
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(1) TRUNK > TABLEI ((2) (1)| TABLEI ([&—| UPPERARM | (2)
(1 NECK + + LOVERARM | (1)
(1)+(1) LEGS Loap  |(0) (0)| COUPLING WRISTS (1)
SCORE
(2) | SCOREA SCOREB (1)
, TABLE 3
(1)
+
| AcTvITY
@ SCORE
REBA
()
SCORE

Figure 4. Determination of REBA score for Position-1 (Pozisyon-1 i¢in REBA puaninin belirlenmesi)

The risk assessment based on the REBA score for Position-1 is given in Table 1. According to
the analysis results, even though the risk level was identified as low, it was determined that
potential design changes might be required over an extended period.

Table 1. Classification of risks according to REBA and RULA tools scores (REBA ve RULA araglari1 puanlarina gore
risklerin siniflandirilmast) [22]

RULA REBA
RULA Action Action level REBA Corrective
Score Required (Risk level) Score Measure
.. None
1-2 Acceptable 0 (Negligible) 1 necessary
3.4 Change may be 1 (Low) 2.3 May be
necessary necessary
5-6 Change 2 (Medium) 4-7 Necessary
necessary soon
Change . Necessary
- immediately 3 (High) soon
. Necessary
4 (Very High) NOW

The REBA scoring for Position-2 was derived in accordance with the tables in Figure 2,
generating an A score of 2 and a B score of 4. As a result, the final REBA score was determined to

be 4 (Figure 5).

The risk assessment based on the REBA score for Position-2 is given in Table 9. Based on the
outcomes of the analysis, the ergonomic risk level was assessed as medium with a score of 4,
indicating a necessity for alterations in the operator's posture.
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() TRUNK > TABLEI |(2) (4)| TABLEIl 4—| UPPERARM | (4)
(1) NECK + + LOVERARM | (1)
(1)+(1) LEGS LoAap  |(0) (0)] COUPLING WRISTS M
SCORE
(2)| SCOREA SCOREB | (4)
| TABLE 3
(3)
+
| AcTvITY
o SCORE
REBA
(4)
SCORE

Figure 5. Determination of REBA score for Position-2 (Pozisyon-2 i¢in REBA puaninin belirlenmesi)

3.2. Ergonomic Analysis with RULA (RULA ile Ergonomik Analiz)

The human model, created using CATIA V5 Human Builder, was positioned on the three-
dimensional console model in accordance with Position-1, and then RULA analysis was applied
(Figures 6 and 7). As a result of the RULA analysis conducted using the CATIA V5 software, the
final score was established as 3, thereby classifying it within the low-risk group (Table 9).

(b)
Figure 6. RULA analysis for Position-1 (a) CATIA V5 model, (b) viewpoint analysis (Pozisyon-1 i¢in RULA analizi (a)
CATIA V5 modeli, (b) bakis agist analizi)
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RULA Analysis (OPERATOR) X
Side: @ Left O Right
Parameters Details
Posture Upper Arm: 2m
@ Static O Intermittent O Repeated _¢_| Forearm: 1 .
Repeat Frequency _.j Wrist: 2
O <4Times/min, @ >4Times/mir _+ | wrist Tvist: 1.
: Posture A: 3 m
[[] Arm supported/Person leaning Muscle: 1.
[[] Arms are working across midline Eorce/load: 0 mm
[[] Check balance Wrist and Arm: 4
_+ | Neck: 1.
Load: |Okg = |+ | Trunk: 1.
Score Leg: 1m
Final Score: 3 << I Posture B: 1
Investigate further Neck, Trunk and Leg: 2
Close

Figure 7. Results for RULA Analysis for Position-1 (Pozisyon-1 i¢in RULA Analizi Sonuglari)

The human model, created using CATIA V5 Human Builder, was positioned on the three-
dimensional console model in accordance with Position-2, which was then followed by a RULA
analysis (Figures 8 and 9). The results from the RULA analysis carried out in the CATIA V5
program led to a final score of 3, which, as per Table 8, is classified within the low-risk group.

Figure 8. RULA analysis for Position-2 (a) CATIA V5 model, (b) viewpoint analysis (Pozisyon-2 i¢in RULA analizi (a)
CATIA V5 modeli, (b) bakis agis1 analizi)
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RULA Analysis (OPERATOR) X
Side: @ Left O Right
Parameters Details
Posture _0_] Upper Arm: 2
@ Static O Intermittent O Repeated —,J e 1
Repeat Frequency 7 ;erist: 2
@ -t ;J Wrist Twist: 1
! Posture A: 3
[[J Arm supported/Person leaning Muscl 1 .
uscle:
[C] Arms are working across midline Forceltond: 0
(] Check balance Wrist and Arm: 4
-:_l Neck: 2
Load: IOkQ E ;J Trunk: 1
Score Leg: 1
Final Score: 3 << l Posture B: 2
Investigate further Neck, Trunk and Leg: 3
Close I

Figure 9. Results for RULA Analysis for Position-2 (Pozisyon-2 i¢in RULA Analizi Sonuglari)

4. CONCLUSIONS (SONUCLAR)

In this study, the ergonomic analyses of operator consoles within the aircraft fuselage were
evaluated from the perspective of two different postural positions using the REBA and RULA
methods. Position-1 considered the operator's situation of looking directly at the screen and
reaching the screen buttons, whereas Position-2 assessed the operator's situation of reaching for the
tablet on the side and looking at the screen below from an ergonomic point of view. Additionally,
viewing angle analyses were conducted for these two postural positions.

Similarly, there are studies in the literature that evaluate different working and posture positions
from an ergonomic point of view. In the study where the ergonomic evaluation of the driver in
different postures was made, REBA and RULA tools of the CATIA V5 program and digital human
models were used [4]. According to the results, when calculating the REBA score for both
positions, the RULA scores were determined as 3. According to these values, it was stated that in
the long term, it may be necessary to make changes by maintaining the existing standing positions.
In another study, ergonomic evaluation of different working positions was made using the RULA
method [1]. In this study, in which 5 different working and posture positions were evaluated, the
RULA final scores ranged from 2 to 7. The designs for the respective working position have been
updated for higher values. In a similar study, an ergonomic risk assessment of a functional product
was performed using the REBA and RULA tools [18]. According to the analysis results, an
ergonomic risk value that would require a change in the design was not determined. As a result, in
this study, the ergonomic analyses of operator consoles within the aircraft fuselage were evaluated
from the perspective of two different postural positions using the REBA and RULA methods. For
Position-1, the final REBA score was determined as 2, indicating a low level of ergonomic risk.
Upon examining the results of the RULA analysis for Position-1, the final score was determined as
3, also indicating a low level of ergonomic risk. Conversely, the final REBA score for Position-2
was determined as 4. This was due to the neck angles being different from the normal postural
position, and the level of ergonomic risk was identified as medium. Lastly, upon analyzing the
RULA results for Position-2, the final score was found to be 3, suggesting a low level of ergonomic
risk.

This study has evaluated the importance of the harmony and connection between humans and
machines. Optimal working environments can be provided through fundamental ergonomic
analyses like REBA and RULA. Presently, numerous products necessitate ergonomic evaluation.
Each product involving human interaction, from the most intricate to the most straightforward,
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should be subjected to this analysis to diminish potential risks to the minimum. Future research
could propose alternate working postures aimed at minimizing the ergonomic risk factor associated
with the two different posture positions studied. For Position-2, making the tablet located on the
right adjustable could help in reducing the neck angle. By implementing revisions in both seating
positions, it would be possible to bring risk scores down to the lowest feasible level.
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ABSTRACT

The primary factors of the widespread use of induction melting furnaces are
uniform metal and heat distribution due to its mixing features, low alloy losses,
excellent temperature and composition control, versatility in processing different
materials, the ability to quickly start the process from a cold state when needed, and
the absence of air pollution problems. In induction heating, not all sides of the part
to be heated receive an equal amount of heat. Only if the part to be heated is of the
type that conducts heat very well can all sides of the part be heated close to each
other. Induction heating produces high heat on the surface, less on the inner parts,
and least on the center of the material. This heating varies depending on the
frequency of the current source and the penetration depth. In this study, a model
was created in ANSY'S numerical analysis program by taking the current, which is
one of the electromagnetic and thermal parameters affecting the temperature
distribution in the metalic material in induction heating, at different values. In the
simulation model created, three-dimensional numerical analysis results of a
cylindrical metallic material were obtained. In the simulation program, the power
and frequency required for the design of the induction coil and the magnetic
permeability, resistivity, heat transfer coefficient of the material and the position of
the material in the inductor are determined as boundary conditions. Depending on
these variables, the temperature and magnetic field distributions on the material
were obtained. In addition to the numerical analysis, a cylindrical metallic material
with known properties was placed in a specially manufactured induction coil and
the temperature values on the material were measured to verify the numerical
analysis. ANSYS modeling results with the same material dimensions, properties,
and other parameters used in the experiment, were given and examined in
comparison with the experimental results.
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OZET

Ergitme ocaklarinda karistirma 6zelligi dolayisiyla diizgiin bir metal ve 1s1 dagilimu,
alasim kayiplarinin azligi, sicaklik ve bilesim kontroliiniin ¢ok iyi olmasi, islem
gorecek malzeme 6zelliklerinin sinirli olmamast, istenildigi zaman kisa siire i¢erisinde
soguktan igletime alinabilmesi hava kirliligi probleminin olmayis1 indiiksiyon ergitme
ocaklar1 kullanimmin yayginlagmasinda temel faktorlerdir. Indiiksiyonla 1sitmada,
sitilacak parganin her tarafi esit miktarda 1s1 almamaktadir. Yalniz 1sitilacak parga
1s1tyt ¢ok 1iyi ileten cinsten ise, parcanmn her tarafi birbirine yakin miktarda
1sitilabilmektedir. indiiksiyon 1sitma parganin yiizeyinde gok yiiksek, i¢ kistmlarinda
az, merkezinde ise daha az bir 1s1 meydana getirmektedir. Bu 1sinma akim kaynaginin
frekansina ve niifuz derinligine bagli olarak degismektedir. Bu c¢aligmada,
indiiksiyonla 1sitmada metal malzemedeki sicaklik dagilimimi  etkileyen
elektromanyetik ve termal parametrelerden biri olan akim degeri farkli akim
degerlerde alinarak ANSYS sayisal ¢oziimleme programinda bir model
olusturulmustur. Olusturulan simiilasyon modelinde silindirik bir metalik malzemede
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iic boyutlu olarak sayisal ¢oziimleme sonuglart elde edilmistir. Simiilasyon
programinda indiksiyon bobini tasarimi i¢in ihtiya¢ duyulan glic ve frekans ile
malzemenin manyetik gecirgenlik, 6zdireng, 1s1 iletim katsayist ve malzemenin
indiiktor icerisindeki konumu sinir sartlari olarak belirlenmistir. Bu degiskenlere bagl
olarak malzeme {tizerindeki sicaklik ve manyetik alan dagilimlar1 elde edilmistir.
Sayisal ¢coziimleme yaninda sayisal ¢oziimlemenin dogrulanabilmesi igin, 6zel olarak
imal edilmis bir indiiksiyon bobini igerisine Ozellikleri bilinen silindirik metal
malzeme yerlestirilerek 1sitilmis ve deneysel olarak malzeme iizerindeki sicaklik
degerleri dlgiilmiistiir. Deneyde kullanilan malzeme boyutlar1 ve &zellikleri ile diger
parametreleri ayni secilen ANSYS modelleme sonuglari deneysel sonuglarla
karsilagtirmali olarak verilmis ve irdelenmistir.

1. INTRODUCTION (GIRIS)

The basic principle of induction heating is based on the conversion of electromagnetic energy
into heat energy. As seen in Figure 1, when alternating current is applied to a coil, a variable
magnetic field is formed around the coil according to Ampere's Law. This magnetic field induces a
voltage on the part to be heated according to Faraday's Law. This induced voltage causes eddy
currents to flow in the workpiece placed in the induction coil which is in the magnetic field
according to Lenz's Law.

sacondary

(e

primary winding
variable magnetic field

Figure 1. Basic principle of induction heating (indiiksiyonla 1sitmanin temel prensibi) [1].

Drobrenko et al. [2], in their study, made a mathematical simulation of the induction heating of
metals with high electrical conductivity to high temperatures. Thermal modeling of solid cylinder
stainless steel was carried out and in light of the numerical results, it was determined that the
temperature increase depends on the electrical conductivity and magnetic characteristics of the
material. Values for stainless steel were examined comparatively with both electrical conductivity
and magnetic characteristics. Non-static mathematical model; They combined it with polarized and
magnetizable opposing symmetrical solids, in which electromagnetic fields are proposed to be
produced by external currents, as well as electromagnetic and thermal processes. The parameters of
the process are correlated with the temperature dependence of the heat source and material
characteristics. In their study, they investigated the change of magnetic permeability of materials
with temperature increase by considering the induction heating process of a finite steel cylinder.
Jang and Chiu investigated the heating of hollow cylinder steel with electromagnetic induction step
by step and compared them with their numerical analysis. They conducted their studies by taking
the forms of the same material in three different lengths, diameters, and wall thicknesses [3]. Shen
et al. [4], made mathematical modeling of electromagnetic and temperature distributions in high-
frequency induction heating using Maxwell's equations. To develop the temperature field according
to Maxwell's equation, a mathematical model was created for the high-frequency induction heating
case and an equation was obtained by combining the electromagnetic and temperature fields to be
solved. They simulated this modeling in the FEMLAB program and compared the program data
with the experimental results. The effects of high-frequency heating parameters and plate-coil
distance were investigated through this model. In another study, Magnabosco et al. [5], compared
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the thermal analysis of an induction-heated 1SO C45 steel bar numerically and experimentally. By
considering two sample materials that were normalized and annealed, they analyzed the
metallurgical and thermal analysis of the materials with the Sysweld-2000 numerical modeling
program and formed the thermo-metallurgical model of the material in the induction heating
process with experimental results [6]. Zhao and his group [7] investigated the temperature
distribution and structural deformation of steel during continuous casting under a high-frequency
electromagnetic field. They also carried out numerical modeling of the thermal behavior of the
material in this electromagnetic field. Several numerical modeling strategies with different
limitations have been developed to model the induction heating process. Various magnetic vector
potential formulations for the eddy current problem are reviewed by Biro and Preis [8], where
special attention is paid to the uniqueness of the vector potential formulation. The solution
strategies are implemented using the finite element method and hysteresis and anisotropic effects
are neglected. In the work by Bay et al. [9], ferromagnetic nonlinear effects are taken into account,
but only temperatures below the Curie temperature are considered and the effect of magnetic
hysteresis is neglected. Areitioaurtena et al. proposed an approximate solution based on a semi-
analytical modeling strategy [10, 11]. In their work, an analytical electromagnetic approach is
followed to solve the coupled electromagnetic-thermal problem by determining the initial model
based on the harmonic approximation and performing the finite element solution. In another study
in this model, Jankowski et al. presented an approximate solution for the induction heating of a
solid cylinder in a cylindrical induction coil [12]. Comparisons between their work, finite element
analysis and experimental data show that the analytical solution is able to capture the frequency and
temperature evolution during heating quite well for paramagnetic materials. In addition to these
studies, finite element method is frequently used in various studies in the field of engineering [13,
14].

2. MATERIAL AND METHOD (MATERYAL VE YONTEM)
2.1. Induction Heating Theory (indiiksiyonla Isitma Teorisi)

Induction heating is a method that generates heat by inducing eddy currents and hysteresis losses
in the part by the alternating magnetic field formed on the surface of the part. The alternating
magnetic field is created by an alternating current flowing induction coil that surrounds the
workpiece or is held parallel to the workpiece. Applying alternating voltage to the induction coil
causes alternating current to flow in the coil. In this case, a time-varying magnetic field is formed in
the environment and the frequency of this field is the same as the frequency of the applied current.
When the electromagnetic field is changed, a magnetic force is created in any conductive material.
If the current flow is allowed on a whole path through the material, the induced force creates a
current along that path. Due to the resistance of the material, the Joule effect is observed and heat
generation occurs in proportion to / R% Here, | is the magnetic current and R is the resistance of the
material [15]. In the case of continuous current, the resistance of a homogeneous material with a
uniform cross-sectional area is defined as (Ohm, Q).

Induction heating is based on the development of the joule effect on the material in the adjacent
areas of the material close to the coil. In Figure 2, the heat generation in the material placed in the
magnetic field is presented schematically.
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Heat Generation

Figure 2. Heating inductor and workpiece (Isitma indiiktorii ve is parcasi)

By how many degrees the temperature of the metallic material is desired to be increased, the
temperature changes of the material values between those temperatures should be transferred to
ANSYS for both electromagnetic and thermal analysis. Solving the problem should be done
sequentially. First, the electromagnetic analysis should be resolved harmonically, and then the
thermal analysis based on time. Finally, the electromagnetic analysis should be repeated at various
time intervals so that the time-related properties of the temperature that will affect the solution are
confirmed and the heat is transferred to the metallic material. (Figure 3)
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Figure 3. Electromagnetic-thermal analysis flow chart (Elektromanyetik-termal analiz akig semast)

2.2. Three Dimensional Electromagnetic Thermal Analysis (U¢ Boyutlu Elektromanyetik Termal
Analiz)

By modeling a real induction furnace's dimensions and material dimensions, electromagnetic and
thermal changes are solved in three dimensions on the xyz space.

2.2.1. Element selection (Eleman se¢imi)

In three-dimensional analysis, firstly, analysis types will be introduced. By specifying the degrees
of freedom of the selected element types, the suitability for their analysis will be explained.

114



Giindogan, Celik | Manufacturing Technologies and Applications 4(2), 111-119, 2023

Solid 236 geometry

This element type was used for electromagnetic analysis. The geometry of the object, the
applicable boundary condition values, and the degrees of freedom made this element type suitable
for electromagnetic analysis. Solid 236 is a 3-dimensional, 20-node element type containing
electromagnetic fields. This element type has magnetic and electrical degrees of freedom (Figure 4).
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Figure 4. Solid 236 element type geometry (Solid 236 eleman tipi geometri) [16]
Solid 90 geometry

This element type was chosen for thermal analysis. The suitability to the geometry of the object,
the applicable boundary conditions, and degrees of freedom make this element type suitable for
thermal analysis. Solid 90 is a 3-dimensional, 20-node element type with thermal degrees of
freedom (Figure 5).
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Figure 5. Solid 90 element type geometry (Solid 90 eleman tipi geometri) [16]
2.2.2. Entering material properties (Malzeme ozelliklerini girme)

Due to the structure of the induction furnace, the properties of the inductor, air and the material
to be heated will be defined and calculations will be made on these properties. Magnetic
permeability, resistivity, enthalpy values, and thermal conductivity values depending on the
temperature of the material to be heated are included in the analysis. The numerical values of these
properties are given in the table below.
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Table 1. Some temperature-dependent material properties for ferrous material

T1 T2 T3 T4 T5 T6 T7 T8 T9 T10
Temperature 0 27 127 327 527 727 765 927
Enthalpy  7.89x10%" 9.16x10 4.53x10%?  1.27x10® 2.25x10% 3.34x102 3.55x10 4.35x10%
Temperature 0 730 930 1000
Thermal
Conductivity 60.64 29.5 28 28
Temperature 255 160 2915 4775 635 698 709 720.3 742 761
Magnetic 200 190 182 161 135 104 84 35 17 1
Permeability
Temperature 0 125 250 375 500 625 750 875 1000
Resistivity ~ 1.84x107 2.72x107 3.84x10°7 5.12x1077 6.56x107 8.24x107 1.03x10% 1.15x107% 1.2x10°
Temperature 0
Emissivity 0.68

In addition to what is shown in the chart, the magnetic permeability value of the air and the
inductor is entered as 1.

2.2.3. Separation into elements (Elemanlara ayirma)

Figure 6 shows the inductor and the iron rod separated into its elements. There is an iron bar
inside and an inductor on the outside. The outermost material seen in red is air. As seen in the
picture, the geometries prepared for analysis were taken in a quarter volumes. The reason for this is
to prevent the analysis from taking too long due to the excess that will occur in the number of
meshes, and therefore in the number of nodes, if the system is taken at full volume. Because the
system is symmetrical, any change that will occur in the one-quarter volume will occur in the same
shape and ratio in the entire volume.
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Figure 6. Meshed view of the 3D system (3B sistemin mesh goriiniimi)
2.2.4. Process (islem)

By how many degrees the metallic material temperature is desired to be increased, the changes in
material values between those temperatures should be transferred to the ANSYS program for both
electromagnetic and thermal analysis. Solving the problem should be done sequentially. First, the
electromagnetic analysis should be resolved harmonically, and then the thermal analysis based on
time. Finally, the electromagnetic analysis should be repeated at various time intervals and the time-
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related properties of the temperature that will affect the solution should be verified and the heat
must be transferred to the iron rod.

2.2.5. Boundary conditions (Simir sartlarr)

Figure 7 shows the boundary conditions applied to the inductor and the iron rod. These are the
current value applied to the inductor, the irradiance value applied to the iron bar, and the insulation
applied to both.

Figure 7. Boundary conditions and loadings of the 3D model (3B modelin sinir kosullar1 ve yiiklemeleri)

3. EXPERIMENT AND OPTIMIZATION RESULTS (DENEY VE OPTIMIiZASYON SONUCLARI)

It is known that the most important and decisive factors in the design of the induction coil are
time, frequency, power, and reaching the specific temperature value for a certain point of the
material to be heated. Considering these factors, the numerical analysis was solved at different
current values, different frequency values, different time intervals, and by changing the position of
the metal to be heated in the induction coil, and numerical analysis results were obtained.

3.1. Numerical Analysis Results at Different Current Values (Farkli Akim Degerlerinde Sayisal
Analiz Sonuclari)

The length of the metallic material with a diameter of 70 mm in a 1 m long induction coil is
taken as 200 mm. It is known that the current applied to the coil directly affects the system
parameters. For this reason, the current value applied to the induction coil is taken as 1000 A, 2000
A, 3000 A, and 4000 A, respectively, a model is prepared and the numerical analysis results are
obtained by entering the system parameters. The metallic material is positioned at the front of the
coil. Temperature change in material along the z and x axis due to current change is given in Figure
8.
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80 30.900 49224 51940 63111 75.809

120 29.158 46.480 49.729 59.324 69.289

160 28.288 £0.991 47.950 53338 62.769

200 27417 32787 34,705 38.678 43210

Currentl Current2 Current3 Currentd CurrentS

0 30.023 51.650 48.110 72.050 88.114

40 27.980 47.700 41732 64.100 78.765

80 27.245 35.630 36.012 53.114 61.000
120 26.945 33.980 34.020 44.320 49.867
160 24112 29.900 33.500 39.143 42.150
200 23960 29.600 32734 38.765 40.897
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Figure 8. Temperature change in material along the z (a) and x (b) axis due to current change (Akim degisiminden
dolay1 z(a) ve x(b) ekseni boyunca malzemedeki sicaklik degisimi)

4. CONCLUSIONS (SONUCLAR)

The magnetic field strength depends on the current flowing through the induction coil, coil
geometry, and coil distance. The alternating magnetic field creates eddy currents in the workpiece
and other materials placed near the coil. The heat generation by eddy currents increases the
temperature of the workpiece. As a result, as the current value applied to the workpiece is increased,
the heat generation value will also increase, and the maximum temperature value of the workpiece
will also increase.

In the studies conducted, it was seen that the simulation results and the experimental results
showed a significant similarity. This situation has led to a positive opinion that induction heating
modeling and simulation can be performed on the ANSYS program. This study will make a very
important contribution to the design of the power unit and heating coil of the induction furnace.

As it is known, induction heating is used in a wide variety of areas, from hardening the teeth of
gear wheels to welding works. In general, the heating inductor is developed based on experience
and there is no data on its efficiency. With this study, efficient heating coil design will be possible
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for any situation where induction heating simulations can be performed by using the
electromagnetic module of the ANSY'S program, provided that it is modeled correctly.

The model was created based on a specially manufactured induction coil and an @70mmx200
mm iron material in cylindrical geometry, whose material properties are known and which is
frequently used. This model, which was created in the ANSYS package program, was solved with
one, two, and three-dimensional models as a couple analysis and the results were obtained as both
animation, graphic, and list values. One, two, and three-dimensional analysis results were obtained
parallel to each other. This shows that the established model and analysis are reliable, there is no
mismatch in the boundary and initial conditions, and it gives correct results. Three-dimensional
analyzes are associated with an ideal inductor length and material dimensions that will meet the
needs of the industry and numerical analyzes have been reproduced by changing the parameters of
induction furnaces and materials, and it has become possible to make the necessary approaches to
improve the inductor design. In the analysis, the current value was changed by keeping the material
properties, frequency value, and other boundary conditions constant, and it was determined that the
magnetic field intensity and heat generation amount in the material increased with the increase in
the current value. The general result of the equations consisting of Ampere's law, Gauss's law, and
Faraday's law specified in Maxwell's equations will be like this.
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