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St sogutma

Mikro kanatgik

Sonlu hacimler analizi
Simiilasyon

Teknolojinin ilerlemesiyle birlikte hemen her alanda kullanilan bilgisayarlarin yiiksek
performansta uzun siire c¢aligmast olduk¢a Onem arz etmektedir. Bilgisayar
sistemlerinde performansi en ¢ok etkileyen birimlerden biri olan merkezi islem
biriminin ¢aligma sicakligi performansina dogrudan etki etmektedir. Artan sogutma
ihtiyaglarina geleneksel hava sogutma sistemlerinin cevap verememesinden dolay1 sivi
sogutma tabanli sistemler endiistride yaygimlagmaktadir. Gelisen simiilasyon
yazilimlari, tasarlanan tiriinlin prototipini tiretmeden sanal ortamda testlerini zamandan
ve prototip maliyetlerinden tasarruf ederek gerceklestirme olanagi sunmaktadir. Bu
calisma kapsaminda merkezi igslem birimlerinin sogutulmasi i¢in kullanilan sivi
sogutma sistemlerinin bir bileseni olan mikro kanat¢igin sanal ortamda sonlu hacimler
yontemi kullanilarak akis simiilasyonlar1 gerceklestirilmigtir. Bu simiilasyonlar
gerceklestirilirken mikro kanat¢igin sogutma performansini dogrudan etkileyen
kanatgiklar arasi mesafe (KAM: 0.lmm, 0.2mm, 0.3mm) parametresi referans
alimmugstir. Gergeklestirilen sonlu hacimler analizi sonucunda ortalama mikro kanatgik
sicakligi (OMKS) incelenmistir. Akig simiilasyonlar1 sonucunda KAM’in artmasiyla
birlikte OMKS’nin de arttigi goriilmiigtiir. Bu kapsamda, KAM 0.lmm, 0.2mm ve
0.3mm oldugunda OMKS’nin sirastyla 28.93°C, 29.39°C, 30.24°C oldugu
gozlemlenmistir.
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ABSTRACT

With the advancement of technology, it is very important for computers used in almost
every field to work at high performance for a long time. The operating temperature of
the central processing unit (CPU), which is one of the units that most affect
performance in computer systems, directly affects its performance. Liquid cooling-
based systems are becoming widespread in the industry due to the inability of
traditional air-cooling systems do not respond to increasing cooling needs. Developing
simulation software offers the opportunity to perform tests in a virtual environment
without producing a prototype of the designed product, saving time and prototype
costs. In the scope of this study, flow simulations were carried out using finite volume
analysis method in virtual environment of heatsink which is a component of liquid
cooling systems used for cooling processors. While performing these simulations, the
distance between the fins (DBF: 0.1mm, 0.2mm, 0.3mm) parameter, which directly
affects the cooling performance of the heatsink, was taken as reference. As a result of
the finite volume analysis performed, the average heatsink temperature (AHT) was
investigated. As a result of flow simulations, it was seen that AHT increased with the
increase of DBF. It was observed that when the DBF was 0.1mm, 0.2mm and 0.3mm,
the AHT were 28.93°C, 29.39°C, 30.24°C, respectively.
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1. GIRIS (INTRODUCTION)

Elektronik teknolojisinin hizla gelismesiyle birlikte, elektronik cihazlar gilinliik hayatimizda
onemli bir yer almistir. Bu cihazlardan maksimum verimi alabilmek i¢in bilesenlerinde olusan
sicaklik degerlerini optimum diizeyde tutmak gerekir. Elektronik bilesenlerin c¢alisma sicakligi
istenen sicaklik seviyesini asabilir. Bu nedenle, 1s1 transfer hizin1 arttirmak ve bilesen sicakligini
istenen ¢alisma seviyesinde tutmak, elektronik bilesenlerin giivenilir bir sekilde c¢alismasini
saglamada 6nemli bir rol oynar.

Sekil 1. S1vi sogutma sistem bilesenleri (Liquid cooling system components)

Elektronik sistemleri sogutmada gesitli yontemler vardir. Bu yontemler geleneksel hava sogutma
sistemi ve s1vi sogutma sistemidir. S1vi sogutma sistemleri Sekil 1’de goriildiigl iizere radyator (1),
fan (2), mikro kanatcik (3), akis odas1 (4), pompa (5) ve sivi aktarma hortumlar1 (6) olmak lizere
toplamda 6 temel bilesenden (all-in-one) olusmaktadir [1].

Mikro kanatgiklar sogutma sistemlerinde 1s1 kaynagi (CPU) ile temas halinde olan, olusan 1s1y1
emen bakir veya aliiminyum malzemeden iiretilen yapilardir. Mikro kanatgiklar 1s1 kaynaginda
olusan 1s1y1, iletim ve zorlanmig taginim 1s1 transferi mekanizmalariyla ekipmanlardan uzaklagtirir.
Boylece ekipmanlarin ¢aligma omriiniin ve performansinin artmasini saglar [2]. Endiistride yaygin
olarak bakir ve aliiminyum malzemelerden tiretilen mikro kanatgiklar kullanilmaktadir. Uygulama
alanlarina goére bu malzemelerden iiretilen mikro kanatciklar birbirine gore farkli avantaj
saglamaktadir. Bu avantajlar sunlardir; aliminyumun yogunlugu (2700kg/m3) bakira (8900kg/m3)
gore diisiik oldugu icin hafiftir. Aliminyumun termal iletkenligi (90W/mK) diger metallere gore
(demir: 55W/mK, ¢elik: 36 W/mK, kalay: 50W/mK) daha yiiksektir. Aliminyum mikro kanatgiklar,
fotovoltaik endiistrisinde, elektrikli araclarda, invertorlerde, led 1siklarda, iletisim {irtinlerinde ve
benzeri alanlarda yaygin olarak kullanilmaktadir [3]. Bakir (385W/mK), aliiminyumdan (90W/mK)
daha 1yi 1s1l iletkenligine sahiptir. Dezavantaji ise agirlik ve maliyettir. Bakir 1s1 iletkenliginin ve
korozyon direncinin Oneminin, agirhk tasarrufundan daha agir bastigi yerlerde, genellikle
islemcilerde, yiiksek 6zellikli ¢iplerde ve sunucularda (server) kullanilir [4].
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Sekil 2. Mikro kanatgik tasarim parametreleri (Heatsink design parameters)

Mikro kanat¢ik tasariminda termal iletkenlik Onemli bir faktordiir. Sekil 2’de gosterilen
kanatg¢iklar aras1t mesafe (KAM), kanatcik kalinligr (KK), kanatgik yiiksekligi (KY) ve taban plaka
kalinlig1 (TK) gibi parametreler mikro kanatgik tasarimi yapilirken dikkat edilmesi gereken
hususlardir [5]. Asagida mikro kanatc¢ik parametreleri tizerine yapilmis ¢alismalarin genel bir 6zeti
verilmistir.

R.Mohan ve arkadasi [6], kanat¢ik yiiksekligi (15mm, 30mm, 50mm) kanatgiklar arasi mesafe
(1.5mm, 2.5mm, 4.5mm) ve kanat¢ik sayis1 parametrelerini dikkate alarak; hesaplamali akiskanlar
dinamigi simiilasyonlar1 yardimiyla bu parametrelerin mikro kanatcik iizerindeki 1s1 dagilimini
farkl1 kombinasyonlarla incelemiglerdir. Ayn1 zamanda fan, mikro kanatgik, 1sitici ve termokupl
ekipmanlarin1 kullanarak bir deney diizenegi hazirlamislardir. R. Mohan ve arkadasinin bir diger
caligmasinda [7], taban plaka kalinlig1 (2.5mm, Smm), kanat¢ik geometrisi (silindirik ve ince levha)
ve mikro kanatcik malzemesi (bakir, aliiminyum) parametrelerini dikkate alarak; hesaplamali
akigkanlar dinamigi simiilasyonlar1 sonucunda elde ettikleri ¢iktilar ile kurmus olduklari deney
diizeneginde yaptiklari ¢alismalarin ¢iktilarin1 karsilastirmiglardir. Freegah ve arkadaslari [8],
kanatgiklar arasina radyus vererek ve kanatcik yiizeylerine radyuslu ek parga ekleyerek 1s1 transfer
yiizeyini artirmay1 amaglamiglardir. Oztiirk ve arkadasi [9], 3 farkli kanatgik tasarimi yaparak ve
farkli 1s1 kaynaklar1 tanimlayarak (SOW, 100W) mikro kanatciklar iizerindeki sicaklik dagilimini
incelemislerdir.

Daha oOnce gergeklestirilen c¢aligmalarda boyutsal olarak biiylik kanat¢ik yapilar {izerinde
simiilasyon ¢aligmalar1 gergeklestirilmistir. Bu ¢alisma kapsaminda, bilgisayarlarda kullanilan sivi
sogutma sistemlerinin bir bileseni olan mikro kanat¢ik yapisi 6zelinde mikro analiz ¢alismalari
yapilarak KAM — OMKS iliskisi incelenmistir.

2. TEORIK TEMELLER (THEORETICAL FOUNDATION)
2.1. Hesaplamah Akiskanlar Dinamigi (Computational Fluid Dynamics)

Hesaplamali akigkanlar dinamigi (HAD), akiskan fizigini bilgisayar tabanli ticari bir yazilim
kullanarak simiile eden ve ilgili olaylar1 tahmin eden miihendislik yontemidir. Bu tahminleri
yapabilmek igin gesitli korunum denklemlerinden (stireklilik denklemi, momentum denklemleri,
enerji denklemi) yararlanir [10].

Ik olarak 1930’larda A.Thom [11], bir silindir etrafindaki akis iizerine ¢alismalar yapmustir.
1950°1i yillarda M. Kawaguti [12], Reynold sayisin1 dikkate alarak bir silindir etrafindaki akis
lizerine calismig, Oonemli sayisal yontemler elde etmistir. 1990’larda teknolojinin ilerlemesiyle
beraber birgok ticari yazilim gelistirilmistir. Olgiilmesi veya gdzlemlenmesi zor, dlgiilme imkani
olup pahali deney diizenekleri gerektiren uygulamalar HAD sayesinde incelenir. HAD, sonlu
hacimler yontemi, sonlu farklar yontemi veya sonlu elemanlar yontemlerinden birini kullanarak
analitik ¢O0zlimili sayisal ¢Oziime cevirir. Bu calisma kapsaminda sonlu hacimler yontemi
kullanilmastir.

2.1.1. Siireklilik denklemi (Continuity equation)
Giren akigkanin kiitlesel debisi ile ¢ikan akiskanin kiitlesel debisi aynidir [13].
pA1Vy = pA,V; (1)
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Es. (1)’de yogunluk (p), kesit alan1 (A1, Az), akiskan hiz1 (Vi, V) ile ifade edilmistir.
2.1.2. Momentum denklemleri (Momentum equations)

Newton’un ikinci yasasina gore uzaydaki hizlanmig bir cismin {izerine herhangi bir etki olmadigi
takdirde hizin1 korumaya devam edecektir [13].

o(puw) Ad(pu?) d(puv)  I(puw) dp 1 0Ty 0Ty arxz]
—__-F 2
T Tax "oy Tz ox "re. lox "oy T oz @)
0 d d(pv? 9] d 1 ot ot Jt,,
(bv)  9Cpuv)  9(pvT)  OCpvw) _ 0p 1 10Ty 0Ty y] 3)
Jt 0x dy 0z dy Re, 0x dy 0z
0 d(pu d(pv d(pw? d 1 ot,, Ot 01,,
(ow)  OCpuw)  d(pvw) d(pw?) _ dp 1 | [0T vz r] @)
Jt 0x dy 0z 0z Re, 0x dy 0z

Es. (2), Es. (3) ve Es. (4)‘te yogunluk (p), x eksenindeki hiz (u), y eksenindeki hiz (v), z
eksenindeki hiz (w), kinematik viskozite (i), zaman (t) ve Reynolds sayis1 (Re) ile ifade edilmistir.

2.1.3. Enerji denklemi (Energy equation)

Termodinamigin birinci kanununa gore bir sistemin i¢ enerjisindeki degisim miktari, o sisteme
ilave edilen 1s1 miktar1 ile sistemin c¢evresine uyguladigi is arasindaki farka esittir. Bir radyator
icerisindeki akisin trettii enerji ya da disariya aktarilmakta olan enerji havaya toplamda ayni
miktarda aktarilmaktadir. Kisacas, iki taraftaki entalpiler birbirine esittir [13].

W = AU + AK = AE (5)

Es. (5)’te i¢ enerji (AU), Kinetik enerji (AK), toplam enerji (AE) ve yapilan is (W) ile ifade
edilmistir.

3. MALZEME VE YONTEM (MATERIAL AND METHOD)

Bu calisma kapsaminda KAM’1in OMKS’ye etkisini incelemek i¢in ticari bir yazilim kullanilarak
sonlu hacimler analizi gerceklestirilmistir. Mikro kanatcik tasariminda dikkat edilmesi gereken
diger parametreler sabit tutulmustur.

3.1. Mikro Kanatc¢ik Parametreleri (Heatsink Parameters)

Calisma kapsaminda incelenen mikro kanatgik parametreleri Tablo 1’de verilmistir.

Tablo 1. Mikro kanatgik parametreleri (Heatsink parameters)

KAM (mm) 0.1,0.2,0.3

Mikro kanatc¢ik malzemesi Bakir

3.2. Parametrik Tasarim (Parametric Design)

Tablo 1’de belirtilen parametreler dikkate alinarak parametrik tasarim yapilmistir. Yapilan
tasarim konfigiirasyonlar1 Tablo 2’de verilmistir.

Tablo 2. Tasarim konfigiirasyonlari (Design configurations)

TK KK | KAM | KY

Konfigiirasyon (mm) | (mm) | (mm) | (mm)
1 1.5 0.15 0.1 2.5
2 15 0.15 0.2 2.5
3 1.5 0.15 0.3 2.5
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3.3. Sonlu Hacim Yontemi (Finite Volume Method)

Hesaplamali akigkanlar dinamigi yazilimlar1 sonlu elemanlar yontemiyle veya sonlu hacimler
yontemi ile calisirlar. Bu yontem kismi diferansiyel denklemlerin cebirsel denklemler ile
¢ozilmesidir. Kismi diferansiyel denklemlerde sapma terimi igeren hacim integralleri, sapma
teoremi ile ylizey integrallerine dontstiiriilmektedir [14].

3.3.1. Lagrange yaklasimi (Lagrange approach)

Her bir akigkan pargaciginin hareketini ayr1 ayri izleme yontemidir. Her bir partikiiliin uzaydaki
hizinin, ivmesinin ya da yer degistirmesinin incelenmesini saglar. Partikiiller ¢ok yol almiyorsa bu
yontem ile ¢alismak avantaj saglayabilir [15, 16, 17].

Lagrange yaklasiminda Sekil 3’te goriildiigii tlizere diiglimlerin gegici olarak malzemeye
sabitlendigi ve elemanlarin malzeme ile birlikte sekil degistirdigi varsayilmaktadir [18].

X,

Sekil 3. Langrange yaklasimi (Lagrange approach)

3.3.2. Euler yaklasim (Euler approach)

Euler yaklagimi ile akigkanin hareket ettigi bir akis bolgesi veya kontrol hacmi belirlenir (Sekil
4). Boylece sabit kiitleli akigkan parcaciklarinin konum ve hizlarinin takibine gerek duyulmaz.
Bunun yerine kontrol hacmi icerisinde yer alan basing alani, hiz alan1 ve ivme alani gibi alan
degiskenleri tanimlanir [15, 16, 17].

Euler yaklasimi ile gergeklestirilen analizler biiylik deformasyonlar igeren akis problemlerinde
tercih edilir.

P=P(x,y,21t) (6)
V= V)(x, y,Z,t) ")
a=d(x,y,zt) ®)
_\\
[ ]
= =
\» [ \
\ |
J
NLPA

Sekil 4. Euler yaklasim1 (Euler approach)

Es. (6), Es. (7) ve Es. (8)’de basing alani (P), hiz alan1 (V), ivme alan1 (a) ile gosterilmis olup
(x,y,z) kartezyen koordinati, (t) zamani ifade etmektedir.

Bu yaklasimda, lagrange yaklasimindaki gibi her bir partikiil tek tek incelenmedigi i¢in analiz
sliresi agisindan bir kazang saglamaktadir [18].

3.4. Simir Sartlari ve Yiikler (Boundary Conditions and Loads)

Calisma kapsaminda KAM-OMKS iliskisi incelendigi i¢in basitlestirilmis bir akis hacmi
olusturulmus olup i¢ akis analizi gerceklestirilmistir (Sekil 5). Akiskan sivi olarak su secilmistir
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(Tablo 6). Akis tipi tiirbiilansli olarak tanimlanmistir. Akig alan1 kanatgik duvarlarina yakin oldugu
icin tiirbiilans modeli k—® olarak secilmistir. Girig debisi 0.005kg/sn ve ilk sicaklik 26°C olarak
tanimlanmistir. Mikro kanatgik islemci ile temas alanina 105W’lik bir 1s1 tanimlamasi yapilmistir
(Sekil 6). Mikro kanat¢ik malzemesi bakir olarak belirlenmistir (Tablo 3, Tablo 4, Tablo 5).

Yapida bulanan kanatc¢iklardan dolayr bir mikro akis analiz ¢alismasi yapilmistir. Bu yiizden
gelismis kanal iyilestirme aktif hale getirilip minimum mesh boyutu 0.02 olarak belirlenmistir.
Analizler sonucunda en dogru sonucu alabilmek i¢in ¢dziim ag1 bagimsizligi (mesh independent)
dikkate alinmistir. Toplam element sayis1 parametrik tasarimlardan (3 adet) dolay1 450.000-550.000
arasinda degigmektedir (Sekil 7). Tim tanimlamalar yapildiktan sonra mikro kanat¢ik yapiya
sicaklik sensorii atanmis olup sonuclar incelenmistir.

Sekil 5. S1v1 alan tamimlamas: (Fluid area identification)

Sekil 6. Is1 tanimlamasi (Heat identification)

Sekil 7. Kati-akigkan mesh goriintimii (Solid-fluid mesh appearance)
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Tablo 3. Bakirin sicakliga bagl 6zgiil 1s1 degerleri (Specific heat values of copper depending on temperature)

Sicaklik | Ozgiil Is1 | Sicaklik | Ozgiil Is1

(K) | QlkgK) | (K) | (J/(kgK)
1 0.0116 40 58.76

2 0.0278 80 202.6

3 0.053 150 322.6

4 0.0916 250 373.3

5

8

0.1482 298.1 384

0.4729 400 397.5
10 0.8709 600 416.7
15 2.907 1000 451.1

20 7.29 1356.2 475
Tablo 4. Bakirin sicakliga bagli 1sil iletkenlik degerleri (Thermal conductivity values of copper depending on
temperature)

Isil

Sieakt | Tietkenlik

&) wimk)
4 16200
10 24000
20 10800
40 2170
80 560
150 429
200 413
300 401
400 393
600 379
800 366
1000 352
1356.2 327

Tablo 5. Bakirin yogunluk ve erime sicaklik degerleri (Density and melting temperature values of copper)

Yogunluk (kg/m°) 8960
Erime Sicakligi (K) | 1356.2

Tablo 6. Sogutucu akiskan (su) termal 6zellikleri (Thermal properties of coolant (water))

- Dinamik Isil N
Sicaklik | Yogunluk Viskozite | iletkenlik Ozgtil Ist

3 .

)| koMY paeny | wimky | VKIK)
273.16 | 999.79 | 0.00179 | 056104 | 4219.9
303.16 | 9956 | 0.000797 | 0.61547 | 4180.1
343.16 | 977.73 |0.00044038 | 0.6631 | 4190.2
403.16 | 934.83 | 0.0002129 | 0.6837 | 42615
458.16 | 881.59 | 0.0001458 | 0.67114 | 44255
496.16 | 833.73 | 0.0001187 | 0.6456 | 4649.9
518.16 | 806.21 | 0.0001084 | 0.62667 | 4819.2
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4. BULGULAR VE TARTISMA (FINDINGS AND DISCUSSION)

KAM parametresi ve sinir sartlarina gore 3 adet analiz gergeklestirilmis olup OMKS degerleri
incelenmistir. Analizler 300 iterasyonda ¢ozdiiriilmiis olup yakinsama grafigi Sekil 8’de verilmistir.
Sogutucu akigkanin mikro kanat¢iga ilk temas ettigi bolgede minimum sicaklik degerleri
goriiliirken, mikro kanatgiktan c¢ikis bolgesinde maksimum sicaklik degerleri goriilmektedir.
Optimum tasarimin sicaklik kontur dagilimi incelendiginde maksimum sicaklik 32.42°C’dir (Sekil
9). Mikro kanat¢ik yapinin sogutma performansina birincil dereceden etki eden faktor 1s1 transfer
ylizey alanidir. Bu kapsamda, katilarla temas eden akiskan hiicreler; KAM 0.1mm iken 235.000,
KAM 0.2mm iken 200.000 ve KAM 0.3mm iken 160.000 oldugu goriilmiistiir.

OMKS
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Sekil 8. Optimum tasarimin ortalama mikro kanatcik sicakligi yakinsama grafigi (Average heatsink temperature
convergence graph of optimum design)
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Sekil 9. Optimum tasarimin sicaklik dagilim konturu (Temperature distribution contour of optimum design)
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4.1. Ortalama Mikro Kanatcik Sicakhigi (OMKS) (Average Heatsink Temperature (AHT))

Yapilan analiz c¢alismalarima gére KAM’in OMKS’ye etkisi Sekil 10°da grafik halinde
verilmigstir. Belirli bir alandaki kanatgik sayisi arttirilinca 1s1 transfer yilizey alani artar. Kanatgik
sayis1 ve KAM arasinda ise ters bir iligki bulunmaktadir. KAM diisiik (kanatgik sayisi fazla) oldugu
zaman 1s1 transfer ylizey alani artmaktadir. Bu durum 1s1 transferini artirmaktadir. Gergeklestirilen
sonlu hacimler analizi sonuglar1 dikkate alindiginda KAM’in artmasiyla birlikte OMKS’nin de
arttigr goriilmiistir. KAM 0.lmm, 0.2mm ve 0.3mm oldugunda OMKS’nin sirasiyla 28.93°C,
29.39°C, 30,24°C oldugu gozlemlenmistir. Bu kapsamda KAM degeri 0.lmm oldugunda mikro
kanat¢ik yapinin en yiiksek sogutma performansina sahip olacag: goriilmiistiir. Elde edilen sonuclar
R.Mohan ve arkadasinin yapmis oldugu ¢alismay1 destekler niteliktedir.

KAM - OMKS Iliskisi

31
.30 —
(@) //
e
P 29 —
=
O 25

27

0.1 0.2 0.3
KAM (mm)

Sekil 10. KAM’1in OMKS’ye etkisi (Effect of KAM on OMKS)
5. SONUCLAR (CONCLUSION)

Analiz ¢alismalar1 sonucunda elde edilen veriler asagida 6zetlenmistir;

e Yapilan analiz caligmalari ile elde edilen OMKS, bilgisayar ortaminda sonlu hacimler paket
programlariyla yapilabilecegi ortaya koyulmustur.

e Deneylerde elde edilmesi zor ya da miimkiin olmayan verilerin (katilarla temas eden akiskan
hiicreler gibi) elde edilmesi ve bu verilere bagli olarak tasarim iyilestirmelerinin miimkiin
olabilecegi goriilmiistiir.

e Katilarla temas eden akiskan hiicreler KAM arttik¢a azalmaktadir. Bu yiizden KAM arttik¢a
OMKS’nin de arttig1 goriilmiistiir.

e KAM’m artmasiyla beraber 1s1 transfer yiizey alaninin azalacagi, bu durumun OMKS’yi
artiracagl goriillmiistiir.

6. ONERILER (SUGGESSTIONS)

Bu c¢alisma kapsaminda KAM 0.lmm oldugunda en iyi sogutma performanst goriilmiistiir.
Ancak KAM’m 0.Imm olmas tiretilebilirligi zor ve maliyetli bir hale getirmektedir. Bundan sonra
yapilacak olan calismalarda iretilebilirligi g6z Oniline alarak KAM parametresinin sogutma
performansina etkisinin incelenmesi Onerilmektedir. Buna ek olarak, mikro kanat¢ik yapisinin
sogutma performansina etki eden KAM parametresi ile diger tasarim parametreleri (kanatgik
geometrisi, kanatcik yiiksekligi ve kanat¢ik kalinligl) beraber degerlendirilerek bir ¢aligma
yapilmasi 6nerilmektedir.
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ABSTRACT

In the present study, drilling tests were carried out on Custom 450 stainless steel
workpieces. The influences of control factors (cutting speed-Vc, feed rate-f and drill

Keywords: bit geometry-D) on the drilled holes’ surface roughness (Ra) and on the size of
%ta.'lrl‘_'ess steel adhering workpiece (AW) to the drill bit was examined. The results obtained from
rilling

tests designed based on the Taguchi’s L16 orthogonal array were analysed using
ANOVA and grey relational analyses (GRA). Therefore, the control factors and their
levels were optimised simultaneously for the quality characteristics (Ra and AW). In
addition, mathematical models were also developed using Response Surface
Methodology (RSM) in order to estimate the quality characteristics. The used drill bits
were examined under digital and scanning electron microscopes and EDX analysis was
also carried out on the drill bits. The experimental results showed that the Ra and AW
increased with increasing the f. It was also seen that increasing the Vc resulted in
decrease in the size of adhering layer and that the drill bit wear became clear at the
highest V¢ of 60 m/min. According to the ANOVA results, the most effective control
factor on Ra was f with 93.11% and V¢ with 58.14% on AW. GRA analysis revealed
that the most influential control factor was the f and that the optimum levels were 60
m/min V¢, 0.005 m/min f and drill bit 4.

Surface roughness
Adhering workpiece
Optimization

Custom 450 Paslanmaz Celiginin Delinmesinde Yiizey Piiriizliiliigiinii
Minimize Etmek i¢cin Matematiksel Modelleme ve Cok Yamith Optimizasyon

MAKALE BILGISI OZET

Alinma: 23.01.2023

Bu calismada, Custom 450 paslanmaz gelik is parcalari iizerinde delme testleri
Kabul: 27.03.2023

yapilmugtir. Kontrol faktorlerinin (kesme hizi-Ve, ilerleme miktari-f ve matkap ucu

Anahtar Kelimeler: geometrisi-D) delinen deliklerin yiizey piiriizliiligii (Ra) ve matkap ucuna yapisan is
15 aflanmaz celik pargasinin boyutu (AW) iizerindeki etkileri incelenmistir. Taguchi'nin L16 ortogonal
elme

dizisine dayali olarak tasarlanan testlerden elde edilen sonuglar, ANOVA ve Gri
Iliskisel Analizler (GRA) kullanilarak analiz edilmistir. Kalite karakteristikleri (Ra ve
AW) kontrol faktorleri ve seviyelerine bagl olarak es zamanli optimize edilmistir.
Ayrica, kalite karakteristiklerini tahmin etmek i¢in Tepki Yiizey Metodolojisi (RSM)
kullanilarak matematiksel modeller gelistirilmistir. Kullanilan matkap uclar dijital ve
taramali elektron mikroskoplarinda incelenmis ve EDX analizleri yapilmustir.
Deneysel sonuglar, Ra ve AW'nin f arttik¢a arttigini gostermistir. Ayrica Vc'nin
artmast AW boyutunda azalmaya neden oldugu ve matkap ucu aginmasinin en yiiksek
Vc olan 60 m/dak'da belirginlestigi goriilmiistir. ANOVA sonuglarina goére Ra
tizerinde en etkili kontrol faktorii %93.11 ile f ve AW iizerinde ise %58.14 ile V¢
olmustur. GRA analizi, en etkili kontrol faktoriiniin f oldugunu ve optimum seviyelerin
60 m/dk kesme hizi, 0.005 m/dk ilerleme ve 4 numarali matkap ucu oldugunu
belirlenmistir.

Yiizey piiriizliiliigii
Yiginti talas
Optimizasyon
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1. INTRODUCTION (GIiRiS)

Stainless steels, which have high corrosion resistance and mechanical properties, are
indispensable materials in all areas of the industry [1-3]. Feature of stainless steels can be altered by
heat treatments and/or addition of various alloying elements [4]. Custom 450 is a type of martensitic
stainless steel. It is especially suitable for the applications requiring corrosion resistance at high
temperatures (650 °C) and used for making components used in submarine applications, nuclear
power plants and defense industry [5]. It is stated that Custom 450 is resistant to pitting and
corrosion even in salt water atmospheres [5, 6]. The high tensile strengths, low heat transfer
coefficient and relatively high ductility of the Custom 450 alloy make it difficult to machine [1-3, 7,
8]. During machining of stainless steel, high cutting forces, strongly adhered chips to the cutting
tool and relatively long chips adversely affect the process. Effective machining of these difficult-to-
machine materials including Custom 450 is of crucial importance for cost effective manufacturing
and sustainability [5].

Drilling with drill bits, which is used with a high rate of approximately 35% among machining
methods, is the most important hole drilling method with its economy and simple structure [9-12].
Therefore, many researchers have focused on understanding and solving the potential problems
encountered during drilling [13]. The process is influenced by the factors including drilling
parameters, workpiece to be drilled and machine tool used. In addition, cutting action in drilling
takes place inside the hole and therefore it is not easy to observe the process when compared to
other machining processes [14].

Good dimensional accuracy and good surface quality are essential for the mating parts to serve
efficiently for a long time. [15-17]. Although it is usually difficult and costly to obtain good surface
quality, surface quality of a manufactured product influences its fatigue strength, wear resistance
and friction properties significantly [16-18]. During machining, the cutting tools are subjected to
high stresses and temperatures. These stress and temperatures cause rapid tool wear. The worn tool
adversely affects the surface quality and dimensional accuracy of the workpiece [17, 19]. Poor
dimensional accuracy causes the parts to be out of the specified dimensional tolerances.

Parts with good surface quality and close tolerances are often aimed to be produced at reasonable
cost [12, 18]. For this reason, various optimization techniques have recently been utilized to
determine the optimum machining conditions [20, 25]. Oktem et al. used the Genetic Algorithm
(GA) to determine the optimum cutting conditions for minimum surface roughness in milling die
steel surfaces, and the RSM to obtain the analytical model. Their methodology was capable of
reducing the surface roughness (Ra) by about 10% [26]. Suresh et al. used the RSM to estimate the
roughness value of the surface machined by turning steel materials with carbide cutting tools. In
addition, the optimum values of the cutting variables were determined by GA. [27]. Giinay and
Meral developed the analytical model with the RSM depending on the Vc (cutting speed) and f
(feed rate) on the Fc (cutting force), AW and Ra in the drilling process, and optimized the variables
with the GRA. In their study on ferritic stainless steel, they stated that the Fc and Ra value
decreased with the increase in V¢, and the Aw and Vc are directly proportional [20]. Zhang et al.
used the Taguchi method to optimize the surface quality in the drilling process. Spindle speed, f,
pecking amount and drill bit type were determined as control factors. They explained that the
optimization was valid with the verification experiments they performed with the optimum control
factor and levels they obtained [28]. Abbas et al. estimated the machining time, Ra and machining
cost in CNC machines depending on the V¢, cutting depth and f. They made their predictions using
AN. They stated that the predictive values they obtained were consistent and the model could be
used with confidence [29]. Toulfatzis et al. realized turning tests on three lead-free brass alloys
based on Taguchi’s L16 series. ANOVA was utilized to state the effects of V¢, depth of cut, f, and
workpiece material on Fc and Ra [30]. Caydas et al. examined the performances of different drill bit
materials (HSS, carbide and coated HSS) in drilling of AISI 304 steel. The drilling experiments
were achieved based on Taguchi’s L9 series. The influence of spindle speed, f, drill point angle and
number of holes on the Ra, drill bit wear, burr height and hole diameter were evaluated. Their
experimental results showed that coated HSS drill bits performed best state of affairs of tool life,
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hole quality and Ra [31]. Cigek et al. performed drilling tests on AISI 304 workpieces for the
purpose of investigating the effects of the drill bit cryogenic process and drilling parameters on Ra
and hole quality. The tests were done based on Taguchi’s L27 full factorial design with a series
(mixed type). They used ANOVA to determine the most significant experiment variable. In
addition, they developed a model by RSM to obtain the best Ra and ovality [32]. Mavi investigated
the effects of drilling parameters on deviation from geometric and dimensional tolerances when
drilling a stainless steel. The experimental design was based on L18 orthogonal array. The results
were analyzed using grey relational analyses (GRA) [33]. Orak et al. optimized the cutting
parameters in the turning process in terms of surface roughness, noise and tool wear using a hybrid
decision making algorithm using Artificial Neural Networks (ANN) — TOPSIS. They emphasized
that the method they developed will be used successfully in reducing vibrations [34]. Benefit et al.
they subjected the AA7075 alloy tempered under different conditions to a series of drilling tests at
different drilling parameters. They used the Response Surface Method (RSM) to evaluate the
experimental results [35].

Work to date shows that considerable studies were carried on drilling of various grades of
stainless steel. Custom 450 is an important martensitic stainless-steel grade and work on drilling
this material is limited. The purpose of this study is to investigate the influence of f, VVc and drill
bits geometry on Ra and adhering workpiece size (AW) when drilling Custom 450 stainless steel.
Optimum drilling conditions and their levels were aimed to be determined using GRA. In addition,
analytical models of Ra and AW were also aimed to be developed using RSM.

2. MATERIAL AND METHOD (MATERYAL VE YONTEM)
2.1. Material, Equipment and Experimental Conditions (Malzeme, Ekipman ve Deney Kosullari)

Ingredient and various properties of Custom 450 martensitic stainless steel are given in Table 1.
Workpieces were cut off from 960 cylindrical Custom 450 billet for drilling test. These workpieces
were machined to 14 mm height so that the drilling depth was at least three times the drill bit
diameter of 4.5 mm. Four different solid carbide twist drill bits were used. Drill geometry and
coating details are given in Table 2. 3 factors (Vc, f and drill bit geometry) and four levels were
determined for Taguchi's L16 in experimental design (Table 3). Taguchi experimental design is an
experimental design method developed to determine the most appropriate combination of the levels
of control factors that cause variability in the product or process, and to minimize the variability in
the product and process. Considering the most effective machining parameters and levels that will
affect the relevant experiments, the experiments should be carried out in accordance with the L16
orthogonal experiment design. In the Taguchi experimental design, which was used to obtain
accurate results in a short time and at low cost, the experiments were not repeated.

The catalog numbers given in Table 2 give the international codes of the manufacturer, and the
grade gives the applied coating class. KCPK15 refers to multilayered TIN+MT+TiCN+AIl,O3; CVD
coating, KC7315 and KC7325 refers to TiAIN-PVD coating, and MG10 refers to nACo coating.
The drilling parameters were selected based on the manufacturer’s suggestions and previous
studies. In addition, before starting the experiments, a preliminary experiment was carried out at the
highest cutting speed and feed rate determined with each drill bit.

Table 1. Ingredient and various properties of Custom 450 (Custom 450'nin igerigi ve ¢esitli 6zellikleri) [36]
Density - 20 °C (g/cm®) 7.75

Brinell (Ball) Hardness (HB) 278
Yield Strength (N/mm?) 814
Ultimate Strength (N/mm?) 979
Elasticity Modulus (GPa) 200
Poisson’s Ratio 0.29

Thermal Conductivity - 20 °C (W/(mK)) 15
Composition Fe:75%, Cu:1.25%-1.75%, Ni:5%-7%, Cr:14%-16%, M0:0.5%-1%
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Table 2. Manufacturer codes of drill bits and its coating details (Matkap uglarinin tiretici kodlar1 ve kaplama detaylari)

Drill bits 1 2 3 4
Manufacturer Kennametal Kennametal Kennametal Toolex
ISO Catalogue B221A04500HP- B966A04500- B042A04500CPG- BE0450X2C24AS6N058-
Number and Grade KCPK15 KC7315 KC7325 MG10

Table 3. Drilling parameters and levels (Delme parametreleri ve seviyeleri)

Experimental factors Ve (m/min) f (mm/rev) D
Code A B C
Levels 15-30-45-60 0.005-0.020-0.035-0.050 1-2-3-4

The drilling tests were conducted dry on an Arion IMM-600 CNC machine. The cylindrical
workpieces were clamped rigidly using a four-jaw precision chuck. Solid carbide drill bits were
clamped to the spindle of the machining center using a suitable collet. The tool overhang was kept
constant for all drilling tests, because changing the tool overhang will affect the test results.
Through holes were drilled on the workpieces.

l;,, TaguchlLl6expedmenl dcsign 77» )

Grey relational grade (GRG)

Figure 1. The experimental setup and statistical sequence (Deneysel kurulum ve istatistiksel sira)

Surface roughness is a sensitive quality criterion that is effective on properties such as the actual
contact area, fatigue and corrosion resistance of the manufactured parts. When the surface is
examined from a micro point of view, it is seen that it consists of many crack, crater, waviness,
intrusion and hill recesses and protrusions. There are several measuring points that define the
surface roughness. Except for special applications and ultra-sensitive surfaces, it is very difficult,
time consuming and far from economical to examine the entire surface in terms of these measuring
points. Measurements are made with a stylus-tipped profilometer on the sample lines that will best
show the roughness value of the whole surface. Movement of the stylus tip along the sample line
creates a curve that represents the roughness depending on the radius of the stylus tip. A straight
line is formed from the middle of the sum height of this curve (mean line). The curve creates a field
and another line is obtained that cuts this area in the middle. The difference between the mean line
and this line gives the mean surface roughness (Ra). Ra is the surface roughness definition that
gives the most general information about the whole surface.

Ra values were obtained with a Mitutoyo SJ-410 profilometer with a cut-off wavelength (cut
length) of 0.8 mm and a gauge length of 5.6 mm (ISO 4288:2000). Ra values at different angles
(120°) for each hole were measured three times and averaged. The images of AW to drill bit’s were
obtained using a Dinolite AM7115MZT digital microscope. The digital microscope used is LED-
illuminated, 5 megapixels with 2592x1944 resolution, with brightness reduction feature and digital
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220 magnification features. The AW was defined using AutoCAD software. In addition, At the end
of the experiment, the drill bits were detailed with Carl Zeiss scanning electron microscope (SEM).
EDX analyses were also performed. Figure 1 shows the experimental setup and statistical sequence.

2.2. Statistical Methods (istatistiksel Yontemler)

Grey system theory can be useful to make decision and to carry out analyses in the case of poor,
incomplete and uncertain information [37-39]. Various methods under grey relational analysis such
as grey modelling, grey prediction and grey decision making have been applied to various fields.
Scientists have often used these methods to make decision [40, 41]. In grey relational analysis, best
fit values of the controlling factors and their levels for multiple quality characteristics are
determined simultaneously [42].

Table 4. Steps and equations in GRA optimization (GRA optimizasyonundaki adimlar ve esitliklikler) [20, 40]

N Equation
Steps Definition No g Equation
1 Definition of reference series 1 Yo=1, Y02, Yon)
5 Y, = Y% —min (Yi?k)
T max (Yif)k) - min(yif)k)
The larger - the better
3 Y, = max (¥%) = (¥%)
© max (Yi?k) - min(yi?k)
2 Data normalisation The smaller-the better
4 S | S 6
T max(rg — 1)
The nominal-the better
yi‘fk: Original series, Y; ;. :Series after pre-processing,
max (Y% ):The maximum value of Y%, min (¥;%):The
minimum value of Y% , Y°:Intended value.
5 Yi=Y1 Y, Yin)i=12,..,m
3 Comparison of series i=1...mand k =1...n: The measurement data and their
responses, respectively.
6 fik :Amin—}'gAmax
' 4 0,i,k + f Amax
Ay ;. - Deviation series
4 GRC Aok = |x3,k - xi*,k|

A in @Nd 4 1050 Minimum and maximum values of all series.
&: Identification or distinguishing coefficient (¢ = 0.5 is used
in experimental studies).

n
1
7 = _Z .
5 GRG Yi n fl,k
k=1

n: The number of response properties

Determination of optimum control factors: The strongest relation is related to the level having the
largest GRG value.

6

In this study, the Ra and AW to the drill bit were defined as the quality characteristic. These
characteristics were optimised simultaneously based on Vc, f and D in drilling Custom 450 stainless
steel using GRA. Table shows the steps in the optimisation and the equations used.

3. EXPERIMENTAL RESULTS AND DISCUSSION (DENEYSEL SONUCLAR VE TARTISMA)

The experimentally measured Ra and AW to the drill bit’s cutting edges (D) are given in Table
5. As can be seen from Table 5, the lowest and highest values for Ra are 0.246 um and 2.064 um,
respectively, while the lowest and highest values for AW are 0.13 mm and 0.56 mm, respectively. It
is seen that the differences between these values are quite high, which indicates that the
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experimental parameters (quality characteristic) and the results (control factors) are highly
correlated with each other.

Table 5. The experimentally obtained Ra and AW values (Deneysel olarak elde edilen Ra ve AW degerleri)

Test Vc(m/min) f(mm/rev) D Ra(wum) AW (mm)
1 15 0.005 1 0246 0.38
2 15 0.020 2 1.087 0.44
3 15 0.035 3 1252 0.48
4 15 0.050 4 1724 0.56
5 30 0.005 2 0.506 0.20
6 30 0.020 1 1114 0.28
7 30 0.035 4 1.284 0.41
8 30 0.050 3 2.006 0.36
9 45 0.005 3  0.536 0.19
10 45 0.020 4 1147 0.21
11 45 0.035 1 1310 0.28
12 45 0.050 2 2.027 0.39
13 60 0.005 4 0775 0.13"
14 60 0.020 3 1.148 0.23
15 60 0.035 2 1644 0.25
16 60 0.050 1 2064 0.34

Average  1.242 0.32

“The lowest value,  The highest value

3.1. Surface Roughness — Ra (Yiizey Piiriizliiliigii — Ra)

The lowest Ra value of 0.246 um is obtained at Vc: 15 m/min and f: 0.005 mm/rev with drill bit
1, while the highest Ra of 2.064 um is obtained at Vc: 60 m/min and f: 0.050 mm/rev with drill bit
1 control factors and levels. ANOVA was applied to find the effect (percent contribution) of V¢, F
and D on Ra and the results are presented in Table 6. In terms of F ratios and P values, Vc and f
seem to be effective and statistically significant on quality characteristics (F ratio > Fa: 0.05: 5.99
and P value < 0.05). The percentage contributions (PCR) of the quality characteristics (Vc, f and D)
are 4.80%, 93.11% and 1.30%, respectively.

Based on variance analysis (ANOVA), the highest percentage contribution rates belong to f and
Vc. Figure 2 gives the influence of variations in f and V¢ on Ra. It can be seen from Figure 2 that
increasing f significantly increases Ra. Increasing f values increases the cross-sectional zone of
undeformed material and therefore the amount of plastic deformation also increases [39]. High
amount of plastic deformation, in turn, increases the required forces and vibration in drilling. In
addition, the high ductility of workpiece material causes some of the deformed material to adhere to
the drill bit. This adhered material is also considered to increase the Ra [4, 43-46].

Table 6. Variance analysis results of Ra (Ra'nin varyans analizi sonuglar1)

Source DF SeqSS AdjMS Fratios Pvalues PCR
Vc 3 0.22017 0.07339 7.36 0.020 4.80
f 3 426916 1.42305 142.72 0.000 93.11"

D 3 0.03598 0.01199 1.20 0.386 0.78

Error 6 0.05982 0.00997 1.30
Total 15 4.58514 100.00
R? 98.70%
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2 }[
15 T
—_
g
=
=
]
~
1 a4
0 }
0
0,005 (mm/rev) 0,02 (mm/rev) 0,035 (mm/rev) 0,05 [mm/rev)
015 (m/min) 0,246 1,087 1,252 1,724
@30 (m/min) 0,506 1,114 1,284 2,006
45 (m/min) 0,536 1,147 1,31 2,027
@60 (m/min) 0,775 1,148 1,644 2,064

Figure 2. V¢ - f interactions of Ra values (Ra degerlerinin V¢ — f etkilesimi)

3.2. Adhering Workpiece to The Drill Bit’s Cutting Edges — AW (is Parcasinin Matkap Ucu Kesici
Kenarlarina Yapismasi — AW)

The measured AW to the D used in drilling Custom 450 workpiece are given in Table 5. The
lowest AW of (0.13 mm) is obtained at 60 m/min V¢ and 0.005 mm/rev f with drill bit 4, while the
highest size of 0.56 mm is obtained at 15 m/min V¢ and 0.050 mm/rev f with drill bit 4. Based on
the ANOVA results given in Table 7, it can be said that VVc and f are statistically significant on the
AW (P value < 0.05, F ratio > Fa: 0.05: 5.99).

Table 7. ANOVA for the AW (AW i¢in ANOVA)

Source DF SeqSS AdjMS Fratios Pvalues PCR
Ve 3 0.122006 0.040669 22.58 0.001 58.14

f 3 0.076855 0.025618 14.22 0.004 36.63

D 3 0.000163 0.000054 0.03 0.992 0.08

Error 6 0.010808 0.001801 5.15
Total 15 0.209833 100.00
R? 94.85%

These results and higher coefficient of determination values (94.85%) indicate a strong
correlation between the variation of control factors and results. The PCR of the control factors on
the AW are also given in Table 7. Accordingly, the contributions of Vc, f and D are 58.14%,
36.63% and 0.08%, respectively. In the surface graph in Figure 3, it is seen that the changes in V¢
and f values have a significant effect on AW (especially affected by V¢ changes).
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60

Ve (m/min)
Figure 3. Influence of V¢, fand D on the AW values (AW degerlerinin Ve, f ve D tizerindeki etkisi)

Workpiece material tends to adhere strongly to the drill bit’s cutting edges due to the high
temperature and high stresses during drilling. This is the case especially in machining of austenitic
stainless steel [43, 47] and is not desirable. This adhered workpiece usually causes rapid tool wear
and poor surface quality.

or N\ . N ——
Figure 4. SEM images of the drill bits used at 15 m/min Vc¢ at various f: A: 0.005 mm/rev, B: 0.0020 mm/rev, C: 0.0035
mm/rev and D: 0.050 mm/rev (Vc=15 m/dk'de matkap uglarinin SEM goriintiileri, A: 0,005 mm/dev, B: 0,0020
mm/dev, C: 0,0035 mm/dev ve D: 0,050 mm/dev)

Figure 4 shows the SEM images of the D used at 15 m/min Vc and various f, while Figure 5
shows the SEM images of the D used at 0.050 m/min f and various Vc. In Figure 4, it is seen that
increasing the f increases the size of adhered workpiece. This increase can be attributed to increased
forces and temperatures during drilling due the increasing cross-sectional area of uncut chip
thickness with increasing f. However, increasing the V¢ decreases the size of adhered workpiece,
Figure 5. Moreover, no adhered workpiece is seen at the highest V¢ of 60 m/min, Figure 5D.
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However, Figure 5D also shows the worn and locally fractured cutting edges of the D. Further
increase in the temperature with the increasing V¢ decreases the bonding force between the drill
bit’s cutting edges and adhered workpiece and this, in turn, leads to detachment of the adhered
workpiece [43].

R\

Figure 5. SEM images of the drill bits used at f: 0.050 mm/rev and at various Vc: A: 15 m/min, B: 30 m/min, C: 45
m/min and D: 60 m/min (f=0,050 mm/dev'de matkap u¢larinin SEM gériintiileri, A: 15 m/dk, B: 30 m/ dk, C: 45 m/ dk
ve D: 60 m/ dk)

L (80%-100%) o

D e el

Figure 6. EDX analysis result of the used drill bit (Kullanilan matkap ucunun EDX analiz sonucu)

From Figure 5D, it is also considered that adhesive wear is the dominant wear mechanism in the
drill bit wear. When there is an adhered workpiece material on the cutting tool, it is likely that the
particles of the cutting tool wear away through workpiece seizure and pull-out process during
machining [45-49]. EDX analysis result given in Figure 6 reveals that AITiN coating on the drill bit
was detached and the main element (W) of the drill bit’s substrate came out.
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3.3. Optimization with GRA (GRA optimizasyonu)

The obtained Ra and AW values in the drilling of Custom 450 stainless steel and ANOVA
results show the presence of different control factors and levels for optimum drilling conditions. For
drilling efficiency, simultaneous optimization for the both quality characteristics of Ra and AW is
of crucial importance. For this purpose, the first step in GRA is normalization of the experimental
results. For the quality characteristics, lower values of the experimental results are desired. Equation
3 is applied to the experimental results and normalized values are calculated. The second step is to
find the GRC values using the normalized values and Equation 6. Finally, GRC values and GRG
values (using Equation 7) are calculated. The calculated GRA values are given in Table 8.

Table 8. Experimentally obtained results and calculated GRA values (Deneysel olarak elde edilen sonuglar ve
hesaplanan GRA degerleri)

Normalized

Experimental results GRC
Test values GRG  Order

Ra (um) AW (mm) Ra AW Ra AW
1 0.246 0.38 1.0000 0.4186 1.0000 0.4624 0.7312 4
2 1.087 0.44 0.5374 0.2791 0.5194 0.4095 0.4645 10
3 1.252 0.48 0.4466 0.1860 0.4747 0.3805 0.4276 12
4 1.724 0.56 0.1870 0.0000 0.3808 0.3333 0.3571 16
5 0.506 0.20 0.8570 0.8372 0.7776 0.7544 0.7660 3
6 1.114 0.28 0.5226 0.6512 0.5115 0.5890 0.5503 7
7 1.284 0.41 0.4290 0.3488 0.4669 0.4343 0.4506 11
8 2.006 0.36 0.0319 0.4651 0.3406 0.4831 0.4119 14
9 0.536 0.19 0.8405 0.8605 0.7581 0.7818 0.7700 2
10 1.147 0.21 0.5044 0.8140 0.5022 0.7288 0.6155 5
11 1.310 0.28 0.4147 0.6512 0.4607 0.5890 0.5249 8
12 2.027 0.39 0.0204 0.3953 0.3379 0.4526 0.3953 15
13 0.775 0.13 0.7090 1.0000 0.6321 1.0000 0.8161 1
14 1.148 0.23 0.5039 0.7674 0.5019 0.6825 0.5922 6
15 1.644 0.25 0.2310 0.7209 0.3940 0.6418 0.5179 9
16 2.064 0.34 0.0000 0.5116 0.3333 0.5059 0.4196 13

Table 9. Response table for GRG (GRG i¢in yanit tablosu)

Levels Delta
Control factors 1 > 3 1 (max-min)
Ve 0.4951 0.5447 0.5764 05865  0.0914

f 0.7708" 0.5556 0.4802 0.3960 0.3748

Drill bit 0.5565 0.5359 0.5504 0.5598~  0.0239
Mean GRG: 0.5507
" The most important control factor, ~ Optimum level

In GRG response table (Table 9) built using averages of GRG values belonging to the same
levels of each control factor, the highest values among the levels determine the optimum level,
while the highest difference among the levels indicates the most important control factor. By taking
into these definitions, level 4 is for the cutting speed (60 m/min), level 1 is for the feed rate and
level 4 is for the drill bit (D:4) are determined as the optimum levels (Run: 13). In addition, the
most important control factor is seen to be f with a value of 0.3748.

3.4. Mathematical Modelling with RSM (RSM ile Matematiksel Modelleme)

Response surface methodology (RSM) is used to develop analytical models of the quality
characteristics by carrying out full quadratic regression model (Equation 8) of control factors. In
Equation 8, n is the predicted response (Ra and AW), [, is the constant in regression equation, ;
and f;; are the regression coefficients, X; are the values of independent variables and k is the
number of parameters. The developed models for the Ra and AW are given in Equations 9 and 10.
The predicted values through Equations 9 and 10 and the experimental results are given in Figures 7
and 8 comparatively. In addition, determination coefficients (R-Sq) are also given in Figures 7 and
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8 for the analytical models. Accordingly, R-Sq values of the mathematical models for the Ra and
AW are 96.9% and 94.7%, respectively. These results indicate the reliability and can be used
effectively.

k K
U=30+Zﬂixi+2ﬂiixi2 3
im1 =1
Ra = 0.115086 - 0.00415593 V¢ + 42.662 f + 0.0916951 D + 291667 x 10 — 6 Vc2 - 0.0339646 Vc X f
+ 0.00380417 Vc x D - 27.6389 f2 - 2.39811 f x D - 0.0337188 D2 9)

BUE = 0.543205- 0.0154486 Vc + 2.88547 f + 0.0135245D + 0.000133186 Vc2 + 0.0490007 Ve
X f - 0.000310768 Ve x D - 14.2436 f2 - 0.0365091 f X D
+ 0.0019548 D2 (10)

The values obtained as a result of drilling experiments and calculations are quite close. These
results prove that the variables used in the experiments (control factors) are highly effective
variables on surface roughness and adhesion to the cutting tool, which are determined as quality
characteristics [20, 41, 50]. However, it is seen that there is a difference of 3.1% in the surface
roughness and 5.3% in the amount of adhesion to the cutting tool. Although these values are small,
they show that the results are also affected by factors other (such as machine tool, environment,
ambient temperature, measuring device) than the determined quality characteristics [45, 51].

25 Fegression
- —- 95% CI
93% PI
2.0
E-5q 96.9%
F-Sg(adj) 96.4%
= 1.5
E
3
=10
0.5
e

0.50 075 Lo00 125 150 175 200 225
Predicted results

Figure 7. Comparison of experimentally obtained and calculated results for Ra (Ra i¢in deneysel olarak elde edilen ve
hesaplanan sonuglarin karsilastiriimasi)

21



Gokge, Cif¢ci | Manufacturing Technologies and Applications 4(1), 11-24, 2023

=]
~l
L

Regression
- —- 95% CI
93% PI

=]
(=,
L

R-Sq 04.7%
R-Sqad)) 93.9%

[
Lh

=
.

AW (mm)
L]
(]

0.1 02 03 0.4 0.5 06
Predicted results

Figure 8. Comparison of experimentally obtained and calculated results for AW (AW i¢in deneysel olarak elde edilen

ve hesaplanan sonuglarin karsilastirilmasi)

4. CONCLUSIONS (SONUCLAR)

In this study, drilling tests were carried out on a Custom 450 austenitic stainless steel workpiece.

The surface roughness (Ra) and size of adhering workpiece (AW) to the drill bit’s cutting edges
were determined. Based on the control factors, simultaneous optimisation was performed through
grey relational analysis (GRA) method. In addition, mathematical models for the Ra and AW were
obtained through response surface methodology (RSM). The following conclusions can be drawn
from the present work:

Increasing the feed rate values increased the Ra and AW to the drill bits’ cutting edges.

AW decreased significantly with increasing the cutting speed. This decrease was considered to
be result of increased temperature.

From ANOVA, the feed rate and cutting speed were found to be the most influential control
factors on the Ra and AW. The influence of feed rate on the Ra was 93.11%, while the
influence of the cutting speed on the AW was 58.14%.

At the highest cutting speed, adhesive wear mechanism was seen to be dominant on the drill bit
wear.

The simultaneous optimisation through grey relational grade (GRG) revealed that the feed rate
was the most important control factor with a value of 0.378.

High R? values of the developed mathematical models indicated that these models can be used
effectively (Ra: 96.9% and AW: 94.7%).
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ARTICLE

INFORMATION ABSTRACT

Received: 15.03.2023 Additive manufacturing is a manufacturing method that includes systems that
Accepted: 03.04.2023 produce using many different methods. The most widely used and accessible
Keywords: methods of additive manufacturing can be listed as Fused Deposition Modeling
Additive manufacturing (FDM), Selective Laser Sintering (SLS) and UV light assisted Stereolithography
Cost analysis (SLA). Today, it is quite easy to produce thermoplastic products suitable for direct
Strength use in low quantities with these three methods. In addition, the production success
Surface quality of the parts produced in geometric difficulties also increases this demand. The most

important problem is the lack of sufficient studies and information about the
strength limits, surface quality and costs of the parts produced for additive
manufacturing methods with such advantages. In this study, the comparison of three
different production methods in terms of surface roughness, strength and cost is
discussed in order to eliminate this deficiency in the literature. For this purpose, the
tensile strength and surface roughness values of the samples produced using FDM,
SLS and SLA methods were determined. In addition, cost analyzes were made
depending on the production time of the produced samples. In the study, the lowest
cost was obtained in the SLA material with a value of $ 0.19. Again, the lowest
values were obtained for the samples produced from SLA material, with a
production time of 17 minutes and a surface roughness of 1.96um compared to
other methods. However, when evaluated in terms of strength, the highest strength
value was obtained as 57.67 N/mm? in the FDM method.

Farkh Katkili Uretim Yontemlerinin Dayamim, Yiizey Kalitesi Ve
Maliyetlerinin Karsilastirilmasi

MAKALE BILGISI OZET

Almma: 15.03.2023 Katmanl imalat, birgok farkli yontem kullanilarak tiretim yapan sistemleri igeren
Kabul: 03.04.2023 bir imalat yontemidir. Katmanli imalat yontemlerinden en yaygin kullanilan ve
Anahtar Kelimeler- erisilebilir yontemler Fused Deposition Modeling (FDM), Selective Laser Sintering
Eklemeli Imalat (SLS) ve UV 1s1k destekli Stereolitografi (SLA) olarak siralanabilir. Giiniimiizde bu
Maliyet analizi iic yontem ile diisiik miktarlarda dogrudan kullanima uygun termoplastik iiriinler
Mukavemet iretmek oldukca kolaydir. Bunun yaninda geometrik zorluklarda iiretilen pargalarin
Yiizey kalitesi iiretim basarisi da bu talebi arttirmaktadir. Bu kadar avantaja sahip katmanli imalat

yontemleri i¢in iiretilen parca dayanim limitleri, yiizey kalitesi ve maliyetleri
hakkinda yeterli calisma ve bilgi olmamasi en o6nemli sorun olarak karsimiza
¢ikmaktadir. Bu ¢alismada literatiirdeki bu eksikligi gidermek amaciyla ti¢ farkl
iretim yoOntemi yiizey pirizliligi, mukavemet ve maliyet acisindan
karsilagtirilmast ele alinmigtir. Bu amagla FDM, SLS ve SLA yontemleri
kullanilarak {iretilen numunelerin ¢ekme dayanimlari, yiizey piirtizliliik degerleri
belirlenmistir. Ayrica tretilen numunelerin tretim siiresine bagl olarak maliyet
analizleri yapilmigtir. Calismada en diisiik maliyet 0.19 $ deger ile SLA malzemede
elde edilmistir. Yine SLA malzemeden iiretilen numuneler i¢in 17 dakika {iretim
stiresi ve 1.96um yiizey piiriizliilik degerleri diger yontemlere nazaran en diisiik
degerler elde edilmistir. Ancak dayanim agisindan degerlendiginde en yiiksek
dayanmim degeri FDM yénteminde 57.67 N/mm?olarak elde edilmistir.
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1. INTRODUCTION (GIRiS)

Additive manufacturing (AM), also known as 3D printing, is a technology used in many fields
such as aerospace, biomedical, automotive and turbomachinery in the industry. In addition, the AM
method is also used in the production of auxiliary elements such as tools, gauges and fasteners used
in manufacturing [1]. AM has many advantages such as prototyping for new designs, enabling the
manufacturer to be more agile, reducing the time required for innovation, taking direct physical
outputs from the digital form, and thus revealing new design ideas. Although many AM techniques
have been developed since the 1980s, this technology, whose commercialization has been delayed,
has become an important place in the material and service sector after 2016 [2]. The AM method is
used in many areas such as sports and musical instruments, lightweight prosthetic legs, dental
splints and injection molding. with AM, significant changes are expected in the automotive,
aerospace and medical industries [3]. While AM causes a significant decrease in fuel consumption
due to the production of complex and light parts for the aviation industry, the patient-specific
production with the AM method in the medical industry and the rapidity of this production have
made the costs affordable. This is particularly effective in hearing aids, prostheses and surgical
guides and models [3]. In the automotive industry, it provides advantages such as shortening the
production time of special parts in small groups, increasing the delivery time and saving costs. In
addition, many chemical companies and research industries have started to use the AM method for
the production of special materials [4]. With the increasing demand for AM manufacturing, AM
equipment companies have started to invest heavily in technological innovations. The best example
of the innovations made is printing more than one material at the same time using multiple print
heads [5,6].

There are many polymer AM techniques for rapid prototyping in industry. These techniques
have been examined by ASTM in 7 groups and these are 1. Material extrusion, 2. Powder bed
fusion, 3. Vat photopolymerization, 4. Binder spraying, 5. Material spraying, 6. Directed energy
deposition and 7. Layer lamination. The common theme between these methods is to produce the
3D part by producing the materials layer by layer. When the methods are considered in general,
while the filament is used as the feeding material in the FFF (Fused Filament Fabrication) method;
20-150 pm powder material in SLS (Selective Laser Sintering) method; Liquid resins are preferred
in SLA (Steriolithography) method. The comparison for each method is given in Table 1. Figure 1
provides a comparison of technical capabilities for various AM methods.

Table 1. Comparison of different AM techniques [1] (Farkli AM tekniklerinin karsilagtirilmast)

Technology SLS FDM MJF SLA
Category Powder bed fusion Materials Powder bed Vat
extrusion fusion photopolymerization
Feed Stock Powder Filament Powder Liquid resin
Materials Metals,thermoplastics,glass,ceramics  Large variety of  Nylon 11 and Photopolymers
thermoplastics 12, TPU
Resolution(microns) 60-150 50-500 21 25
Support (for Not requried Requried Not requried Requried
complex printing)
Recyclability Manual N/A Automatic N/A
Machine Price > 250.000 > 200 > 300.000 > 3500
(USD)
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Figure 1. A comparison of technical capabilities for various AM methods [1] (Cesitli AM yontemleri i¢in teknik
yeteneklerin karsilastirilmasi)

Although many materials have been developed for each AM method, certain materials are
commonly preferred for each method. For this reason, developing materials for the AM method is
currently the subject of studies. FDM rapid prototyping is a widely used AM method for composite
component design due to its many superior features such as rapid production and low cost [7].
Compared to other traditional methods, the FDM method has lower mechanical properties due to
the porosity that occurs during the printing process. However, for applications in tissue engineering,
such as skeletal design, high porosity may provide some advantages. In addition, thanks to the space
density control and filament orientation, the customization of the mechanical properties is provided
by the FDM method. Considering all these, it is clearly observed that there are many parameters
that affect the quality and properties of the part in the FDM method. In the FDM method, the
mechanical properties depend on parameters such as filament material property, space density and
fiber-to-fiber bond strength [8]. When the studies on the FDM method are examined, the parameters
affecting the process quality are determined as nozzle temperature, layer thickness, and raster and
structure direction [9]. Es-Saeid et al. In their study, they examined the effect of sheet orientation on
mechanical properties. In this Study, it was determined that the best features were obtained at 0°
orientation, and the lowest features were obtained at 45° orientation. In addition, it was determined
that the breaks were obtained along the layer interface in the study [10]. Maloch et al. They
discussed the effect of extrusion nozzle and layer thickness on the mechanical properties of the
samples produced from ABS material by the FDM method. The authors concluded in this study that
the best properties are obtained at low thicknesses, and that good melting is achieved between
adjacent layers with increasing nozzle temperature [11]. Radriquez-Panez et al. examined the
mechanical properties of PLA and ABS thermoplastic materials produced by the FDM method. At
the end of the study, it was determined that the mechanical properties of the samples produced from
PLA material were higher than the samples produced from ABS. It was also determined that ABS
showed lower variability [12]. Examining the tensile properties of ABS and PC parts, Cantrell et al.
determined that the structure and raster orientation have significant effects on Young's Modulus and
Poisson's Ratio. PC samples showed anisotropic behavior [13]. Warnung et al. in their study, used 8
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different materials in the FDM method. The authors concluded that the strongest material was
obtained in the case of using PA wire, while the hardest material was obtained in the case of using
wire made of PET material reinforced with carbon fiber [14]. Valean et al. investigated the effect of
process parameters (print direction, layer thickness/size effect) on the tensile properties of PLA
material produced by FDM method. In their study, they reached the following results: While the
Young's modulus changes 1.8% according to the compression direction; tensile strength changed by
more than 8%. In addition, both tensile strength and Young's modulus decreased with increasing
layer thickness [15].

Production with SLA is the widely used AM method for polymer materials due to its wide range
of properties [16]. Production of parts with high resolution and precision can be expressed as the
main advantage of SLA technology [17]. In the SLA method, the pieces are formed by the adhesion
of the polymer layers to the previous layer. This situation causes no weakness to occur at the
junction of the layers [18]. Jacobs discussed inhomogeneous mechanical properties of SLA models
in his work. Through this work, the author determined that the mechanical properties of SLA
depend on the function of the laser opener and will reduce the shrinkage that occurs during part
fabrication [19]. Mahan and Bayly applied the impact test to SLA samples produced in different
directions (XY, YZ, ZX) and the authors obtained the highest strength in the samples produced in
the XY plane [20]. Benerjee et al. investigated the effect of post-curing time and layer thickness on
the tensile strength of SLA samples. At the end of the study, the authors determined that the tensile
strength primarily depends on the layer thickness and the effect of curing time on small parts such
as test specimens is low [21]. Chackaligam and Jawahar investigated the effect of layer thickness
on mechanical properties in their study. And with these studies, they found that an increase in
tensile strength occurs when low layer thickness is selected [22].

Wohlers in this report, SLS is a 3D technology that has found application in many sectors such as
hearing aids and Formula 1 vehicles. In addition, in some aircraft, parts produced with the SLS
method are used. However, the parts used are limited due to low mechanical properties. For this
reason, studies have focused on improving the mechanical properties of the parts produced by the
SLS method [23]. Zarringhalam et al. They conducted research on the reproducibility and
improvement of the mechanical properties of Nylon 12 material using the SLS method. And at the
end of their research, they determined that while an increase in tensile strength was observed with
some machine parameters, there was no change in Young's modulus [24].

When the literature is examined, 3D technology has become a technology used in many sectors.
It is observed that this technology will be used more widely with the further improvement of
mechanical properties. It is seen that literature studies focus on determining the effect of process
parameters of SLS, SLA, FDM methods used in 3D technology on strength values. When the
reasons for the preference of 3D technology are examined, it is also noteworthy that the costs are
low. It is clearly seen that this feature has not been evaluated in the studies carried out. For this
reason, one of the focal points of the study has been material cost analysis. For this purpose,
samples were produced with SLS, SLA and FDM methods by choosing the optimum process
parameters (100 % occupancy rate and low layer thickness) determined in the literature.
Manufacturing times were also measured during the production of the samples. Surface roughness
and tensile strength of the samples obtained after production were determined. In addition, material
cost analysis was performed for each sample. After the experimental studies, strength-cost-
production time and surface roughness comparisons were made. Thus, the selection of the method
to be used for the part planned to be produced becomes more efficient.

2. MATERIAL AND METHOD (MATERYAL VE YONTEM)

2.1. Production of Samples (Numunelerin Uretimi)

In this study, it is aimed to select the appropriate production method by comparing the samples
produced using FDM, SLS and SLA methods in terms of strength, surface roughness and material
cost. For this purpose, the samples used for mechanical experiments in the study were prepared in
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the form of solid models in accordance with ASTM D638-1V standard and then saved in a file with
STL extension in a format suitable for slicing software. In all three methods, two samples were
produced on each printer at a time in order to calculate and compare the time spent while
performing more than one production at the same time. In order to compare the strength values in
all three methods, 100% fill density was used. In addition, for each method, the software developed
by the manufacturers of the devices belonging to that method was preferred as the slicing software.
When placing the samples on the printer table, the same positioning was made for each method in
order not to create an imbalance in production time. In addition, the time spent between the start
and the finish of production of the printer was recorded in order to determine the production time of
the samples in all methods.

2.2. Production by FDM Method (FDM Yéntemiyle Uretim)

In the study, Makerbot brand 5th generation Replicator model three-dimensional printer was
used for production by FDM method. The feature of this printer is the use of a special head system
with a nozzle diameter of 0.4 mm, which is launched as a smart extruder. Smart extruder provides
contact control with a special sensor structure and height optimization in layer thicknesses. In this
way, it can reduce the layer thickness to 0.05 mm. Two samples were produced in Makerbot print
slicing software with a 0.05 mm layer thickness and 95% (maximum setting) fill density (Figure 2).
1.75 mm diameter PLA+ filament material was used in the production made by FDM. The
maximum stress value for the filament of the FDM manufacturer is given as 33 MPa.

Figure 2. Makerbot printer and MaketBot Print slicing software used in the FDM method (FDM yo6nteminde kullanilan
Makerbot yazic1 ve MaketBot Print dilimleme yazilimi)

2.3. Production with SLA Method (SLA Yéntemiyle Uretim)

Another method used in sample production is the SLA method. For the method, Anycubic brand
Photon s model, a three-dimensional printer using 405 nm UV matrix light was preferred (Figure 3).
A white photopolymer resin of Anycubic Company was used as the material, which reacts in UV
light at a wavelength of 405nm.
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Figure 3. Preparation of samples for the SLA method (SLA yontemi igin numunelerin hazirlanmast)
2.4. Production by SLS Method (SLS Yéntemiyle Uretim)

A Sinterit brand Lisa model desktop printer was chosen for the SLS method used in the study
(Figure 4). The laser power of the printer is IR Laser Diode 5 W, 808 nm. For production, the
temperature of the powder chamber is increased up to 178°C with halogen heaters. In this way, the
printer can reach instant melting temperature by using 8W power. The minimum layer thickness of
the printer is 0.075 mm.

=

Figure 4. Sinterit lisa brand printer and production area used in SLS method (SLS yonteminde kullanilan Sinterit lisa
marka yazici ve tiretim alani)

The material used in the SLS printer is highly nylon; PA 12 is a nylon-based powder sold in
smooth form. The tensile strength of the polyamide powder is 32 MPa, the breaking elongation is
10 %, the melting point is 185 °C and the grain size of the powder is between 18 — 90 um. Two
samples in ASTM D638-1V standard were produced with 0.075 mm layer thickness with Sinterit
studio slicing software in Figure 5. Not all of the powder was used as new powder during
production. In accordance with the process proposed by the company, the production was carried
out by mixing 26% new powder with the previously used powder mixture.
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Figure 5. Positioning of samples in Sinterit studio slicing software (Sinterit studio dilimleme yaziliminda 6rneklerin
konumlandirilmasi)

2.5. Surface Roughness Measurement (Yiizey Piiriizliiliigii Olciimii)

The surface roughness measurements of the samples produced horizontally on the table in three
different methods selected for the study were determined by measuring from three different regions
perpendicular to the layer formation directions. The measurement was made at two different points
on the surface with the Hommel Verke Tester T500 device. The sampling length (Lc) was taken as
0.25 mm, the measuring length (Lm) 1.25 mm (5.Lc) and the traverse length (Lt) 1.5 mm. The
measuring device gives the roughness values (Ra) in um. This device measures Ra surface
roughness parameter according to 1ISO 4287/1 standard.

2.6. Tensile test (Cekme testi)

In the study, it is aimed to compare the tensile strength values of the samples produced

separately using three methods. Tensile tests were applied to the samples produced for this purpose
as in Figure 6.

Figure 6. Tensile test and deformation (Cekme testi ve deformasyon)

Tensile tests applied to the samples were carried out in a 10KN capacity Shimadzu AGS-X brand
electromechanical static test device at a tensile speed of 1 mm/min and at room temperature. The

dimensions of the tensile test specimens produced in the ASTM D638-1V standard for the study are
given in Figure 7.
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Figure 7. Tensile specimens produced in accordance with ASTM D638-1V standard used in the study (Calismada
kullanilan ASTM D638-IV standardina uygun olarak tiretilmis ¢ekme numuneleri)

3. RESULTS (SONUCLAR)

In the study, it is aimed to compare the strength, surface roughness and cost of the samples
produced using SLA, SLS and FDM methods, and thus to choose the most efficient method.

Surface roughness is a key property for additive manufacturing methods. The preparation of the
product according to its finish properties is important for the surface roughness value. Selecting the
appropriate material, working conditions and method for rapid prototyping technology has a
significant effect on achieving the targeted surface roughness and extending the service life during
operation. It is expected that the surface roughness of the post-production parts will be low as in
other methods. Since it is a key feature for additive manufacturing and affects the service life of the
produced part, surface roughness examinations of the samples produced for each method were made
in the study. The results obtained as a result of the measurements are given in Table 2. When Table
2 is examined, the lowest roughness values are 1.97 um and 2.16 um in SLA samples; the highest
roughness values were obtained as 14.68 um and 15.63 um in the samples produced using the FDM
method.

Table 2. Surface roughness measurement results (Yiizey piriizliligi 6l¢tiim sonuglari)

Measurement FDM SLA SLS

(nm)
1. 1468 197 8.73

2. 1563 216 6.8

Sample weight is important in terms of sample cost. For this reason, the weights of the produced
samples were measured using precision balances and the obtained values are given in Table 3.

Table 3. Weights of manufactured parts (Uretilen pargalarin agirliklar)

PLA + PA 12 smooth Resin
9.518 gr 6.992gr 9.642qr

In the parts manufactured with the additive manufacturing method, it is required to have high
strength values, as in the production using other methods. Many studies have been carried out in
order to obtain the desired strength values and are still in progress. In this study, it is aimed to
compare the methods in terms of tensile strength as well as material cost analysis. For this purpose,
samples with 100% filling ratio were produced by PA12 for SLS method; using PLA for the FDM
method and resin material for the SLA method. The produced samples were subjected to tensile
test. The maximum stress, elongation and breaking elongation values of the samples after the test
are given in Table 4 and the graphics are given in Figure 8. When the table is examined, the highest
maximum stress value of 56.67 MPa was obtained in the FDM method using PLA material. The
lowest stress value was determined as 21.45 MPa in the samples produced by the SLA method. The
maximum tensile value of the samples produced by the SLS method was obtained (21.78 MPa),
which is very close to the SLA samples. However, the maximum elongation values of the samples
produced by the SLS method are approximately 4.7 times that of the samples produced using the
SLA method. This is an expected result and is a result of the characteristics of PA12 material. PA12
material exhibits high straining specialty in tensile strength.
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Figure 8. Stress-strain graphs of test specimens (a) PA12sample (b) resin sample (Test numunelerinin gerilim-uzama
grafikleri (a) PA12 numunesi (b) regine humunesi)

Table 4. Tensile test values obtained from the samples (Numunelerden elde edilen ¢ekme testi degerleri)

Production Maximum Maximum Breaking

Method Stress Elongation Sensitivity
(Material) (N/mm?2) (mm) (%)
SLS (PA12) 21.78 5.81 6.5
FDM (PLA+) 57.67 2.96 4.16
SLA (Rosin) 21.45 1.24 1.38

3.1 Comparison in terms of cost and time (Maliyet ve zaman agisindan karsilastirma)
3.1.1. SLA

The production time for the UV light sourced SLA printer took 17 minutes in total. And a total
of 6.930 ml of liquid resin was consumed. The price of Anycubic brand resin (1000 ml white
material) on amazon.com was determined as $ 28.09, and the unit price was calculated as $0.028
/ml in ml. The weight of the sample prepared for the test is 9.642 gr. However, the value of the
material used in ml determined by the software is 6.930 ml. According to this result, the price of the
test sample was found to be $ 0.19.

3.1.2. FDM

The production time in the FDM method took 2 hours and 59 minutes. The production
temperature was realized at 205 °C. Esun brand red 1kg 1.75 mm filament value is sold on
amazon.com for $ 22.99. The unit price of the filament is calculated as $ 0.023 /gr. Sample total
weight was measured as 9.518 g. According to this result, the material cost of the sample produced
with filament is calculated as $ 0.22.

3.1.3.SLS

Total production time is 5 hours 56 minutes. The printer took approximately 2 hours and 15
minutes to preheat the powder in the powder chamber (175°C). The manufacturing time took 2
hours and 32 minutes. 1 hour and 12 minutes of cooling time was spent. A total volume of 16.5 cm®
powder was used. Sinterit PA12 Smooth V2 Fresh Powder 2 kg powder can be accessed from the
commercial site called imakr for $ 340. According to this price, the unit price is $ 0.17/gr. Since the
weight of the test sample that came out of production is 6.992 gr, the cost of only this test sample
was calculated as $ 1.188.
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4. CONCLUSIONS (SONUCLAR)

When the materials produced with three different methods are evaluated in terms of tensile
strength, breaking elongation, surface roughness and material cost. Comparative preparation of the
data of all results is given in Table 5.

Table 5. Comparative results of additive manufacturing methods (Eklemeli imalat yontemlerinin karsilagtirmali

sonugclari)
Feature FDM SLA SLS
Material PLA + UV resin 405nm PA 12 smooth
Weight (g) 9.518 9.642 6.992
Surface roughness (um) 14,68 - 15,63 1,97-2,16 8,73-6,8
Production time 2 hours 59 minutes 17 minutes 5 hours 56 minutes
Fullness % 100 %100 %100
Strength (N/mm2) 57.67 21.45 21.78
Production cost (material)$ 0,22 0,19 1,188
Machine Price $ 1999 $239 Desktop SLS $ 8568

In this study, the fastest printing method is the SLA method. The ability of the system using UV
light curing technique to print more than one part in the same time on the same layer causes it to be
quite good at printing speed. On the other hand, in the SLS method, there is no bad surface
formation due to the support of the parts produced thanks to manufacturing in powder without the
need for support. In addition, in the SLS method, movable mechanisms can be produced as
assembled very easily.

The highest tensile strength was measured at 57.67 MPa in the sample produced from PLA+
material, while the values were close to each other (21.45 MPa, 21.78 MPa) in the samples
produced from resin and PA12 materials.

While the highest value of elongation at break was 6.5% in the samples produced from PA12
material, the lowest value was observed in the samples produced from Resin with 1.38 %.

The order of the surface roughness from the lowest to the highest was obtained from the samples
produced from Resin - PA12 - PLA+ materials and their average values are respectively measured
2.06-7.76-15.15 um. Burke et al., as a result of their work to obtain the best surface quality printing
with PLA material, obtained the best surface roughness value of 12.4um(0.2 mm) by printing in a
flat direction using a 0.2mm nozzle diameter with a 5% core fill rate [25]. M. Launhardt et al., used
the optical measurement method on the parts printed with the SLS method using PA12 material and
found the best result as 13um [26]. Pazhamanil et al., using vegetable-based liquid resin, measured
the surface roughness on different samples printed with a DLP printer and obtained Ra values in the
range of 0.67um to 2.7um [27]. This shows us that it coincides with the surface roughness values
obtained in the literature. Even better results were obtained for parts produced for SLS.

In terms of material cost, the most affordable sample was obtained from resin material with $
0.19, and the most expensive one was obtained from PA12 material with $ 1.88. The results
obtained are in agreement with the literature [28].

Although the production with the SLS method seems more disadvantageous when evaluated in
terms of all parameters, it is one of the advantages of this method to be able to produce without the
need for support staff during manufacturing.

In production with the SLA method, partially unsupported manufacturing is also carried out. In
addition, the production of the parts on the workbench, regardless of the number of pieces, can be
realized in the same time and low surface roughness are among the advantages of production.

Considering the weights in the study, it also sheds light on studies involving specific strength,
also known as strength-to-weight ratio or strength-to-weight ratio or strength-to-mass ratio. Specific
strength is widely used in other applications, particularly in aerospace, where the weight savings are
worth the higher material cost.
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ABSTRACT

In today's technology, the power of mechanization has emerged in places where
manpower is insufficient in order to meet the increasing needs at many facilities. With
belt conveyor systems, it has become much easier to transport the material from one
site to another in the facilities in terms of time, distance, and capacity. Since belt
conveyors are a reliable and cost-effective system in material handling, the quality of
the belt used should be carefully determined. It is important that the wear and tear that
occurs on the belt over time is repaired quickly and effectively in order not to prolong
the downtime in the plant. A small damage detected needs to be repaired immediately
so that it does not cause bigger problems. In this study, vulcanization time, which is
one of the parameters affecting the belt strength in belt splice made by vulcanization
method, is discussed. By studying the effect of time on belt strength, it is aimed to
extend the life of the belt splicing area. According to the test results, it has been
observed that the increase in vulcanization time has a positive effect on the tape
strength and the usage of welding machine saves time in terms of faster use of the tape
in the facility.

Vulkanize Kaynak Siiresinin Bant Mukavemetine Etkisinin Arastiriimasi

MAKALE BILGISI

Alinma: 03.04.2023
Kabul: 24.04.2023

Anahtar Kelimeler:
Vulkanizasyon
Birlestirme
Konveyor bandt
Mukavemet

OZET

Gliniimiiz teknolojisinde bir¢ok tesiste artan ihtiyaclart karsilamak amaciyla insan
giicliniin yetersiz kaldig1 yerlerde makinelesmenin giicii ortaya ¢ikmistir. Konveyor
sistemleri ile tesislerde malzemenin bir noktadan diger bir noktaya tasinmasi zaman,
mesafe ve kapasite yoniiyle ¢ok daha kolay hale gelmistir. Banthi konveyodrler,
malzeme tagimada giivenilir ve maliyet agisindan da avantajli bir sistem oldugundan
kullanilan bandin kalitesinin itina ile se¢ilmesi gerekmektedir. Zamanla bantta
meydana gelen yipranma ve aginmalarin, tesiste durus siiresini uzatmamak adina ¢abuk
ve etkili bir sekilde tamir edilmesi ve tespit edilen kiigiik bir hasarin daha biiyiik
stkintilara yol agmamasi i¢in derhal onarim yapilmasi 6nemlidir. Bu c¢alismada,
vulkanize kaynak yontemi ile yapilan bant birlestirmelerinde bant dayanimina etki
eden parametrelerden biri olan vulkanizasyon siiresi ele alinmigtir. Sirenin,
mukavemete olan etkisi incelenerek bant ek yerlerinin 6mriinii uzatmak amaglanmstir.
Yapilan ¢aligmada, bantli konveyorlerin genel 6zellikleri, bantli konveydr c¢esitleri,
bant yapist ve oOzellikleri, vulkanizasyon tanimi, vulkanize kaynak yontemi ile
birlestirme islem adimlar1 ve farkli siirelerde uygulanan vulkanizasyonun etkisini
incelemek amaciyla yapilan deney calismalarindan bahsedilmistir. Test sonuglarina
gore vulkanizasyon siiresindeki artisin bant mukavemetine olumlu etki yaptigi ve
kaynak makinesi kullaniminin bandin tesiste daha hizli kullanilmasi agisindan
zamandan tasarruf sagladigi gézlemlenmistir.
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1. INTRODUCTION (GIiRiS)

The endless belt conveyor system is one of the most important systems that English engineer
Lyster found in 1868 and is still used in material handling today. Conveyors are continuous transfer
systems that can operate in a closed loop, allowing the materials to be transported from the air or
from the ground, and the continuity of the material transmission is one of the most effective
parameters in the business economy [1,2]. Today, belt systems can generally operate up to distances
of 20-30 km, and the longest operating system since 1970 is 100 km long [3].

Belt conveyors represent an endless belt between two tensioned pulleys, fixed with rollers. Belt
conveyors provide the most suitable and economical solution when material transport is carried out
over long distances and at large capacities. These conveyors, which play a role in the transport of all
kinds of dry and wet materials, have an important application area, especially in the transport of
bulk materials such as ore, grain, sand, and coal. The conveyed material is carried by a belt driven
by one or more drums [1]. Conveyor belts are equipment that wraps the entire facility like blood
vessels in the human body and delivers the needed material to the desired location at the desired
time [4].

The weakest points of belt conveyors operating at long distances and high capacities are splice.
For the long-lasting use of the belts, high quality and correctly applied splice are important [5]. The
costliest component in conveyor belts is the belt itself. Correct operation of the system is important
for reliability. During the operation of the conveyor, the belt is exposed to many varying loads.
Materials carried along the conveyor line while in the loading and unloading cycle cause wear on
belt covers, roller assemblies and cleaning systems. Another factor in the wear of rubber and belt is
environmental conditions. All the factors mentioned cause natural wear and tear of the belt. The
wear process varies depending on the working conditions and the selection of the belt suitable for
these conditions. Belt wear is also affected by compliance with operating conditions. In order to
prevent wear, it is necessary to follow the operating conditions of the conveyor (especially loading
the belt along the axis of the conveyor, not overloading, ensuring sufficient initial tension). The
strength of the splice should be suitable for the working conditions since the wear can occur mostly
at the belt splice, which is the weakest point of the belt conveyors. The strength of the splice
depends on the splicing method used and the quality of the attached part. Belt bonding or hot-cold
bonding with the vulcanization method is the most suitable solution to provide the best strength and
durability [6,7]. Today, mechanical splicing (attachment) method, cold splicing method, and hot
splicing (vulcanization) methods are used in the splicing process of rubber conveyor belts. If the
tensile strength of these belts is 100 %, this value decreases to 35-45 % when fixed with mechanical
attachment, to 65-75 % when fixed with cold splicing, and to 75-80 % when bonded with
vulcanization. As can be seen, the weakest point of the belt is the junction points [8-10].
Vulcanization and mechanical attachment methods are applied all over the world. Especially in
North America, mechanical attachment of the belt is more common, while vulcanization is more
common outside of North America.

Soyubol investigated the parameters affecting the static and dynamic properties of elastomer
materials and revealed that parts with different properties can be obtained by changing the
vulcanization parameters. In the measurements obtained by changing the vulcanization times, it was
observed that the change in elongation at break with the increase of the firing time and the
elastomer type were an important factor for this change. The rupture and elongation values of
EPDM and NR raw material specimens cured at 175 °C for 6 and 8 minutes were investigated [11].
Hardygora et al., in their study on the analysis of splice in conveyor belts, showed that the strength
loss can vary between 30 % and 45 % depending on the coefficient, that the strongest splice can be
made between belts with the same strength characteristics, and that the tests performed at the
Wroclaw University of Technology Belt Transport Laboratory (LTT) showed that by reducing the
layers spliced by hot vulcanization, the middle layers can be shorter than the outer splice without
losing the strength of the splice [6]. Sahbaz, when examining the test specimens taken from the
same points of the conveyor belts after the hot press bonding and cold vulcanized bonding process,
determined that the shear stress values were 2070 N in the hot press bonding process and 2920 N in
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the cold vulcanized bonding process, with the obtained result, it has been shown that the cold
vulcanized bonding developed can be applied to the hot press bonding zone [12]. Zhaoxiang et al.,
in their study, to examine the effects of vulcanization on the rubber gasket, a modeling showing the
stress-strain relationship taking into account thermal expansion, cold shrinkage and shrinkage was
created. A temporary analysis method was developed for the thermal-mechanical-chemical bonding
of the process from rubber gasket vulcanization to mold opening, and dimensional changes of the
rubber gasket in the mold and after cooling were predicted. The research results showed that an
increase in the vulcanization temperature causes an increase in the dimensional shrinkage of the
gasket. As the vulcanization temperature increased from 165 °C to 185 °C, the dimensional
shrinkage rate increased non-linearly from 3.2 % to 3.8 %. The vulcanization molding time causes a
greater seal shrinkage, which may be associated with the high elastic modulus of the rubber, which
limits the release of thermal stress, for example, for the curing temperature of 175 °C, the
dimensional shrinkage rate increased by 0.206 % for every 1 % increase in shrinkage caused by the
vulcanization reaction [13]. Chen et al., prepared the ZnS (Zinc Sulfide) film by vulcanization at
440 °C for 2, 4, 6 and 8 hours in a sulfur vapor atmosphere. The crystal structure, surface
morphology, microscopic defects and optical properties of the specimens were measured
retrospectively by XRD, SEM, slow positron beam, Doppler expansion spectroscopy and UV
visible spectrophotometer. The results showed that the vulcanization time had a significant effect on
the crystallinity and optical properties of the specimens, and the crystallinity of the specimens
increased as the vulcanization time increased. However, excessive vulcanization time weakened the
crystallinity of the specimen. It was determined that the crystallinity of the specimens was the best
and the belt gap value was 3.49 eV (electronvolts) during the vulcanization period of 6 hours. The
optimum vulcanization time at 440 °C was found by investigating the vulcanization time, and the
properties of the ZnS film prepared by low temperature vulcanization were optimized and
potentially used in various optoelectronic devices [14].

In this study, it was aimed to examine in detail the splicing steps of the belt conveyors used in
industrial facilities with the vulcanization method in the belts that break as a result of the wear that
occurs over time. Unlike the literature, a vulcanized welding machine with different properties was
used and the splicing effect of vulcanization time was investigated. In addition, it was objective to
determine the most appropriate time to be applied in the facilities by investigating the effect of the
vulcanization time on the belt strength.

2. EXPERIMENTAL STUDIES (DENEYSEL CALISMALAR)

In our study, the effect of the welding time on the belt strength during the assembly of the
conveyor belts used in the Kardemir A.S Sinter Directorate facility with the vulcanized welding
method is examined. EP800-1000-5-6/3 mm A-type wear-resistant belt is used as the conveyor belt.
This belt with a capacity of 1000 t/h is used during the transmission of material transfer between
facilities at the facility and carries sinter, coke powder, lime powder and ore materials. The TS EN
ISO 283 standard is used in the vulcanized welding method for the conveyor belt we use. This
standard describes the test method to determine the elongation at break of textile fabric conveyor
belts. It is desired that the tensile test device is capable of elongation at a constant rate of (100 + 10)
mm/min uninterrupted. In addition, as can be seen in Figure 1, it is recommended to use transverse
serrated jaws in the device [15].
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Figure 1. The serrated jaws of the tensile tester device [10] (Cekme test cihazinin tirtikli geneleri).
2.1. Specimen Preparation (Numune Hazirlama)

In order to prepare the vulcanization specimens (Figure 2), first of all, belt cutting was
performed. After the belt was cut, the opening process was applied and the cleaning process was
carried out on the opened floors. Adhesive vulcanized belt solution was applied to the cleaned
surfaces. After this process, intermediate rubber is positioned between the stages. This promotes
better adhesion of the rubber belt to each other. Then, the sleepers were divided into two parts and
the lower part of the belt was placed on the upper part of the lower sleeper, and the other part of the
belt was placed on the upper sleeper. In the last stage, two belts were pressed by applying force at
the determined pressure and temperature value, during the planned time.

- —
. >

:f. . A ' =
Figure 2. Preparation of vulcanization specimen processes, a) Cutting b) Opening ¢) Solution coating d) Pressing.

The vulcanization process was carried out on the belt specimens, which will be subjected to
tensile testing, at the times given in Table 1. A total of 12 specimens were prepared, 3 specimens
each for 15, 30, 45 minutes, and 3 specimens for the untreated belt, with the vulcanization
temperature fixed at 145 °C. According to ISO 37, the specimens were cut according to the bow tie
apparatus [16]. The cutting process was carried out using the B Type template in the TS EN ISO
283 standard. Specimens were cut from the inside of the belt lengthwise, 50 mm from the edges. All
specimens were subjected to tensile testing until rupture occurred. Type B bow tie specimen
apparatus is shown in Figure 3.
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100

(415 £10) + L |

Figure 3. Type B bow tie apparatus [10].

Table 1. Vulcanization time and number of prepared specimens (Vulkanizasyon siiresi ve hazirlanan numune sayist).

Specimen Number of Vulcanization Vulcanization
Name Specimens Time Temperature
Untreated Belt Specimens
N-12.3 3 specimens Unsi)::gtiagalgelt Unsi)::gtiagalgelt
Specimens Prepared by Water Cooled Welding Machine
S-15-1,2,3 3 specimens 15 Minutes 145 °C
S-30-1,2,3 3 specimens 30 Minutes 145 °C
S-30-1,2,3 3 specimens 45 Minutes 145 °C

Specimen pictures prepared by cutting according to Type B bow tie apparatus at different
vulcanized welding times are as follows (Figure 4, Figure 5, Figure 6, Figure 7).

) |

Figure 4. Untreated belt specimens (islenmemis bant numuneleri).

|

Figure 5. Specimens prepared according to the vulcanization time of 15 minutes (15 dakikalik vulkanizasyon siiresine
gore hazirlanan numuneler).
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Figure 6. Specimens prepared according to the vulcanization time of 30 minutes (30 dakikalik vulkanizasyon siiresine
gore hazirlanan numuneler).

Figure 7. Specimens prepared according to the vulcanization time of 45 minutes (45 dakikalik vulkanizasyon siiresine
gore hazirlanan numuneler).

2.2. Tensile Test (Cekme Testi)

In the tensile test, jaw positions for Type B template were adjusted according to the size of
415+10 mm. Width for each specimenis 1000 mm, number of cloth coatings is 5, top coating
thickness is 6 mm, bottom coating thickness is 3 mm, total thickness is 16 mm. The test specimen
was fixed by placing it between the jaws. The dimensions required to start the tensile test (diameter
of the specimen, thickness and width) are defined. After the finished test, all the detected test results
were obtained in the test software program. Likewise, these processes were repeated for all other
specimens and separate data were obtained for each specimens. The sample specimens picture of
the experiments performed is shown in Figure 8.

Figure 8. Tensile test applied to a vulcanized welded specimen (Vulkanize kaynakli numunesine uygulanan ¢ekme
testi).

3. EXPERIMENTAL RESULTS AND DISCUSSION (DENEYSEL SONUCLAR VE TARTISMA)

The maximum force generated during the tensile test is divided by the width of the test
specimens. The arithmetic average of these values, which were found for a total of 12 belt
specimens, of which 3 original unspliced belt specimens and 3 each prepared according to the
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vulcanization time of 15, 30, 45 minutes with a water-cooled vulcanized welding machine, were
taken. Accordingly, the breaking strength of the belt is expressed as EQ.1, with Fnax breaking
strength being the narrowest width of the belt Dy.

_F N
A, ‘mm?

Or

) 1)

The tensile strength test results of untreated belt specimens are shown in Table 2, the rupture-
elongation diagram in Figure 9, and the rupture photograph of specimen N-1 as an example in
Figure 10.

Table 2. Tensile strength values of untreated specimens (islem gérmemis numunelerinin cekme dayanin degerleri).

Average Tensile

Specimen  Thickness Width Area Pulling Force  Tensile Strength Strength
2 2
No. (mm) (mm) Ay (MmM°) Frax (N) (N/mm?) (N/mm?)
N-1 16 27.8 444.80 20098 45.18
N-2 16 25.8 412.80 18665 45.22 46.57 +£2.38
N-3 16 25.8 412.80 20361 49.32
Original Unspliced Belt Speci Break-Elongation Curve Diagram
60
50

Stress Value[N/mm?]

5 0 5 10 15 20

Elongation [%]

Figure 9. Break-elongation curve diagram of original unspliced belt specimens (Orijinal eklenmemis kay1s
numunelerinin kopma-uzama egrisi diyagrami).

A : By

Figure 10. Breaking of specimen N-1 after tensile test.

According to these results, the average breaking strength of the untreated belt specimen is 46.57
N/mm?. Evaluations of the specimens that were combined with a water-cooled welding machine,
applied with a vulcanization time of 15 minutes are shown in Table 3, Figure 11, Figure 12.
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Table 3. Tensile strength values of specimens numbered S-15 (S-15 numarali numunelerin ¢gekme dayanimi

degerleri).
. . Average o
Specimen Thickness  Width Area Pulling Tensile Tensile & Pow_er
2 Force Strength Value in
No. (mm) (mm) A, (Mm?) Frnax (N) (N/mm?) Strength Terms
max (N/mmZ)
S15-1 16 25 400.00 8464 25.00
S15-2 16 23,6 377.60 7613 20.16 2248 £2.42 % 48.27
S15-3 16 25 400.00 8910 22.28
Tensile - Elongation Curve Diagram of Belt Specimens with a
Vulcanization Time of 15 Minutes.
25
20 |~ |
g

-TE -

1 .5 / .

g T 2 =

0 .
-2 0 2 4 6 8 10 12
Elongation [%]

Figure 11. Tensile-elongation curve diagram of belt specimens with a vulcanization time of 15 minutes.

e

Figure 12. Breaking of specimen S-15-3 after tensile test (S-15-3 numunesinin ¢ekme testinden sonra kirtlmast).

It was observed that the belt specimens, which were applied with a vulcanization time of 15
minutes, lost 51.72 % of their strength compared to the untreated belt.

Evaluations of the specimens with a vulcanization time of 30 minutes given in Table 4, Figure 13
and Figure 14.

Table 4. Tensile strength values of specimens numbered S-30 (S-30 numarali numunelerin gekme dayanimi

degerleri).
Pullin Tensile Average %6 Power
Specimen  Thickness ~ Width Area Forceg Strenath Tensile Value in
No. (mm) (mm) A, (mm?) g 2 Strength Terms
Frax (N) (N/mm?)
max (N/mmZ)

S30-1 16 25 400.00 9349 23.37
S30-2 16 26.2 419.20 9562 22.81 2209+ 175  %47.74
S30-3 16 26 416.00 8362 20.10
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Tensile - Elongation Curve Diagram of Belt Specimens with a
Vulcanization Time of 30 Minutes.
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Figure 13. Tensile-elongation curve diagram of belt specimens with a vulcanization time of 30 minutes.

Figure 14. Breaking of specimen number S-30-3 after tensile test(S-30-3 numunesinin ¢gekme testinden sonra kirtlmasi).

It was observed that the belt specimens, which were applied 30 minutes of vulcanization time,
lost 52.56 % of their strength compared to the untreated belt.

Evaluations of the specimens with a vulcanization time of 45 minutes are given in Table 5,
Figure 15 and Figure 16.

Table 5. Tensile strength values of specimens numbered S-45.

o Tk wion ara P9 Qe A T o T
' Frax (N) (N/mm°) (N/mm°?) Terms
S45-1 16 25 400.00 10438 26.10

$45-2 16 27 432.00 10552 24.43 2495099 %5357
$45-3 16 20 320.00 7787 24.33

Figure 15. Breaking of specimen number S-45-2 after tensile test (S-45-2 numarali numunenin ¢ekme testinden sonra
kirilmast).
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Tensile - Elongation Curve Diagram of Belt Specimens with a
Vulcanization Time of 45 Minutes.
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Figure 16. Tensile-elongation curve diagram of belt specimens with a vulcanization time of 45 minutes.

It was observed that the belt specimens, which were applied with a vulcanization time of 45
minutes, lost 46.42 % of their strength compared to the original unspliced belt.

In Figure 17 below, the rupture-elongation curves of 9 and 3 original unspliced belt specimens
prepared with a water-cooled welding machine are shown.

100

&0

Stress in MPa

20

Elongation in %
Figure 17. Break-elongation curve diagram of 12 specimens (12 numunenin kopma-uzama egrisi diyagrama).

The strengths of belt specimens that underwent vulcanization process for 15, 30, and 45 minutes
were compared with the untreated specimen. It was observed that there wasn't much difference in
strength between the 15-minute and 30-minute specimens, whereas an improvement of
approximately 11% in strength was seen when the process was extended to 45 minutes. It was
concluded that an optimal increase in vulcanization time leads to an increase in strength [17, 18].
The tensile strengths of 12 specimens were compared in Figure 18.
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Figure 18. Comparison of tensile strength of specimens (Numunelerin ¢gekme mukavemetinin karsilastirilmasi)

4. CONCLUSIONS AND RECOMANDATIONS (SONUCLAR VE ONERILER)

In this study, EP800-1000-5-6/3-A type wear-resistant belt were used, and splicing was made
with a water-cooled vulcanized welding machine at a constant temperature of 145 °C for 15, 30, 45
minutes.

In addition, 3 untreated belt specimens were also prepared. The tensile strengths of the prepared
specimens were examined and as a result of the experiments;

»  According to the tensile test results of the normal untreated belt, the breaking strength of the
belt was calculated as 46.57 N/mm? + 2.38 N/mm?. This value is lower than 50 N/mm?, which is the
minimum breaking strength according to the TS EN 1SO 14890 standard. It is thought that the
factors such as the fact that the used belt has been waiting in stocks for around 1-2 years and
whether the company from which the belt is supplied has sent in accordance with the desired
conditions is considered to be a factor.

» Using a water-cooled welding machine, when the curing temperature is constant at 145 °C,
the average breaking strength of 3 specimens with a vulcanization time of 15 minutes was 22.48
N/mm? + 2.42 N/mm?, the strength value compared to the untreated belt is 48.27 %, the average
breaking strength of 3 specimens with a vulcanization time of 30 minutes was 22.09 N/mm? + 1.75
N/mm?, the strength value compared to the untreated belt is 47.74 %, the average breaking strength
of 3 specimens with a vulcanization time of 45 minutes was 24.95 N/mm? + 0.99 N/mm?, the
strength value compared to the untreated belt was found to be 53.57 %. According to this
comparison, it was observed that the belt strength increased as the vulcanization time increased. The
strength value of the belt specimen, which had a vulcanization time of 45 minutes, exceeded 50 %.

« One of the most important issues in vulcanized belt welding is that there is no dust and
moisture on the surface of the belt, that is, the belt is dry. In addition, factors such as unintentional
knife blows or leaks on the surface of the belt and the poor quality of the material from which the
belt is made play an important role in opening the splice of the belt.
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INFORMATION ABSTRACT

Received: 29.03.2023 Usage of friction welding method on the joints provides many advantages such as
Accepted: 27.04.2023 cost reduction, weight reduction and higher quality. The yoke shaft produced by
Keywords: rotary friction welding (RFW) involves a_y_oked pa_rt.and a hollow rou_nd bar which
Rotary friction welding are welded to each other. And so, no additional drilling method used in the way of
Yoke shaft removing material from the centre of the yoke shaft, is required to reduce the
Wall thickness weight. The weight is inherently reduced thanks to hollow round bar used in RFW
FEA method. It is possible to use a friction welded yoke shaft in a wide range of wall

thickness by removing material from the shank diameter for different applications.
At this point, the key factor is strength of the friction welded yoke shaft with
reduced wall thickness on the shank diameter. The aim of this study is investigation
the effect of the reduced wall thickness of a yoke shaft produced by RFW on the
strength. For this purpose, yoke shafts were manufactured by using RFW and
consecutive processes such as turning and millings to reduce the wall thickness. The
specimens in different wall thickness were tested to determine the strength.
Additionally finite element analyses (FEASs) were implemented for each variation of
the specimens and compared with the test results. As a result, it was determined that
yoke shafts with reduced wall thicknesses, which were produced by RFW and then
consecutively machining operations to obtain a specific wall thickness, can be used
in drive shaft manufacturing securely.

Siirtiinme Kaynakh Catalh Milin Bogaz Cidar Kalinhgindaki Azaltmanin
Dayanim Uzerindeki Etkisinin Incelenmesi

MAKALE BILGISI OZET

Ahnma: 29.03.2023 Sirtinme kaynagi yonteminin birlestirmelerde kullanilmasi, maliyet diigiirme,
Kabul: 27.04.2023 agirlik azaltma ve daha yiiksek kalite gibi bir¢ok avantaj saglar. Donel siirtiinme
Anahtar Kelimeler: kaynagi (RFW) ile iiretilen gatalli mil birbirine kaynaklanmis gatalli bir parga ve igi
Dénel siirtiinme kaynagi bos yuvarlak gubuk igerir. Ve bu nedenle, agirhigi azaltmak igin gatalli milin
Cf”“”’ Mil merkezinden malzeme azaltmak i¢in kullanilan ek bir delme yontemi gerekmez.
gIlEdAar kalinhig RFW yonteminde kullanilan igi bos yuvarlak ¢ubuk sayesinde agirlik kendiliginden

azaltilmistir. Farkli uygulamalar i¢in bogaz g¢apindan malzeme kaldirilarak gok
gesitli cidar kalinliklarinda siirtiinme kaynakli ¢atallt mil kullanmak miimkiindiir.
Bu noktada kilit faktor, bogaz ¢apinda azaltilmig cidar kalinligina sahip siirtinme
kaynakli catalli milin dayanimidir. Bu ¢aligmanin amaci, RFW ile iiretilen ¢atalli
milin azaltilmis cidar kalinliginin  par¢canin  dayanmimi {izerindeki etkisinin
aragtirllmasidir. Bu amagla, RFW ve cidar kalinhigini azaltmak igin tornalama ve
frezeleme gibi ardisik iglemler kullanilarak catalli miller retilmistir. Dayanimi
belirlemek i¢in farkli cidar kalinliklarindaki numuneler test edilmistir. Ek olarak,
numunelerin her varyasyonu i¢in sonlu eleman analizleri (FEA) uygulanmig ve test
sonuglartyla karsilastirilmigtir. Sonug olarak RFW ve ardindan belirli bir cidar
kalinlig1 elde etmek igin ardisik talagli imalat islemleri ile Uretilen azaltilmig cidar
kalinhigina sahip ¢atalli millerin kardan mili imalatinda giivenle kullanilabilecegi
belirlenmistir.
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1. INTRODUCTION (GIiRiS)

Friction welding technique has become one of the major joining methods with its rising usage
ratio in various industries such as automotive and aerospace where high-quality joints are needed.
Difficulty of the joining of special materials used in automotive and aerospace requires using
friction welding methods such as friction stir welding (FSW), linear friction welding (LFW) and
rotary friction welding (RFW) [1]. Ferrous and non-ferrous alloys of various geometrical shapes can
be joined with the same or different alloys by friction welding methods. Basically, friction welding
method is a solid-state joining process in which heat is emerged during transformation of
mechanical energy to thermal energy at the faying surface of the workpiece couple due to the
rotation under exerted pressure. As a result of the said process, a metallic bonding is generated at
lower temperatures compared to the melting point of the base material. Parameters effecting the
friction and forging, and rotation speed are dominant on the product quality [2].

It is possible to handle FW in three ways depending on the relative movement of the workpieces:
rotary, linear and orbital (Fig. 1). Rotary friction welding (RFW) is the most common type of
friction welding in industry. In this method, one of the workpieces rotates about its axis while the
other workpiece is stationary, and the workpieces are joined to each other under a friction pressure.
RFW can be addressed in two different types in which rotation converted to friction heat is
determinant: direct drive also known as continuous drive (CDFW) and inertia drive (IDFW) in
which the energy is stored [3-5].

F

—

/N

F F
T b F =

A\

el
a) Rotary FW b) Linear FW c) Orbital FW

Figure 1. Relative movements of the workpieces in friction welding [6].

CDFW, which is the subject of the paper, is an extensively used friction welding method from
the 1940’s to the present. In this process whose steps and their relationships are illustrated in Fig. 2,
one of the workpieces is stationary under an axial pressure while the other rotates at a constant
speed [5-11]. Each workpiece contacts to each other and comes closer by axial pressure during a
certain friction time. Right after, rotating workpiece is stopped within the braking time and the
pressure on the stationary part is increased in a predetermined upset time. During the welding
process, the narrow regions near the welding interface are rapidly heated by friction until they
exhibit a steady state of high strain rate plastic flow. The welding process is then terminated with a
forging stage to reinforce the joint [11,12]. Although CDFW has been experimentally proven to be
a rapid and reliable method for joining the material pair which can be similar and dissimilar
materials [13-17], a simple and accurate analytical thermo-mechanical model is still required to
better understand heat generation and material flow during the process [11,18,19].
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Figure 2. Critical welding parameters and their relationship for direct drive friction welding process [5].

When the literature is reviewed, it has been seen that the joining of the different materials
together was the common subject handled in most of the studies. These studies addresses that the
challenges encountered during the joining of dissimilar materials by friction welding, process
parameters and mechanical properties of the final product as well. Some of the studies are about
6063 aluminum alloy and AISI 304 austenitic stainless-steel by Kimura at al. [20], YSZ-alumina
composite and 6061 aluminium alloy by Uday et al. [21], AA1050 aluminum with AISI 304
stainless steel by Alves [22].

On the other hand, analytical models and literature review are the other main idea of the rest of
the studies in literature. In one of these studies implemented by Xiong et al. [23], it was focused on
an analytical model for continuous drive friction welding (CDFW). The results from analytical
model and experiments were compared considering plastic region thickness, welding power, and
average temperature. As a results, it was indicated that the analytical model could provide reliable
descriptions during steady state CDFW. Maalekian [5] reviewed and investigated the literature.

Unlike these studies, this study handles the effect of the reduced shank thickness of friction
welded yoke shaft on strength. In this context, different shank thicknesses were considered and
examined with FEA software and tests under laboratory conditions.

2. MATERIAL AND METHOD (MATERYAL VE YONTEM)

The study basically includes two verification methods, finite element analyses (FEASs) and
laboratory tests also known as bench test. Finite element analyses (FEAs) were applied on 3D data
of yoke shaft specimens while the laboratory tests conducted with drive shaft specimens which are
prepared for evaluation of the yoke shaft specimens.

The yoke shaft specimens were produced by respectively forging, implementing CDFW and
machining processes applied as a finish operation. Following specimen production of yoke shafts,
the specimens were examined for checking welding quality by using various inspection methods.
Finally, drive shaft specimens were produced for laboratory tests conducted to check the
performance of the yoke shaft with various wall thickness.

2.1. Specimen Preparation (Numune Hazirlama)

The production of the sub-components to be welded each other, which compose the welded yoke
shaft, is the first step of the specimen production of yoke shaft. In this context, tube yokes with
chemical composition defined in Table 1 were produced by the processes respectively close die hot
forging, heat treatment and machining. Beside tube yokes, hollow round bars were prepared for FW
by cutting and machining processes on the raw material with chemical composition defined in Table
1. The sub-components (tube yoke and hollow round bar) and welded yoke shaft were given in
Figure 3.
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Table 1. Chemical composition of sub-components in %mass: tube yoke and hollow round bar

C Si Mn P S Cr Mo
Tube yoke 0.38-0.45 0.10-0.40 0.60-0.90 max0.025 max0.035 0.90-1.20 0.15-0.30

Hollow round bar 0.38-0.45 max 0.40 0.60-0.90 max0.035 max0.035 0.90-1.20 0.15-0.30

Figure 3. 3D data of tube yokes, hollow round bar and welded yoke shaft (Catal, i¢i bos yuvarlak ¢ubuk ve kaynakli
catalli milin 3B verileri)

Sub-components were joined together by CDFW method as given in Figure 4. The picture of
welded yoke shaft before and after finish operations, which are such as splining, turning, etc., was
given by the Figure 5.

Figure 4. The yoke shaft during CDFW operation (CDFW islemi sirasinda gatalli mil)

Hollow round bar

Tube yoke

Welding zone

a)

Welded yoke shaft

b)

Figure 5. A welded yoke shaft specimen, a) before finish operations (splining, turning, etc.), b) after finish operations
(splining, machining, etc.)
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Mechanical and metallurgical properties of specimens were evaluated for checking the weld
performance. And so, following testes and analyses were respectively performed on the weld
cross-section for each of the specimens in different wall thickness.

e Hardness scan
e Bending test
e Macroscopic/microscopic inspection

Hardness scan
The main purpose of the hardness scan is to determine the distribution of hardness, and evaluation.
A specimen was prepared by cutting in such a way that including the welded cross-section. And
then, hardness scan was carried out along the cross-section of welded joint in Vickers scale at room
temperature. The way of Vickers hardness scan and its result were shared in Figure 6. As a result of
the hardness scans, it was observed that faying surface is harder through the weld zone as expected.
Besides, the hardness values both on the faying surface and adjacent zone pointed out that the
welding zone was suitable.

According to the weld zone hardness distribution seen in Figure 6b, the yield strength here
corresponds to 940 MPa by converting the lowest hardness value to 300 HV to yield stress guided
by 1ISO 18265 [24].
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Figure 6. Hardness scan of the cross-section of welded joint, a) hardness scan direction, b) hardness profile
Bending Test
The bending test was performed to investigate the joint quality and performance. And so, the
joint area was inspected against possible linear discontinuity along the welding line.
The specimens were prepared in such a way of that covering the weld zone as having a size of
5x120 mm (thickness x length) from the cross-section of the welded joint. The specimen was
supported with a vice, leaving the weld zone free to bend. Afterwards a force was applied to the free

end of the specimen until it bended with 90 degrees. As seen in Fig. 7 no tearing was observed
along the weld section.

Hollow round bar

a)

Figure 7. A bended specimen during the bending test to investigate the cross-section of welded joint in terms of the
welding quality and performance.
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Macroscopic/Microscopic Inspection

A specimen was cut from the welded yoke shaft for macro inspection. Respectively the specimen
was polished and etched to reveal the weld and heat affected zone (HAZ). The specimen was taken
under inspection to take macroscopic images. Macroscopic inspection of the longitudinal section of
the welded joint showed us that there was no lack of fusion or cracking. Macrographs of the welded
specimens were shown in Figure 8.

b)
Figure 8. A specimen under macroscopic inspections, a) welded yoke shaft, b) specimen sectioned from welded yoke
shaft (Makroskopik incelemeler altindaki bir numune, a) kaynakli ¢atalli mil, b) kaynakli ¢atalli milden kesit numune).
Specimen for microscopic inspection were prepared by respectively sectioning, mounting, fine
grinding, polishing, and etching (nital usage of 2%). Specimen was inspected with two separate
magnifications as 10x and 50x. Microscopic inspection on the weld line of specimen revealed that
there was no micro crack or any defects on the weld zone for both 10x and 50x magnification as in
Figure 9.

a) b)

Figure 9. A specimen under microscopic inspections, a) 10x magnification on weld line, b) 50x magnification on weld
line

After inspections, the welded yoke shafts were machined to reach the wall thickness defined in
Table 2. And so, the final yoke shaft specimens were prepared in 3 groups; Group-1 doesn’t involve
any reduction of wall thickness while Group-2 and Group-3 involve. Driveshafts to be used in
laboratory tests, an example of which is given in the Figure 10, were produced as 3 pieces for each
group.

Table 2. The values of wall thickness of the specimens (Numunelerin et kalinlik degerleri)

Specimen ID Wall Thickness A [mm]
Group-1 12 NSO\
(no reduction) [ 1
Group-2 10 \ [ <
(2 mm reduction) . SIS
Group-3 9 e, ‘

(3 mm reduction)
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Figure 10. A drive shaft specimen produced for laboratory tests

2.2. Finite Element Analyses

Finite element analyses were applied on the 3D models which are prepared by considering the
wall thicknesses reduced by machining the shank of welded yoke shaft. The yoke shaft 3D models
designed with CatiaV5 R62020 computer aided design program was transferred to the HyperWorks-
2021.2 computer aided finite element analysis program. For meshing, which is the first step of finite
element analysis, necessary geometric arrangements were performed on the 3D model. Afterwards,
a mesh structure on which the boundary conditions and external loads would be defined was
established by using 3D tetra elements proper to size of the yoke shaft. The mesh structure was
created by using the element size that has been proven by tests within the scope of one of our
previous studies [25].

In the next step, two opposing yoke holes are connected to each other by rigid elements, and
moment of 17.000 Nm is defined at the midpoint of the rigid member as in Fig. 11.

Like the yoke holes, the spline tooth faces are connected by rigid members and, assigned fixing
elements to the midpoints of these rigid elements in such a way that there is no freedom in
rotational and translational movements as in Fig. 11.

FEA models with the various wall thickness, which is prepared under the same conditions, was
compared with each other. In addition, evaluating the models were not conducted by only FEA
results but also laboratory testing. Considering all these, FEA model was prepared as one part due
to the difficulty and uncertainty of the realization of the weld zone as a model.

The pre-processing for FEA were completed by defining respectively elasticity module and
poison ratio as 210 GPa and 0.3. After these preparations analysis was carried out under structurally
linear static condition.

v
Fixing point

Figure 11. The FEA model after the pre-processing (On islemeden sonraki FEA modeli)
2.3. Laboratory tests of the specimens

In the experimental studies, torsional tests were implemented on the drive shafts composed of
welded yoke shafts produced by reducing the outer diameters of the welded components. Torsional
tests were conducted for three groups of specimens, each containing two drive shafts, as defined in
the Table 2. The test bench is specific for the drive shafts, and it is a custom production. The layout
of the test bench was illustrated in the Figure 12. One end of the drive shaft was driven by the
driven unit of the test machine while the other end of the drive shaft was fixed on the machine. The
torque was applied in one direction defined in figure below.
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Figure 12. An illustration of the test bench (Test tezgahinin bir 6rnegi)

Each test was continued until any deformation was detected. Johnson's Apparent Elastic Limit
(JAEL) values of the specimens were determined at the end of the tests.

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

Johnson's Apparent Elastic Limit (JAEL) values of the specimens were determined at the end of
the tests as given in Table 3. JEAL values of the specimens are compliant with the wall thickness,
as expected. So, JEAL decreases as the wall thickness decreases.

Von Mises stress values on the shank, which are obtained from FEA, have been taken into
consideration for comparison of three Group of specimens and they were listed in Figure 13. The
stress values on the spline, which is in red, has been ignored because they occur due to lack of
freedom.

The values of the hardness scan were considered to evaluate the stress obtained by FEA, which is
corresponding to the weld zone.

Table 3. Torsional test results
Specimen ID Wall Thickness [mm]  JAEL [kNm]

Group-1 12 18.0 194
Group-2 10 17.5 17.1
Group-3 9 17.0 17.3

9.000E+02
8.000E+02
7.000E+02
6.000E+02
5.000E+02
4.000E+02
3.000E+02
2.000E+02
1.000E+02
3.142€-08

]

Specimen ID ~ Wall Thickness  Stress on Shank [MPa]
on Shank [mm]

Group-1 12 606
Group-2 10 695
Group-3 9 763

Figure 13. FEA results for three group of specimens
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4. CONCLUSIONS (SONUCLAR)

In the study, tube yoke and hollow yoke bar were joined successfully by using CDFW method.
Welded yoke shafts were subjected to consecutive machining processes to reduce the wall
thickness. Finally, the effect of reduced shank thickness of friction welded yoke shaft on strength
was investigated by FEA and laboratory tests. Important outputs of the study are as follows:

1. While the yield strength for tube yoke material is 820 MPa, it is 700 MPa for hollow round
bar material. The yield strength of the weld zone obtained as 940 MPa by converting the
lowest hardness value (300 HV) to yield stress guided by 1SO 18265.

2. It is possible to use the product with reduced wall thickness which is obtained in a way of
removing material from the outer surface of the shank as long as the machined product
serves for the desired torque capacity.

3. Product with 9 mm wall thickness of shank, which is obtained after machining operation of
product with 12 mm wall thickness of shank, produced by rotary friction welding method,
can be used instead of product with 12 mm of wall thickness when considered the desired
torque capacity of 17 kNm.

4. A comprehensive study is required to realize the friction weld zone in finite element
analysis. Because uncertainties and difficulties prevail in friction welding modelling.
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