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MAKALE BILGISI OZET

Alinma: 08.03.2021

abul: 26.07 2021 Bu calismada, kalipcilik sektdriinde yaygin olarak kullanilan AISI P20S kalip celigi

tercih edilmistir. Farkli kesme parmetreleri (kesme hizi, ilerleme miktar1 ve kesme

Anahtar Kelimeler: derinligi) kullanilarak gergeklestirilen deneylerde degiskenlerin kesme kuvveti ve

Is‘le”eb’ll.r {"k ylizey piriizliliigi tzerine etkileri incelenmistir. Kaplamali karbiir kesici takim

Kalip geligi kullanilarak frezeleme yontemi ile gerceklestirilen bu deneylerde isleme parametreleri

Frezeleme . . e <. : S Teee e
. olarak kesme hizi ve ilerme miktarinin dort farkl degiskeni, kesme derinliginin ise iki

Kesme kuvvet farkli degiskeni kullamil Elde edil lar degerlendirildigind k

Yiizey piiriizliiliigii arkli degiskeni kullanilmigtir. Elde edilen sonuglar degerlendirildiginde artan kesme

hizina bagl olarak kesme kuvveti degerlerinde azalma meydana gelirken ilerleme
miktarinin artan degerlerinde ise kesme kuvveti degerlerinde artis tespit edilmistir. En
yiiksek kesme kuvveti (138.1 N) 170 m/dak kesme hizi, 0.253 mm/dis ilerleme ve 1.5
mm kesme derinliginde 6l¢iiliirken, en diisiik kesme kuvveti degeri (45.23 N) ise 0.75
mm talag derinliginde, 260 m/dak kesme hizi, 0.075 mm/dis ilerlemede Sl¢iilmiistiir.
Ayrica artan kesme hizi degerleri ylizey piiriizliiliigiiniin azalmasina, artan ilerleme
miktar1 ve kesme derinligi degerlerinin ise yiizey piiriizliliigliniin artmasina neden
oldugu goriilmiistiir. En diisiik yiizey piiriizliligi (0.273 um) 260 m/dak kesme hizi,
0.075 mm/dis ilerleme hizinda ve 0.75 mm kesme derinliginde olgiiliirken, en yiiksek
ylizey puriizlilik degeri (1.552 um) ise 170 m/dak kesme hizi, 0.253 mm/dis ilerleme
miktart ve 1.5 mm kesme derinliginde olugsmustur. Sonu¢ olarak yiiksek kesme hizi,
diisiik ilerleme miktar1 ve kesme derinligi degerlerinin en iyi isleme ¢iktilarinin elde
edilmesinde etkili oldugunu sdylemek miimkiindiir.

Investigation of Machinability of AISI P20S Mold Steel

ARTICLE INFO ABSTRACT

Received: 08.03.2021 In this study, AISI P20S mold steel, which is widely used in the mold making
Accepted: 26.07.2021 industry, was preferred. The effects of the variables on the cutting force and surface
Keywords: roughness were investigated in the experiments performed using different cutting
Machinability parameters (cutting speed, feed rate and depth of cut). In these experiments, which
m'l‘ijn;tee' were carried out with the milling method using a coated carbide cutting tool, four

different variables of cutting speed and feed rate and two different variables of cutting
depth were used as machining parameters. When the obtained results are evaluated, it
is determined that while the cutting force values decrease depending on the increasing
cutting speed, an increase in the cutting force values is observed at the increasing
values of the feed amount. The highest cutting force (138.1 N) is measured at 170
m/min cutting speed, 0.253 mm/tooth feed and 1.5 mm depth of cut, while the lowest
cutting force (45.23 N) is measured at 0.75 mm depth of cut, measured at 260 m/min
cutting speed, 0.075 mm/tooth feed. In addition, it was observed that increasing
cutting speed values caused a decrease in surface roughness, while increasing feed
rate and cutting depth values caused an increase in surface roughness. The lowest
surface roughness (0.273 pm) was measured at 260 m/min cutting speed, 0.075
mm/tooth feed rate and 0.75 mm depth of cut, while the highest surface roughness
value (1.552 um) was measured at 170 m/min cutting speed, 0.253 mm/ tooth feed
rate and 1.5 mm depth of cut. As a result, it is possible to say that high cutting speed,
low feed rate and depth of cut values are effective in obtaining the best machining
outputs.

Cutting force
Surface roughness
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1. GIRIS (INTRODUCTION)

Gelisen teknolojiyle endiistriyel sektor de gelismistir. Bununla beraber yapilacak veya liretilecek
her iiriin i¢in bir¢ok talash imalat yontemi bulunmaktadir. Talaghi iiretim yontemlerinden biri
frezeleme yontemidir ve bu yontem endiistride dnemli bir yer kaplamaktadir. Frezeleme yontemi,
makine, uzay, havacilik, otomotiv ve makine imalatlarinda yaygin olarak kullanilmaktadir. Bu
yontem ile diizlemsel, egik, dairesel parcalar ve karmasiklifi fazla olmayan parcalar
islenebilmektedir. Frezeleme isleminde kullanilan kesici takimlarda birden fazla kesici kenar
bulunmasindan dolay1 elde edilen iiriiniin yiizey kalitesi oldukg¢a iyi elde edilebilmektedir. Ayrica
tiretilmek istenen {irliniin 6lgiileri ¢ok dar toleranslar dahilinde iiretilebilmektedir [1].

Talagh {iretimde tezgahin, kesici takimin ve igleme yonteminin yan sira isleme parametreleri de
onemlidir. Bu parametreler, kesme hizi, kesme derinligi ve ilerleme miktaridir. Bu parametreler is
pargasinda yiizey kalitesini etkilemektedir. Ayrica olusan kesme kuvveti ile takim Omriini
belirlemektedir. Bu nedenle talagh iiretime baslamadan Once isleme parametrelerinin iyi
belirlenmesi gerekmektedir [2].

Kalip imalatinda, is par¢asi malzemesinin se¢imi 6nemli bir yer kaplamaktadir. Se¢imi yapilacak
celigin yalnizca mekanik 6zellikleri degil kimyasal 6zellikleri ve islenebilirligi dikkate alinmalidir
[3]. Ayrica kalibin kullanim yerine ve boyutsal Olgiilerine gore de ikincil bir islem
gerekebilmektedir. Bu ikincil islem genellikle 1s1l islem olmaktadir. Fakat 1s1] islem sirasinda ¢elikte
catlama gibi deformasyonlar meydana gelebilmektedir. Dolayisiyla secilecek kalip celiginin 1sil
isleme gerek duyulmadan kullamlabilir olmasi avantajli bir durum olmaktadir. On sertlestirme
islemi ile tretilen AISI P20S ¢eliginin 30-35 HRC sertlikte oldugu, o6l¢ii tamligimin ve
islenebilirliginin kolay oldugu belirtilmektedir.

Bu calismada; talasli imalatta kullanilan plastik kalip c¢eliklerinin isleme sonrasi 1sil isleme
gonderilmesine gerek duyulmayan, sertlestirilmis halde iiretilmis AISI P20S celiginden talas
kaldirilmasi i¢in ihtiya¢ duyulan isleme parametrelerinin incelenmesi amag¢lanmustir.

2. MATERYAL VE YONTEM (MATERIAL AND METHOD)
2.1. is Parcasi ve Takim Ozellikleri (Workpiece and Tool Properties)

Bu calismada is parcast malzemesi olarak AISI P20S celigi kullamlmustir. Iceriginde
bulundurdugu kiikiirt (S) elementi nedeniyle yiiksek yiizey parlakligi beklenmeyen orta ve biiyiik
hacimli plastik enjeksiyon kaliplari, destek plakalar1, basingli dokiim ve plastik enjeksiyon kaliplar
icin kalip kasalar1, kauguk tiirii plastik {rtinlerin baski kaliplari, ekstriizyon preslerinin kovanlari,
otomotiv ve gida endiistrisi i¢in plastik kaliplar1 ve yiliksek sivi basinci altinda metallerin
sekillendirme kaliplarinda kullanilmaktadir [3]. AIST P20S kalip ¢eliginin kimyasal bilesimi Tablo
1°de, mekanik 6zellikleri ise Tablo 2’de verilmistir [4]. Is par¢as1 malzemesinin boyutlar1 Sekil 1°de
gosterilmistir.

50

10 50

Sekil 1. Is parcas1 malzemesi boyutlar1 (Workpiece material dimensions)

Tablo 1. AISI P20S kalip ¢eliginin kimyasal bilesimi (Chemical composition of AISI P20S mold steel)

C Si Ni Mn Cr Mo S P

0.35-0.45 0.20-0.40 0.30-0.50 1.30-1.60 1.80-2.10 0.15-0.25 0.05-0.10 Max 0.30
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Tablo 2. AISI P20S kalip ¢eliginin mekanik 6zellikleri (Mechanical properties of AISI P20S mold steel)

Yogunluk Isil iletkenlik Elastikiyet Modiilii Akma Dayanimi
(g/cm?) (W/m.K) (GPa) (MPa)
7.83 34.0 210 880

Isleme deneylerinde Mitsubishi firmasi tarafindan iiretilen PVD yontemiyle kaplama islemi
gerceklestirilmis AOMT123608PEER-M kodlu karbiir kesici takim kullanilmistir. Kullanilan kesici
takimin 6zellikleri Tablo 3’te verilmistir.

Tablo 3. Kesici takim geometrisi ve 6zellikleri (Cutting tool geometry and properties)

Takim Tutucu Dis
Cap1 Sayisi

Takim Takim Kodu Takim

Geometrisi e Kaplama Kalite

AOMT123608PEER-M  Sementit ~ MIRACLE
W VP15TF karbiir TiAIN P20 16 mm 1 adet

2.2. Takim Tezgahi Ozellikleri (Machine Tool Properties)

Deneylerde kullanilan is par¢alart FANUC kontrol {initesine sahip Johnford VMC-550 CNC dik
islem merkezinde kesme sivist kullanilmadan islenmistir. Deney diizeneginin sematik gosterimi
Sekil 2°de ve kullanilan CNC dik islem merkezinin 6zellikleri Tablo 4’te verilmistir.

15 mili
Kesici
Takim
Malzeme Dinamometre
I
[ [ ] [f=— Amplifikatér Bilgisayar

Tezgah Tablasi

Sekil 2. Deney diizeneginin sematik gosterimi (Schematic representation of the experimental setup)

Tablo 4. CNC freze tezgahinin 6zellikleri (Features of CNC milling machine)

Model Johnford VMC-550 Dik islem Merkezi
Kontrol tipi Fanuc O-M serisi

X,Y, Z ekseni hareketi 500x500x450 mm

Hassasiyeti 0,001 mm

Devir sayis1 (En yiiksek) 6000 dev/dak

Motor giicii 10 HP (7.5 kW)

X-Y-Z hizh ilerleme 15-15-12 m/dak

Kesme ilerlemesi 1-4000 mm/dak

2.3. Kesme Kuvvetlerinin Ol¢iilmesi (Measurement of Cutting Forces)

Talas kaldirma esnasinda olusan kuvvetler KISTLER 9257B tipi dinamometre ile dl¢iilmiistiir
(Sekil 3). Olgiilecek kuvvet, bir iist plaka vasitasiyla tanimlanir ve taban ve iist plaka arasma
yerlestirilen dort adet ii¢c bilesenli kuvvet sensorii arasinda dagitilir. Bu dort kuvvet sensoriinde
tanimlanan kuvvet {i¢ bilesene ayrilir. 3 bilesendeki kuvvet 6l¢limii i¢in, bagimsiz sinyaller baglanti
kablosunda bir araya getirilir. 6 bilesenli kuvvet ve moment 6l¢iimii i¢in, 8 ayri sinyalin tiimii
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baglant1 kablosu vasitasiyla sarj amplifikatorlerine dogrudan gonderilir [5]. Amplifikatore gelen
sinyaller bilgisayara aktarilir.

N
N
N

1, Kuvvet sensori
2. Alt plaka
T 3. Ust plaka
! \ 4. Kablo baglantisi
I\ ‘ 5. Isi yalitim kaplamasi
1 2 4

Sekil 3. Kistler 9257B dinamometresinin elemanlar1 [30] (Elements of the Kistler 9257B dynamometer)

Bilgisayara aktarilan veriler Dynoware yazilimi ile incelenmistir. Dynoware yazilimi kesme
kuvvetlerinin bilgisayar yardimi ile Olgiilmesini saglayan bir programdir. Bilgisayara aktarilan
verilerin Dynoware yazilimi ile goriintiilenmesi Sekil 4’te verilmistir.

Deney_17 V:170 1:0,075 a:1,5
Mz [Nm]

Fz [kN]

20+

Fy [kN]
Fx [kN

=

204

25- Cycle MNo.: 1

Time [s]

Sekil 4. Kesme kuvvetlerinin Dynoware yazilimi ile goriintillenmesi (Display of cutting forces with Dynoware
software)

Kesme islemi esnasinda dinamometre iizerinde olusan kuvvetlerin Slgiilebilmesi i¢in gereken
stire igleme deneylerinin her biri i¢in 30 saniye olarak ayarlanmistir. Kesme kuvveti degerleri talas
kaldirma islemi esnasinda 3 eksende Ol¢iilmiistiir. Elde edilen kesme kuvveti degerleri Dynoware
yaziliminda goriintiilenerek kuvvetlerin kararli oldugu bolgenin baslangi¢ ve bitis konumlar1 esas
alinip bu bolgedeki degerlerin ortalamalar1 alinarak Fx, Fy ve Fz kuvvetleri belirlenmistir.

2.4. Yiizey Piiriizliiliigiiniin Ol¢iimii (Measurement of Surface Roughness)

Islenmis yiizeyler iizerinde yiizey piiriizliiliigii 6lciimleri icin Marsurf PS1 yiizey piiriizliiliik
Olgtim cihazi kullanilmigtir. Piriizlilik oOl¢imleri i¢in ornekleme uzunlugu 4 mm ve Olgiim
uzunlugu 0.8 mm olarak alinmustir. Kullanilan piirtizlillik 6l¢iim cihazinin 6zellikleri Tablo 5’te
verilmistir. Yiizey piiriizliiligl olarak ortalama yiizey piiriizliiliik (Ra) degeri dikkate alinmastir.

2.5. Deneysel Parametreler (Experimental Parameters)

Deneysel calismalar iki farkli kesme derinligi, dort farkli kesme hizi ve dort farkli ilerleme
miktar1 kullanilarak karbiir kesici takimlar ile gerceklestirilmistir. isleme parametreleri Tablo 6’da
verilmistir.
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Tablo 5. Pirtzliliik 6l¢tim cihazinin 6zellikleri (Features of the roughness measuring device)

Model Mahr (Marsurf PS1)
Olciim yontemi izleyici uglu cihazlar yontemi

Tarama hizx 0.5mm/sn (6lgiim yaparken)

Imm/sn (geri doniiste)
Ol¢me Kuvveti 4 mN (0.4 gf)
U¢ malzemesi Elmas
Olg¢me sicakhig 20°C+1°C
Numune uzunlugu 0.8 mm
Degerlendirme uzunlugu 4 mm
izleyici u¢ yaricapi 5um

Tablo 6. Deney degiskenleri (Experiment variables)

Is parcas1 malzemesi AISI P20S

Kesme hizi (V) 170, 200, 230, 260 m/dak
flerleme (f) 0.075; 0.113; 0.169; 0.253 mm/dis
Eksenel kesme derinligi 0.75; 1.5 mm

Radyal kesme genisligi 8 mm

Kesme boyu 100 mm

3. DENEY SONUCLARININ DEGERLENDiIRILMESI (EVOLUATION OF EXPERIMENT
RESULTS)

3.1. Kesme Kuvvetleri (Cutting Forces)

Deneysel calismalar esnasinda meydana gelen kesme kuvveti degerleri ayni anda ti¢ diizlemde
kuvvet 6lgme kabiliyetine sahip bir dinamometre ile dl¢lilmiistiir. Kesme kuvveti 6l¢iimlerinde her
bir parametre icin yeni kesici takim kullanilmis olup toplamda otuz iki deney gergeklestirilmistir.
Deneylerde ilerleme yonii freze tezgahinin Y ekseni boyunca tek yonde verilmis oldugundan, en
biiyiik kuvvetler Y ekseninde gozlenmistir. Bu nedenle degerlendirmelerde kesme kuvveti olarak Fy
bilesenleri dikkate alinmigtir. Deneyler sirasinda meydana gelen kesme kuvveti grafikleri Sekil 5’de
verilmistir.

a) —o— V=170 —o— V=200 —— V=230 —— V=260 b) —o— V=170 —o— V=200 —— V=230 —— V=260
140 140
130 - 130
Z 120 g 120
$ 110 $ 110
= 100 .= 100 -
g 2 oo
2 90+ 2 90+
=] =] 1
X 80 X 80
] o 1
g 70 g 704
8 60 g 60 ]
¥ ¥ ]
50 - 50
40 T T T T 40 T T T T
0,075 o013 0,169 0,253 0,075 0113 0,169 0,253
llerleme Miktari, fn, (mm/dis) llerleme Miktari, fn, (mm/dis)

Sekil 5. Tlerleme miktar1 ve kesme hizinin kesme kuvvetine etkisi (Effect of feed rate and cutting speed on cuting force)
a) 0.75 mm kesme derinligi b) 1.5 mm kesme derinligi

0,75 mm kesme derinliginde ilerleme miktarlarinin artmasiyla kesme kuvvetlerinin arttig1 Sekil
5a’da goriilmektedir. Kesme kuvvetlerideki bu artigin sebebi talag kesitinin artmasina atfedilebilir
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[6]. Ilerleme miktar: arttikca talas kesiti artar ve bu da kesme kuvvetlerinin artmasina sebeb olur.
Meydana gelen en yiiksek kesme kuvveti degeri (86.36 N) ilerleme miktarinin 0.253 mm/dis, kesme
hizinin 170 m/dak parametrelerinde olusmustur. En diisiik kesme kuvveti degeri (45.23 N) ise 0.075
mm/dis ilerleme miktar;, 260 m/dak kesme hizinda olusmustur. Ilerleme miktarinin 0.075
mm/dis’ten 0.113 mm/dis’e artisinda kesme kuvveti degerleri 3.7 ile 9.7 N arasinda degisirken
ilerleme miktarlarinin 0.113 mm/dis’ten sonra 0.169 mm/dis ve 0.253 mm/dis’e arttirilmasi ile
kesme kuvvetlerinde 5 N ile 21.8 N arasinda degisimler meydana gelmistir. Kesme kuvvetlerinde
meydana gelen en fazla degisim %34.86 ile ilerleme miktarinin 0.169 mm/dis’ten 0.253 mm/dis’e
artisinda 230 m/dak kesme hizinda gozlenmistir. En disiik degisim %7.21 olarak ilerleme
miktarmin 0.075 mm/dis’ten 0.113 mm/dis’e artisinda 170 m/dak kesme hizinda meydana gelmistir.
En diisiik kesme kuvveti degeri ile en yiliksek kesme kuvveti degeri arasinda yaklasik olarak
%090.93’liik bir degisim meydana gelmistir.

Sekil 5b’deki grafik incelendiginde 1.5 mm kesme derinliginde ilerleme miktarlarinin artmasiyla
kesme kuvvetlerinin de arttigi goriilmektedir. Meydana gelen en yiiksek kesme kuvveti degeri
(138.1 N) ilerleme miktarmin 0.253 mm/dis, kesme hizinin 170 m/dak odugu durumda olugmustur.
En disiik kesme kuvveti degeri (75.1 N) ise 0.075 mm/dis ilerleme miktari, 230 m/dak kesme
hizinda olusmustur. ilerleme miktarinin 0.075 mm/dis’ten 0.113 mm/dis’e artisinda kesme kuvveti
degerleri 6 N ile 17.6 N arasinda degisirken ilerleme miktarlarinin 0.113 mm/dis’ten sonra 0.169
mm/dis ve 0.253 mm/dis’e arttirilmasi ile kesme kuvvetlerinde 16.2 ile 25.5 N arasinda degisimler
meydana gelmistir. Kesme kuvvetlerinde meydana gelen en fazla degisim %23.51 ile ilerleme
miktarmin 0.169 mm/dis’ten 0.253 mm/dis’e artiginda 260 m/dak kesme hizinda gozlenmistir. En
diisiik degisim %7.07 olarak ilerleme miktarmin 0.075 mm/dis’ten 0.113 mm/dis’e artisinda 200
m/dak kesme hizinda meydana gelmistir. En diisiik kesme kuvveti degeri ile en yiiksek kesme
kuvveti degeri arasinda yaklasik olarak %83.88’lik bir degisim meydana gelmistir.

Sekil 5’deki grafikler kiyaslandiginda kesme derinliginin 0.5 mm’den 1. mm’ye ¢ikarilmasiyla,
is parcast malzemesinden talas kaldirmak i¢in gereken kuvvet degerlerinde artis meydana geldigi
goriilmektedir. Bu durum kesme derinliginin artmasiyla kesici takimin ig parcasi ylizeyinden
kaldirdig1 talas miktarinin artmasindan dolayi, talas kaldirma islemi i¢in daha fazla kuvvet
gerektirmesinden kaynaklanmaktadir [6].

Kesme hiz1 ve ilerleme miktarinin kesme kuvveti iizerine etkileri Sekil 6’da verilmistir.
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Sekil 6. Kesme hizi ve ilerleme miktarinin kesme kuvvetine etkisi (Effect of cutting speed and feed rate on cuting
force) a) 0.75 mm kesme derinligi b) 1.5 mm kesme derinligi

Sekil 6a’daki grafik incelendiginde 0.75 mm kesme derinliginde kesme hizinin artmasiyla kesme
kuvvetlerinde diisiis meydana geldigi goriilmektedir. Kesme hizinin artmasiyla kesme kuvvetlerinde
meydana gelen diisiis takim talas araylizeyinde temas alaninin azalmasiyla ve artan kesme hiziyla
meydana gelen sicakligin artmasi sonucu takim talas arayiizeyine yapisan malzemenin kayma
dayaniminin diismesiyle agiklanabilir [7-9]. Kesme hizinin 170 m/dak’dan 200 m/dak’ya artisinda
kesme kuvveti degerleri 1 N ile 6 N arasinda degisirken, kesme hizinin 200 m/dak’dan 230 m/dak
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ve 260 m/dak’ya arttirilmasi ile kesme kuvvetlerinde 1.2 N ile 4.4 N arasinda degisimler meydana
gelmistir. Kesme kuvvetlerinde meydana gelen en fazla degisim %7.36 ile kesme hizinin 170
m/dak’dan 200 m/dak’ya artiginda 0.253 mm/dis ilerleme miktarinda meydana gelirken, en diisiik
degisim ise yaklasik %1.95 olarak kesme hizinin 170 m/dak’dan 200 m/dak’ya artisinda 0.113
mm/dis ilerleme miktarinda meydana gelmistir.

Sekil 6b’deki grafik incelendiginde 1.5 mm kesme derinliginde kesme hizinin artmasiyla kesme
kuvvetlerinde diisiis meydana geldigi goriilmektedir. 200 m/dak kesme hizinda ve ilerleme
miktarinin 0.075 mm/dis olarak yapilan deneylerde bir onceki kesme hizi degerine (170 m/dak)
gore kesme kuvvetinde yaklasik olarak %6.17 artis meydana geldigi goriilmektedir. Bunun sebebi
olarak diisiik ve orta hizlarda kesme islemi gerceklestirirken meydana gelen yigint1 talas
olusumunun kesici u¢ geometrisini degistirerek kesme islemi i¢cin gereken kuvveti arttirdigindan
dolay1 kaynaklandigini sdyleyebiliriz [10]. Kesme hizinin 170 m/dak’dan 200 m/dak’ya artisinda
kesme kuvveti degerleri 4.8 N ile 7.8 N arasinda degisirken kesme hizinin 200 m/dak’dan 230
m/dak ve 260 m/dak’ya arttirilmasi ile kesme kuvvetlerinde 1 N ile 9 N arasinda degisimler
meydana gelmistir. Kesme kuvvetlerinde meydana gelen en fazla degisim %10.71 ile kesme hizinin
200 m/dak’dan 230 m/dak’ya artisinda 0.075 mm/dis ilerleme miktarinda meydana gelirken, en
disiik degisim ise yaklasik %0.81 olarak kesme hizinin 230 m/dak’dan 260 m/dak’ya artisinda
0.253 mm/dis ilerleme miktarinda meydana gelmistir.

3.2. Yiizey Piiriizliiliigii (Surface Roughness)

Sekil 7°deki grafiklerden anlasilabilecegi gibi kesme derinliginin 0.75 mm den 1.5 mm vye
cikarilmasiyla is par¢ast malzemesinin islenen yiizeyinde olusan piiriizliilik degerlerinde ciddi bir
sekilde artig meydana geldigi goriilmektedir. Kesme derinliginin artmasi kesici takimin is par¢asinin
ylizeyinden kaldirdig: talag miktarini arttiracagindan, kesici takimda olusan titresimlerin artmasina
neden olmaktadir. Kesici takimda olusan titresimlerin artmasi, igpargasinin yiizey piiriizliliigiiniin
artmasina neden olmaktadir.
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Sekil 7. ilerleme miktar1 ve kesme hizina baglh ortalama yiizey piiriizliiliigii degerleri (Average surface roughness
values depending on the feed rate and cutting speed) a) 0.75 mm kesme derinligi b) 1.5 mm kesme derinligi

Sekil 7a’daki grafik incelendiginde ilerleme miktarinin artmasi ile yiizey piiriizliliigiiniin arttig1
goriilmektedir. Ilerleme miktarmin artmasi kesici takimin is parcasi yiizeyinden kaldiracag talas
hacminin artmasina neden olacagindan dolay1 kesici takimda olusan titresimleri arttirmaktadir, bu
nedenle ilerleme miktarinin artmast islenen ylizeyin pirizliligini arttirmaktadir [11-15].
Grafikteki verilere gére meydana gelen en yiiksek yiizey piriizliligi (0.999 pm) 0.253 mm/dis
ilerleme miktarinda ve 170 m/dak kesme hizinda olugmustur. En diisiik ylizey piiriizliliigi (0.273
um) degeri ise 0.075 mm/dis ilerleme miktarinda ve 260 m/dak kesme hizinda meydana gelmistir.

Sekil 7b’deki grafigin genel olarak incelenmesi ile ilerleme miktarindaki artisin ylizey
puriizliiliikk degerlerini de artirdig1 goriilmektedir. Grafikteki verilere gére meydana gelen en yiiksek
ylizey piriizliligi (1.552 pm) 0.253 mm/dis ilerleme miktarinda ve 170 m/dak kesme hizinda
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olusmustur. En diisiik yiizey piirtizliligi degeri (0.611 um) ise 0.075 mm/dis ilerleme miktarinda
ve 260 m/dak kesme hizinda meydana gelmistir.

Sekil 7a ve Sekil 7b’deki grafiklerden de anlasilabilecegi gibi kesme hizina bagl olarak ylizey
ptrtizliilik degerleri incelendiginde, kesme hizinin artmasiyla yiizey piiriizliliigiiniin diistigi
goriilmektedir. Artan kesme hiziyla ylizey piiriizliligiinlin diismesinin nedeni azalan BUE egilimi
olarak gosterilebilir [16,17]. BUE kesici takimin ucunda olusarak islenen yiizeyin piiriizliiliik
degerinin artmasina neden olmaktadir. Kesme hizinin artmasi BUE olugma egilimini azaltir ve bu
durum da yiizey piiriizliiliikk degerinin azalmasina neden olur.

4. SONUCLAR (CONCLUSIONS)

AISI P20S plastik kalip ¢eliginin Sementit karbiir kesici takimlar ile kuru kesme sartlarinda
islenmesi esnasinda isleme parametrelerinin kesme kuvvetleri ve isleme sonrasit meydana gelen
ylizey piriizliliik degerlerinin iizerindeki etkileri deneysel c¢aligmalar yapilarak incelenmistir.
Calisma boyunca 32 adet deney yapilmis ve elde edilen deneysel veriler degerlendirildiginde
asagidaki sonuglar sdylenebilir;

+ llerleme miktarinin artmasi ile kesme kuvvetlerinde ve yiizey piiriizliiliiklerinde artis
meydana gelmistir. Bu artis yapilan deneylerin literatiir ile paralel oldugunu gostermistir.

* Kesme hizinin artmasi ile isleme esnasinda meydana gelen kesme kuvvetleri ve yiizey
piirtizliilik degerleri azalmigtir.

*  Artan kesme derinligi, kesme kuvveti ve ylizey piiriizliliik degerlerini arttirmastir.

*  En yiiksek kesme kuvveti degeri (138.1 N) 1.5 mm kesme derinliginde, kesme hizinin 170
m/dak, ilerleme miktarmin 0.253 mm/dis oldugu parametrede meydana gelmistir. En diisiik kesme
kuvveti degeri (45.23 N) ise 0.75 mm kesme derinliginde, kesme hizinin 260 m/dak, ilerleme
miktarinin 0,075 mm/dis oldugu parametrede meydana gelmistir.

*  En yiiksek yiizey piiriizlilik degeri (1.552 um) 1.5 mm kesme derinliginde, kesme hizinin
170 m/dak, ilerleme miktarinin 0.253 mm/dis oldugu durumda meydana gelmistir. En diisiik
purtizliiliik degeri (0.273 um) ise 0.75 mm kesme derinliginde, kesme hizinin 260 m/dak, ilerleme
miktarmin 0.075 mm/dis oldugu durumda meydana gelmistir.
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ABSTRACT

Superalloys are a group of materials that are commonly used in aerospace applications
and are also called high temperature materials, as they have superior wear and
corrosion resistance. Ni-based superalloys are used more often than Ti alloys in the
aerospace industry as they have mechanical and physical properties such as superior
temperature resistance and toughness, high corrosion resistance, excellent fatigue and
creep resistance. Ti alloys, on the other hand, have the highest strength / weight ratio
among metals, increasing their preference in these industries continuously. Casting,
forging, powder metallurgy and machining methods are used in the process of shaping
machine parts used in the aviation industry from superalloys. However, many
components are mostly manufactured using machining methods due to the part
geometry, desired size and surface quality requirements. In this context, in the
production of parts from Ti alloys and Ni-based superalloys, which are difficult to
process, the correct selection or optimization of processing parameters is very
important in terms of minimization of processing costs and therefore sustainable
manufacturing. In this study, factors such as cutting tool quality and
cooling/lubrication technology were evaluated for criteria such as tool life, surface
integrity and cutting forces, which have an important place in the machinability of
titanium and nickel-based superalloys.

Havacilik ve Uzay Endiistrisinde Kullanilan Titanyum Alasimlar: ve Nikel
Esash Siiperalasimlarin Islenebilirligi Uzerine Bir Degerlendirme
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Anahtar Kelimeler:
Havacilik
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Siiperalagimlar
Islenebilirlik
Kesici takim

Yiizey biitiinliigii

OZET

Siiperalagimlar, iistlin asinma ve korozyon direnci gibi dzelliklere sahip olduklarindan
havacilik ve uzay uygulamalarinda sik¢a kullanilan ve yiiksek sicaklik malzemeleri
olarak da isimlendirilen malzeme grubudur. Ni esasl stiperalagimlar, iistiin sicaklik
mukavemeti ve tokluk, yiikksek korozyon direnci, milkemmel yorulma ve siiriinme
dayanimi gibi mekanik ve fiziksel 6zelliklere sahip oldugundan havacilik ve uzay
endiistrisinde Ti alagimlarindan daha sik kullanilmaktadir. Ti alagimlar ise metaller
icerisinde en yiiksek dayanim/agirlik oranina sahip olmasi nedeniyle bu endiistrilerde
tercih edilme grafigini siirekli yukarrya tasimaktadir. Havacilik sektoriinde kullanilan
makine pargalarinin stiperalagimlardan sekillendirilmesi siirecinde doékiim, dévme, toz
metalurjisi ve talagl imalat yontemleri kullanilir. Bununla birlikte, par¢a geometrisi,
istenilen 6l¢li ve yiizey kalitesi gereksinimlerinden dolay1 birgok bilesen ¢ogunlukla
talasgh imalat yontemleri kullanilarak imal edilmektedir. Bu baglamda, islenebilirligi
zor olan Ti alasimlart ve Ni esasli siiperalagimlardan parga iretiminde, isleme
parametrelerinin dogru se¢imi veya optimizasyonu isleme maliyetlerinin
minimizasyonu ve dolayisiyla siirdiiriilebilir imalat agisindan c¢ok onemlidir. Bu
calismada, titanyum ve nikel esasl siiperalasimlarin islenebilirliginde 6nemli bir yeri
olan takim 6mrii, ylizey biutiinliigii ve kesme kuvvetleri gibi 6lgiitler igin kesici takim
kalitesi ve sogutma/yaglama teknolojisi gibi faktorler degerlendirilmistir.
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1. INTRODUCTION (GiRiS)

The quick growth in the aviation industry has laid the groundwork for the development of
materials used in aircraft construction. The main factor is the reduction in weight and increased
service life of aircraft components, resulting in lower costs. Therefore, a lot of research was done
for improving materials by optimized properties to reduce weight, increase damage tolerance,
fatigue and corrosion resistance. The main purpose of the continuous development of new materials
in aviation applications is to increase fuel efficiency and performance, and to reduce costs. Since
the selection of engineering materials for aerospace applications affects both economic and
environmental topics, these materials are expected to have superior properties. Superalloys were
first developed for military gas turbines during in the early 1950s. Since then, superalloys have been
in continuous development and numerous new materials have been produced in this area. At the
same time, superalloys are an valuable class of high temperature materials used in the strongest
parts of jet and rocket engines where temperatures get to 1200-1400 °C [1].

On the other hand, high strength, hardness and toughness make it difficult to process these
materials with traditional processing methods. These materials are used for a widespread variety of
applications for instance power generation, high-tech automotive parts, especially in the aerospace
industry [2]. Al, Ti, Mg and Ni-based alloys have become developable alloys for the aerospace
industry thanks to their superior advantages [3]. Figure 1 shows the application areas of some
superalloys. High temperature resistant alloys are the main resources used in the production of
aviation-engine parts. These exotic superalloys are classified at four main categories: Nickel-based
alloys, cobalt-based alloys, iron-based alloys, and titanium alloys. Iron-based superalloys contain
significant amounts of Cr, Ni and very small amounts of Mo or W in addition to Fe. Fe-based
superalloys and solid solution reinforced alloys are the weakest of superalloys owing to their low
strength at high temperatures.

Classification Features Potential resource Type Application

Nickel based High temperature Solid solution strengthened Inconel 600,625  Aviation and aerospace
creep, corrosion and with Co, Cr, Fe, Mo, Ta, W, Re engine components
thermal shock strength

Cobalt based  Superior corrosion Primary solid solution Stellite The blades of the gas
resistance and creep reinforcing Cr,W and Fe Tristelle turbine and combustion
strength . elements. Nuclear ener

g Carbide Booster Ti, Hf, Ta and Tribaloy &
reactor power plants
Nb Vitallium

Iron based High corrosion Solid solution reinforcement Y'  Discaloy Gas turbine disc and

resistance, high recipitation hardenin blades
g precip g A286

strength at lower

temperature

Figure 1. Classification and application of superalloys (Siiper alagimlarin siniflandirilmasi ve uygulanmasi) [4]

The biggest advantage of these alloys is that their price is more economical than other
superalloys. They are also the easiest to process superalloys because they cannot maintain their
strength at high temperatures, and contain higher amounts of nickel and chromium than stainless
steels. Cobalt-based superalloys contain Co as the main element, with significant amounts of Ni, Cr,
W and small amounts of Mo, Nb, Ta, Ti. At high temperatures, they show higher strength and
thermal fatigue resistance compared to Fe and Ni-based superalloys, and excellent hot corrosion
resistance with high Cr addition. Alternatively, Co-based superalloys are the most demanding type
of superalloys in machining as they tend to have high hot hardness at high shear temperatures. It
appears that two out of three of aircraft production is occupied by the aviation industry, especially
for the production of aircraft engines, turbines, jet engines and related parts [5]. Aerospace

11



Yurtkuran / Manufacturing Technologies and Applications 2(2), 10-29, 2021

superalloys are usually found in cast, machined, forged and sinter forms (Figure 2). Parts generated
by casting methods display excellent shear strength together with toughness. These properties
produce machinability troubles thanks to low chip slicing. Forged and machined parts usually have
high strength, superior fatigue and fracture resistance. More complex and almost net shaped parts
are manufactured using powder metallurgy method. Parts in this production method present
extremely low machinability and are very abrasive. In this review study, it is aimed to make a
detailed evaluation on important machinability criteria such as superalloys that are critical in
aerospace industry and insert materials, tool life, cutting environment and surface integrity, which
are important for sustainable manufacturing.

Material type Features Machinability properties

Cast Excellent shear strength Chip breaking s difficult

Forging and Processing Higher strength, superior fatigue and fracture More abrasive, better tendency to
strength deformation

Powder Metallurgy More complex alloys can be produced, close to the  Very low workability, very abrasive
net shape

Figure 2. Industrial processing techniques and properties of superalloys (Endiistriyel isleme teknikleri ve siiper
alasimlarin 6zellikleri) [5]

2. SUPERALLOYS (SUPERALASIMLAR)

In the aerospace industries, many models of superalloys, especially nickel and titanium, are used,
which vary according to their usage areas. The main purpose of the alloying process is to optimize
the material strength, its machinability properties and its strength at high temperatures. In aerospace
practices, components must have a certain fault tolerance in both static and/or dynamic loads. To
achieve this, existing traditional materials for instance steel and aluminum are being formed for the
aviation industry. When developing new alloys, the goal is to increase endurance to crack
expansion, environmental damage, creep stress and high temperature yield stress. The composition
of current alloys and specific alloys widely used in aviation applications is shown in Figure 3 [6].

Airplane Aluminum (weight %5) Steel (weight %5) Titanium (weight %5) Other (weight %5)
Boeing 747 8l 13 4 |
Boeing 747 78 12 6 |
Boeing 747 80 14 2 |
Boeing 747 70 I 7 |
DC-10 78 14 5 2
MD-1 | 76 9 5 2
MD-12 70 8 4 2

Figure 3. Current alloys for aircraft (Ugaklar i¢in mevcut alagimlar)
2.1. Titanium Alloys (Titanyum Alasgimlari)

Ti alloys are structural materials widely utilized in the aviation industry, shipbuilding and
chemical industries, turbo machines, machine and tool making, and medicine [7]. In addition to
pure titanium, the alloys are widely used in medical products and implant production. These alloys
are known to exhibit features such as superior biocompatibility, osseointegration, high wear and
corrosion strength and superior compressive strength within the body [8]. The low thermal
conductivity of the materials causes high temperatures in the cutting region. This temperature in the
cutting region is high average 2.2 as much from AISI 1045 processing [9]. Demand for titanium is
steadily improving in the aerospace industry, due to its outstanding weight-to-strength ratio and the
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increasing need for electrochemical compatibility with composites in the field of aerospace. This
alloys have superior mechanical properties, but they are hard-to-work materials with high chemical
reactivity, low thermal conductivity, modulus of elasticity and production rates, as well as higher
tool wear [10]. Modern aircraft designers, who widely use composite materials, also use certain
proportions of titanium. Contrasted to aluminum, titanium is more consistent with composites in
airplane designs / assemblies [11]. Titanium is resistant to flaking, stress corrosion and other alloy
forms, from aluminum alloys, steels, etc. Titanium also resists corrosion factors by forming oxide in
the surface layer in application environments. Titanium alloys are also frequently used in airframe
subjected to air-kinetic heating due to its thermal stability [12]. In Figure 4, the application areas of
the materials usually used in the sector and the modifications of the alloy are given by classifying
them according to a, a + B, B type.

a titanium alloy Applications

Ti-3Al-2.5V When high pressure duct pipes of aircraft are produced with this alloy, they provide 40% weight savings
compared to pipes made of steel. This alloy stands out with its acceptable corrosion strength, nice
weldability and suitability to produce seamless hydraulic pipes.

Ti-5Al-2.55n [13] Welded joints with good stability have oxidation resistance up to 1000 °F making it suitable for

manufacturing blades for aircraft and steam turbines. Its ability to maintain ductility and break toughness
up to cryogenic temperatures allows this alloy to be used to store H2 in the turbo pump of spacecraft.

Ti-6-2-4-2, It is used to manufacture the RB21|1-535-E4 engine, spacers, blades and compressor discs of the Boeing
Ti-5.5A1-3.55n-3Zr-INb- 757 aircraft.
0.25Mo-0.35i

a + B titanium alloy Applications

Approximately 80% of the total volume of Ti utilized in body parts (cladding panels, stiffeners, wing
Ti-6Al-4V [13] containers, spare parts, etc.) is produced of this alloy. It also has a large share by amount in jet engine
components (60% of the total Ti) and aircraft bodies (80-90% of the total Ti). The impact resistance
needed in cockpit glasses is supplied by this forged alloy. Forged alloy is widely used for rotor heads in
helicopters of the BK 117 and BK105.
Ti-15V-3Cr-3Al-35n [14]  Boeing 777 replaces the CP Ti material in conduit pipes, and the Boeing fuselage is significantly lighter
Springs made of this alloy are less weight (up to 70%), less volume (up to 50%) and further corrosion

strength than steel springs.

Figure 4. Titanium alloys and their application areas (Titanyum alagimlar1 ve uygulama alanlar1)

a titanium alloys: The amount of a-stabilizer elements in here separates into two classes as o-a
alloys and super a alloys. The important reason for using a-Ti alloys in engine parts used in aircraft
is that they can retain their strength during most heat treatments. o + B titanium alloys: Break
toughness, superb shear strength, ductility of a + £ titanium alloys are better to a-Ti alloys. The
tensile and fatigue strength of these alloys are better to Ti-Ti alloys. g titanium alloys:
Microstructural changes in the mechanical properties of B + Ti alloys through heat treatment allow
the material to fit into the airframe parts, [13]. Especially Ti alloys in the o + [ phase are widely
utilized in the human body because of their non-toxic and low allergenic characteristics. These lead
to a better level of biocompatibility. Super elasticity and shape memory have become progressively
more valuable features not only in bio-applications but also in distinct industries for instance
automotive and aerospace [14]. Compared to other materials [29], titanium-based superalloys
produced by traditional methods are relatively limited in production due to their relatively high cost
and poor machinability [30]. An increasing number of specialty materials are obtainable in additive
manufacturing technologies, involving titanium. Ti6Al4V alloy is typically utilized in the
production of additive manufacturing parts using EBM (electron beam melting) technology [15].
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2.2. Nickel-Based Superalloys (Nikel Esash Siiper Alasimlar)

The ability to retain high mechanical and chemical properties at elevated temperatures makes
superalloys an excellent material for use in rotary and stationary components of jet engines.
Components manufactured by superalloys are lighter than those produced from traditional steel.
This means less fuel economy and a decline in pollution [16]. Approximately 50% by weight of
aircraft engine alloys are nickel-based alloys [17]. These alloys present a higher strength / weight
ratio than steel with higher density. The superalloys are an exceptional metal class with a
combination of high temperature resistance, toughness and resistance to oxidizing environments
[18]. Nickel-based superalloys are commonly applied in engine parts for instance engine
compressor discs, turbine disc, bearing parts, housing, fins and other running parts [19-21]. In this
context, advanced gas turbine engines are likely to achieve progressively upper levels of fuel
budget, lower NOx emissions, lower noise and unit weight to meet the demand for life cycle costs
in civil aeronautics. These challenges inevitably require that high pressure compressor and turbine
disc rotors be made of materials that can withstand higher temperatures and stresses. High strength
nickel-based superalloys are needed in the production of these critical parts, as the wrong material
selection can threaten the safety of the passengers and the aircraft [22]. In terms of chemical
composition, some nickel-based alloys can be classed as: (i) commercially pure Ni; (ii) Ni-Cu
alloys; (iii) Ni-Mo alloys; (iv) Ni-Cr-Mo alloys and (v) Ni-Cr-Fe alloys. Proximate chemical
structure and classic mechanical properties of the best known nickel-based alloys are given in
Figure 5.

Nickel Alloy Composition General application in industry
Commercial Ni alloy
Ni-200 99Ni-0.2Mn--0.2F Strong caustic
Ni-301 93Ni-4.5Al1-0.6Ti Fasteners, springs
Ni-Cu alloys
Monel 400 67Ni-31.5Cu-1.2Fe Hydrofluoric acid
Monel K-500 63Ni-30Cu-3AI-0.5Ti Fasteners, springs
Ni-Cr-Mo alloys
C-276 59Ni-16Cr-16Mo-4W-5Fe Versatile CPI and pollution control
Inconel 625 62Ni-2 | Cr-9Mo-3.7Nb Aviation industry
Ni-Cr-Mo alloys
Inconel 625 62Ni-21Cr-9Mo-3.7Nb Nuclear waste
Hastelloy C-22 59Ni-22Cr-13Mo-3W-365-3Fe Oxidation and reduction
Hastelloy C-2000 59Ni-23Cr-1.6Mo-1.6Cu-345
Ni-Cr-Fe alloys
Inconel 600 76Ni-15.5Cr-8Fe Nuclear waste
Inconel 690 58Ni-29Cr-9Fe Nuclear waste

Figure 5. Approximate chemical compositions and applications of corrosion resistant nickel alloys (Korozyona
dayanikli nikel alagimlarinin yaklagik kimyasal bilesimleri ve uygulamalart) [23]

50 percent of a plane engine is made by Inconel 718, which is the most commonly used Ni-Fe-Cr
alloy [24]. It accounts for 25 and 45 percent of the yearly production volume for cast and machined
nickel-based alloys, respectively [25]. Nickel-based superalloys cover 40-50 percent of engine
weight in existing industrial aircraft and are used especially in the combustion and turbine segments
in functioning temperatures surpass 1250 °C [26,27]. Commercially available and heavily used
nickel-based alloys Inconel (587, 600, 625, 706, X750, etc.), Nimonic (75, 80A, 90, 263, PE 11, C-
263, etc.), Rene (41, 95), Udimet (400, 500, 630, 700, etc.), Pyromet 860, Astroloy, Waspaloy,
Unitemp AF2-IDAG6, Cabot 214 and Haynes 230 [25]. Turbine wings and nozzle director blades are
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formed by the complex casting method that can precisely control the grain boundary structure. Parts
containing columnar grains manufactured by directional solidification (DS) casting generally have
an operating temperature limit of about 25 °C higher than equivalent pieces. This is cause the grain
boundaries of the DS fins are aligned near the main stretching path parallel to the size of the main
foil [28]. Besides, adhesion, diffusion and oxidation wear of insert become more severe when
machining nickel-based superalloys, and consequently tool life is shorter. For example, a one meter
long nickel-based superalloy blade takes more than seven hours to rough and fine turning [29].

These alloys include the intermetallic combination Ni3 (Al, Ta) in a nickel matrix with
chromium, tungsten and rhenium as solid solution reinforcement elements. Here, tantalum increases
high temperature and oxidation resistance, and it is alloyed with titanium to lessen the alloy's
temperature. Thus, turbine blades made of this material can work at temperatures up to 520 °C [17].
Usually, the structure of nickel-based alloys is 38-76% Ni, up to 27% Cr and 20% Co by weight. In
addition, these technical properties can be improved by adding refractory elements namely W, Ta
and Mo. The amount of elements for instance Si, P, S, oxygen and nitrogen added to the alloy is
regulated by the melting process. Conventional parts produced by casting from the alloys are
turbine fins and brake discs [30]. In this method, the process is carried out with the highest level of
precision in order to keep the machining processes to the lowest. Vacuum induction melting
improves casting quality by disconnecting most of the rare elements from the alloy. In this context,
turbine blade faults are mostly caused by vertical forces at the grain boundaries to which the
weakest points of the structure are subjected [31]. This defect can be reduced or minimized by
directional solidification casting. Structures with grain boundaries in the lengthwise trend to the
forces operated by DS casting can be created. In addition, better parts can be manufactured using
single crystal technique. Manufactured by single crystal or DS processes, these parts can operate at
plus 250 °C higher than traditional polycrystalline blades [17]. Forged nickel-based alloys include
approximately 10-20 percent by weight of Cr, up to 8 percent Al and Ti conjugated, 5-15% Co and
Fe [25]. This type alloys offers moderately high temperature strength and well resistance to stress
aging cracking at the weld. Since they have high strength suitable for working with turbine discs,
their main usage field is the manufacturing of these turbine discs [30].

3. MACHINABILITY OF TITANIUM ALLOYS AND NICKEL BASED SUPERALLOYS
(TITANYUM ALASIMLARI VE NiKEL ESASLI SUPERALASIMLARIN iSLENEBILIRLiGI)

Machinability is the simplicity or complexity wherein a material can be processed in a variety of
cutting conditions involving cutting speed, feed rate, and cutting depth [30]. It can also be defined
as response size of the material machined with a particular tool that provides a suitable tool life, fine
surface quality, and appropriate functional properties. The degree of machinability varies according
to tool life, surface quality and the power consumption in the machining process [32]. On the other
hand, the machinability can be evaluated mainly by measuring surface integrity and cutting force
components during a cutting process.

Precision casting, forging and other modern manufacturing technologies are applied to produce
machine parts by nickel-based and titanium alloys. But complicated alloys / materials cannot be
simply produced employing these methods. For this reason, machining methods are used to
manufacture complex quality elements required material / component design at reasonable costs
nowadays. However, superalloys are known to be hard to process materials [33] by reason of their
elevated temperature resistance, fast strain hardening, minimal thermal conductivity, and the
existence of abrasive deposits in the structure [4,34]. At this point, it required the advancement of
tools (carbides, ceramics and CBN) with superior thermal and chemical constancy for improving
the machinability of aerospace alloys. Poor machinability of aircraft engine alloys exposes the tool
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cutting edge to extreme thermal and mechanical pressures and these frequently cause rapid tool
wear [30]. Usual cutting tool problems detected once machining air motor alloys are notching of the
tip and / or cutting edge, side and crater wear, chipping, and breakage. Tools utilized to machine
these alloys must have sufficient hot hardness to resist the high temperatures produced in higher
speed [35]. High velocity machining of aircraft engine components is usually performed using
coated carbide, ceramic and CBN / PCBN tools, but uncoated carbide are used in lower cutting
velocity. Ceramic inserts exhibit low performances owing to their high wear amount by the high
sense of titanium alloys with ceramic. For this reason, these types of insert are not preferred for
processing titanium alloys [36,37].

When machining Ti alloys and Ni-based superalloys, fine and saw-tooth shaped chips are usually
formed. Ni-based superalloys have an austenitic matrix and harden rapidly during machining like
stainless steels. As a result, localization of the slip in the chip makes it difficult to remove the chip
and generates abrasive saw-toothed sides [25]. These alloys also tend to link with the high
temperature tool material produced during machining. The built-up edge (BUE) tendency in
machining and the abrasive carbides in their structure undesirably influence machinability. These
cause extreme temperatures and stresses in the cutting region and cause faster flank wear, cratering
and chipping, dependent on the tool material and the cutting conditions [38]. Nickel-based
superalloys harden by precipitation of a Ni3 (Ti, Al) type y' phase [39,40], titanium and aluminum
can be used interchangeably. The machinability of these alloys is related to the chemical element
content and heat treatment. Here, as the nickel content, which is the main element of nickel-based
superalloys, the cutting temperature rises and the notch wear increases as the hardness increases, as
shown in Figure 6. The chemical structure of superalloys should be related to hardness while
deciding machining conditions [41], [42]. The hardness of Ni and Ti alloys rises considerably with
heat treatment, so they are also called age hardening. Due to the creation of second phase units, the
alloy is both robust and further abrasive, thus making it harder to machine. In this case, it is
advantageous to process the material while it is soft [16]. Whenever possible, a positive insert is
suggested for semi-final and final operations. Its positive geometry ensures efficient removal of
chips from the workpiece. The grain size of the Inconel 718 was found to have little effect on flank
wear, but notch wear was strongly associated with large grit [43]. Excitingly, the feed rate and grain
size greatly influenced firstly tool wear and cutting force [44]. In addition, chip removing rate has
been cited as one of the crucial machinability pointers to determine the cutting state, especially at
high speed machining [45].
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Figure 6. Machinability of superalloys (Siiperalagimlarin islenebilirligi) [42]
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Titanium alloys cover 30% of engine mass in the field of commercial and 40% in military [46].
The use of this material will increase with processing techniques that reduce faults that are harmful
to the effective operation of the engine by early collapse of the relevant parts. One of the faults is
the onset of fractures in the alloy that triggers structural breakdowns in the engine [30].
Machinability of nickel and titanium alloys can be improved using high concentration cooling
technology, hot working, cryogenic machining, and the rotary tool technique [16]. The materials
can be classified according to their machinability into (i) simple-to-work materials, (ii) conventional
forged steels and iron, (iii) hard-to-work materials. When we create a category such as
machinability index, it is possible to categorize such as surface properties, energy necessity, tool
properties, chip morphology, bench and material hardness. Researchers face many difficulties in
finding different ways to develop the material's workability without upsetting the industry's
productivity and cost-cutting. As shown in Figure 7, there are many factors influencing the
machinability of materials [47—49].

Microstructure Cutting tool material

Grain size

Yield strength Tool geometry

Tensile strength Type of machining operation
Hardness

Processing / cutting

Chemical composition “
conditions

Young's modulus

Processing features
Thermal conductivity

Thermal expansion Cutting fluid
Working hardness =

— Machine tool power
Fabrication

Figure 7. Factors affecting machinability (islenebilirligi etkileyen faktérler) [48-50]

4. EVALUATION FOR OUTSTANDING MACHINABILITY FACTORS (ONEMLI
ISLENEBILiRLIK FAKTORLERI ACISINDAN DEGERLENDiIRME)

4.1. Cutting Tool Material (Kesici Takim Malzemesi)

Advances in the cutting tool industry are becoming more and more promising to machine
difficult-to-machine parts with ease and precision. Advanced cutting tools help optimize
machinability. Because hard-to-machine materials need an advanced insert to endure high heat
creation, toughness and impact resistance in machining [51]. Cutting tools utilized in the machining
of superalloys have properties such as wear strength, excellent thermal shock, chemical consistency,
high strength and toughness, efficient hot hardness at high temperatures at the cutting edge and
workpiece [4]. In the machining of nickel-based superalloys and titanium alloys, uncoated and
coated sintered carbide tools and ceramic and CBN tools are generally used in continuous cutting
applications at high speeds [52]. In the machining of superalloys used in aviation, part size
precision and surface impacts are largely dependent on the insert materials. Based on the properties
of nickel-based superalloys, insert materials should usually provide the subsequent conditions;

e Good constancy, high oxidation and temperature resistance.

e Hardness and wear resistance.

e Adequate bending resistance and impact toughness.

e Good heat treatment and high thermal deformation performance.
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e Insert materials often meet intense thermal and mechanical stress close to the cutting edge in
machining [16].

e Coatings applied to tools increase the wear resistance of the insert against wear, loosening
and friction.

Although the coating increases the cost, it can provide many more benefits due to the
improvement of the tool performance [42]. The performance of various coating materials (TiICN /
Al,O3 / TiN, TiN / AIN, TiAIN) during turning of Inconel 718 in MQL was compared by Kamata
and Obikawa. Results indicated that under MQL shear, TiCN / Al,O3 / TiN displayed the longest
shear length at a shear rate of 3.6 km/h [53]. By applying nano-multilayer AITIN / MexN PVD
coatings to cemented carbide tools, a noticeably smaller friction coefficient is achieved at high
temperatures. While nano-multilayer AITiN / MoN coating is recommended for superior tool life
once machining Inconel 718, AITIN / VN coating is more suitable for machining TiAlI6V4 alloy
[54]. It has revealed that the nano-multilayer AITIN / Cu coating is very functional in the processing
of superalloy due to its proper combination of improved oiling properties and decreased thermal
conductivity [55]. The nanocomposite coated cutting tool performed better than the AITIN coating
at higher speed conditions in the fine turning of the Inconel DA718 alloy. However, inserts with
nanocomposite coating demonstrated a significant reduction in chip density, providing superior
wear resistance [56]. There is a clear trend that coatings are being reformed from a single layer to
multilayers, from macros to nanoscale, and from a single to multi-functional. Hence, research on the
development of tool coating types, different processing technologies and their performance in
cutting conditions continues to be important issues in the machining of superalloys.

4.2. Cooling and Lubrication Technology (Sogutma ve Yaglama Teknolojisi)

Chip flow and the lubrication between the tool-workpiece can be successfully provided by a
cost-effective cooling technique through machining. Precise use of cooling maximizes process
capacity, insert life and surface integrity [57,58]. Lubrication and cooling procedures have been
used in industry for the past 200 years to overcome the problems arising through machining.
Coolant is also linked with tool and mostly refers to styles normal wet, dry, minimum quantity of
lubrication (MQL), high pressure cooling (HPC) and cryogenic types. The method considered
environmentally friendly is the dry processing method. In dry cutting, the key reasons of tool wear
are high cutting temperature and thermal shock, BUE formation, geometric deviations in processed
parts, etc. It causes an rise in tool wear because of the quality of the processed surface [59]. Herein,
a higher cutting temperature develops at high cutting speed, which reduces the strength of the
workpiece material and also allows lower cutting force. A laser-assisted HSM in dry machining
conditions was assessed using coated carbide, considering that a completely dry machining pattern
was not suitable for machining superalloys [60]. The results revealed that the cutting force was
significantly diminished, the surface quality was better by more than 25% and the MRR increased
by about 800% compared to traditional machining [42]. However, their application areas are limited
due to the geometric constraints and machining difficulties of cutting tools. Considering both the
widespread use of a PCBN insert in the industry and its disadvantages, the coolant condition has
attracted more attention from researchers. Dry and liquid cooling systems have shown that when
tested at variable cutting BUE and flank wear are common wear patterns for cutting tools, but this is
not always the case. Chip breaking is an important problem since there is no chip breaker in PCBN
cutting tools. It deals with cutting parameters as well as tool geometry and grade. However, almost
all of the factors cited as problems are not independent [42]. Conventional cutting fluids are shown
in Figure 8. Water is often used as a suitable coolant to increase productivity in machining. Water-
based fluids are preferred because of their low cost and heat conduction functionality [61]. In some
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cases, water cooling is not an effective for chip removing and reduces machinability. Therefore,
some additives are added to the water to overcome these problems and ensure efficient cooling. In
severe cutting environments, compressed gas-based coolant or refrigerated pressurized fluids are
used [59].
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Figure 8. Traditional cooling types (Geleneksel sogutma tipleri) [62]

Cutting fluid is supplied in a variety of ways as soluble oil in cutting zone, vegetable oils,
cryogenic coolants etc. The quantitative values of the flow rate are given in Figure 9. Machining
close to MQL or dry machining has been used for years to address occupational hazards and
environmental issues associated with coolant particles in the air. In this technique, coolant and
minimum amount of lubricant are used in both areas. The blend of refrigerant and compressed air
with the controlled flow is transmitted to the cut-off point through the pipe / nozzle. In the MQL, a
little amount of vegetable lubricant or ecological synthetic ester is sprayed with compressed air in
the tool chip interface [53]. In recent years, the use of nanoparticle fortified vegetable oils has found
a widespread of applications and has taken its place among cooling technologies. The nanofluid has
heat transfer ability, the effect of reducing friction coefficient and wear process to improve
efficiency and reliability in machining. Nano-sized solid particles are added to water, oiling
lubricants, etc. to improve the properties of lubricants or coolants. It is dispersed into base liquids
such as. The excellent properties of the nanofluid are beneficial for cooling and lubrication in
machining and reduce the friction coefficient [63]. Since nano liquid has convectional transmission
and wettability of cooling and lubricant, it especially reduces flank wear [64].

Cooling/Lubrication Cutting fluid/ Coolant Flow rate

method

Dry Without N/A

Traditional cooling Mineral, quasi-synthetic and synthetic-centered  0.5—10 L/min
lubricants

MQL Mineral, quasi-synthetic and synthetic and 10-500 mL/hour

vegetable-centered lubricants

Cryogenic cooling CO, ve LN, 0.3—4 kg/min
High pressure cooling Mineral, quasi-synthetic and synthetic-centered  |0—100 L/min
lubricants

Figure 9. Characteristic of cooling lubrication methods (Sogutma yaglama yontemlerinin karakteristigi) [65]
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In current studies, it is recommended that cooling and lubrication methods are used in a
minimum amount of cutting fluid in the processing of alloys used in the aerospace industry, within
the scope of environmentally friendly and sustainable production. A cooling option with a minimum
amount of coolant has been noted to be beneficial for processing Ti and Nickel alloys [66]. M0S2
and graphite-centered nano-cutting liquids give good results at high cutting speeds, but graphite-
based nano-fluids are improved in terms of good lubricating and cooling properties of their overall
performance [67]. Although conventional coolants are not recommended to be used with ceramic
tools because of their characteristics such as small thermal conductivity and shock resistance, the
outcomes obtained using natural MQL are highly promising with regards to tool life and nose wear
[68]. Air cooling is the method that provides safe and environmentally friendly processing that has
attracted the attention of many academic and scientific researchers. When processing Ti6Al4V, the
cutting forces increase due to the lower slip plane angle and chip temperature that occur when using
cooled air cooling. However, tool wear and BUE formation decrease as a result of lower cutting
forces contrasted to dry machining [69]. In the machining of Nimonic 80A alloy, flank wear
occurred along the insert edge due to the abrasive mechanism and big BUE creation in dry cutting.
Less BUE formation and longer tool life were achieved in air chilling and oil spray methods, and it
was emphasized that the oil spray technique could be used as an alternative to the MQL method
[70]. A recent study evaluated the overall performance of cooling approaches with a minimum
amount of coolant when milling Ti6AI4V alloy. In this evaluation, it was specified that the CO2-
snow cooling process performed better than the LN2, MQL and dry machining conditions,
respectively [71]. In another study, the nanoagents protect the oil droplets, stopping the immediate
release of cutting oil from the cutting area, resulting in better lubrication. However, a deterioration
in tool lifecycle and surface roughness occurs with the rise of the hBN ratio in the cutting fluid [72].

5. EVALUATION FOR OUTSTANDING MACHINABILITY INDICATORS (ONEMLI
ISLENEBILIRLiK GOSTERGELERi ACISINDAN DEGERLENDIRME)

5.1. Cutting Forces (Kesme Kuvvetleri)

The efficiency of the cutting process is determined by the cutting conditions (cutting speed,
cutting depth and feed rate), cutting force that is affected by the shape of the cutting tool and the
characteristics of the workpiece material. All methods of reducing cutting resistance extend tool life
and improve the finish of machined parts. Cutting loads can be reduced by using textured tools in
machining as described below [73]. Again, cutting resistance, which is likely to be directly affected
by controllable and uncontrollable parameters during machining (feed, cut depth, cutting speed,
insert geometry, chip shape, workpiece, temperature, etc.) has an impact on tolerance violations
[74]. Additionally, in the force modelling, relative to chip flow direction is permitted better
predictor of cutting forces when using round inserts as well as a third component. Cooling
technologies also have an effect on the cutting force. For example, lower cutting forces in MQCL
cutting conditions are due to lower friction forces at the tool/chip and tool/workpiece interfaces
[75].

In addition, superior cooling and lubrication performances and light tool wear also help to
generate lower cutting forces. In a study, it was stated that minimum residual stress and shear force
could be obtained by using the MQL-SiO, nano lubrication system [76]. In another study, in
according to the dry machining environment, it was stated that the cutting force was reduced by
approximately 0.3 percent and 6 percent with NFMQL with a blend of BF-MQL and hBN [74]. The
formation of chip segments with the complete breaking mechanism provided a high segmentation
rate in the MQL condition. The chip thickness ratio measured in the flood and MQL is less than in
dry cutting. As a result, it shows the need for lower energy consumption in the above mentioned
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environments. On the other hand, the negative effects of the flood on the coating cause high cut
forces in entire coolant conditions [77]. When using copper oxide-based nanofluid, the thin laminar
structure creates less shear force and therefore lower shear temperature. [78]. Cryogenic cooling
from the inside of the cutting tool with liquid nitrogen is further active than dry and conventional
cutting oil applied end milling in producing appropriate machinability indicators such as lower
force, improved surface texture and reduced cutting energy. Thus, the use of this cooling
technology supports sustainability [79].

The use of coated or uncoated tools is another factor affecting cutting forces and thus
machinability. The use of TiN/AIN multilayer coated tools resulted in a 9% reduction in surface
roughness and cutting force [80]. Uncoated carbide cutting tool has greater cutting force than coated
tool. In the study, a 39.79% lessening in cutting force was recorded when the coated tool was used
when the highest cutting speed was selected. A higher insert temperature occurs in the coated tool
than in the uncoated tool. At low cutting speed, the existence of adhering material and obvious
friction marks were observed on the back surface of the chip [81]. Another factor affecting cutting
forces is microstructure. In a study evaluating the cutting forces, especially when machining hard
titanium alloys, thermal softening led to a reduction in yield stress when the temperature increased.
Strain rate hardening also enhances the material hardness. The increase in hardness in machining
also causes an rise in cutting forces [82]. In another study, the wavy cutting edge spent longer time
in the cutting region than the standard helical cutting edge. In this case, the cutting force reduced
the fluctuation range and improved the end milling dynamics [83].

5.2. Tool Life (Takim Omrii)

Factors affecting tool life during machining are cutting parameters, workpiece material and
coolant. Tool life is investigated by wear evaluation as it is in reverse linked to each other. Wear
mechanism and surface texture also significantly influence tool life. The friction at the cutting
interfaces spoils the surfaces that are being formed and affects the wear (tool life) of the tool, which
causes manufacturing costs. A hybrid cooling / lubrication technology reduces surface roughness
with hybrid cooling, reducing friction between tool and workpiece [84]. Another important
application used in extending tool life is cryogenic cooling. At the same time, having an
environmentally friendly cooling feature allows the acceptance of fine cooling technologies [79].
When a tool life model based on tool wear has been developed, the said hybrid cryogenic MQL has
30 times longer insert life compared to machining with current liquid coolers. By using the hybrid
cryogenic cooling system at low and medium cutting velocities, the longest tool life of 1198
minutes was obtained in thermomechanical tool wear [85]. In a study, the effective wear
mechanisms in tool wear were specified as abrasive and adhesive wear. It was also found that
among the four applications of coolant (liquid, dry, MQL, and nano-fluid MQL), the nano fluid
gives better outcomes at various cutting parameters from the point of tool life and surface finish
[86]. Coated carbide generally gives a longer tool life than an uncoated tool as it provides superior
wear resistance, but this is not always true when applied with an incorrect coating and an unsuitable
condition. For example, a GC3015 grade did not outperform an uncoated tool from the point of tool
life at distinct cutting velocities and feed ratios, as long as the depth of cut did not exceed 1.0 mm
[87]. The data reveal that increasing the cutting speed significantly reduces tool life and affects the
coating on the tool. In general, coated tool has further tool life than uncoated tool material. Notch
wear is a main problem when a ceramic tool has been used for the first time in a nickel-based
superalloy machining experiment [88]. Notch and flank wear have been cited as major problems in
dry turning of the Inconel 718 [89]. The problems in the ceramic cutting tool are strongly related to
the cutting parameters. Notch, nose and flank wear mechanisms are seen in the machining of
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superalloys with these tools. Nose wear was decreased by 50-65% and surface roughness under
atomization-based coolant (ACF) was reduced by 39-51% due to solid lubricants that limit notch
wear and tool edge breakage at the tool-chip interface [90]. Thinking the necessary properties of
insert materials for machining nickel-based superalloys, ideally PCBN has a great application as it
has an outstanding hardness at high temperatures. However, since these tools do not have chip
breakers, there is a problem of chip breaking, and unbroken chips cause shortening of tool life or
tool breakage [91]. A study examining the machinability of three different titanium alloys (Ti-64,
Ti6264, Ti-5553) with carbide TiAIN-PVD coated and uncoated tools indicates that cutting tool
wear is greater on uncoated inserts, indicating that the insert may be at elevated temperatures during
machining. In addition, wear on the curved surfaces of the coated inserts operated in Ti-64 and Ti-
6246 appears to be sticky in nature [92]. A research was performed on the chip removal
performance of coated tools in milling of Ti6Al4V. In this research, the tool edge radius of
uncoated, AICrN centered, AITIN centered and TiN coated end mills were 0.41 um, 0.90 um, 1.2
um and 1.5 pm. According to the results, the wear of the uncoated micro end mill was high and
chipping occurred on the cutting edge. The AICrN centered coated mill set showed the maximum
wear resistance [93]. A study on tool wear in milling of Ti-6Al-4V alloy using PVD and CVD
coated tools was conducted. The cutting tool is coated with multi-layer TiAIN. It is stated that in
tool wear, the effects of cutting depth on PVD and CVD coated inserts are more dominant, followed
by cutting speed and feed rate [94].

3.4. Surface Integrity (Yiizey Biitiinliigii)

It is characterized by changes in surface integrity, topographical, mechanical and metallurgical
properties of the surface. Ti alloys and Ni-based superalloys are one of the difficult materials to
process due to their high temperature resistance, high speed deformation strengthening and small
thermal conductivity, and the existence of finely structured abrasive precipitates. It is known that
the processed surface structure has a great influence on the equipment performance of parts such as
fatigue life, wear and corrosion strength, and is closely connected to cutting conditions. It was also
found that the fine structure of the alloy produced by the laminating process, unlike casting and
forging, also affects the surface finish of the laminated geographic feature after the laminating
process [95]. As shown in Figure 10, classics related to surface topography (defects and roughness),
microstructure changes (deformation, particle miniaturization and texture) and mechanical
characteristics (fine hardness and residual stress).

Surface topography
o Surface defects
® Surface roughness

Machined surface

characteristics
M\ Microstructural alterations

® Plastic deformation

® Grain size and texturc

® White layer

Machining
affected layer

Mechanical propertics
Bulk material ® Microhardness

® Residual stress

Figure 10. Scheme of machined surface integrity properties (Islenmis yiizey biitiinligii 6zellikleri semas1) [96]

A variety of surface integrity analysis methods are used in the analysis of machined surfaces. A
variety of tools and systems are used to measure and describe surface topography, as well as white
light interferometric SEM and 3D laser imaging [97]. Three main systematic methods, including X-
ray, mechanical earring, ultrasonic and magnetic method, and neutron diffraction method, are
applied to regularly evaluate the residual stress of the treated surface [98]. Specially, the X-ray
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procedure is thought one of the best sophisticated techniques. The depth gradient dispersal of
remaining stress here is measured via electrolytic polishing, removing the substrate layer of material
[99]. In one study, the surface integrity formed during high speed turning of two different nickel-
based superalloys was evaluated using a CBN insert under jet flow cooling conditions. Surface
faults occurred on the machined surface of the alloy, including carbide cracks, firing flow and
contamination, which affected the coating of all cutting tools. In addition, high-precision
deformation was observed under the surface of the alloy [100]. Besides cutting speed, feed rate and
cutting depth, insert wear also has a major effect on the alteration of surface topography. This
outcome is especially noticeable in the case of quick tool wear when machining Ti and Ni alloys
[97]. The effect of deformation hardening, which means a rise in hardness and strength of a ductile
metal during plastic deformation, on the behavior of the microstructure of Inconel 617 was
examined. Unique models have been recommended to describe the plastic and deformation
hardening behavior of this material. Among the five associations suggested for the characterization
of deformation hardening parameters of metallic materials, it was stated that the one proposed by
Ludwigson best fits the experimental data. In addition, the contact of dislocations with carbides and
y ' particles has been clearly determined by transmission electron microscopy that they lead to high
deformation hardening at 700 °C [101]. Surface materials processed by processing Ti and Ni alloys
will increase deformation resistance and significantly reduce plasticity. This condition is called
work hardening and is related to the effects of thermomechanical stress. [102]. Several studies have
shown that hardening behavior is mostly dependent on grain size and plastic deformation, whilst
softening behavior is associated with dynamic precipitation and recovery as well as cavitation
formation [103]. Surface imperfections belong to a serious problem in micro-surface integrity.
Regardless of other cutting parameters, worn cutting tools have higher surface damage than new
tools. In a study, the formation mechanisms of surface faults machined in unique tool wear
conditions were analyzed. Formed surface, which includes surface breaking, pits, tearing, hollows,
side flow, smearing and surface burn, has been reported to be associated with high
thermomechanical loads when thinking tool wear [97].

5. CONCLUSION AND RECOMMENDATIONS (SONUC VE ONERILER)

In this study, Ni-based superalloy and Ti alloy, which are among the superalloys used in
aerospace applications, have been introduced first. For these alloys, machinability factors such as
cutting tool material, cooling/lubrication technology, and machinability indicators such as cutting
force, tool life and surface integrity, which directly affect both the quality of the machined part and
the machining costs, were evaluated.

Also known as elevated temperature materials, superalloys; nickel-based alloys, cobalt-based
alloys, iron-based alloys and titanium alloys. Among these, it is striking that Ni-based alloys are
used much more widely than Ti alloys and therefore more widely used in the aerospace industry.
Since Ti alloys have the highest strength / weight ratio among metals, composite materials have
found an increasing use in the aviation industry. These alloys, produced in three different alloy
modifications of a, o + B, B type, have high corrosion resistance and chemical stability, excellent
impact and abrasion resistance. Ni-based superalloys have mechanical and physical features such as
superior temperature resistance and toughness, high corrosion resistance, excellent fatigue and
creep resistance. Casting, forging, powder metallurgy and machining methods are used in the
process of shaping components used in the aviation industry from superalloys. However, many
components are mostly manufactured using machining methods due to the part geometry, the
required size and surface quality requirements. On the other hand, superalloys are hard to process
materials thanks to their great temperature resistance, quick strain hardening, low thermal
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conductivity and the existence of abrasive deposits. In this context, it is seen that the researches
made for improving the machinability of superalloys are increasing day by day.

In the studies on the processing of superalloys, it is observed that machinability indicators such
as tool wear and life, surface integrity, cutting forces and surface roughness for machining operation
type, coolant, cutting parameters and tool grade and geometry are evaluated. Cutting forces are one
of the most important parameters to be determined for accurate machining. Optimization of other
factors such as cooling/lubrication technology, tool life, energy consumption depends on the correct
determination of cutting forces. Ceramic and CBN tools are used in the machining of Ti alloys and
Ni-based superalloys, uncoated and coated inserts and continuous cutting applications at higher
cutting speeds. It is seen that coating application with PVD and CVD technologies increases the
cost of tooling, but it is seen that coated tools are used more widely due to the improvement of tool
performance, but it is seen that nanocoating applications are increasing. When machining these
alloys in dry cutting environment, high cutting forces and temperature, BUE creation on the cutting
edge and high thermal-mechanical stresses cause rapid wear, especially in carbide tools. At the
same time, these problems are the main causes of surface defects such as burning, tearing, micro
cracks, increase in surface roughness, deformation hardening due to excessive plastic deformation,
microhardness increase to a certain depth and residual stress formation on the processed material.
With the correct selection or optimization of parameters for instance cutting speed, feed rate, cutting
depth, insert geometry, these formations can be improved to some extent. Optimizing cutting forces
will allow a more economical machining process to be prepared in the future. In this context, it is
noticed that new cooling / lubrication technologies have been developed for enhancing tool life,
keep surface integrity at the desired level and reduce machining costs. Depending on the type of
processing, it is recommended to use techniques such as compressed air cooling, cryogenic cooling
(LN, COz-snow), MQL and nano-fluid MQL. In particular, the industrial widespread use of MQL
technology with numerous vegetable oil content will both reduce the use of lubricants in machining
and will make significant contributions in terms of the damage caused by traditional cutting fluid to
the operator and the environment. It seems possible to improve the machinability characteristics of
superalloys with the correct selection and application of the cooling / lubrication system as well as
the appropriate cutting parameters and cutting tool selection according to the material being
processed.
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OZET

Krom (Cr) kaplama dekoratif ve fonksiyonel amagli yaygin bigimde kullanilmaktadir.
Yiiksek sertlik, parlak goriiniim, miikemmel asinma ve korozyon direncine sahiptirler.
Cr(VI) toksik bir malzemedir. Bu yiizden Cr(VI) banyolarindan elde edilen Cr
kaplama, c¢alisan sagligi ve cevre acisindan biiylik risk olusturmaktadir. Bu yiizden
benzer kalite ve Ozelliklere sahip, ayrica toksik ve cevreye zararli etkisi olmayan
Cr(IIT) banyolari, Cr(VI)’ya iyi bir alternatiftir. Daha az zararli ve kolay aritilabilir
olmasi tercih sebebidir. Bu makalenin amaci, mevcut Cr(VI) banyolarinin uygun
maliyetle Cr(lIl) banyosuna doniistiiriilerek dogaya desarjinin 6nlenmesidir. Bunu
saglamak icin 3 farkli firmadan Cr(VI) kaplama banyosu toplanmis, kimyasal
doniisim yontemli ile Cr(IlI) kaplama banyosuna doniistiirme ¢aligmasi yapilmustir.
Doniistim sirasinda Cr kaplamanin kalitesini etkileyen onemli faktorleri belirlemek
icin deneysel tasarim metodolojileri uygulanmistir. Ana faktorlerin etkilerini ve
etkilesimlerini belirlemek ve doniisiim siirecini optimize etmek ig¢in ‘2 kesirli
faktoriyel deney tasarim metodu kullanilmistir. Sonuglar istatistiksel olarak
degerlendirilmis ve optimum doniisiim parametreleri belirlenmistir. Istatistiksel
degerlendirme sonucunda giriskenlige etki eden en 6nemli parametrenin komiirleme
pH’1 oldugu goézlenmistir. Bazik ortamda aktif komiiriin ortamdaki safsizliklar1 daha
iyi uzaklastirdigi tespit edilmistir. Parlakliga etki eden en dnemli parametresinin ise
Cr(IIT) komplekslesme reaksiyon siiresi oldugu bulunmustur.

Determination of effective factors in conversion of Cr(VI) electroplating
baths to Cr(I11) baths
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ABSTRACT

Chrome (Cr) plating is widely used for decorative and functional purposes. They have
high hardness, bright appearance, excellent wear and corrosion resistance. Cr(VI) is a
toxic material. Therefore, Cr coating obtained from Cr(VI) baths has a great risk in
terms of employee health and the environment. Therefore, Cr(l11) baths, which have
similar quality and properties, and do not have toxic and harmful effects to the
environment, are a good alternative to Cr(V1). It is preferred because it is less harmful
and easily purified. The aim of this study is to convert existing Cr(VI) baths into
Cr(I11) baths at an affordable cost and to prevent their discharge into nature. In order
to achieve this, Cr(VI) plating bath was collected from 3 different companies, and
chemical conversion process was performed to convert it into Cr(lll) plating bath.
Experimental design methodologies were applied to identify the important factors
affecting the quality of the Cr coating during conversion. The ' fractional factorial
experimental design method was used to determine the effects and interactions of the
main factors and to optimize the conversion process. The results were evaluated
statistically and optimum conversion parameters were acquired. As a result of the
statistical evaluation, it was observed that the most important parameter affecting the
throwing power was the the pH of activated carbon treatment. It has been determined
that activated carbon in alkaline medium removes impurities better in the medium. It
was found that the most important parameter affecting the brightness was the Cr(lll)
complexation reaction time.
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1. GIRIS (INTRODUCTION)

Krom kaplama ticari olarak tiim diinyada yaygin olarak kullanilmaktadir. Hem parlakligi hem de
korozyon direnci yiiksektir. Ayrica asinmaya karsida direnglidir [1,2]. Krom kaplama (Sert krom,
dekoratif krom) maalesef geleneksel Cr(VI) soliisyonlarindan elde edilmektedir. Bilindigi gibi
Cr(VI) banyolar1 hem toksik hem de kanserojendir [3]. Ciddi saglik problemlerine sebep olmasi ve
cevreye zarar vermesi nedeniyle ABD, Japonya, Avrupa gibi iilkelerde kullanim1 sinirlandirilmistir
[4,5]. Cr(Ill) elektrokaplama banyolarindan elde edilen krom kaplamalar Cr(VI) dan elde edilen
kaplamalara dnemli bir alternatiftir. Bu ylizden Cr(III) kaplamalarin yayginlastirilmasi insan sagligi
ve cevre kirliligi agisindan biiylik 6nem arz etmektedir [6]. Bunu yapabilmek ic¢inde Cr(III)
kaplamanin hem ekonomik hem de isletim gii¢liigii agisindan uygun hale getirilmesi gerekiyor.

Cr(IlT) kaplama, Cr(VI)’ya kiyasla hem pahali hem de isletimi daha zor bir prosestir. Cr(III)
banyosu, sulu ¢ozeltisinde dogrudan kaplanmaz. Ciinkii Cr(IIl) iyonlar1 kinetik olarak stabildir ve
su ile [Cr (H20)6]™® kompleksini olusturur [7,8]. Cr(Ill) iyonlarimin indirgenme potansiyelini
diistirmek icin, formik asit, {ire, asetat, glisin gibi kompleksleyici ajanlarin kullanilmas1 gereklidir
[9]. Kompleks ligandlar, Cr (IIT) iyonlar1 ve su molekiilleri arasindaki mesafeyi arttirir ve Cr(III)-
H,O kararliligini bozar. Boylece Cr (III) iyonlarmin katoda yaklagsmasmi ve daha kolay
indirgenmesini saglar [10]. Organik kompleksler ayni zamanda, kaplamanin yiizey morfolojisinin
gelistirilmesinde de 6nemli bir role sahiptir [8]. Ayrica, Cr(IIl)'in indirgenmesini zorlastiran ikinci
faktor, katottaki hidrojen gazi ¢ikisidir. Suyun indirgenme potansiyeli [Cr(H20)s] *den diisiik
oldugundan, katotta Cr kaplamasini 6nleyen asir1 hidrojen olusumu gerceklesir [1].

Cr(VI) kaplama banyosu bir veya daha fazla katalizor icermektedir. Cr (VI) banyolarinda yaygin
olarak kullanilan katalizorler siilfat ve floriir icerikli bilesiklerdir. Floriir katalizérii genellikle
ortama silikafloriir (SiFs?) olarak eklenir. Siilfiirik asit ve/veya sodyum siilfat, siilfat kaynagi olarak
kullanilir [11,12]. Cr kaplama banyosunda kursun, anot olarak kullanilir. Kursun agir metaldir,
insan saglig1 ve ¢evre kirliligi agisindan tehlikelidir [13].

Cr(VI) banyolarin1 Cr(III) banyolarina, kimyasal doniisiim prosesi ile doniistiirmek miimkiindiir.
Bu sekilde Cr(III) kaplamanin isletim maliyeti diistiriilmiis ve daha ekonomik Cr(III)
elektrokaplama banyosu elde edilmis olur. Katirci ve ekibi 2020 yilinda Cr(VI)->Cr(11)
doniisiimiinii saglayan proses gelistirmistir. Bu calismada kimyasal doniisiim prosesinde etkin
faktorleri (aktif karbon, pH, kaynama siiresi ve siizme islemi) incelemisler ve kaplamanin
parlakligina, giriskenligine, rengine ve siyahliga etkileri arastirilmistir. Ancak 6n islem asamalari
anlatilmamistir. Ayrica On islem asamasinda arastirilan faktorler ve sonuglari makalede
yaymlanmamistir [14]. Bu ¢alismanin amact bu sonuglar1 yayinlamak ve sektorel bilincin
arttirllmasina katki saglamaktir. Boylece hem Cr(VI) kaplama banyosu atiginin ¢evreye atilmasini
onleyecek bilgi birikimi hem de mevcut Cr(VI) banyolarinin Cr(Ill) elektrokaplama banyolarina
dontistimii i¢in gerekli deneyim sektore kazandirilmis olacaktir.

2. MATERYAL VE YONTEM (MATERIAL AND METHOD)

Cr(VI)’y1 Cr(Ill)’e indirgeme asamasi sodyum metabisiilfitle yapilmistir. Atik Cr(VI)
banyolarinda metalik safsizliklar1 uzaklastirmak icin alkali ortamda kimyasal yontemle ¢oktiirme
islemi uygulanmistir. Banyo pH’lar1 sodyum hidroksit (NaOH) ve siilfiirik asit (H,SO,) ile
ayarlanmistir. Kimysal donilisim prosesi asamasinda kullanilan kimyasallar analitik kalitededir.
Elektrokaplama islemlerinde Hull-cell kullanilmistir ve 55 °C de 2A 5 dk siireyle krom kaplama
gerceklestirilmistir. Anot olarak grafit kullanmilmistir. Elektrolitik kaplama sonrasi parlaklik
Ol¢iimleri MITECH TECHNOLOGY MG-268 model glossmetre cihaziyla yapilmistir. Deney
planlar1 ve istatistiksel degerlendirmeler MINITAB 15 programu ile yapilmistir. Standart bakir plaka
lizerine yapilan krom kaplama tiim ylizeyi kaplamamaktadir (Sekil 1). Yiiksek akim yogunlugundan
diisiik akim yogunluguna dogru kaplama kalinlig1 azalmaktadir. Diisiik akim yogunluguna dogru
yaklagik 1-5 cm arasinda kaplama almayan bolge olugmaktadir. Kaplama almayan bdlge cetvelle
Ol¢iilmiis ve giriskenlik degeri olarak belirlenmistir. Burada en diisiik deger en iyiyi en yiiksek
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deger ise en kotiiyli temsil etmektedir. Degerlendirme oOl¢iitii cetvelle Olglilen miktardir. Birimi
santimetre (cm) dir.

Sekil 1. Plakalarin giriskenlik degerlerinin 6l¢iimii (Measurement of the throwing power of the plates)

Cr(VI) banyosunun Cr(III) banyosuna doniistiiriilmesi i¢in iki asama ¢ok dnemlidir. Bunlardan
birincisi Cr(VI)’nin Cr(IIl)’e indirgenmesi i¢in uygun kimyasalin secilmesi, ikincisi ise ¢alisma
sirecinde Cr(VI) banyosunda ¢oziinen metalik ve organik safsizliklarin  ortamdan
uzaklastirilmasidir. Cr(VI)’nin Cr(Ill)’e indirgeme asamasinda kullanilacak kimyasalin se¢imi i¢in
literatiir arastirmasindan 3 kimyasal belirlenmistir. Bunlar; hidrojen peroksit, metanol ve sodyum
metabistlfittir. Full faktoriyel deney planlari olusturulmadan 6nce, klasik yontemle Cr(VI)’nin
Cr(IT)’e indirgenme ¢aligmalar1 ve safsizlarin ortamdan uzaklastirilmasi ¢aligmalart yapilmistir.

[k ¢alismamizda hidrojen peroksit indirgeyici olarak kullanilmistir. Ancak banyoda kopiirmeler
ve tasmalar meydana gelmistir. Bu ytizden hidrojen peroksit kullanimindan vazgegilmistir. Ikinci
olarak metanol indirgeyici kullanilmustir. Indirgeme siiresi 1 giinden fazla siirdiigiinden endiistride
uygulanabilir bulunmamustir. Ugiincii olarak literatiirden metabisiilfit kimyasali tespit edilmis ve
indirgeyici olarak c¢alismamiza dahil edilmistir. Indirgemenin hizli gerceklesmesi ve banyoda
herhangi bir tasma meydana getirmemesi sebebiyle bu kimyasal tiim ¢alismamiz boyunca
kullanilmistir. Ayrica sodyum metabisiilfitin banyoda yabanci atik birakmamasi da onemli bir
avantajdir.

Krom banyosundan metalik safsizliklarin giderilmesi i¢in selektif kaplama (dummy plating) ve
coktlirme denemeleri yapilmustir. Selektif kaplama hem uygulamasi kolay hem de daha ucuz oldugu
icin Oncelikli olarak calisilmistir. Selektif kaplama 1 amper akim 2 saat siireyle uygulanmistir.
Selektif kaplama islemi sonrasinda, Cr(Ill) kaplama banyosunda herhangi bir kaplama
gozlenmemistir (Sekil 2). Bu yiizden metalik safsizliklar1 uzaklastirmak i¢in banyoda yiiksek pH’da
coktiirme islemi yapilmigtir. Bunun i¢in sodyum hidroksit ile pH 12’ye yiikseltilmis ve olusan
¢okelek (bakir, nikel, demir) siizge¢ kagidinda siiziilmiistiir (Sekil 3). Siizme isleminden sonra
indirgeme asamas1 yapilmis ve gerekli kimyasallarin ilavesinden sonra Cr(III) banyosu
olusturulmustur. Bu islem sonrasi yapilan kaplamada Cr(IIlI) kaplamanin yiizeyi énemli derecede
tyilesmistir (Sekil 4). Tiim krom kaplamalar bakir plaka iizerine yapilmaistir.
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Sekil 4. Metalik safsizliklar1 ¢oktiirme igleminden sonraki kaplama (Coating after the precipitation of metallic
impurities)

On calismalarda hangi kimyasalin Cr(VI)’yr Cr(Ill)’e indirgedigi ve safsizliklarm hangi
yontemle en 1yi sekilde uzaklastirildigi belirlendikten sonra, kimyasal doniisiim prosesinde etkin
parametrelerin belirlenmesi icin iki seviyeli ¥ kesirli faktériyel deney planlari olusturulmustur. On
deneysel calismalar ve literatiir 1518inda Sekil 5’te belirtilen parametreler, bagimsiz degiskenler

olarak, giriskenlik ve parlaklik parametreleri ise kalite degiskeni olarak belirlenmistir. Deneyler tek
tekrarli olarak gerceklestirilmistir.
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DENEY PLANI

Cr(IIm) Kémiirleme Cr(VI)
50 2 1
75 12 2
Giriskenlik
Parlaklik
20 60 sanayi
2 30 mavi
Bekleme Cr(I) Slizme

Sekil 5. Kalite degiskenleri (Giriskenlik, parlaklik) ve kaliteyi etkileyen bagimsiz degigkenler, Kaynama Sicaklig1
(CrlIll), Bekleme Siiresi (saat), Komiirleme pH’1, Kaynama Siiresi (Cr(III), dk), Cr(III) pH, Cr(VI) kaynatma siiresi
(saat), Stizme (Quality variables (throwing power, brightness) and independent variables affecting quality, Boiling
Temperature (Crlll), Waiting Time (hour), Carbonizing pH, Boiling Time (Cr(l11), min), Cr(l11) pH, Cr(V1) ) boiling
time (hours), Filtering)

Farkli firmalardan toplanan Cr(VI) banyolar1 tek bir kapta toplanarak siiziilmiistiir. Siizme
isleminden sonra Cr(VI) banyosundan organik safsizliklari uzaklastirmak icin aktif komiirleme
islemi uygulanmistir. Aktif kdmiir (toz) miktar1 4 g/L olarak belirlenmistir. Kémiirleme islemi 1
saat 60 santigrat derecede yapilmis, islem sonucunda sanayi tipi slizgec¢ kagidiyla siizme yapilarak
aktif komiir ortamdan uzaklastirilmistir. Aktif komiirle saflastirma isleminden sonra sanayi
banyolarinda, 50-100 g/L arasinda Cr metali olmas1 beklenmektedir. Bu yiizden bunlarin miktarini
belirlemek i¢in volumetrik yontem metodu kullanilmistir. Analiz sonunda Cr miktar1 75-85 g/L
olarak ol¢iilmiistiir. Uzun stireli caligmalarda anotta Cr(VI) iyonlar1 olusmaktadir. Bunu 6nlemek
icin normalde Ti/lrO; kapli anot kullanilmaktadir. Ancak kisa siireli kullanimlarda Cr(VI) olugsmasi
beklenmemektedir. Bu yiizden Hull-hiicrelerinde kaplamalar 2 amper 5 dakikada ve grafit anot
kullanilmustir.

Minitab programina 6 parametre degisken olarak girilmistir. 6 parametrenin klasik deney
yontemine gore tiim olasiliklarin ¢alisilmast i¢in 64 deney diizenegi kurulmasi gerekmektedir.
Ancak ' kesirli faktoriyel deney tasarimi yontemi kullanilarak deney sayis1 32’ye diistiriilmiistiir.
Olusturulan deney plani Tablo 1 de sunulmustur. Her bir satir deney asamasinda degistirilen
parametreleri géstermektedir. Toplam 32 adet hull-cell ¢alismasi yapilmustir.
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Tablo 1. 6 parametreli % kesirli faktoriyel deney plani (% fractional factorial experiment plan with 6 parameters)

Cré- " _ Kaynama  Kaynama Bekleme
2322? kas{inrztsrpa kasgli(lﬁigpi KOT;:'l)eme Siiresi, dk Sicakhg, Siiresi
(saat) (Crlll) °C (Crlll) (saat)
1 1 mavi 2 30 50 2
2 2 mavi 2 30 50 20
3 1 sanayi 2 30 50 20
4 2 sanayi 2 30 50 2
5 1 mavi 12 30 50 20
6 2 mavi 12 30 50 2
7 1 sanayi 12 30 50 2
8 2 sanayi 12 30 50 20
9 1 mavi 2 60 50 20
10 2 mavi 2 60 50 2
11 1 sanayi 2 60 50 2
12 2 sanayi 2 60 50 20
13 1 mavi 12 60 50 2
14 2 mavi 12 60 50 20
15 1 sanayi 12 60 50 20
16 2 sanayi 12 60 50 2
17 1 mavi 2 30 75 20
18 2 mavi 2 30 75 2
19 1 sanayi 2 30 75 2
20 2 sanayi 2 30 75 20
21 1 mavi 12 30 75 2
22 2 mavi 12 30 75 20
23 1 sanayi 12 30 75 20
24 2 sanayi 12 30 75 2
25 1 mavi 2 60 75 2
26 2 mavi 2 60 75 20
27 1 sanayi 2 60 75 20
28 2 sanayi 2 60 75 2
29 1 mavi 12 60 75 20
30 2 mavi 12 60 75 2
31 1 sanayi 12 60 75 2
32 2 sanayi 12 60 75 20

32 adet hull-cell ¢alismasi sonucunda giriskenlik ve parlaklik parametreleri dl¢iilmiistiir. Indirgeme
ve saflagtirma agamalar1 tamamlandiktan sonra, banyo i¢ine Tablo 2 deki miktarlarda sakarin,
malonik asit, sodyum siilfat ve borik asit ilaveleri yapilmis ve pH degeri ayarlanarak Cr(III)
banyosu olusturulmustur [15]. Komplekslesme olusumu igin Cr(III) banyosu iki farkl siirelerde (30
ve 60 dk) kaynatilmistir. Bu sekilde Tablo 2’deki sartlarda 32 banyo olusturulmus ve her birinin 2
A 5 dk siireyle hull-cell plakalari ¢ekilmistir.
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Tablo 2. Cr(l11) banyosu formiilii (Cr(III) bath formula)

KIMYASAL MIKTAR
Krom Siilfat 10 g/L
Sakarin 20 g/L
Malonik asit 3g/L
pH 3.5
Na,SO, 150 g/L
H;BO; 60 g/L
EHS 1mL/L

3. SONUCLAR VE TARTISMA (RESULTS AND DISCUSSION)

Tablo 1°deki deneyler yapildiktan sonra, 6lgiim sonuglar1 Minitab programina girilmistir.
Minitab programinda bagimsiz degiskenlerin bagimli degiskenler {izerindeki etkileri tablolar
halinde c¢ikarilmistir. Sonuglar Sekil 6-9 da sunulmustur. Bagimsiz degisken olarak Cr(VI)
kaynatma siiresi, siizme (mavi veya sanayi tipi slizge¢ kagidi), aktif komiirleme pH’1,
banyosu kaynama stiresi, Cr(III) banyosu kaynama sicakligi, Cr(III) banyosu olusturulduktan sonra

bekleme siiresi belirlenmis ve bunlarin giriskenlik ve parlakliga etkileri arastirilmustir.

Veri ortalamalar

o Cr6-kaynatma siiresi (saat) Slizme Komiirleme (pH)
4,5 /,
o/
4,0
£
© 3,5- T T T T T T
© 1 2 mavi sanayi 2 12
S 50 Kaynama Siiresi, dk (CrIII) | Kaynama Sicaklgi, C (CrIII) Bekleme Siiresi (saat)
45 / /
.\
\. /
404 /
3,54 T T T T T T
30 60 50 75 2 20

Sekil 6. Ana faktorlerin giriskenlige etkisi (dik eksen girigkenlik miktarini gostermektedir. En diiiik en iyidir) (The
effect of main factors on throwing power (the vertical axis shows the amount of throwing power. The lowest is the

Sekil 6 incelendiginde Cr(II) kaplamanin girigkenligine en fazla etki eden parametrelerin
komiirleme pH’1 ve bekleme siiresidir. Bazik ortamda yapilan komiirlemenin Cr(IIl) kaplamaya
olumlu yonde katki yaptig1 goriilmektedir. Cr(III) banyosu olusturulduktan sonra, kaplama 6ncesi
bekleme siiresi Cr(III) kaplamanin girigkenligini azalttig1 goriilmektedir. Bu bize banyonun
kararliliginin zamanla diistiigiinii gostermektedir. Genel olarak sekil 6 yorumlandiginda Cr(VI)

best))
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kaynatma siiresinin, giriskenlige bir etki etmedigi, siizme islemi sanayi tip siizgec ile yapildiginda
girigskenligi diistirdiigii, aktif komiirleme bazik ortamda (pH=12) yapildiginda giriskenligin arttig1,
kaynatma siiresi 60 dakika oldugunda giriskenligin arttigi, kaynama sicakligi yiikseldikce
giriskenligin diistiigii, bekleme siiresi uzadiginda giriskenligin diistigli goriilmektedir.

Veri ortalamalari

mavi sanayi 2 12 30 60 50 75 2 20 Cré-kaynatma
I I 1 1 I I 1 1 I L siresi (saat)
L —— 1
- N . i~ >
— 2
% \- ./(_: o——A—O./ /I | 4 —a i
Cr6-kaynatma suiresi (saat) x -3 —o— ;u;\:? ‘
\ I 5 | —— sanayi
—_ — —
‘\V. ._\= V. =1l 4 Koémirleme
. | ] | (pH)
Siizme 3| _o 5
.\. ——— / F5 | —m— 12
-— — = _ A _ A - 4 Kaynama
I - | Suresi,
Kémiirleme (pH) e 3 ok (CrIIT)
5 |—@— 30
./3 :/ L4 |- 60
Kaynama Siiresi, dk (CrIII) -3 Kaynama
B Sicakhg,
7 5 C (Crlin)
é,. L 4 —— 50
-m— 75
Kaynama Sicakligi, C (CrIII) F 3

Bekleme Siiresi (saat)

Sekil 7. Faktorlerin etkilesimleri (Dikey eksen giriskenligi, yatay eksen faktor degisimlerini gostermektedir)
(Interactions of factors (Vertical axis shows throwing power, horizontal axis shows factor changes)).

Sekil 7 incelendiginde Cr(VI) kaynatma siiresinin banyonun stabilitesini artirdigi gozlenmistir.
Yani Cr(III) banyosu hazirlandiktan sonra bekleme siiresi artsa bile Cr kaplamanin giriskenligi
diismemektedir. Komiirleme islemi yiiksek pH’da yapildiginda banyonun stabilitesi onemli
derecede artmaktadir. Ayni sekilde siizme islemi i¢in sanayi kalite slizgec¢ kagidi kullanildiginda da
banyo stabilitesi artmaktadir. Bunun sebebi mavi bant siizge¢ kdgid1 banyoda faydali kimyasallari
tutuyor olabilir.
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Veri ortalamalan

Cr6-kaynatma stiresi (saat) Slizme Kémiirleme (pH)

204,0

202,51 e

201,0 - —
o 199,51
% 19810 - T T T T T T
© 1 2 mavi sanayi 2 12
+ Kaynama Siresi, dk (CrIII) Kaynama Sicakligi, C (CrIII) Bekleme Siiresi (saat)
@)

204,0

202,5 ~

201,01 T

199,5

19810 - T T T T T T

30 60 50 75 2 20

Sekil 8. Faktorlerin parlakliga etkileri (Dikey eksen gloss cinsinden parlaklik degerini gostermektedir) (Effects of

factors on the brightness (Vertical axis shows brightness value as gloss))

Veri ortalamalari

mavi sanayi 2 12 30 60 50 75 2 20
1 1 1 1 ] 1 1
— ( + & W ( 3 ———= | 205 Cr6-kaynatma
_ = N / \ [ - 200 siresi (saat)
= / - ——
Cr6-kay natma slires| (saat) \ - o h . "l 195 _g— ;
| 205 "
~ > ~ _ Slizme
- | g - | I 200 | —@— mavi
. —ll— sanayi
Stizme 195
_ _ L 505 Kémdrleme
P A & ha— (pH)
\ [ - 200 | —@— 2
komirleme (oH) 7 \ T s R 2
P o » Kaynama
—=u — — = [ 205 Siiresi,
o\. L 200 dk (CrIII)
- —o— 30
Kaynama Stiresi, dk (CrIII) 195 | _g— 60
———s | 205 Kaynama
B - 200 Sicakhidi,
. | C (CrlII)
Kaynama Sicakligi, C |(CrIII) - 195 | _g 50
—a— 75

Bekleme Siiresi (saat)

Sekil 9. Parlakliga etki eden faktdrlerin ikili etkilesimleri (Dikey eksen gloss cinsingen parlaklik degerini

gostermektedir) (Bilateral interactions of the factors affecting the brightness (Vertical axis shows the brightness as

gloss))

Sekil 8’de, temel degiskenlerin parlakliga etkileri gosterilmistir. Parlaklik Slgiimleri iiniversal
deger olan 60° de yapilmistir. Parlakligin artisina en yiiksek pozitif etki yapan parametre Cr(III)

38




Katirel, Altinsart / Imalat Teknolojileri ve Uygulamalar: 2(2), 30-40, 2021

kompleksleme (kaynama siiresi (Crlll)) siiresidir. Kompleksleme siiresi 60 dakika oldugunda
maksimum parlaklik elde edilmektedir. Diger parametrelerin parlakligi azaltici etki yapmustir.

Sekil 9, Cr(VI) kaynatma siiresinin 1 saat ve kOmiirleme pH’mmin 2 oldugunda banyo
stabilitesinin Onemli derecede arttigin1 gostermektedir. Diger parametrelerin bozucu etkisi
diismektedir. Maksimum giriskenlik ve parlaklik i¢in optimum degerler Tablo 3 de gdsterilmistir.
Optimum girigkenlik ve parlaklik i¢in, pH hari¢ diger parametreler aynidir. Yiiksek giriskenlik i¢in
komiirleme pH’min 12 de tutulmasi gerekirken, yiiksek parlaklik icin pH 2 de tutulmasi
gerekmektedir. Yiiksek parlaklik ve giriskenlik istenen bir durumdur. Bu yiizden bu iki sartinda
ayn1 anda saglanabilmesi i¢in optimum sartlarin olusturulmasi énemlidir.

Tablo 3. Optimum giriskenlik ve parlaklik i¢in, Cr(VI) banyosunun Cr(III) banyosuna doniistiirme sartlari (Conditions
for conversion of a Cr(\V1) bath to a Cr(l11) bath for optimum throwing power and brightness)

GIRISKENLIK PARLAKLIK
Cr(VI) Kaynatma Siiresi 1 saat 1 saat
Siizme Mavi Tip Siizgeg Mavi Tip Siizgeg
Komiirleme Ph 12 (Bazik) 2 (Asidik)
Cr(IIT) Kaynama Siiresi 60 dk 60 dk
Kaynama Sicakhgi 50° 50°
Bekleme Siiresi 2 saat 2 saat

Sanayiden elde edilen Cr(VI) banyolarmin igeriginin tam olarak c¢dziimlenebilmesi miimkiin
degildir. Bu yiizden siizme, komiirleme gibi parametrelerin banyo i¢inde neleri degistirdigi tam
olarak tespit edilememektedir. Bununla beraber, bu grafikler yardimiyla kaliteye -etkileri
gozlemlenebilmektedir. Boylece kimyasal doniisim esnasinda hangi parametrelerin, kalite
degiskenlerine nasil etki ettigi belirlenebilmektedir.

4. SONUCLAR (CONCLUSIONS)

Bu calismada Cr (VI) banyosunun Cr(IIl) banyosuna doniistiirme asamasinda etkin faktorler
arastirilmistir. Doniisiimii  etkileyen parametreler, komiirleme, pH 10 da Cr(VI) banyosunu
kaynatma, siizme, Cr (III) banyosunun kaynama siiresi, kaynama sicakligi ve bekleme siiresi
belirlenmistir. Bu parametrelerin etkisi kesirli faktoriyel deneysel tasarim yontemi ile incelenmistir.
Girigkenlik ve parlaklik kalite degiskenleri olarak belirlenmistir. Girigkenlige etki eden en onemli
parametrenin komiirleme pH’1 oldugu gézlenmistir. Aktif komiirleme islemi, kaplama banyosundan
organik ve inorganik safsizliklari uzaklastirmak i¢in kullanilmaktadir. Aktif komiir, safsizliklari
yiizeydeki gozenekleri sayesinde adsorplayabilmektedir. Bazik ortamda aktif komiiriin ortamdaki
safsizliklar1 daha iyi uzaklastirdig: tespit edilmistir. Parlakliga etki eden en 6nemli parametresinin
ise Cr(I11) komplekslesme reaksiyon siiresidir. Reaksiyonun tamamlanmas: igin sicakligin 50 °C de
ve siirenin 60 dk’dan az olmamas1 gerekmektedir. Ancak bu sonuglar laboratuvar sartlarinda elde
edilmistir. Sanayi kosullarinda 1-2 tonluk banyolarda uzun siire calistiginda nasil tepki ile
karsilasilacagi bilinmemektedir. Bu {iriinii siirdiiriilebilirligini 6lgmek icin birka¢ firmada 8-12 ay
aras1 pilot caligmalarin yapilip, farkli pargalar ilizerinde Cr kaplama denemelerinin yapilmasi
gerekmektedir.

Sonug olarak Cr(VI) banyolarindan Cr(III) banyosu elde etmenin miimkiin oldugu gézlenmistir.
Boylece dogaya, toksik Cr(VI)’y1 desarj etmeden, kimyasal doniisim sonrasi kromu tekrar
kullanmak miimkiindiir. Cr(VI) insan saglig1 iizerinde de ¢ok Onemli mesleki hastaliklara sebep
olmaktadir. Resmi OSHA (Occupational Safety and Health Administration) web sitesinden alinan
veriye gore, Cr(VI) maruziyetinin gz tahrisi ve hasari, solunum yolu tahrisi, bobrek hasari,
karaciger hasari, solunum kanseri, dislerde asinma ve renk degisikligi, burun tahrisi gibi solunum
yolu hastaliklarma sebep olmaktadir. Cr(VI) banyosunda, asir1 hidrojen gazi ¢ikist oldugu igin

39



Katirel, Altinsart / Imalat Teknolojileri ve Uygulamalar: 2(2), 30-40, 2021

Cr(VI) iyonlarim1 ¢alisma ortamina tagimaktadir. Calisanlar is ortaminda solunum yoluyla bu
iyonlara maruz kalmaktadir. Temas halinde ise alerjik hastaliklara sebep olmaktadir.
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ABSTRACT

In this study, composite biomaterials were produced by powder metallurgy (P/M)

method. Ti-6Al-4V master alloy and different proportions of Mn and Zn have been

-lFﬁ)éVX?_T\i' added to this alloy. Dry wear test and electrochemical corrosion test in Hank fluid
Composite (Body fluid) were applied to the produced composite P/M materials. The addition of
Wear Mn in the produced materials was effective in improving the wear behavior of the Ti-
Corrosion 6Al-4V composite material. In addition, the addition of Zr provided excellent

corrosion resistance in Hank's solution. The superior properties of Ti-6Al-4V
composite material with its microalloy approach are quite challenging for biomedical
applications. The best wear resistance was achieved by adding 2%Mn to Ti-6Al-4V by
weight. In addition, it was observed that the phases formed as a result of the addition of
2% Zr act as a barrier during corrosion.

Toz Metalurjisi ile Uretilen Ti-6Al-4V Kompozit Biyomalzemelerin Mikroyapi,
Asinma ve Korozyon Davramislarina Mn ve Zr Ilavesinin EtKisi

MAKALE BILGISI OZET

ﬁgmazg%g%g? Bu calismada toz metalurjisi yontemi kompozit biyomalzeme iiretimi yapilmstir. Ti-
Anahtar Kelimeler- §A|-4V master alasimi ve bu alasima farkli oranlarda Mn ve Zn ilave edilmistir.
Ti-6AI-4V Uretilen kompozit malzemelere kuru asinma deneyi ve Hank sivisi (Viicut sivis)
Kompozit icerisinde korozyon testi uygulanmistir. Uretilen malzemelerde Mn ilavesi Ti-6Al-4V
Asinma kompozit malzemenin aginma davranisini iyilestirmede etkili olmustur. Ayrica Zr
Korozyon ilavesi Hank c¢ozeltisinde 37°C'de miikkemmel korozyon direnci saglamustir.

Mikroalagim yaklagimi ile Ti-6Al-4V kompozit malzemenin {stin 6zellikleri,
biyomedikal uygulamalar i¢in oldukca iddialidir. En iyi asmnma direnci agirlikga
%2Mn Ti-6Al-4V ilavesiyle olusturulmustur. Ayrica %2Zr ilavesi sonucu olusan
fazlarin korozyon esnasinda bariyer olarak gorev yaptig gorilmiistiir.

1. INTRODUCTION

Titanium (Ti) composite materials have achieved admirable recognition in the last couple of
decades by engineering applications such as biomedical and vehicle parts because of their superior
corrosion resistance and outstanding mechanical properties in different environmental conditions
[1]. The production of Ti composite materials are encountering some problems as regard
manufacturing cost that resulted from their high melting point during casting, multiple processes
along with shaping and design hindrance [2]. Powder metallurgy (PM) is the alternative production
method to solve mentioned problems and makes economically complex-shaped parts simply for
engineering applications [3]. To improve the mechanical properties of Ti composite materials Zr
has been added to B-type Ti composite materials which present close young modulus values of
human bone thus limiting the stress shielding effect during service time [4]. As to Ti-6Al-4V, it is
the most used Ti composite materials for especially biomedical parts, the improving the corrosion
resistance of Ti-6Al-4V was studied by elements such as Si [5], V [6], Mo [7] and Nb [8]. The
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controlling of corrosion attacks by composite material elements could be accomplished by the
composition amount, phase types and changing of microstructure [9]. Moreover, stable oxide
particles make an important role to diminish the rate of corrosion as the passive layer occurs on the
surface [10]. Many studies have been reported about the effect of the Zr on the corrosion resistance
of Ti base composite materials [11-13]. However, the little report was published about Ti-6Al-4V
composite materials among these literatures [14, 15]. As for Mn, it is stable on the microstructure
that is suppressing the 3-type phase thanks to the solid solution hardening effect [16]. Moreover, it
is an essential element for human life to continue during daily life. Furthermore, it has similar
effects with base Ti because cell viability is exceptional when the amount in the composition below
13% [17]. In this study, the Ti-6Al-4V materials produced by the PM method where the both Mn
and Zr amount are determined with 0.5, 1 and 2 in wt% to be added. The electrochemical behavior
of Ti-6Al-4V, Ti-6Al-4V-xMn and Ti—6Al-4V-xZr was investigated in Hank's solution at 37 °C.
The dry wear test of produced composite materials was accomplished at 25°C. To observe the
microstructure, scanning electron microscopy (SEM) was utilized that supported by energy
dispersion spectrometer (EDS).

2. MATERIAL AND METHOD

Ti-6Al-4V-xMn and Ti-6Al-4V-xZr composite materials (x=0, 0.5, 1 and 2 wt%) were produced
by powder metallurgy method, where titanium powder (99.7%, d <149 pum, Nanografi), aluminum
(91%, d <50 um, Nanografi), vanadium (99.5%, d <44 um, Nanografi), manganese (99.5%, d <44
pum, Nanografi) and zirconia (99.5%, d <44 um, Nanografi) for Ti6Al4V alloy powders were used.
The produced composite materials labeled as base, 0.5Mn, 1Mn, 2Mn, 0.5Zr, 1Zr, 2Zr for Ti-6Al-
4V, Ti-6Al-4V-0,5Mn, Ti-6Al-4V-1Mn, Ti-6Al-4V-2Mn, Ti-6Al-4V-0,5Zr, Ti-6Al-4V-1Zr and Ti-
6AIl-4V-2Zr, respectively. Powder metallurgy was used to manufacture the investigated composite
materials. Mixing was carried out on a rocking mill machine for 60 minutes; In addition, 0.15 g of
the lubricant oil was applied to evenly distribute the supplements in the Ti powder.The sintering
temperature is applied at 800 C. The compact was sintered at 800 C for 1.8 ks at a pressure of 20
MPa under a vacuum of 4 Pa. The resulting sintered billet has a diameter of 8 mm and a height of
12 mm. These conditions were the same for all sample preparation.

The microstructure of investigated composite materials were characterized by scanning electron
microscopy (SEM, Zeiss Ultra Plus Gemini Fesem) where, metallographic techniques such as
grinding and polishing were applied with the end of mirror surface after that etching is performed
by Kroll’s reagent (80H,0, 15 ml of HNO3 and 5 ml of HF).

Electrochemical corrosion testing was performed for the Ti-6Al-4V-xMn and Ti-6Al-4V-xZr
composite materials (8mmx8mm) at temperature of 36.5°C. Potentiodynamic tests were performed
with parstat 4000 potentiostat machine which based on the three electrode setup, where specimens,
Ag / AgCl (3.5 mol KCI) and a pair of graphite rods are the working electrode, reference electrode
and counter electrode, respectively. The sample preparation was accomplished by following
procedure. Firstly, the samples were grinding by 2500 grit SiC and polished with diamond
suspension of 3um. Secondly, the surface cleaning was finished by ultrasonic cleaning in acetone
and deionized water. The test duration is determined as 900s at a scan rate of 2 mV / s in a scanning
interval of-0.75 V vs. Ag/AgCl to +0.50 V vs. Ag/AgCl. Hank's solution [18] is applied as a
corrosive environment.

Wear tests carried out at 25°C. 8 mm bulk materials were exposed to wear along 40 m under load
60 N (6kg) with 0,5mm/s wear speed at 25 °C according to ASTM-G133 which was conducted in a
tribometer. The counterbody component was steel AISI 52100 (analog ShKh15) with a hardness of
61 HRC. Before the wear test, the sample surfaces were first sanded with 1200 grit and dried with
alcohol before the wear test. After the wear test, microstructure images of the samples were taken
by digital microscope (Nikon SHUTTLEPIX Digital Microscope) and SEM (Carl Zeiss Ultra Plus
Gemini Fesem). The wear volume of each specimen was found by multiplying the stroke distance
and the cross-sectional area under 2D curves in the transverse direction of the wear track. The 2D
area was measured with a Mitutoyo SJ-410 instrument using a standard probe with a diameter of 2
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mm at five different locations depending on the depth (h) and width (L) of the wear scar. 2D area
measurements were made according to the ISO 4287 standard. Hardness of samples was measured
by micro-vickers (HV1) of load 10 N.

3. RESULTS AND DISCUSSION
3.1. Microstructure

The phases were determined with a and B phases for both investigated Mn and Zr added
composite materials which are given in Fig.1 [3]. As to all investigated composite materials, the
dark region is obtained as B phase, however, the light appears as a phase. It is shown that base
labelled composite material contains the fine acicular a-phases and broader B-phase is around by
lath-a phase. As to adding of Mn to Ti-6Al-4V, the amount of 0.5 wt% Mn enhanced the formation
of a broader a-phase that encircled the equiaxed p-phase. As for the Mn, addition is 1 wt%, the
microstructure is reverted to the initial micrograph of Ti-6Al-4V which has the fine a-phase placed
on the boundaries of B-phase. Regarding the 2 wt% Mn addition, the 3-phase formed clearly which
is surrounded by lath-o phase. On the other hand, the B-phase became more dominant than a-phase
on the microstructure of 0.5Zr labelled composite material where the formed acicular a-phase has
outstretched arms along B-phase. The B-phase was replaced by intergranular -phase with the
addition of 1wt% Zr, however, the a-phase is similar with 0,5wt% Zr added one. 2Zr labelled
composite material contains laves phase [19] that occurred as lighter white and morphologically
platelet which mostly was placed along the boundaries of B-phase and partially inside of the lath a-
phase.

Figure 1. SEM micrographs of (a) base, (b) 0.5Mn, (c) 1Mn, (d) 2Mn, (e) 0.5zr, (f) 1Zr and (g) 2Zr composite materials
((a) baz, (b) 0.5Mn, (c) 1Mn, (d) 2Mn, (e) 0.5zr, (f) 1Zr ve (g) 2Zr kompozit malzemelerin SEM mikrograflart)
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3.2. Corrosion test

The potentiodynamic polarization curves enable to investigate the effect of Mn and Zr addition
to the corrosion resistance of Ti-6Al-4V composite materials in the simulated body fluid
environment. The potentiodynamic polarization curves for investigated composite materials that
base, Mn and Zr added composite materials were illustrated in Fig.2 and the test results were given
in Table 1. As seen in Fig. 2, the noticeable transition region is not obtained from active and passive
curves. On the other hand, when we look at the Fig.3, the corrosion current density (CCD) of 2Zr
labelled composite materials has the lowest value of 0.004 pA / cm? that followed by 2Mn and base
labelled composite materials that values of 0.350 and 0.526 pA / cm?, respectively. However, the
highest ones as CCD were presented by 0.5Zr and 1Zr composite materials with the values of 1.173
and 1.480 pA / cm?, respectively. As to the corrosion rate values that are proportional to the CCD,
as seen in Table 1. The different behaviour of corrosion resistance of investigated composite
materials could have resulted from the changing of microstructure that showed distinctive phases
formed based on the amount of %wt Mn and Zr. The role of the occurred phases here could be
explained by the role of corrosion barrier where the homogeneously distributed phases impart to
more resistance regions to corrosive attacks due to anodic and cathodic behaviour of materials was
changed by these regions [20]. The addition of 0.5 %wt Mn to base changed the a phase as broader
and therefore worse corrosion resistance was obtained than the base. The finer a phase gives rise to
better corrosion resistance that is approved by 1Mn composite material containing both
microstructure and CCD values closely with base composite material. The different corrosion
behaviour of base and 1Mn labelled composite materials could have resulted from the lath a phase
forming a higher amount inside base one. Similarly, the lath o phase is enclosed the B-phase
homogeneously. On the other hand, a minor amount of Zr addition to base composite material
makes microstructure different where a particular a phase has the arms spread to -phase. It is clear
that from the microstructure image of the 1Zr composite material, acicular o phase was more
formed inhomogeneously than 0.5Zr that worsened the corrosion rate. However, the Laves a phase
obtained from the addition of 2Zr%wt impart to best corrosion resistance because of their
distribution of grain boundaries homogeneously that give rise to a better barrier to corrosion attacks.
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Figure 2. The potantiodynamic polarization curves of tested composite materials in Hank’s solution (Hank'in
¢ozlimiinde test edilen kompozit malzemelerin potansiyodinamik polarizasyon egrileri)
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Figure 3. Variation of experimental corrosion potential and corrosion current density with Mn and Zr contents of Ti-
6AI-4V composite materials (Ti-6Al-4V kompozit malzemelerin Mn ve Zr igerikleri ile deneysel korozyon potansiyeli
ve korozyon akim yogunlugunun degisimi)

Table 1. The potentiodynamic corrosion test results (Potansiyodinamik korozyon testi sonuglari)

Materials S.A d(g/cm?) EW CC (nA) CCD (pA /cm? CR (mm/ year) Ecorr (V)
(cm?’)
Base 0.283 4.22 23.10 0.149 0.526 0.009 -0.10
0.5Mn 0.283 4.30 23.25 0.204 0.721 0.013 -0.12
1Mn 0.283 4.17 23.35 0.152 0.537 0.010 -0.32
2Mn 0.283 4.27 23.60 0.099 0.350 0.006 -0.36
0.5Zr 0.283 4.31 23.25 0.332 1.173 0.021 -0.29
1Zr 0.283 4.28 23.35 0.419 1.480 0.026 -0.37
2Zr 0.283 4.30 23.60 0.001 0.004 8x10°® -0.20

Labels: CC: Corrosion Current, CCD: Corrosion Current Density, CR: Corrosion Rate, E,, : Corrosion Potential,
d: density, S.A: Surface Area, E.W: Equivalent Weight

3.3. Hardness Test

The hardness test results of the investigated composite materials are presented in Fig. 4. As seen
from Fig.4, the highest and the lowest values were obtained from 0.5Zr (359HV) and 2Zr (419HV)
labelled composite materials, respectively. When we investigate the effect of the amount Mn to
hardness, there is an increase with the addition of 0.5 wt. % Mn (383HV) which is similar to almost
1 wt. % Mn (380HV) added one due to the enlarged a-phase and B-phase. Further, the hardness is
increasing with the addition of the 2 wt. % Mn (417HV) to base composite material (376HV) as the
lath a-phase. It is known that the grain boundaries impart more hindering to dislocation movement
which is attributing to the rising of hardness. However, the smooth character of o and  phase gives
rise to lower hardness to Ti composite materials. As we look at the microstructure of the Zr added
composite materials, it draws a parallel between the broader continuously formed B-phase and
hardness increasing as the [ phase is enlarged on the microstructure where, the hardness
measurement was obtained as 359HV, 374HV and 419HV for 0.5Zr, 1Zr and 2Zr labelled
composite materials, respectively. The highest hardness inside Zr added composite materials was
measured at 2Zr labelled composite material contains Laves phase distribution especially on grain
boundaries of B phase where the increasing hardness could be resulted from the extra boundaries to
resist the dislocation movements [11].
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Figure 4. The micro vickers hardness test results of investigated composite materials (Incelenen kompozit malzemelerin
mikro vickers sertlik testi sonuglari)

3.4. Wear Test

The wear volume of the investigated composite materials was illustrated in Fig.5-6. Moreover, the
SEM images are providing the plastic deformation and oxidation type wear mechanisms that
occurred during the wear test for all specimens. The morphology of wear tracks belonging to all
specimens is obviously similar that indicates the wear mechanism mostly was imparted by the
adhesive wear process. To understand the relationship wear volume loss of investigated composite
materials between microstructures, the EDS study was utilized. The results obtained by EDX
analysis showed that the oxide formation with the addition of Mn and Zr particles changed the wear
volume proportionally with the MnO or ZrO,. As to Mn addition between 0.5wt% and 2%wt, the
MnO formation is firstly is increased but after that, it is decreasing and lastly again increasing that
was observed for 0.5%wt Mn, 1%wt Mn and 2%wt Mn addition, respectively. In addition, the ZrO,
formation showed similar behavior with the addition of %wt Zr addition, where the amount of ZrO,
is as 2Zr>1Zr>0.5Zr. It could be said that the stable oxide particle resists the high contact pressure
during wear test. To compare the wear volume of investigated composite materials, it can be said
the wear resistance of base composite material was improved by the addition of the Mn and Zr
particles. The lowest wear volume loss is obtained at 2Mn and 2Zr composite materials which have
almost close values however, 2Zr is lower than 2Mn. In addition, the hardness result confirms the
wear resistance of composite materials as the harder material the more resistant to counter material.
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Figure 5. The wear volume of investigated composite materials (Incelenen kompozit malzemelerin asinma hacmi)
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Figure 6. The worn surface of (a) base, (b) 2Mn and (c) 2Zr labelled composite materials ((a)Baz, (b) 2Mn ve (c) 2Zr
etiketli kompozit malzemelerin aginmis yiizeyi)

The worn surfaces of the base, 2Mn and 2Zr labelled composite materials are given in Fig. 6. It can
be seen that wear scratches are parallel to sliding direction (Fig. 6a). This indicates that abrasive
wear mechanism is formed [21]. Also, there are oxide particles on wear surfaces (Fig. 6b).
Therefore, it shows that oxidation type wear mechanism formed on the wear surfaces of composite
materials. Besides, abrasive wear marks, micro grooving and fractures are seen in some regions.
Thus, it can be noted that abrasive wear mechanism is more dominant than adhesive wear. More
regions exposed the oxidation, however, a small section of surface harmed by adhesive type wear.
On the other hand, parallel lines are placed which resulted from the adhesive wear on the nearly all
section of surface 2Mn labelled composite material. Nevertheless, mainly material-removing
occurred at the surface of 2Zr labelled composite material which emerged from the abrasive wear as
the characteristic of ZrO2 formation.

4. CONCLUSIONS

In a way that depends on differences in amounts of Mn and Zr particles on the Ti-6Al-4V
composite material, the stable MnO and ZrO, formation gives rise to better hardness and
consequently the more wear resistance was obtained. The microstructure of lath o-phase was
formed by 2Mn wt% addition to Ti-6Al-4V impart to the best corrosion resistance where the
homogeneous formation on grain boundaries of B-phase mainly affects the corrosion attacks rate
negatively. Similarly, the Laves phase occurred by addition of Zr particles as wt%2 amount on the
grain boundaries of B-phases hindered the corrosion attacks as it makes a role as a barrier to them.
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MAKALE BILGISI OZET

Alinma: 03.08.2021 Bu calismada, ferritik paslanmaz g¢elik malzemenin elektro erozyon ile isleme
Kabul: 29.08.2021 yontemiyle islenebilirligi arastirilmistir. Deneyler bosalim akimi (A), vurum siiresi
Anahtar Kelimeler: (Ton) ve vurum bekleme siiresi (Tof) olmak iizere ti¢ farkli isleme parametresi
Ferritik paslanmaz gelik kullanilarak Taguchi’nin Lg ortogonal dizisi uygulanarak deneyler yapilmstir.
glgarwsz isleme hizi Belirlenen parametrelerin is pargasi isleme hizi (1IH), elektrot asinma hizi (EAH)
Elektrot asinma hizi ve ortalama yiizey pirizliliigiine (Ra) olan etkileri incelenmistir. Deneysel
Yiizey piiriizliliigii sonuglara gore is parcasi isleme hizi, elektrot asinma hizi ve ylizey piiriizliligi
Gri iliskisel analiz bosalim akiminin artmasiyla birlikte artis gdstermistir. Ark siiresinin artmasi ile IiH

ve EAH degerleri artarken, elektrot asinmasinin azaldig: tespit edilmistir. Ayrica
elde edilen deney sonuglari Taguchi tabanli gri iligkisel analiz yontemi ile ¢oklu
optimizasyonu yapilmistir. Optimum isleme parametreleri, bosalim akim, vurum
siiresi ve vurum bekleme siiresi i¢in sirasiyla 6 A, 400 ps ve 100 ps olarak
belirlenmistir.

Optimization of Machining Parameters for Electro Discharge Machining of
Ferritic Stainless Steel
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In this study, the machinability of ferritic stainless steel material by electrical
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discharge machining was investigated. Experiments were carried out by applying

Keywords: Taguchi's Lo orthogonal sequence using three different processing parameters:
Eg,cl“c stainless steel, discharge current (A), pulse on (To,) and pulse off time (To). The effects of the

determined parameters on material removal rate (MRR), tool wear rate (TWR) and
Tool wear rate average surfa_ce roughness (Ra) were investigated. According to the exp«_erimental
Surface roughness re_sults, m_aterlal remov_al rate, electrode wear rate ano! surface rou_ghness increased
Grey relational analysis with the increase of discharge current. It was determined that while the values of
MRR and TWR increased with the increase of arc time, tool wear decreased. In
addition, the experimental results obtained were optimized with Taguchi-based grey
relational analysis method. The optimum processing parameters were determined as 6
A, 400 ps, and 100 ps for discharge current, pulse on time and pulse off time,
respectively.

Material removal rate

1. GIRIS (INTRODUCTION)

Elektro erozyon ile isleme (EEI), karmasik sekilli pargalarin iiretiminde, geleneksel isleme
yontemleriyle islenmesi zor olan malzemelerin (sertlestirilmis c¢elikler, karbiirler, seramikler)
islenmesinde modern imalat endiistrisinde yaygin olarak kullanilmaktadir [1,2]. EEI 6zellikle; kalip,
kalip zimbalar, kiigiik pompalar, motorlar, robotlar, niikleer gii¢ reaktorlerinin parcalari,
biyomedikal cihazlar gibi elektro-mekanik sistemlerin imalatinda kullanilmaktadir [3,4]. Geleneksel
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talagli imalat yontemlerinden farkli olarak bu yontemlerde temel isleme prensip, bir dielektrik sivi
ortaminda takim ve is pargasi arasinda temas olmadan meydana gelen elektriksel kivilcimlar
tarafindan {iretilen 1s1 ile sekillendirmedir [5]. Is parcasmin yiizeyine bosalan kivilcim, noktasal
olarak erime ve buharlasmaya neden olur ve kiiciik metal pargaciklarinin is parg¢asindan kopmasini
saglar [6]. Elektro erozyon yontemi ile elektriksel iletken, ¢ok yiiksek sertlik ve mukavemetli ve
karmagik geometrili malzemelerin kolaylikla islenebilmesi bu yontemi modern imalat yontemleri
arasinda seckin bir noktaya getirmistir [7].

Elektro erozyon ile islemede 1IH (is parcasi isleme hiz1), EAH (elektrot asinma hizi) ve Ra
(yiizey piiriizliiliigii) gibi performans parametreleri lgiilen faktdrlerdir. 1IH, is pargasi yiizeyinin
asinma oranini bir Ol¢iisii olurken EAH, takimin aginma oraninin bir 6l¢iisiidiir ve her ikisi de
genellikle birim zamandaki ¢ikarilan malzemenin hacmi olarak ifade edilir. Ra ise islenmis yiizeyin
kalitesinin bir 6l¢iisiidiir. Ra 1sidan etkilenen bolgenin kapsami, katman kalinligi ve mikro c¢atlak
yogunlugu gibi birgok bilesenleri igermektedir [8]. Islemelerde IIH’in hizli olmast EAH ve Ra
degerlerinin diisilk olmasina yonelik ¢alismalar giiniimiizde devam etmektedir. Nas ve Akincioglu,
kriyojenik islem uygulanmis nikel esasli siiper alasimin EEI ile islenme performansini
arastirmiglardir. Yiizey piriizliligi ve malzeme asinma kaybi igin en ideal parametrenin
belirlenmesinde Grey-Taguchi yaklasimini kullanmiglardir. Yapilan ¢alismanin sonucunda Ra i¢in
en etkili parametrenin islem uygulanmamis malzemede 300 ps vurum siiresinde (A1B1), malzeme
asinma kaybi1 i¢in s1§ kriyojenik islem uygulanmis malzemede 300 ps vurum siiresi (A2B1) olarak
belirlemislerdir. Maksimum asinma miktar1 ve en diisiik ylizey piirtizlilik degeri igin gri iliskisel
derecesi hesaplandiginda her ikisi i¢in ideal parametre olarak islem uygulanmamis malzemede 300
us vurum siiresinde (A1B1) olustugu tespit edilmistir [9, 10]. Annamalai, AISI 4340 ¢eliginin
elektro erozyon ile islenmesinde, secilen isleme parametrelerinin IIH ve yiizey piiriizliliigii
{izerindeki etkilerini incelemistir. IIH ve yiizey piiriizliiliigiiniin; ark siiresi, ark aralig1 ve akim
parametrelerinden etkilendigini kanitlamistir. Akim degerindeki artisin IiH oranini énemli &lgiide
artirdig1 ve ark siiresideki artisin yine, IfH oranini arttirdigim belirtmislerdir. Ancak ark araligindaki
artisin 1TH oranin1 etkilemedigi belirtilmistir [11]. Dastagiri ve Kumar, EEI islemi ile ilgili olarak;
akim (I), voltaj (V), ark siiresi (Ton) ve is faktérii () gibi etkenlerin IiH, EAH, Ra ve sertlik (HRC)
iizerindeki etkilerini incelemislerdir. Deneyler tam faktoriyel tasarim ile gerceklestirilmis ve akim,
voltaj, vurum siiresi ve ¢evrim faktorii giris parametreler kullamlarak ITH, Ra ve sertligi tahmin
etmek i¢in bir matematiksel model gelistirmislerdir. Tahmini degerler ile deney sonuglari birbirine
cok yakin ciktigindan, matematiksel modeli, malzemedeki kaldirma orani ve ortalama ylizey
piiriizliiliigii gibi parametreleri belirlemede kullanmuslardir [12]. Ozerkan ve Cogun, dielektrik
stviya metal tozu katilmis EEI’de, Ra, iTH, EAH, bagil asinma, is parcast Mikro yapisi ve is parcasi
ylizey sertligi gibi temel performans ciktilarinin isleme parametreleri ile gosterdigi degisimi
incelemistir. Bu amagla, prizmatik ¢elik is parcasi, prizmatik bakir elektrot, borik asit ve grafit
tozlar1 katilmis gazyagi dielektrik kullanilarak farkli vurum siirelerinde isleme deneyleri yapilmistir.
Deneyler neticesinde, vurum siiresinin ve dielektrik sivi i¢ine karistirilan farkli tozlarin ve toz
yogunluklarinin EEi'de temel performans ¢iktilar1 iizerinde etkili oldugu gériilmiistiir [13].
Cakiroglu ve Giinay, L2 takim celiginin elektro erozyon ile tornalamasinda malzeme kaldirma
orani, takim asinmasi ve yiizey plriizliiliigiinii giri iligskisel analiz ile optimizasyonu yapmislardir
[14,15].

Literatiir incelendiginde, EEI yontemiyle cesitli malzemelerin islenebilirliginin arastirildig
goriilmektedir. Calismalarm cogu IIH, EAH ve Ra icin isleme parametrelerinin ayri ayri
degerlendirilmesi iizerine yapilan ¢alismalardir. Ancak ferritik paslanmaz ¢eligin elektro erozyon
ile islenmesinde isleme parametrelerinin arastirilmasina yonelik calismalarin olduk¢a az oldugu
goriilmistiir. Bu yiizden imalat endiistrisinde yaygin olarak kullanilan bu malzemenin farkli imalat
teknikleri ile islenebilirligi arastirilarak yonteme uygun ideal isleme sartlarinin tespit edilmesi ¢ok
onemlidir. Bu amagla, ferritik paslanmaz celigin islenmesinde elektro erozyon teknigi kullanilmis
olup I, Ton Ve T girdi degerlerine gore [iH, EAH ve Ra performans ¢iktilar1 es zamanli olarak
Taguchi tabanli gri iliskisel analiz ile optimize edilmesi amaglanmustir.
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2. MATERYAL VE YONTEM (MATERIAL AND METHOD)
2.1. Deneysel EKipmanlar (Experimental Equipment)

Bu ¢alismanin temel amaci farkli isleme parametreleri kullanilarak EEI sonucunda iIH, EAH ve
Ra iizerindeki etkisinin belirlenmesidir. Deneylerde is pargasi olarak ferritik paslanmaz gelik
(5x15x80 mm), elektrot (takim) olarak da bakir malzeme (10x20x86 mm) kullanilmistir. Deneyler,
Gazi Universitesi Miihendislik-Mimarlik Fakiiltesi Makina Miihendisligi Béliimii, Takim
Tezgahlar1 Laboratuvarinda bulunan FURKAN M25 A tipi elektro erozyon tezgahi kullanilarak
gerceklestirilmistir. Tezgahin teknik 6zellikleri Tablo1’de verilmistir. Dielektrik sivi olarak gaz
yagi1 kullanilmistir. Deney diizenegi Sekil 1°de verilmistir.

i
L‘;_/‘
7

Tablol. M25 A dalma elektro erozyon tezgahinin genel 6zellikleri (General features of the M25 A electrical discharge

| islemeden sonra

Sekil 1. Deney diizenegi (Experimental setup)

machining)
JENERATOR
Gii¢ 220 V, 50 Hz, 3f 3 KVA
Maksimum siirekli caligma akimi 25A
Giig seviyesi kontrolleri 5 Kademe; 1/16, 1/8, Y4, Y, 1
Maksimum asinmasiz talas kaldirma Cu+/Celik- 150 mm?®/dak
Gr+/Celik- 170 mm?®/dak
En ince yiizey 1.5 uym (Ra)
MAKINA GOVDESI
Is tablas: 6lciileri (XY) 550x250 mm
Tabla hareket él¢iileri (XY) 300x200 mm
Tambur skala béliintiisii 0,02 mm
Is haznesi 860x470x280 mm
Maksimum is parcasi dl¢iileri (XYZ2) 660x410x200 mm
Z EKSENI
Otomatik kafa mekanizmasi Yiiksek hassasiyetli, 6zel tasarim servo
Hareket kursu 160 mm
Okuma hassasiyeti 0.01 mm
Kaba hareket 200 mm

Is parcalari, isleme &ncesi ve sonrasi temizlenip kurutulduktan sonra 0.005 gr hassasiyete sahip
HANA marka hassas terazi ile tartilmistir. Yiizey piiriizliliik 6l¢timleri Marsurf M300 tipi ylizey
ptrtizliiliik cihaz ile gergeklestirilmistir. Yiizey piiriizliiliik 6l¢timlerinde hareket uzunlugu (L) 1.75
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mm ve dalga boyu (A) 0.8 mm olarak ayarlanmistir. Her deney sonucunda is parcasinin iglenmis
ylizeyinin bag, orta ve son kisimlarindan ortalama yiizey piiriizliilik degeri olan Ra i¢in ii¢ 6l¢iim
degeri alinarak ortalamasi hesaplanmistir.

Tablo 2. SJ-210 marka yiizey piirtizliliik cihazi teknik 6zellikleri (Technical characteristics of SJ-210 brand surface
roughness device)

Tarama ucu 2 pm

Siiriicii tinite hiz 0.25-0.5-0.75 mm/s

Ol¢iim kuvveti 0.75 mN

Olciim mesafesi (2) 360 pm (-200pm ile +160pum)
Ol¢iim uzunlugu (L) 0.08-0.25-0.8- 2.5-8 mm

2.2.Deney Tasarimm ve Optimizasyon (Experiment Design and Optimization)

Literatiir taramas1 ve yapilan 6n deneyler neticesinde; isleme parametreleri olarak sanayide
pratikte en sik kullanilan parametreler tercih edilerek, isleme akimi 6 A, 12 A ve 25 A, vurum siiresi
12 pus, 100 ps ve 400 us ve vurum bekleme siiresi 50 ps, 100 ps ve 200 us olarak belirlenmistir.
Belirlenen parametre ve seviyelerine gore Tablo 3’de verilen Taguchi Lg ortogonal deney tasarimi
olusturulmustur. Her deney sart1 i¢in deneyler iki defa tekrar edilmistir ve deneyler sonucunda elde
edilen degerlerin ortalamasi alinarak degerlendirmeler yapilmistir. Is pargasi isleme derinligi 0,5
mm olarak biitlin deneylerde sabit tutulmustur.

Tablo 3.Taguchi Lgortogonal deney tasarimi (Taguchi Lg orthogonal experiment design)

Deney Bosalim akimi  Vurum siiresi  Vurum bekleme siiresi

No A us us
1 6 12 50
2 6 100 100
3 6 400 200
4 12 12 100
5 12 100 200
6 12 400 50
7 25 12 200
8 25 100 50
9 25 400 100

Deneyler Taguchi Lg ortogonal dizinine gore yapilmstir. Girdi parametrelerine baglh kalarak ii¢
¢ikt1 sonucu degerlendirilmistir. Bu yiizden literatiirde yaygin olarak tercih edilen Taguchi tabanl
Grey Relational Analysis yontemi tercih edilerek ¢oklu optimizasyon yontemi kullanilmistir.
Optimizasyon siirecinde IIH igin "en biiyiik en iyi" yaklasim kullanilirken EAH ve Ra'y1 en aza
indirmek icin "en kii¢lik en iyi" yaklasimi kullanilmustir.

2. BULGULAR VE TARTISMA (RESULTS AND DISCUSSIONS)

2.1. isleme Parametrelerinin is Parcasi Isleme Hizina EtKisi (The Effect of Machining Parameters on
Material Removal Rate)

Ferritik paslanmaz celigin islenmesinde, isleme parametrelerinin 1T1H {izerindeki etkisi Sekil 2°de
gosterilmistir. Sekil 2-a incelendiginde bosalim akimi ve vurum siiresinin artmastyla iIH nin arttig:
goriilmektedir [4,16]. Bu durum daha yiiksek enerji yogunluguna baglanabilir, bu da elektrottan is

52



Arat, Ozerkan / Imalat Teknolojileri ve Uygulamalar: 2(2), 49-58, 2021

parcasina daha fazla termal enerji aktarilmasi anlamina gelmektedir. Bosalim akiminin artisi ile
artan termal enerji, birim zamanda is pargasinin yiizeyinde yiiksek miktarda erime ve buharlasmaya
neden oldugundan daha derin ve daha genis krater olusumlarina neden olmaktadir [14]. Sekil 2-b’de
ise bosalim akimi ile vurum bekleme siiresinin IIH iizerindeki etkilerini gostermektedir. Burada
vurum bekleme siiresinin ise IIH {izerinde olumsuz bir etkiye sahip oldugu gériilmektedir. Is
parcasindan malzeme bosaltma islemi disinda kalma siiresi, vurum bekleme siiresinin artisi ile
arttigindan dolay1 IIH’in azalmasiyla sonuglanmistir. Ancak bu siirenin artis1 ile malzemeden
kopartilan mikro boyutlu isleme artiklar1 ¢ok kiiclik olan takim-isparcasi arasindaki isleme
boslugundan etkili bir sekilde uzaklastirilmasi i¢in imalatin vazgecilmez degiskenlerinden biridir.
Cok kiiciik degerler oldugundan IIH’ ya olan azaltici etkisi degerlendirmede ihmal edilebilir.

0,75
iiH, (us) 0,50
0,25

0,00

24

12
Bogalim akimi, (A) 6 0 Vurum siiresi, (ps)

0,75

0,50
iH, (ps)

r

osg,

24

100 18

Vurum bekleme siiresi, (ps) 200 6 Bogalim akimi, (A)

Sekil 2. Isleme parametrelerinin ITH iizerindeki etkisi; a) bosalim akimi-vurum siiresi, b) bosalim akimi-vurum
bekleme siiresi(Effect of processing parameters on MRR; a) discharge current-pulse on time, b) discharge current-pulse
off time)

2.2. isleme Parametrelerinin Elektrot Asinma Hizina Etkisi (The Effect of Processing Parameters on
Tool Wear Rate)

Sekil 3-a incelendiginde, bosalim akiminin arttirilmasiyla EAH'!n arttig1 goriilmektedir. Ener;ji
bosalimi sirasinda akim iletkenini ve 1s1 iiretimini etkileyen takim ve is parcasi arasinda bir plazma
kanali olugmaktadir. Bu durumun da yiliksek miktarda ergime ve termal erozyonun elektrot
ylizeyinde olusan sicakligi arttirdigi ve termal deformasyonun artmasina ve takimin aginmasina
neden oldugu goriilmektedir [17,18].

Vurum stiresi 12 ps'den 400 ps'ye cikartildiginda takim asinmasinda azalma oldugu tespit
edilmistir. Bu durum dielektrik sivi olarak kullanilan gaz yaginin hidrokarbon bazli bir sivi
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olmasindan dolay1, karbonun EEI sirasinda gaz yagindan is parcasina ve/veya takim yiizeyine
aktarilmasindan kaynaklanmaktadir [15,19].

Vurum siiresinin artmastyla birlikte daha fazla karbon atomu yayilmistir ve bu olusum elektrot
lizerinde takim asinmasini azaltan koruyucu bir film olusturmustur [19]. Sekil 3-b’ye gére vurum
bekleme siiresinin artmasiyla takim asinmasinin diizensiz bir egilime sahip oldugu goriilmektedir.
Vurum bekleme stiresi en yliksek degere ulastiginda, takim asinmasinin arttigi gézlenmistir. Bu
durum olusturulan deney tasarimindaki kombinasyondan kaynaklanmigtir [15].

0,02
0,01
EAH, (ps) ™
0,00
24
150 o 18
Vurum siiresi, (ps) 450 6 Bogalim akimi, (A)
, (=]
e )
0,02 it
7,
JEBLIX
EAH, (us) %0t
0,00 24 200
18
12 100
Bogalim akim, (A) 6 50 Vurum bekleme siiresi, (ps)

Sekil 3. Isleme parametrelerinin EAH iizerindeki etkisi; a) bosalim akimi-vurum siiresi, b) bosalim akimi-vurum
bekleme siiresi (Effect of processing parameters on TWR; a) discharge current-pulse on time, b) discharge current-pulse
off time)

2.3. Isleme Parametrelerinin Yiizey Piiriizliiliigiine Etkisi (The Effect of Processing Parameters on
Surface Roughness)

Imalat sonras: yiizey kalitesi degerlendirilirken en énemli baskin kriter olan Ra degeri iiretilen
parcalarin yorulma oOmriine olduk¢a biiylik etkisi vardir. Bu yilizden islenmis yiizeylerde ki
piiriizliiliik deseni ve biiyiikliik degerlerinin incelenmesi énem arz etmektedir. EEI ile islemede hizli
islemenin yani sira diisiik piirtizliliik degeri ise genelde istenilen bir islenebilirlik biitiintidiir.
Bosalim akimini artirarak is pargasina daha fazla termal enerji aktarilmasi is parcasindan daha fazla
malzeme bosaltilmasini sagladigi bilinen bir gercektir. Boylece, is pargasi yiizeyinde daha derin ve
daha genis kraterler olusur ve bu olusum yiizey piiriizliiliik degerinde bir artisa neden olur [20-22].
Sekil 4-a incelendiginde bosalim akimi ve vurum siiresinin artmasiyla Ra degeri artis gostermistir.
Vurum siiresinin artisindan kaynaklanan yiiksek termal deformasyon, yiizeyde olusan kraterin
derinliginde ve genisliginde belirgin bir artiga ve dolayisiyla Ra degerinin artmasina neden olmustur
[10].

Bununla birlikte Sekil 4-b’de gosterilen Ra degerleri, vurum bekleme siiresindeki artiga paralel
bir egilim gdostermemistir. Tablo 3 incelenecek olursa, vurum bekleme siiresi seviyelerinin rastgele
dagilmasi nedeniyle yiizey piiriizliiliigli 6nce ¢cok az azalma gosterirken vurum bekleme stiresi 200

54



Arat, Ozerkan / Imalat Teknolojileri ve Uygulamalar: 2(2), 49-58, 2021

us degerine yiikseltildiginde dogrusal bir azalma egilimi sergilemistir. Ayrica, Te arttikca
kiviletmin diisme siiresi her akim degerinde degismistir. To, artmasiyla birlikte, is pargasi yiizeyi
daha uzun siire 1s1 etkisinde kalmis ve ergime miktar1 kademeli olarak artmistir. Sonug olarak, bu
durum Ramasawmy ve Blunt tarafindan belirtildigi gibi islenmis yiizey tizerinde ¢ok yonlii diizensiz
ve rastgele dagilmis daha derin kraterlerin olusmasini saglamis ve Ra degerinin artmasina sebep
olmustur [23].

a)

12,5

10,0
Ra, (um) 7,5
5,0

24 450
300
12
Bogahim akimi, (A) 150
6 (4] Vurum siiresi, (ps)
12,5
Ra, (um) 10,0
A
O
7 PR
5,0
50 24
100 12 18
150 e . Bogalim akimi, (A)
Vurum bekleme siiresi, (ps)

Sekil 4. isleme parametrelerinin Ra iizerindeki etkisi; a) bosalim akimi-vurum siiresi, b) bosalim akimi-vurum bekleme
stiresi (Effect of processing parameters on Ra; a) discharge current-pulse on time, b) discharge current-pulse off time)

2.4. Optimizasyon Sonuclari (Optimization Results)

Ikinci olarak, ferritik paslanmaz celik malzemenin elektro erozyon ile isleme yontemiyle
islenmesi sonucu elde edilen IIH, EAH ve Ra sonuclarmi1 Taguchi tabanl gri iliskisel analiz
yontemiyle isleme parametreleri optimize edilmistir. Deney tasarimina ve analize dayali
caligmalarda, 6zellikle farli isleme kosullar1 ve isleme parametrelerinde, her sonug¢ belirli oranda
cok etkili ve dnemli oldugundan tiim sonuglarin ayni anda optimize edilmistir. Gerekli esitliklerin
kullanilmasi sonucunda elde edilen deney sonuglar1 ve hesaplanan degerler Tablo 4’te verilmistir.

Tablo 4. Deney sonuglar1 ve gri iliskisel analiz sonuglar1 (Experiment results and gray relational analysis results)

Deney Deneysel sonuclar Normalize degerler Katsayilar
no 1115} EAH Ra iilH EAH Ra [1iH EAH Ra GID SIN Sira

0.0053 0.0027 3.319 0.000 0.892 1.000 0.333 0.823 1.000 0.719 -2.86860 2

0.0106 0.0015 4.498 0.006 0.946 0.889 0.335 0.903 0.819 0.685 -3.28010 3

0.0144 0.0003 5556 0.011 1.000 0.790 0.336 1.000 0.704 0.680 -3.34927 4

0.0137 0.0055 4.154 0.010 0.767 0.922 0.336 0.682 0.865 0.627 -4.04968 5
7
6

0.0621 0.0021 7.493 0.067 0.919 0.608 0.349 0.861 0.561 0.590 -4.57924
0.2184 0.0009 9.602 0.251 0.973 0.411 0.400 0.949 0.459 0.603 -4.39681

oS OB~ W N P
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7 0.0449 0.0226 5.867 0.047 0.000 0.761 0.344 0.333 0.677 0451 -6.91027 9
8 0.6071 0.0144 9956 0.710 0.368 0.377 0.633 0.442 0.445 0.507 -5.90758 8
9 0.8533 0.0025 13.98 1.000 0.901 0.000 1.000 0.835 0.333 0.723 -2.81908 1

Bu tabloda yiiksek gri iliski derecesi (GID) degeri, deney sonuglari ile normallestirilmis degerler
arasindaki giiclii iliskiyle beraber optimum seviyeyi gdstermektedir. Ayrica, GID igin yanit tablosu
Tablo 5'te verilmistir. Bu tablodaki her parametreye karsilik gelen maksimum deger, optimum
seviyeyi ifade etmektedir. Ayrica, optimum parametre seviyesi Sekil 5’te verilen GID igin S/N
orani grafiginden de belirlenebilmektedir. Buna gore, en iyi isleme parametreleri, 6 A bosalim
akimi, 400 ps vurum siiresi ve 100 pus vurum bekleme siiresi olarak belirlenmistir (A1B3C2). Diisiik
akim degerlerinde EAH ve Ra diisiik miktarlarda olmasi dogal bir durumdur. Ancak kii¢iik akimda
yiiksek vurum siiresinde 1iH artmigtir. Vurum siiresinin artmas1 kivileimin diistiigii noktaya daha
uzun siireli desarj olmasi anlamina gelir.

Tablo 5. GID igin yamt tablosu (Response table for GRG)

Parametreler Seviyel Seviye?2 Seviye3 Fark
I, A 0.695*  0.607 0.560 0.135
Ton, (ps) 0.599 0.594 0.669* 0.074
Toff, (us) 0609  0.679* 0574  0.105
<h Bosalim akimi Vurum siiresi Vurum bekleme siiresi
=k
*
\
3.5 1\ » ;".’.‘\
\ / P
\.'\. :ff / / \'\._
L0 h ._,r i/ \\
__________}\,_ __________________________ _.f'f ________ et I,
* / 4 Y
4,54 N\ ! \
A »-— )
-\"\ \'\
N \
-5 *, L
5. \
‘e
5.5
6 % 25 2 100 400 20 0 200

Sekil 5. GID igin S/N oran1 grafigi (S/N ratio graph for GRG)
3.5. Optimizasyonun Dogrulanmasi (Verification of Optimization)

Taguchi tabanli gri iliskisel analizde son adim, belirlenen optimum parametrenin dogrulanmasi
islemidir. Belirlenen optimum parametreler kullanilarak ii¢c kez dogrulama deneyleri yapilmistir.
Deney sonuglariin ortalamasi alindiktan sonra sirastyla 0.0136 ps 0.0004 ps ve 5.619 pum olarak
elde edilen IiH, EAH ve Ra degerleri Tablo 6°da verilmistir.

Sonuglar degerlendirildiginde, tahmini sonuglarin daha iyi oldugu goriilmektedir. Tahmin edilen
GID ile deney sonucu elde edilen GID sonuglar1 arasinda iyi bir korelasyon oldugu goriilmiistiir.
Sonuglar 1s131nda, baslangigtaki parametrelerden optimum parametrelere dogru GID 'deki gelisme
0.149, yani %20.1 oraninda olmustur. Dogrulama testinden elde edilen degerler, GID degerlerinin
giiven aralig1 sinirlar ile uyumlu oldugunu gdstermistir. Sonug olarak IIH, EAH ve Ra igin Taguchi
tabanli gri iliskisel analiz metodolojisi basariyla uygulanmustir.
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Tablo 6. Dogrulama deney sonuglar1 (Verification test results)

Optimum parametre

Baslangic parametresi

Tahmini Deneysel
Seviye A2-B2-C1 Al1-B3-C2 Al1-B3-C2
IiH, (us) 0.0578 0.0136
EAH, (ps) 0.0034 0.0004
Ra, (um) 7.651 5.619
GiD 0.741 0.800 0.890

GID'deki gelisme =0.149
GID'deki yiizde iyilesme = %20.1

4. SONUCLAR(CONCLUSIONS)

Bu ¢alismada, elektrolitik bakir ile ferritik paslanmaz ¢eligi I, Ton ve Toff degistirilerek isleme
performans1 ¢iktilar1 olan IiH, EAH ve Ra iizerindeki etkisine iliskin asagidaki sonuglar
cikarilmistir.

Artan I ve Ton, yiiksek enerjili bir desarj darbesiyle ergitme ve buharlagma fenomeni ile
¢ikarilan yiiksek miktarda malzeme nedeniyle IIH artmistir. En yiiksek IiH degeri 25 A
bosalim akimi, 400 ps vurum stiresi ve 100 ps vurum bekleme siiresi igleme parametreleri
kombinasyonunda 0.8533 s olarak tespit edilmistir. IlH nin degisimine en yiiksek etkiyi
bosalim akimi yapmustir.

Daha yavas elektrot asinma oranlarin1 ve sekil dejenerasyonunu Toff degerinin degisimi
yapmustir. Sonrasinda sirastyla I ve Ton degiskenleri EAH’ y1 etkilemistir. En diisiik EAH 6
A bosalim akimi, 400 ps vurum siiresi ve 200 ps vurum bekleme siiresi isleme degerlerinde
0.0003 ps olarak elde edilmistir.

Yiiksek I ayarlarinda islenen tiim numunelerde, isleme boslugunda olusan yiiksek enerji
bosalmalar1 ile daha genis ve daha derin kraterlerin olusmasi nedeniyle daha yiiksek Ra
degerleri ol¢iilmistiir. En diisiik Ra degeri 6 A bosalim akimi, 12 ps vurum siiresi ve 50 us
vurum bekleme siiresi 3.3190 pm kosullarinda dl¢lilmiistiir.

Taguchi tabanli GIA ile optimum isleme parametre kombinasyonu; 6 A bosalim akimi, 400
us vurum siiresi ve 100 us vurum bekleme siiresi olarak belirlenmistir (A1B3C2).
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