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Kablo iretimi

OZET

Yerel Ag Baglantis1 (Local Area Network), Endiistri 4.0 dijitallesen diinyada hizla
kullanimi1 artan bir baglanti tiiriidiir. Bu baglant1 tiirlinde kullanilan kablolarin
iretiminde kalite karakteristikleri  driinlin ~ kullanim1  agamasinda  dnemli
parametrelerdir. Yapilan bu calismada, CAT 6 kablosunun iiretim hattina yonelik bir
optimizasyon calismasi yapilmistir. Optimizasyon galismasinda hat hizi, tavlama
akimi ve 1s1 profilleri giris parametresi olarak, ¢cekme mukavemeti ve % uzama ise
cikis parametresi olarak kullanilmustir. Bakir ¢api, kapasite ve damar g¢api iiretim
esnasinda online olarak 6l¢lilmiis, ¢ekme testi islemi ise iiretim sonrasi numuneler
tizerinden gergeklestirilmis ve standart icinde oldugu tespit edilmistir. Yapilan
Taguchi optimizasyonu isleminde, ¢ekme mukavemeti agisindan incelendigi zaman
hat hizinin etkisinin ¢ok fazla oldugu, sonrasinda 1s1 profillerinin ve en diisiik etkiye
ise tavlama akimmin oldugu tespit edilmistir. Sonu¢ olarak hat hizinin mevcut
kullaniminin 800 m/dak hizdan 900 m/dak hiza ¢ikartilmasinin iiretim hizinda
%5.8’1lik bir artis saglayacagi, yillik seri iiretim acisindan bakildigi zaman iiretim
kapasitesi arttirimi i¢in ¢ok dnemli bir avantaj saglayacagi tespit edilmistir.
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ABSTRACT

Local Area Network (LAN) is connection type that is rapidly increasing in use in the
Industry 4.0 digitalized world. Quality characteristics of the cables used in this
connection type are important parameters in the production of the product during the
use phase, In this study, an optimization study was conducted for the production line
of CAT 6 cable. In the optimization study, line speed, annealing current and heat
profiles were used as imput paremeters, and tensile strength and % elongation were
used as output parameters. Copper diameter, capacity and core diameter were
measured online during production, and the tensile test process was performed on
samples after production and it was determined that it was within the standard. In the
Taguchi optimization process, it was determined that the effect of the line speed was
very high when examined in trems of tensile strength, followed by heat profiles and
the annealing current had the lowest effect. As a result, it has been determined that
increasing the current line speed from 800 m/min to 900 m/min will provide a 5.8%
increase in production speed, and will provide a very important advantage for
increasing production capacity in terms of annual mass production.

1. GIRIS (INTRODUCTION)

Endiistri devrimleri ile endiistri basta olmak ftizere gelistirilen teknolojiler ile de giinliik
yasamimiz hizla dijitallesmektedir. Artik veriler dijital olarak kaydedilmekte, iletilmekte ve
islenmektedir. Kablosuz iletim teknikleri gelistirilmis olsa da gilinlimiizde en verimli ve giivenilir
veri iletim sekli kablolu iletimdir. Bu kapsamda verilerin iletiminde en ¢ok kullanilan kablo tipi
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LAN kablolaridir. LAN, yani Yerel Ag Baglantis1 (Local Area Network), is yeri ve ev gibi
ortamlarda bulunan yazicilari, bilgisayarlar1 ve diger aletleri birbirine, internete veya bir aga
baglayan sistemdir. Bu sistemde kullanilan kablolar ise LAN kablolar1 olarak tarif edilmektedir.
LAN kablolar1 diinya ¢apinda yiiksek Ol¢eklerde iiretim ve tiiketim nedeniyle 6ne ¢ikmaktadir [1].
Bu kablolar endiistriyel tiretim ile tiretilen triinlerdir. Ana iletken bakir tel kullanilmaktadir. CAT6
kablo yapisinda, Sekil 1 de verilmistir, bakir iletken, izolasyon, biikiilii izoleli iletkenler, ¢apraz
dolgu bileseni, topraklama teli- ekran ve dis kilif yapist bulunmaktadir. 4 adet biikiili ¢ift izoleli
iletken yap1 bir araya gelmekte ve toplamda 8 adet bakir iletken tel kullanilmaktadir. Dis kilif,
kablonun dis ortamdan gelecek zararlara karst koruma gorevini goriir. Ekran ise dig ortamdan
gelebilecek elektromanyetik girisimleri engeller. Capraz dolgu bileseni ise biikiilii izoleli iletken
ciftlerinin birbirleri arasindaki elektromanyetik girisimleri engelleme gorevi goriir. Her bir iletken
iizerine kaplanan izolasyon malzemesi ile birbirleri ile temasi engellenir, veri ise her biikiili ¢ift
tizerinden aktarilir [2].

Bakur Burulmus
fletken Cift .
» Iletken Toprak

TN\

Iletken
Ay1racy Ekran

Ceket

Tel
Izolasyonu

Sekil 1 CAT6 LAN kablo bilesenleri (CAT6 LAN cable components)

CAT6 kablolarinda iletken olarak yiiksek saflikta ve iletkenlikle bakir malzemesi
kullanilmaktadir. Yine izolasyon malzemesi olarak ise Polietilen gibi malzemeler tercih
edilmektedir. Bikiilii ¢iftler merkezde kullanilan kros elemani ile biikiilerek 6z biikiim elde
edilmektedir. Daha sonra AI/PET bant ile kaplanarak iizerine bakir topraklama teli
yerlestirilmektedir. D1s kilif olarak ise HFFR veya PVC malzemeden {iretilmektedir [2].

ANSI/TIA 568, ISO / IEC 11801, IEC 61156, EN 50173 gibi uluslararasi, Avrupa ve Amerikan
standartlarinda oOzellikle CAT3, CAT5e, CATS, CAT6a ve CAT8 olarak LAN kablolar
siiflandirilmistir. Bu simiflamada en ¢cok CAT6 kablosu kullanilmaktadir. Bu kabloda maksimum
ethernet veri hizi 1.000 Mbps, 1 Terebyte veriyi transfer siiresi 3 saat, veri iletimi 1000 BASE-TX,
konnektor tipi ise RJ45°tir. LAN kablo sektoriinde gelismeler devam etmekte ve CAT8 kablo ile
maksimum ethernet veri hiz1 25-40 Gbps’e ¢ikmis, 1 Terebyte veriyi iletme siiresi ise 5 dakika
olarak gelistirilmistir [2].

LAN kablolarmin iiretim parametreleri {irliniin performansi agisindan son derece 6nemlidir. Bu
kapsamda bugiine kadar literatiirde birgok ¢aligma yapilmustir. Ornegin 2024 yilinda T.A. Maschio
ve arkadaglar1 tarafindan yapilan calismada farkli iletim malzemeli, farkl i¢ izolasyonlu ve farkl
dis izolasyonlu LAN kablosu firetilmis ve test yapilmistir. Calismada cevresel etkilerin LAN
kablolarinin {iriin 6miirleri {izerindeki etkileri incelenmistir [1]. 2024 yilinda yapilan bir baska
caligmada ise termoset ve termoplastik yalitim malzemelerinin termomekanik 6zellikler ve yeniden
islenebilirlik agisindan avantajlarini birlestirmeye olanak saglayabilecek polietilen bazli kovalent ve
kovalent olmayan uyarlanabilir aglar arastirtlmistir [3]. 2023 yilinda ise R. A. Ofosu ve arkadaslari
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tarafindan yapilan ¢alismada ise yapay zeka esasli bir teknik ile elektrik kablosu iiretim hattinda hiz
kontroliine yonelik ¢alisma yapilmistir [4]. Yu-Ping Gu ve arkadaslar1 tarafindan 2019 yilinda
yapilan ¢alismada Taguchi robiist tasarim yontemini kullanarak kablo izolasyonunun eksantriklik
degeri optimize edilmistir. Hat hizi, 6n 1sitma, ektruder bolge sicakliklar1 gibi bir¢ok parametre i¢in
arastirma yapilmis ve optimal parametreler tespit edilmistir [5]. Yine 2020 yilinda Ayokunle
Adesanya ve arkadaslari tarafindan yapilan ve basim asamasinda olan ¢alismada yapay sinir aglar
metodu kullanilarak Nigeria kablo iiretim endiistrisinde ekstriizyon parametreleri tahmin edilmistir.
Calismada maksimum operasyon sicakligi, ozgiil agirlik, sertlik, cekme mukavemeti gibi malzeme
ozellikleri giris parametresi, ekstriizyon bolge sicakliklari, kalip sicakliklart gibi degerlerde ¢ikis
parametresi olarak ele alinmistir. Gelistirilen modelin performanst incelenmis ve modelin
uygulamasi yapilmistir [6]. 2014 yilinda Yung-Tsan Jou ve arkadaslari tarafindan yapilan ¢alismada
fiber optik kablolarin dis kaplama islemi i¢in enjeksiyon kaliplama proses parametreleri optimize
edilmistir. Calismada metot olarak Yanit Yiizeyi Metodu (Response Surface Method) ve Taguchi
Metodu entegre edilerek kullanilmistir. Proses parametresi olarak operasyon sicakligi, su sogutma
sicakligl, hava sogutma sicakligi ve hiz alinmistir. Gelistirilen model test edilmis ve sonuglar
optimize edilmistir [7]. Kablo iiretimi konusunda genel olarak malzeme ve iiretim parametreleri
konusunda ¢alisma yapilmasina ragmen bazi ¢alismalarda ise kablo iiretiminde makine se¢imi gibi
konularda ¢alisilmistir. Ornegin; Kabadayi ve ark. tarafindan yapilan ¢alismada Bulanik Dematel ve
Bulanik Promethee yontemleri ile kablo tiretiminde se¢imi konusu ¢alisilmistir. Calismada yazarlar,
bir kablo tiretim tesisindeki makine se¢im problemi ele alinmis ve optimize edilmistir. Kalite,
maliyet, kullanim kolayligi, satig sonrasi hizmetler, endiistriyel tercih gibi kriterler tanimlanmis ve
incelenmistir [8]. Yine Christopher ve ekibi tarafindan yapilan bir baska caligmada elektrik
kablolarinda izolasyon malzemesi i¢in malzeme ve proses parametrelerinin ayarlanmasi ve robiist
tasarimi i¢in calisma yapilmistir. Calismada Taguchi L9 (34) ortogonal dizisi kullanilmis ve giris
parametresi olarak barrel sicakligi, capraz baslik sicakligi, kalip bolgesi sicakligl ve ekstriider hizi
incelenmistir [9].

Yapilan literatiir arastirmasi ve siire¢ incelemelerinde kablo {iretim hattinin parametrelerinin
optimizasyonu iiretimde verimlilik ve kapasite arttirrmi agisindan son derece dnemlidir. Ozellikle
hat hiz1 ve ektruder sicakliklarinin 6nemli parametreler oldugu gozlenmistir. Yine kullanilan
malzemelerin secimi de {iriin kalitesi iizerinde ¢ok etkili oldugu tespit edilmistir. Ozellikle CAT6
kablolarinda hat hizi, kalip bolge sicakliklari ve tavlama akiminin etkisini ayni anda, istatistiksel
deney tasarimi yoOntemi ile etkilesimleri de dikkate alarak inceleyen c¢alisma eksikligi
bulunmaktadir.

2. MATERYAL VE YONTEM (MATERIAL AND METHOD)

Calisma endiistriyel kablo iiretimi yapan Nexans Tiirkiye Tuzla fabrikasinda gergeklestirilmistir.
CAT6 kablosu iiretiminde ilk asama yiliksek saflikta bakir telinin tedarik edilmesiyle
baslanmaktadir. 8 mm. ¢apa sahip olan bakir, ilk olarak kaba tel ¢cekme isleminden gecirilerek 2.2
mm. capa indirilmektedir. Sonrasinda 23AWG standardina uygun bakir tel ¢cekme islemi igin
TANDEM izolasyon hattina sevk edilmektedir. Ince tel cekme isleminde farkli sayida haddelerden
tel gegirilerek son c¢apa indirilmektedir. Ayrica bu iglem aninda tavlama islemi de yapilmaktadir.
Tavlama islemi i¢in dogrudan akim teknigi kullanilmakta ve tel iizerine akim vererek 1s1l islem
gerceklestirilmektedir. Bu islem sirasinda sogutma, islem kolaylig1 ve temizlik i¢in emiilsiyon sivisi
kullanilmaktadir. Sonrasinda bu sivi temizlenerek bakir 6n 1sitmadan gegirilmekte ve izolasyon
kaplama icin ekstriizyon hattina gelmektedir. Bu islem i¢in ekstriider makinalar1 kullanilmakta ve
polietilen malzeme graniil halde iken farkli 1s1 bolgelerinden gecirilerek vida yardimiyla ittirilmekte
ve kaplama i¢in kaliba gonderilmektedir. Sonrasinda 6n 1sitmasi gergeklestirilmis tel {lizerine
kaplanarak sogutma sonrasi elde edilen izoleli tel makaraya sarilarak bir sonraki hatta gegmektedir.
Sonrasinda izoleli iletkenler ¢iftler halinde biikiiliir ve bu biikiilii iletkenler ortasinda plastik ¢apraz
merkez bileseni kullanilarak 4°lii ¢ift seklinde tekrar biikiilmektedir. Uzerine ekran kaplandiktan
sonra dis kilif kaplanarak nihai seklini almaktadir. Uretim hattinda iiriiniin elektriksel kalite
karakteristiklerini en ¢ok etkileyen kisim TANDEM izolasyon hatti dedigimiz ince tel ¢cekme ve
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izolasyon kaplama kismidir. Bu hat {izerinde tek bir izoleli iletken elde edilmektedir. Yapilan bu
calismada TANDEM izolasyon hatt1 iiretim parametreleri incelenmis ve optimize edilmistir.
Calismada Nexans Tiirkiye Tuzla Fabrikasinda bulunan izolasyon hatt1 kullanilmistir. Hat tizerinde
online 6l¢iim yapabilen ‘Uretim Yiiriitme Sistemi’, MES, bulunmaktadir. Bu sistem ile bakir ¢apu,
damar ¢api, izole ¢api, eksantriklik, kapasite, ektruder bolge sicakliklari, ektruder devri, basinci, hat
hiz1 vb. gibi degerler online dlgiilebilmektedir. Uretim sonrasi ise ¢ekme testi, ¢ap dl¢iimii ve diger
kalite parametreleri Olgiilebilmektedir. Ayrica iiriiniin elektriksel iletim performanst ve diger
parametreleri de dl¢iilebilmektedir. Uretim hattina ait gorseller Sekil 2°de verilmistir.

Tel Cekme / Tavlama

by

Ekstriizyon ] Sogutma Bitmis Uriin

Sekil 2. TANDEM izolasyon hatt1 goriiniimii (TANDEM insulation line view)

LAN kablolarinda elektroliz yontemiyle safligi ve elektriksel iletkenligi arttirilmis yiizey
merkezli kiibik yapiya sahip elektrolitik bakir Cu-ETP (Cu20) kullanilmaktadir. Elektrolitik bakirin
saflik seviyesi %99.90 olmakla birlikte yiiksek mukavemet O6zelliklerine yiliksek korozyon ve
kimyasal dayanima ve kolayca islenebilirlige sahiptir. Ergime sicakligi 1066 °C olup, otektik {istii
bakir oksijen alasimi oldugu sdylenebilir [10]. 8 mm filmasin Cu-ETP nin tel ¢ekme isleminden
sonra normalizasyon tavlamasi 1s1l islemi gerceklestirilir. Normalizasyon tavlamasinda, tel ¢ekme
isleminden sonra uzayan tane yapisint kiigliltmek, azalan siinekligi arttirmak, homojen bir
mikroyap1 elde etmek ve mekanik Ozellikleri istenilen degerlere yaklastirmak dolayisiyla azalan
elektriksel iletkenligi yiikseltmek hedeflenmektedir. Tavlama prosesi sirasinda siirtiinme kaynakli
ylizey problemlerini azaltmak, bakirin ylizeyden oksitlenmesini 6nlemek ve sonraki proseslerde
kullanmak adina sarimin agilmasini kolaylastirmak i¢in tavlama suyunun icerisinde emiilsiyon sivisi
kullanilir. Emiilsiyon sivisinin Ph degeri 8.7 viskozite 100 °F 200 SUS, 6zgiil agirhigi 0.92°dir [11].
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LAN kablolarin damarlarinda kullanilan izolasyon malzemesi yiiksek yogunluklu polietilen
malzemedir. Yiksek yogunluklu polietilenin darbe ve ¢gekme dayanimi, suya, kimyasal dayanimi
yiiksek, yogunluk degerleri 0.90 ile 0.97 g/cm?® Yaslandirma ve korozyon dayanimlari, gatlak
ilerleme dayanimlar yiiksektir [12].

LAN kablo tiretim hattinin en énemli asamasi olan izolasyon hatt1 i¢in deneysel optimizasyon
islemi gercgeklestirilmistir. Calismada ilk adim olarak uzman ekip ile hattin parametreleri tespit
edilmis ve daha onceki deneyimlere ve literatiir aragtirmasina gore parametreler degerlendirilmistir.
Degerlendirmeler sonucunda hat hizi, tavlama akimi ve 1s1 profilleri en 6nemli parametreler olarak
belirlenmistir. Bu parametrelerin seviyeleri de uygulamalara gore ve katalog verilerine gore alt ve
st limitler belirlenmistir. Calismada kullanilan parametreler ve seviyeleri Tablo 1°de verilmistir.
Deneysel calismada c¢ikis parametresi olarak ise iletkenin ¢ekme mukavemeti ve % uzama
secilmistir. Yine iiretim aninda liretim parametrelerinin varyasyonunu gormek ic¢in halihazirda
kurulu olan MES {izerinden damar ¢api, iletken ¢api, eksantriklik, kapasite gibi degerlen on-line
olarak 6l¢iilmiis ve grafize edilerek analiz yapilmistir.

Tablo 1. Deneysel tasarimda kullanilan parametreler ve seviyeleri (Parameters and levels used in experimental design)

Simge Faktor Seviye 1  Seviye 2
A Hat Hizi [m / min] 850 900
B Tavlama Akimi [A] 374 354
C Is1 Profilleri [°C] 170-240  160-230

Deneysel arastirma calismasinda full-faktoriyel deney tasarim teknigi kullamlmistir. iki seviyeli
olan ve 6zellikle biiyiik iiretim hatlarinda minimum durdurma ile optimal sonug elde etmede en ¢ok
kullanilan L8 deney tasarimi kullanilmistir. Ug faktor ve her bir faktoriin iki seviyeye sahip oldugu
bu deney tasariminda toplam deney sayisi 2°=8 olarak gerceklestirilecektir. Deneysel calismada
iiretim hattinin biiylik olmas1 ve siirekli bir hat olmasindan dolayr deneyler birer kez yapilabilmistir.
Her bir deney sonucu gerek on-line gerekse off-line olarak 6lgiilen degerler kaydedilmistir. Off-line
Ol¢iimler 5 farkli bolgeden yapilmis ve ortalamasi alinmigtir. On-line 6lgiimlerde ise tiretim siiresi
boyunca zamana bagli olarak 6l¢limler alinmis ve grafize edilmistir. Deneysel analiz ve grafik
caligmalar1 Minitab yazilimi ile gergeklestirilmistir. Deneysel tablo ve eslestirmeler Tablo 2’de
verilmistir.

Tablo 2. Deneysel tablo ve eslestirmeler (Experimental table and matchings)

Deney No Hat Hiz1 [m/dk] Akim [%A] Is1 Profilleri [°C]

1 850 374 170-240
2 900 374 170-240
3 900 354 170-240
4 850 354 170-240
5 850 354 160-230
6 900 354 160-230
7 900 374 160-230
8 850 374 160-230

Deneysel ¢alismalar sonrasi numuneler iizerinden 6l¢iimlerde ¢ekme mukavemeti ve % uzama
icin Zwick 1446 cihazi, gap Olgtimleri i¢in BETA Lasermike 283-10 cihazi kullanilmistir. On-line
ol¢tim yapilan On-line 6l¢iim yapilan MES ise Wonderware Historian dir.

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

Calismada ilk olarak on-line oOl¢lim yapilan degerlen incelenmis ve varyasyonlari
degerlendirilmistir. Bunlar damar capi, kapasite, bakir ¢api, eksantriklik, hat hizi, tavlama akimai,
ekstriizyon bolge sicakliklaridir. Uretim aninda zamana bagl olarak iiretim ydntemi sistemi
yazilimi ile veriler alimmis, kaydedilmistir. Elde edilen sonuglara ait minimum, maksimum,
ortalama ve standart sapma verileri Tablo 3’te verilmistir. Ornek bir veri olarak bakir deneylere
bagli olarak bakir ¢ap1 degisim grafigi Sekil 3’te verilmistir.
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Sekil 3. On-line 6l¢iim sisteminden elde edilen veriler ve zamana bagli degisimleri (Data obtained from the on-line

Tablo 3. Online 6l¢iim sistemi ile 6lgiilen veriler (Data measured with online measurement system)

measurement system and their changes over time)

Deney Deney Deney Deney Deney Deney Deney Deney

1 2 3 4 5 6 7 8
o Min. 0.9253 0.9473 0.9471 0.9474 0.9331 0.9507 0.9483 0.9488
g QE Max. 0.9518 0.9521 0.9527 0.9525 0.9574 0.9577 0.9550 0.9550
Se E Avg 0.9476 0.9498 0.9500 0.9498 0.9510 0.9539 0.9518 0.9513
Std. Dev.  0.0038 0.0015 0.0015 0.0013 0.0056 0.0016 0.0015 0.0016
= — Min. 243.00 243.00 243.00 243.00 241.00 241.00 242.00 242.00
§ § Max. 262.00 246.00 246.00 246.00 257.00 245.00 245.00 246.00
= Avg. 246.10 24477 244,71 244.96 244.80 242.95 243.75 243.93
X o Std. Dev. 2.23 0.85 0.8384 0.7763 3.3935 1.0031 0.8356 0.8743
w o — Min. 0.5511 0.5510 0.5511 0.5511 0.5511 0.5508 0.5507 0.5508
S § E Max. 0.5527 0.5524 0.5525 0.5523 0.5526 0.5524 0.5520 0.5518
L8>-'§ = Avg. 0.5518 0.5515 0.5516 0.5516 0.5517 0.5515 0.5512 0.5511
@ Std. Dev. 0.0004 0.0004 0.0005 0.0003 0.0004 0.0005 0.0004 0.0003
h Min. 0.0020 0.0020 0.0020 0.0010 0.0010 0.0000 0.0020 0.0010
§ 2 E Max. 0.0150 0.0070 0.0070 0.0060 0.0050 0.0080 0.0080 0.0080
82 E Awvg. 0.0048 0.0047 0.0046 0.0033 0.0032 0.0040 0.0041 0.0048
w Std. Dev.  0.0026 0.0015 0.0016 0.0014 0.0013 0.0017 0.0015 0.0018
—  Min. 851.00 901.00 874.00 850.00 851.00 852.00 851.00 851.00
= 5% Max. 904.00 904.00 904.00 874.00 853.00 904.00 904.00 853.00
= E Avg. 852.27 902.51 902.26 852.56 852.33 902.53 901.32 852.44
— Std. Dev. 2.4773 0.8854 3.1919 2.9179 0.7045 4.1451 8.8854 0.6738
£ g Min. 323.00 325.00 332.00 326.00 328.00 329.00 330.00 329.00
SE:7 Max. 424.00 422.00 430.00 415.00 420.00 427.00 434.00 424.00
& <= Avg. 374.42 371.73 374.70 369.04 373.87 376.84 380.75 370.39
F o= Std. Dev.  27.689 25.854 26.599 24.346 25.355 24.896 27.841 22.343
o Min. 229.30 229.90 229.60 229.50 211.50 219.60 219.60 219.50
' ae) Max. 230.90 230.40 230.20 230.50 222.70 220.60 220.40 220.30
S e Avg. 230.06 230.09 229.98 229.94 219.55 220.04 220.02 219.99
Std. Dev.  0.4008 0.0986 0.1482 0.3367 2.3012 0.2334 0.2358 0.1968
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Calismanin sonraki adiminda ¢ekme mukavemeti ve % uzama sonuglari analiz yapilmis ve
grafize edilmistir. Deneylerden elde edilen ortalama ¢ekme mukavemeti ve % uzama degerleri
Tablo 4’te verilmistir.

Tablo 4. Elde edilen ortalama ¢ekme mukavemeti ve uzama degerleri (Average tensile strength and elongation values)

Deney No  Cekme Mukavemeti [MPa] % Uzama

1 251.25 25.29
2 254.47 24.02
3 255.01 21.02
4 255.94 23.05
5 251.03 21.81
6 254.27 20.41
7 252.34 22.95
8 249.96 23.83
Max. 255.94 25.29
Min. 249.96 20.41
Fark 5.99 4.89

3.1. Cekme Mukavemeti Analizi (Tensile Strength Analysis)

Calismada ilk olarak off-line olarak olgiilen ¢ekme mukavemeti edilmistir. ilk olarak her bir
numunenin 5 farkli yerinden 6l¢tim yapilmis ve ol¢limler deney numarasina gore ¢izilmistir. Her bir
deney i¢in bu 5 farkli 6l¢iimiin ortalamas1 alinmis ve optimizasyonda kullanilmigtir. Elde edilen her
bir deneye ait sonuglar gekme mukavemeti igin Tablo 5’te verilmistir.

Tablo 5. Cekme mukavemeti i¢in deney tekrarlari ve istatistiki degerleri

Tekrarlama Deneyl Deney2 Deney3 Deney4 Deney5 Deney6 Deney7  Deney38

1 246.12 255.95 256.12 256.13 249.67 259.68 254.41 248.55
2 250.29 257.82 260.98 257.53 247.68 258.62 250.72 249.96
3 252.18 251.91 257.25 256.57 251.72 253.66 253.65 248.66
4 253.79 252.78 253.30 255.18 253.37 244.62 254.09 250.69
5 253.86 253.88 247.38 254.31 252.72 254.75 248.82 251.93

Min 246.12 251.91 247.38 254.31 247.68 244.62 248.82 248.55

Max. 253.86 257.82 260.98 257.53 253.37 259.68 254.41 251.93

Avg. 251.25 254.47 255.01 255.94 251.03 254.27 252.34 249.96
Std. Dev. 3.22 241 5.08 1.24 2.34 5.96 2.45 1.42

L8 deney sonuclarina gore gercgeklestirilen deneysel analiz sonucunda faktor ana etki grafikleri
ve etkilesim grafikleri elde edilmistir. Grafikler Sekil 4’de verilmistir. Yine ana faktorlerin sonug
tizerindeki etkileri olan A-B, A-C ve B-C grafikleri Sekil 5’de verilmistir.

3.2 % Uzama Analizi (% Elongation Analysis)

Calismada yine off-line olarak dlgiilen % uzama degerleri elde edilmistir. Tk olarak her bir
numunenin 5 farkli yerinden 6l¢iim yapilmis ve dlgiimler deney numarasina gore ¢izilmistir. Her bir
deney i¢in bu 5 farkli 6l¢iimiin ortalamasi alinmis ve optimizasyonda kullanilmistir. Elde edilen her
bir deneye ait sonuglar % uzama icin Hata! Basvuru kaynagi bulunamadi.’da verilmistir.

Tablo 6. % uzama igin deney tekrarlar1 ve istatistiki degerleri

Tekrarlama Deney 1 Deney 2 Deney 3 Deney4  Deney5 Deney 6 Deney 7 Deney 8

1 26.29 23.46 23.34 22.50 21.86 18.25 22.41 22.58
2 24.36 23.69 21.04 21.11 2211 20.41 22.27 21.52
3 24.06 22.14 21.39 23.66 24.49 2231 23.29 23.70
4 25.42 25.35 18.87 21.84 20.38 19.48 2591 25.31
5 26.33 25.48 20.46 26.12 20.23 21.58 20.86 26.05
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Min 24.06 22.14 18.87 21.11 20.23 18.25 20.86 21.52
Max. 26.33 25.48 23.34 26.12 24.49 22.31 2591 26.05
Avg. 25.29 24.02 21.02 23.05 21.81 20.41 22.95 23.83
Std. Dev. 1.06 1.40 1.62 1.96 1.72 1.62 1.87 1.87
A B c
254,5
254,0
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S 253,0
g
==
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Sekil 4 Cekme mukavemeti degerlerine gore hesaplanan ana etki grafikleri (Main effect graphs calculated according to
tensile strength data)
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Sekil 5. Cekme mukavemeti degerlerine gore hesaplanan etkilesim degerleri (Interaction values calculated according to
tensile strength data)

L8 deney sonuglarina gore gergeklestirilen deneysel analiz sonucunda faktor ana etki grafikleri
ve etkilesim grafikleri elde edilmistir. Grafikler Sekil 6’da verilmistir. Yine ana faktorlerin sonug
tizerindeki etkileri olan A-B, A-C ve B-C grafikleri Sekil 7’de verilmistir.
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Sekil 6. % Uzama degerlerine gore hesaplanan ana etki grafikleri (Main effect graphs calculated according to %
elongation values)
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ekil 7. % Uzama degerlerine gore hesaplanan etkilesim degerleri (Interaction values calculated according to %
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4. SONUCLAR (RESULTS)

LAN kablo iiretimi ve elde edilen sonuglarin ilgili standartlarda degerleri sabitlenmistir. Bu
kapsamda bu tiir kablolarda damar ¢aplar1, kapasite degerleri ve bakir ¢aplart nominal deger,
maksimum ve minimum degerler Tablo 7°de verilmistir. Eksantriklik degerinde ise beklenen deger
maksimum 10 mikron olmasidir.

Tablo 7 LAN Kablo Uretiminde Standart Degerler (Standard Values in LAN Cable Production)

Degisken Nominal Deger Maksimum Deger Minimum Deger
Damar Cap1 [mm] 0.950 0.960 0.940
Kapasite [pF/m] 245 250 240
Bakir Cap1 [mm] 0.551 0.553 0.549
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Uretim  siirecinde iiretim yiiriitme sistemi (MES) ile alinan ve Tablo 3’te verilen veriler
incelendigi zaman damar c¢api, kapasite ve bakir ¢ap1 agisindan degerler beklenen seviyede oldugu,
maksimum ve minimum degerler arasinda oldugu tespit edilmistir. Diger bir 6nemli parametre olan
eksantriklik incelendigi zaman ise 10 mikron altinda oldugu goriilmektedir. Hat hiz1 ve ekstruder
bolge sicakliklari da aymi sekilde varyasyonun g¢ok az oldugu goriilmektedir. Fakat tavlama
akiminda yapilan deneylerin tamaminda bir varyasyon oldugu tespit edilmistir. Bu deger bir sonraki
Ar-Ge ¢alismasinda incelenmek iizere degerlendirilmektedir. Genel olarak {iretim siirecinde tavlama
akimi disinda diger degerlerin beklenen aralikta oldugu tespit edilmistir.

Deneysel calismada iki onemli parametre ¢ikis parametresi olarak alinmistir. Bunlar ¢ekme
mukavemeti ve % uzama degeridir. Bu degerler i¢in her bir deney 5 kez tekrarlanmis ve aritmetik
ortalamalar1 alinarak Tablo 4’de verilmistir. Sonuglar incelendigi zaman c¢ekme mukavemeti
acisindan maksimum ve minimum deger arasinda 5.99 MPa’lik bir deger oldugu, % uzama
acisindan ise bu fark degerinin 4.89 % oldugu tespit edilmistir. Cekme mukavemeti acisindan
incelendigi zaman verilerin % olarak ¢ok fazla degismedigi goriilmiistiir. Fakat % uzama acisindan
sonuglar degerlendirildigi zaman degisimin ¢ok oldugu goriilmektedir. Bu kapsamda Adesanya ve
ekibi tarafindan yapilan ¢alismada, yapay zeka esasli bir model ile Nijerya kablo {iretim sektoriinde
ektriizyon parametrelerinin tahmini modeli gelistirilmistir. Modelde kablodan istedilen 6zellikler,
ornegin maksimu calisma sicakligi, sertlik, termal stabilitiy, cekme mukavemeti, % uzama gibi
degerler kullanilarak ektruder bolge sicakliklart ve diger sicakliklar tahlin edilmigtir [7].
Calismadan goriildiigii iizere ektruder bolge sicakliklarinin ve kalip sicakliklarinin kablo 6zellikleri
iizerinde biiyiik etkisinin oldugu goriilmektedir.

(Cekme mukavemeti agisindan sonuglar degerlendirildigi zaman Tablo 5’te verilen verilerde en
bliylik standart sapmanin 3 ve 6. deneyde oldugu, en kiiciik standart sapmanin ise 4. Deneyde
oldugu goriilmektedir. Verilerdeki varyasyon incelendigi zaman en yiiksek sapma degerindeki
deneylerde hat hizi degiskeninin 2. Seviyede yani 900 m/dk oldugu gorilmiistiir. En diigiik
varyasyonun goriildiigii 4. Deneyde hat hizinin 850 m/dk oldugu tespit edilmistir. Hat hizi
artmastyla liretim sisteminde ¢ekme mukavemeti agisindan varyasyonun arttig1 tespit edilmistir.

% uzama agisindan veriler incelendigi zaman Tablo 6’da sunulan verilere gore maksimum
varyasyonun 4, 7 ve 8. deneyde oldugu goriilmektedir. En diisiik varyasyonun ise 1. deneyde oldugu
goriilmektedir. Hat hiz1 ve tavlama akimi agisindan sonuglar incelendigi zaman hat hiz1 degiskenine
bagli orantili bir degisimin goriilmedigi, ayni sekilde tavlama akimi agisindan da bir oranti tespit
edilememistir. Genel olarak % uzama agisindan varyasyonun birbirine yakin c¢iktig1 tespit
edilmistir.

Ana etki grafikleri deneysel arastirma ¢aligmalarinda ©nemli grafiklerdir. Ozellikle
parametrelerin etkilerinin tespitinde rasyonel sonuglar vermektedir. Bu kapsamda c¢ekme
mukavemeti i¢in Sekil 4 incelendigi zaman A parametresi yani Hat Hiz1 (m/dk) degerinin ¢ekme
mukavemeti lizerinde son derece etkili oldugu grafikteki degisimden goriilmektedir. Hat hizinin
arttirllmasinin genel olarak ¢cekme mukavemetinde azalmaya sebep oldugu, yine dnceki tespitlerden
hat hiz1 arttirrminin gekme mukavemeti degerinde varyasyona sebep oldugu goriilmiistiir. Ikinci
onemli parametrenin ise ekstuder bolge sicakliklari, ligiincii onemli parametrenin ise tavlama akimi
oldugu goriilmektedir. % uzama agisindan ana etki grafigi incelendigi zaman Sekil 6’da verilen
egriler incelenecek olursa yine A parametresi yani Hat Hiz1 degiskeninin ¢ok 6nemli oldugu,
artmasi ile % uzama degerinin biiyiik oranda azaldig: tespit edilmistir. Tavlama akimi ve ekstuder
bolge sicakliklarinin % uzama {izerinde ¢ok etkisi olmadigr grafiklerdeki degisimlerden
goriilmektedir. Bu kapsamda 2023 yilinda Thueze ve arkadaslari tarafindan yapilan ¢alismada
ekstruder bolge sicakliklir ve hat hizi incelenmis ve degerlendirmistir. Ekstruder bolge
sicakliklarindan barrel sicakligin bagil yogunluk tizerinde etkili oldugu, yine kalip sicakliginin
artmasi ile bagil yogunlugun artig1, hat hizinin ise artmasi ile barel sicakliginda oldugu gibi bagil
yogunlugun diistiigii tespit edilmistir [10]. Yapilan bu akademik ¢alismada da goriildiigii iizere hat
hiz1 ve ektruter bolge sicakliklarinin sonuglar iizerinde ¢ok etkisi oldugu goriilmektedir.

Istatistiksel deney tasarimi metodunda ana etkilerin yaninda etkilesimlerin de etkilerinin
incelenmesi gerekmektedir. Bu kapsamda g¢ekme mukavemeti agisindan etkilesimlerin etkisi
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incelendigi zaman Sekil 5°da verilen grafikte gorildiigii lizere A-B etkilesiminin ve B-C
etkilesiminin ¢ok 6nemli oldugu, A-C etkilesiminin ise ¢ok az etkisi oldugu goriilmiistiir. Ikili
etkilesimlerden goriildiigii izere Hat Hiz1 ve Tavlama Akimi degerlerinin etkilesimlerinin de ¢ekme
mukavemeti iizerinde etkisi oldugu goriilmiistiir. Yine % uzama acisindan etkilesim grafikleri
incelendigi zaman Sekil 7°da verilen grafige gore yine A- B etkilesiminin etkisinin fazla oldugu,
sonrasinda B-C ve en son ¢ok az etkilesim etkisinin oldugu A-C goriilmektedir. Gerek c¢ekme
mukavemeti ve gerekse % uzama agisindan A-B etkilesiminin etkisinin fazla oldugu, A-C
etkilesiminin ise ¢ok az oldugu goriilmektedir. Yani bu deneysel ¢alismada Hat hizi ve Tavlama
Akimu ikili etkilesiminin sonuglar {izerinde 6nemli etkisi oldugu tespit edilmistir

Sonug olarak yapilan bu deneysel caligmada {iretim sisteminin genel olarak varyasyonunun
diisiikk oldugu, elde edilen verilerin incelenmesi sonucunda hat hizi ve tavlama akiminin ¢ekme
mukavemeti ve % uzama iizerinde ¢ok etkisi oldugu tespit edilmistir. Deneysel aragtirma sonuglari
incelendigi zaman mevcut tretim hatti hizinin 800 m/dk hizdan, 900 m/dk hiza ¢ikartilmasinin
gerek ¢ekme mukavemeti, gerek % uzama ve diger parametreler agisindan uygun oldugu tespit
edilmistir. Bu ¢aligma ile iiretim hizinda 5.88 % artis saglanarak iiretim verimliligi ve kapasitesinde
onemli artis saglanmistir. Ileriki calismalarda hat hiz1 ve tavlama akim iizerine odaklanarak ¢cekme
mukavemeti ve % uzama acisindan daha detayli calismalarin yapilabilecegi, ayrica iiretim hatti
hizinin 950 m/dk hiza ¢ikartma i¢in yeni deneysel ¢alismalar yapilabilecegi 6n goriilmiistiir.
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OZET

Son yillarda, ara¢ kazalarinda darbe emici gorevi yapan ¢arpigma kutularinin, enerji
emme kabiliyetlerinin iyilestirilmesine yonelik ¢alismalar 6nemli 6l¢iide artmistir. Bu
caligmalar, darbeden kaynakli olusan sok dalgalarinin arag sasesine verdigi zarari, en
aza indirgemeyi amaglamaktadir. Bu c¢alismada, siirtinme kuvvetinin c¢arpigsma
kutulariin enerji emme kabiliyetleri iizerindeki etkisi incelenmistir. Bu amagla, biri
normal katlanan, digeri siirtinme direnci ile enerji emilimi saglayan iki farkli
konfigiirasyon modellenmistir. Tasarlanan modellerle c¢arpigma senaryosu simiile
edilmis ve temsili modellere eksenel darbe yiikii uygulanmigtir. Simiilasyonlar,
dogrusal olmayan acgik yontem sonlu elemanlar yontemi (FEM) kullanilarak
olusturulmustur. Carpigsma senaryosu her iki model i¢in ayni kosullar altinda DP600
celik sac malzeme Ozellikleri kullanilarak ii¢ farkli kalinlikta (1.2 mm, 1.4mm ve
1.5mm) analiz edilmistir. Carpisma simiilasyonlarinin sonuglari, siirtiinme direncinin,
carpisma kutularinin enerji emme davraniglari iizerindeki etkilerini incelemek i¢in
karsilagtirtlmistir. Analiz sonuglari, siirtiinme direnci ile enerji emiliminin ¢arpisma
kutularinin darbe soniimleme oOzelliklerine %16 oraninda olumlu katki sagladigini
gostermistir.
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OZET

In recent years, studies on improving the energy absorption capacity of crash boxes,
which act as shock absorbers in vehicle accidents, have increased significantly. These
studies aim to minimize the damage caused by shock waves resulting from the impact
to the vehicle chassis. For this purpose, two different configurations were modelled,
one of which is normally folded and the other is energy absorption with friction
resistance. The crash scenario was simulated with the designed models and axial
impact load was applied to the representative models. Simulations were created using
the nonlinear explicit method finite element method (FEM). The crash scenario was
analyzed for both models under the same conditions using DP600 steel sheet material
properties with three different thicknesses (1.2 mm, 1.4mm and 1.5mm). The results
of crash simulations were compared to examine the effects of friction force on the
energy absorption behaviors of crash boxes. The analysis results showed that energy
absorption by friction resistance contributes positively to the impact absorbing
properties of crash boxes by %16.

1. GIRIS (INTRODUCTION)

Karayolu tagimaciligi, ticaret ve turizm gibi ekonomik alanlarin 6nemli bir pargas1 olan ulagtirma
sektoriinde, hayati bir 6neme sahiptir. Yiik ve yolcu tasimaciliindaki ara¢ sayisinin artmasi, kaza
faktoriinii de beraberinde getirmektedir. Yolcularin yaralanmasina hatta 6liimiine sebep olan maddi
hasarl1 kazalara kars1 6nlem alinmasi gerekmektedir.

Gelismekte olan iilkelerde, ekonomik biiyiimenin etkisiyle hizli kentlesme ve motorlu tasitlarin
artis1 nedeniyle trafik kazalarindaki oliimler artmaktadir. Karayolu trafik kazalari, diinya ¢apinda
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tiim yas gruplarinda dokuzuncu énde gelen 6liim nedeni olarak Diinya Saglik Orgiitii'niin (WHO)
kiiresel durum raporunda (WHO2015) belirtilmistir [1].

Aracin iskelet sistemini meydana getiren sasi ve benzer sistemler yolcuya zarar vermemesi ve
biikiilmemesi hedeflenerek rijit olarak tasarlanmistir. Bunun aksine bazi sistemlerin tasarimida
deforme olmasi istenerek olusturulmustur. Carpigsma sirasinda darbeden kaynakli sok kuvvetlerini,
plastik deformasyona ugrayarak soguran bu sistemler, enerji emici olarak adlandirilir. Bu sistemler
ayn1 zamanda pasif giivenlik sistemi olarak da tanimlanmaktadir [2]. Arag lizerinde 6n/arka tampon
ile sasi arasinda bulunan ¢arpisma kutulari, saside olugsmasit muhtemel zarart minimuma diigiirmek
icin akordiyon gibi katlanarak enerjiyi emmektedir.

Carpisma kutulari, kaza olustugunda agiga ¢ikan kinetik enerjiyi hizli bir bigimde emerek, sok
dalgalarinin yolculara aktarilmasini engellemektir. Carpisma kutusu, darbeden kaynakli kinetik
enerjinin, elastik ve plastik deformasyonlarla emilmesini amag¢lamaktadir. Tasarlanan ¢arpigsma
kutusunun kaza durumunda deforme olmasi istenmektedir. Bu sebeple, carpisma kutularmin
tasarimi iizerindeki ¢caligmalar hala devam etmektedir [3].

Altiminyumdan {iretilmis olan ilk ¢arpisma kutusu, Mercedes-Benz marka aracin C-Serisi
modelinde carpisma yOnetim sistemi uygulamasinda denenmistir. Daha sonra Sumitomo Metals'in
Mazda'nin Atenza modeli i¢in ¢elik malzemeden ftirettigi model kullanilmistir [4]. Ucuz ve kolay bir
sekilde degistirebilen carpigsma kutusu sistemi, ara¢ sasesine yapilacak giiglendirmeler yerine %20
agirlik tasarrufu sunarak birim basina %10'a kadar iiretim maliyeti saglamaktadir.

Kaza aninda aci8a cikan darbe enerjisini sogurmak amaciyla tasarlanmig farkli ¢alismalar
bulunmaktadir [5]. Bu ¢alismalarin bir boliimii, tamponlarda ve ¢arpisma kutularinda tasarimsal
degisikliklere giderek, sistemin daha fazla deforme olmasina imkan saglayarak enerji emme
kapasitesini yiikseltmeyi amaglayan ¢aligmalardir [6-8]. Bazisi ise, elyaf takviyeli epoksi kompozit
maddeler kullanmaktadir [9]. Bir bagka kismi, ¢arpisma kutularinin i¢ bolgesine metal kopiik
uygulayarak enerji emme kapasitesini artirmay1 amaglayan ¢alismalardir [10-12].

Bu calismada, klasik sekilde katlanarak enerji soguran carpisma kutularindan farkli olarak,
stirtlinme direnci ile enerji emilimi saglayan ii¢ bilesenli bir yap1 kullanilmistir. Eksenel darbe yiikii
altinda birbiri icine gecen yeni tip c¢arpisma kutusu, siirtinme direnci ile enerji emilimi
saglamaktadir. Siirtinme direncinin enerji emilimine katkisini belirlemek i¢in, yeni tip ¢arpigsma
kutusu ile klasik modellerin simiilasyon sonuglar1 ayn1 sartlar altinda karsilagtirilmastir.

2. CARPISMA DAYANIMI GOSTERGELERI (IMPACT RESISTANCE INDICATORS)

Carpisma esnasinda malzeme, elastik sinirinin 6tesinde deformasyona ugrayarak, carpismadan
kaynakli agiga ¢ikan sok dalgalarii, plastik gerinim kuvvetine doniistiirmektedir. Darbeye maruz
kalan carpigsma kutularinda, ezilme sirasinda sogurulan toplam enerjiyi ifade eden ET degeri, hayati
onem tagimaktadir. Kuvvet (F) degerinin yer degistirmeye (d) gore integrali alindiginda, emilen
toplam enerjinin (ET) hesaplandigi, Denklem 1’de gosterilmistir [13,14]:

d

Er = fF(x)dx €Y)

0

dx, deformasyona ugrayan cismin ezilme mesafesi iken F, eksenel yondeki ezme kuvvetini verir.
Ayrica, yazilimlar araciligiyla ile kuvvet-yer degistirme grafiginin integrali alinarak da ET degerine
ulasilabilmektedir. Sekil 1'de belirtildigi gibi, kuvvet-yer degistirme egrisinin (y) dogrusu ile
kesistigi alan, carpisma kutusunun emdigi toplam enerjiyi ifade etmektedir. Bu kisimdan sonra
olusan yukar1 egimli egri, enerjinin emilmeden dogrudan kars1 kisma aktarilmaya baslandigini ifade
etmektedir.

Carpisma  kutularinda performans kriterini degerlendirmek i¢in tercih edilen bir bagka
parametrede Sekil 1’de belirtildigi gibi pik kuvvet degeridir. Ezilme mesafesi (d) boyunca cisme
uygulanan en yiiksek tepe degeri, Denklem 2’de belirtildigi gibi, pik kuvvet degeridir. Malzemenin
ilk katlanmasini tetikleyen FP degerinin, olduk¢a diistik degerler igermesi istenmektedir [15].

Fp=0<FE,,<d (2)
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Carpisma kutularinin enerji emme kapasitelerini karsilastirmak ig¢in, 6zgiil enerji emilimi
kullanilmaktadir. Enerji emicilerin etkinligi, yiiksek SEA degerine sahip olmakla dogru orantilidir.
SEA degeri, emilen enerjinin, (ET) kiitleye (m) orani ile belirlendigi, Denklem 3’te belirtilmistir

[12, 15'.

Sekil 1.’de belirtilen ana carpisma kuvveti (FM), emilen enerjinin (ET) ezilme mesafesine (d)
orantyla hesaplandigi, Denklem 4’te gosterilmistir [4, 17]:

1 a
Fy = —f F(x)dx 4)
d 0
Denklem 5.’te, ¢arpisma kuvveti etkisi, ana ¢arpisma kuvvetinin, (FM) tepe kuvvetine (FP) orani
olarak tanmimlanmaktadir. Carpisma kuvveti etkisi, tepe noktasinin biiyiikliigiiyle ters orantilidir
[18]. Yolcu yaralanma riskinin gostergesi olan bu ifade, ayrica baska malzemelere ne kadar kuvvet

iletilecegini belirlemek i¢inde tercih edilebilmektedir [19].

¢, = 5)

—_Kuvvet-Yer Degistirme
AAAAAAAA Ana Garpisma Kuvveti-Yer Degistirme

Pik Kuvveti (Fr)

€ 80
°
S 60 . y
¥ [Ana Carpisma Kuvveti (Fu)|
|
40 /
______ s \

0 50 100 150 200
Yer Degistirme (mm)

Sekil 1. Performans degerlerinin, kuvvet-yer degistirme egrisi lizerinde gosterilmesi (Display of performance values on
the force-displacement curve)

3. TASARIM VE MODELLEME (DESIGN AND MODELING)
3.1. DP Celiklerin Mekanik Ozellikleri (Mechanical Properties of DP Steels)

Araglarin carpismalart durumunda genellikle yiiksek oranda deformasyon olusmaktadir. DP
celikler, iistiin enerji emme Ozellikleri sayesinde, otomotiv sektoriinde siklikla tercih edilmektedir.
Geleneksel celiklerle kiyaslandiginda, siineklik ve mukavemet gibi {istiin Ozellikleri nedeniyle
carpisma kutular1 i¢in uygundur. Otomobillerde kaza aninda olusan enerji dalgalarinin
emilmesindeki performanslari nedeniyle, DP600 malzeme 6zellikleri bu ¢alismada tercih edilmistir.
Tablo 1'de, DP ¢eliklerinin yogunlugu (p), Young Modiilii (E), akma gerilimi (o), nihai gerilimi
(0u) ve poisson orani (v) gibi 6zellikleri belirtilmistir [20].

Tablo 1. DP ¢eliklerine ait mekanik 6zellikleri (Mechanical properties of DP steels)

Malzeme p (kg/mm®) E(GPa) oMPa) v  a,(MPa)
DP600 7.8x10° 202 635 0.3 380
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3.2. Carpisma Kutularinin Modellenmesi (Modeling of Collision Boxes)

Geleneksel ¢arpisma kutularindan farkli olarak, enerji emiliminde stirtiinme kuvveti kullanan bir
sistem lizerinde arastirma yapilmigtir. Sekil 2°de belirtildigi gibi, biri normal sekilde katlanarak,
digeri siirtinme direnci iireterek enerji emen iki model, gelistirilmistir. Normal sekilde enerji
soguran birinci model katlanmalart tetikleyici kanallar yardimiyla enerji emilimi hedeflemektedir
(Sekil 2a). Stabil katlanma olusturmak icin koselerdeki ezilme boncuklari (crash bead), yan
kenarlardaki ezilme boncuklarinin orta kismina gelecek sekilde konumlandirilmistir.

Sekil 2b)’de belirtildigi gibi, li¢ bilesenli bir yapidan olusan ikinci konfigiirasyon ise, eksenel bir
darbe yiikii uygulandiginda, bilesenlerin siirtiinerek i¢ ice gecmesi prensibi ile c¢alismaktadir.
Carpisma kutusunun ezilmesi sirasinda, parcalarin yiizeylerindeki katlanma kanallari, birbirlerine
stirtiinme direnci uygulamaktadir. Siirtinme direncini kuvvetinin arttirmak i¢in ¢arpigma kutusunun
yan duvarlarindaki kanallar zit yonlerde konumlandirilmistir. Ayrica, enerji emilim siirecinin ileriki
asamalarinda bu kanallar, ii¢ bilesenli yapinin katlanmasina ve kademeli olarak ¢okmesine katkida
bulunmaktadir.

Carpisma kutularinin genislik ve uzunluk Olgiileri, standartlara uygun tolerans ve Olgiilerde
modellenmistir. Analizlerin tiimiinde, her iki model ¢arpisma kutularinin ebatlari, 110 mm genislik
ve 235 mm uzunluk &lgiilerinde sabit kalmistir. Ug bilesenli ¢arpisma kutusunun montaji, par¢alarin

10 mm birbiri lizerine toleranssiz bindirilmesi suretiyle, i¢ ice sik1 gecme seklinde modellenmistir
[21].

3.3. Sonlu Elemanlar Modelleme (FEM) Yaklasim (Finite Element Modeling (FEM) Approach)

Carpisma simiilasyonlari, biri dinamik digeri sabit iki rijit cismin arasinda konumlandirilan
carpisma kutusunun deformasyona ugratilmasi ile gergeklestirilmistir. Dinamik rijit cisim
otomobili, sabit rijit cisim ise arag¢ sasesini temsil etmektedir (Sekil 3). Benzer bir ¢alismada, kopiik
ya da aliiminyum dolgulu ¢arpisma kutularinin enerji emilimi Ying tarafindan incelenmistir [22].

Carpisma standartlarina gore, modellerin dogrusal olmayan agik (explicit) dinamik ezilme
simiilasyonlar1, uygulanmistir [23]. Ug bilesenli yapinin smir sartlar1 ve i¢ ice gegen kisimlarmin
sonlu eleman modellemesi Sekil 3’te A-A kesit goriiniisiinde belirtilmistir. Sekil 4’teki soyagacinda
gosterildigi gibi, sabit rijit duvar, dinamik rijit cisim, sar1 renkli bilesen, kirmizi renkli bilesen ve
mavi renkli bilesen sirasiyla, Impactor, Taban, 3. Kisim, 2. Kisim ve 1. Kisim adlariyla
simiilasyonlarda kullanilmistir. Bilesenler birden bese kadar farkli kimlik kartlar1 (parca ID)
tanimlanarak birlestirilmistir [24].

3.4. Smir Sartlarinin Belirlenmesi ve Baslangic Hizi (Determination of Boundary Conditions and
Initial Velocity)

Maksimum deformasyon miktarina ulagsmak i¢in rijit duvarmn, 200 kg veya 150 kg farkli kiitle
(m) degerleriyle ve 12 m/s baslangi¢ hizinda (v) ¢arpigsma kutusunu ezmesi saglanmistir.
Analizler, yalnizca ‘z’ yoniinde serbestlik derecesine sahip dinamik rijit cismin, sayisal modelleri
deformasyona ugratmasi ile olusturulmustur. Hesap edilen kinetik enerjiye gore, rampa etkisinin
thmal edilebilir olmasi1 saglanmistir [25].

Stirtinme kuvvetlerinin ihmal edilebilir oldugunu varsayilirsa, dinamik rijit duvarin kinetik
enerjisi Denklem 6 kullanilarak hesaplanmistir [26]:

1

, d
= = d 6
> mv -fo ma(x)dx (6)

3.5. Carpisma Kutusu Bilesenleri Arasinda Kontak Kurulmasi (Establishing Contact Between
Collision Box Components)

Verilerin dogru elde edilmesi ve ¢oziimleme zamani dikkat edilerek olusturulan optimizasyon
calismasi sonucu, 2 mm? boyutunda kabuk elemanlar1 kullanilarak, carpisma kutularinin
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modellenmistir [16]. Kabuk (Shell) elemanlarinin matematiksel entegrasyon siiresinin azaltilmasi
icin “BELYTSCHKO_LIN TSAY” yontemi benimsenmistir.

“AUTOMATIC SURFACE TO _SURFACE”, “AUTOMATIC SINGLE SURFACE” ve
“AUTOMATIC NODE TO SURFACE”, olmak iizere li¢ adet algoritma uygulanmistir. Dinamik
ve sabit rijit duvarlar ve g¢arpisma kutusunu olusturan {i¢ bilesen arasinda alti adet
“AUTOMATIC NODE TO SURFACE” temas algoritmas:t kullanilmistir (Sekil 4) [27]. Bu
algoritma dinamik ve sabit rijit cisimlerin, ¢arpisma kutusunun tiim kisimlarimi algilamasina ve
deformasyona ugratabilmesine olanak tanimaktadir. “AUTOMATIC NODE TO SURFACE”
kontak algoritmasi i¢in kullanilan statik ve dinamik siirtiinme katsayilar1 sirasiyla 0.3 ve 0.2 olarak
almmastir [28, 29].

Ayrica, li¢ bilesenden olusan ¢arpisma kutusunun katlanmasi esnasinda, yiizeylerin birbiri igine
grift olmadan biikiilebilmesi i¢in “AUTOMATIC SINGLE SURFACE” temas algoritmasi
tanimlanmistir [30, 31]. Bu temas algoritmasi i¢in statik ve dinamik siirtiinme katsayilari, 0.3 ve 0.2
sirastyla belirlenmistir [32].

110

]

gy
i
L

EESE (25N
@13 © @ o
=0 NEZ
= - = o 2
o — |of f\)%
_ b | 4 N
PR > |, = =)
o — o | XN || &2
| T | _ \ /
@ o 1 | &
| = %/n
I q\@/ﬁ
G—i; %ﬁ%

D

110 °

R o
&5 q—D /2%
ol == |g | <2 |=| o
| el T o) - ] o, %B
L T e E\ /5
10 — | ) & S§ ______ %B
%@@ NE
| T— - h‘\ /f
Lol = d N|e

1o & @ o)

! b)

Sekil 2. Modellenmis garpigma kutulari, (a) normal ¢arpisma kutusu, (b) ii¢ bilesenli ¢carpisma kutusu. (Modeled collision boxes, (a)
normal collision box, (b) three-component collision box.)
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Dinamik rijit cisim

ig ice giren
kisimlar

Sabit rijit duvar

Sekil 3. Siirtiinerek birbiri i¢ine gegen ¢arpisma kurtusunun modellenmesi, (a) Carpisma kutusunun sonlu elemanlar modeli (b)
Birbiri i¢ine gegen kisimlarin A-A kesit goriiniisii ile gosterimi. (Modelling of the collision box that engages with each other by
friction, (a) Finite element model of the collision box (b) Representation of the A-A section view of the engaging parts.)
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Sekil 4. Carpigma kutusuna “AUTOMATIC_NODE_TO_ SURFACE” komutu ile kontak kurulmas ve mesh uygulanmasi.
(Establishing contact and applying mesh to the collision box with the “AUTOMATIC_NODE_TO_SURFACE” command)

Analizlerde, parcalarin birbiri i¢ine ge¢mesi aninda, ara yilizeylerde sinir ihlallerini 6nlemek ve
bilesenlerin birlerine uyguladiklar: siirtinme direncinin olusmasi i¢in "AUTOMATIC SURFACE
TO SURFACE" temas algoritmasi kullanilmisgtir [33]. Bu temas algoritmasi i¢in, statik ve dinamik
siirtiinme katsayilari sirastyla, 0.7 ve 0.6 degerleri secilmistir. Birbiri igine giren yilizeylerin temasi

celik-kuru ¢elik seklinde oldugu icin, bu degerler diger siirtiinme katsayilarindan farkli se¢ilmistir
[34, 25].
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3.6. Malzeme kartina ozelliklerin girilmesi (Entering properties into the material card)

Analizlerde sabit rijit cisim ve dinamik rijit duvar modellemesinde sirasiyla, “IMPACTOR” ve
“TABAN” isimleri kullanilmigtir. Rijit cisimlerin deformasyona ugramasini engellemek i¢in
“MAT RIGIT (TITLE)(020)” kodu tercih edilmistir [36, 37]. Lineer plastik davranis olusmasi
istenen carpisma kutusuna ise, “MAT PIECEWISE LINEAR PLASTICITY (TITLE)(024)” kodu
uygulanmigtir. Gerinim hizi duyarliligi ve esnekligi sebebiyle, dogrusal elastik-plastik davranis
gosteren ezilme simiilasyonlarinda bu malzeme cinsi yaygin olarak kullanilmaktadir [38].

Carpisma kutusu i¢in, DP600 celiklerin mekanik o6zellikleri malzeme kartina tanimlanmustir.
Hacmi 512000 mm® olan dinamik rijit cismin, mekanik 6zelliklerinin malzeme kartna tamitilmasi
esnasinda (Impactor), 150 kg ve 200 kg kiitlelerinde carpisma kutusuna eksenel kuvvet
uygulayabilmesi i¢in farkli yogunluk degerleri kullanilmistir.

3.7. Carpisma Kutularinin Kodlanmasi (Coding of Collision Boxes)

Analizlerde, temsili modellerin ¢arpisma simiilasyonlar1 Tablo 2’de sunuldugu gibi yonetilmistir.
Omegin D6ST1.2 kodunu kullanan model, DP600 ¢elik malzeme 6zellikleri tasiyan tek pargadan
olusan, 1.2 mm kalinhi§indaki temsili modeli ifade ederken, DOMT1.5 kodlu model ise DP600 ¢elik
malzemeli, ¢oklu bilesenden olusan, 1.5 mm kalinligindaki modeli tanimlamaktadir.

Tablo 2. DP600 ¢elik malzeme 6zellikleri kullanilarak yonetilen simiilasyonlarin model kodlari. (Model codes for
simulations driven using DP600 steel material properties.)

Model Modelin Sac Modelin Rijit Cismin Rijit Cismin

Kodu Boyu (mm) Kahinhgi (mm) Kiitlesi (kg) Kiitlesi (kg) Hizi (m/s)
D6ST1.2 235 1.2 0.930 150 12
D6ST1.4 235 1.4 1.090 200 12
D6ST1.5 235 15 1.170 200 12
D6MT1.2 235 1.2 0.930 150 12
D6MT1.4 235 14 1.090 200 12
D6MT1.5 235 1.5 1.170 200 12

4. ANALIiZ SONUCLARI VE DEGERLENDIRME (ANALYSIS RESULTS AND EVALUATION)

4.1. Temsili Modellerin Analiz Sonuclarinin Degerlendirilmesi (Evaluation of Analysis Results of
Representative Models)

Analiz ¢aligmalarinda elde edilen performans gosterge verilerine bakilarak, en verimli temsili
modeli se¢mek i¢in optimizasyon calismast yapilmistir. Analiz sonuglari, tiim modellerin
maksimum enerji emme kapasitelerine 190 mm ezilme mesafesinde ulagtigin1 gostermistir.

4.1.1. Katlanarak normal sekilde enerji emen modellerin analiz sonuclar1 (Analysis results of
models that absorb energy exponentially in a normal manner)

Normal sekilde katlanarak enerji emen DP600 malzeme 6zellikleri tanimlanmis 1.2 mm, 1.4 mm
ve 1.5 mm kalinligindaki modeller, 12 m/s baglangi¢ hizinda 150 kg ve 200 kg kiitlelerine sahip
dinamik rijit cisimler tarafindan ezilmektedir. Sekil 5°te, D6ST1.4 kodlu modelin analiz sonuglari
incelendiginde, stliper katlanma moduna benzer bir davramis sergiledigi belirlenmigtir. Pik
kuvvetinin olustugu 103 kN’luk en yiiksek tepe kuvveti, ilk katlanmay1 tetiklemek i¢in gereken
kuvvete karsilik gelmektedir.

Sekil 5’te, kuvvet-yer degistirme egrisinden gorildiigi gibi, tetikleyici gorevi tistlenen garpisma
boncugu (crash bead) ile ilk katlanma tetiklenmis ve yaklagik 20 mm mesafesinde son bulmustur.
Bu referans noktasi ayni zamanda ikinci katlamanin baslangi¢c noktasini ifade etmektedir. Sekil
5’teki grafik, 40 mm deformasyon mesafesinde ikinci katlanmanin en iist tepe noktasini, 80 mm
ezilme mesafesinde ii¢iincli katlanmanin bittigi ve dordiincii katlanmanin basladigini belirtmektedir.
Dinamik rijit cisim 190 mm mesafesinde iken, altinci katlanmanin sonlandig1 anlasilmaktadir.
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4.1.2. Siirtiinme kuvveti ile enerji emen modellerin analiz sonuclari (Analysis results of models
absorbing energy with friction force)

DP600 malzeme o6zelliklerinin tanimlandigi, birbiri igine gegerek siirtinme kuvveti ile enerji
emen 1.2 mm, 1.4 mm ve 1.5 mm kalinligindaki modellerin simiilasyonlar1 yapilmistir. 150 kg ve
200 kg kiitlelerine dinamik sahip rijit cisimler ile 12 m/s baslangi¢ hizinda ezilmistir. Analiz sonug
verileri, Tablo 3’te detaylandirilmistir. Katlanarak enerji soguran modellerin kuvvet-yer degistirme
grafigi tek cizgiden, siirtinmeli modellere ait kuvvet-yer degistirme grafigin ise {i¢ ¢izgiden
olusmaktadir.

Dinamik rijit cisim tarafindan ii¢ bilesenli ¢arpisma kutusuna kuvvet aktarimi, sirasiyla, igteki
bilesen, ortadaki bilesen ve distaki bilesen olmak lizere iic kademede gergeklesmistir. Bu olay
kuvvet-yer degistirme grafiginde, sirasiyla, kirmizi, mavi ve yesil renkli egrilerle ifade edilmistir.

100mm

T T T T
100 f [—Riji( Cisim ile D6ST1.4 Kodlu Model

Kuvvet (kN)

[ { PR NI
20 40 60 80 100 120 140 160 180
Yer Degigtirme (mm)

Sekil 5. D6ST1.4 kodlu temsili modelin analiz sonucu.

Sekil 6’da, D6MT1.4 kodlu modelin sergiledigi deformasyon davranisi gosterilmistir. Ezilen
carpisma kutusunda, 6nce 107 mm’ye kadar igteki bilesenin darbeyi karsiladigi, daha sonra ortadaki
bilesenle beraber 162 mm yer degistirmeye kadar enerji sogurdugu ve son olarak bilesenlerin
timiiniin kinetik enerjiyi emdigi grafikten anlasilmaktadir. Tek bilesenli modellerin aksine, Von
Mises gerilmelerinin, bilesenlerin temas kisimlarinda yogunlastigi gérilmiistiir.
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Sekil 6. D6MT1.4 kodlu modelin analiz sonucu ( Analysis result of the representative model coded D6ST1.4)
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4.2. Temsili Modellerin Pik Kuvvetlerinin Kiyaslanmas1 (Comparison of Peak Forces of
Representative Models)

Ug bilesenli ve tek bilesenli modellerin FP degerlerinin kiyaslanmasinda uygun bir karsilastirma
saglamak i¢in, ayn1 sac kalinliklari ve malzeme oOzellikleri iceren modeller birlikte
konumlandirilarak Sekil 7°de sunulmustur. Sekil 7 ve Sekil 8’deki grafikler, Tablo 3’teki
performans gosterge verilerinden elde edilmistir.

Tablo 3'te belirtildigi gibi, baz1 normal ve siirtiinmeli modellerin FP degerleri, sac kalinligindaki
degisikliklere gore artmis veya azalmistir. Ornek olarak, tek bilesenli D6ST1.4 kodlu modelin pik
kuvveti degeri 104.020 kN iken, ii¢ bilesenli D6MT1.4 kodlu modeldeki pik kuvveti 92.300
kN’dur. Bu degerlere gore kiyaslandiginda yaklasik %11 oraninda diisiis gergeklesmistir. FP
degerlerindeki bu farklilik ii¢ bilesenli yapida bulunan siirtiinme direncinden kaynaklanmaistir.

Sekil 7°den anlasilacagi gibi, darbenin olusturdugu sok dalgalarina siirtinme direnciyle
miidahale edilmesi, tepe kuvvetlerinin azalmasina olumlu katkida bulunmustur. Carpisma aninda
yiiksek oranda pik kuvveti, sok dalgalarinin emilmeden kars1 tarafa iletilmesine sebep olmaktadir.

180
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160"
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140+

120"
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Sekil 7. Normal sekilde katlanarak ve siirtiinme direnciyle enerji emen tasarim konseptlerinin Fp degerlerinin kiyaslanmasi.
(Comparison of FP values of design concepts absorbing energy by normal folding and frictional resistance.)

4.4. Tek Bilesenli ve Uc Bilesenli Modellerin SEA Degerlerinin Kiyaslanmasi (Comparison of
SEA Values of Single Component and Three Component Models)

SEA degerlerinin kiyaslanmasinda kolaylik olusturmak igin, ayni sac kalinliklar1 ve malzeme
ozelliklerine sahip modeller, Sekil 8'de belirtildigi gibi yan yana konumlandirilmigtir. Katlanarak
enerji soguran modellerle karsilastirildiginda, D6MT]1.2 hari¢ ii¢ bilesenli modellerin tiimiinde,
SEA degerlerinin arttig1 belirlenmistir.

P :
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Sekil 8. Tek bilesenli ve ti¢ bilesenli tasarim konseptlerinin SEA degerlerinin karsilastiriimasi (Comparison of SEA values of single-
component and three-component design concepts)

Tablo 3'te, D6MT1.5 ve D6ST1.5 kodlu modellerin, sirast ile 10.620 klJ/kg ve 9.145 kl/kg
degerleri incelendiginde, siirtiinme direnciyle enerji emilimi saglayan modelin SEA degeri %16
artmigtir. Bu deger, siirtiinme direncinin, ¢arpisma kutusunun carpisma dayanim o&zellikleri
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tizerindeki pozitif etkisini gostermektedir. Ayrica, sac kalinliginin artmasi, yiizeylerdeki siirtlinme
direncini artirmistir.

4.5. En Verimli Modelin Belirlenmesi (Determination of The Most Efficient Model)

Verimi en yiiksek temsili modeli belirlemek i¢in, deformasyon asamasinda olusan performans
gosterge verileri kiyaslanmistir. Sekil 9 ve Sekil 10'daki grafiklerden, Tablo 3’te sunulan verilerden
elde edilmistir.

Farkl1 sac kalinliklarina ve malzeme 6zelliklerine sahip tek bilesenli ve {i¢ bilesenli modeller i¢in
dinamik carpigma sonuclarinin performans gdostergeleri Tablo 3’te verilmistir. Modellerin
sergiledigi, diisiik pik kuvveti degerleri ile birlikte yiiksek SEA ve CE verileri, en verimli ¢arpisma
dayanimi karakteristigi tagiyan ¢arpisma kutusunun belirlenmesinde 6nemli katk1 saglamistir.

Tek ve li¢ bilesenli modellerin, SEA, FP ve CE gosterge degerleri kiyaslandiginda, en iyi
performanst D6MT1.5 kodlu modelin sergiledigi anlasilmistir. Deformasyon sonucu modelin FP,
SEA ve CE degerleri, sirasiyla, 124.300 kN, 10.620 kJ/kg ve %0.568 verileriyle iistiin ¢arpisma
dayaniklilik 6zelligine isaret etmektedir.

Tablo 3. Eksenel darbeye maruz modellerin ¢arpisma dayanimi performans degerleri. (Crash resistance performance values of
models subjected to axial impact.)

Model Kalinhk SEA = Fe Fu Ce d M

Kodu (mm) (kd/kg) (kJ) (kN) (kN) %)  (mm) (kg
D6STL.0 1.0 7.282 5,680 70,600 20,738 0421 190 0,780
D6ST1.2 1.2 8.409 7.820 86.408 40942 0474 190  0.930
D6ST1.4 1.4 8.954 9.760 104.020 51099 0491 190  1.090
D6STL.5 15 9145 10700  115.030 56.021 0487 190 1170
D6MTL.0 1.0 7.360 6.271 61.200 32832 053 190  0.780
D6MTL.2 1.2 8.265 8.430 87.400 4413 0505 190  0.930
D6MTL.4 1.4 10017 11.660 92.200 61047  0.662 190  1.090
D6MTL5 15 10620 13487  124.300 70613 0568 190 1170

5. SONUCLAR (RESULTS)

Eksenel darbe yiikii altinda biri katlanarak enerji emen ve digeri siirtiinme direnci yardimiyla
enerji emilimi saglayan iki tip carpigma kutusunun carpisma davraniglari analiz edilmistir. Diger
modelden farkli olarak {i¢ bilesenli yapidan olusan model, darbenin etkisiyle siirtiinme direnci
olusturarak birbiri igine gectiginden, carpismadan kaynakli sok dalgalarimin bir kism
soniimlenmesine sebep olmustur. Ug bilesenli carpisma kutularinda, parcalar i¢ ice tamamen
gectikten sonra katlanma modu basladigindan, bu durum pik kuvveti degerinin diismesine katkida
bulunmustur. Tek bilesenli ve ii¢ bilesenli modellerin FP degerleri karsilastirildiginda, D6MT1.4
kodlu modelin FP performans degeri, D6ST1.4 kodlu modele gore yaklasik %11 daha diistik oldugu
tespit edilmistir.

D6MT1.5 kodlu model, tiim ¢arpigma kutularinin performans gosterge degerleri kiyaslandiginda,
en verimli model oldugu belirlenmistir. Sirtiinme direnci tarafindan emilen enerjinin, ¢arpisma
kutulariin ¢arpisma dayanimi iizerindeki etkisi incelendiginde, DOMT 1.5 kodlu ii¢ bilesenli model,
D6STI1.5 kodlu tek bilesenli modele gore %16 SEA ve %26 ET performans artis1 sergilemistir.
Sayisal degerler, siirtlinme direnci ile enerji emiliminin, ¢arpigsma kutularinin performansin
gelistirme konusunda 6nemli bir potansiyele sahip oldugunu gostermektedir.
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Sekil 9. Tek bilesenden olusan farkli kalinliklardaki ¢arpisma kutusunun analiz sonuglari. (Analysis results of a single component
collision box with different thicknesses.)
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Sekil 10. Ug bilesenden olusan farkli kalinliklardaki siirtiinme direnci iireten ¢arpisma kutusunun analiz sonuglar1.
(Analysis results of the collision box generating friction resistance of three components with different thicknesses)
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This study aimed to examine the microstructure and hardness changes in AA 6063 T6
specimens that underwent an ageing procedure. The second portion involves the
machining of free forms surfaces on specimens with varying microstructures and
hardness. Four different tool paths, four different cutting speed (\Vc), and four different
feed rate (f) were employed in the machining of the surfaces. Statistical analysis were
conducted to ascertain the optimal cutting parameters and their impact on the output
parameters. The experimental design was designed based on the Taguchi L16 index. The
form errors and surface roughness values acquired from the tests were analysed
statistically using the Signal/Noise (S/N) ratio and analysis of variance (ANOVA)
methods. The study found that the sample immersed in 2WQ solution had a minimum
hardness value of 71.7 Hvl, whereas the sample aged for 18 hours had a maximum
hardness value of 117.7 Hv1. Based on the investigation, it was determined that A4B1C4
yielded the most favourable cutting parameter in terms of form error and surface
roughness. This refers to the utilisation of the TP4 tool path, a f of 0.04 mm per tooth,
and a VVc of 105 m/min. Based on the data collected, the ANOVA analysis of the 18AQ
sample revealed that the cutting parameters with the highest efficacy in minimising form
error and surface roughness were a f of 51.18% and 59.07%, respectively. These values
represent the optimum values for cutting parameters.

Yaslandirma islemi Uygulanmus AA 6063-T6 Serbest Formlu Yiizeylerin
Frezelenmesinde Form Hatalarimn ve Yiizey Piriizliiliigiinii Etkileyen
Proses Parametrelerinin Analizi ve Optimizasyonu
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OZET

Anahtar Kelimeler:
AA 6063-T6
Yaslandirma

Form hatas

Yiizey piiriizliliigii
Optimizasyon

Bu g¢alismanin amaci, yaslandirma prosediirine tabi tutulan AA 6063-T6
numunelerindeki mikroyap1 ve sertlik degisimlerini incelemektir. ikinci kisim, farkl
mikroyap1 ve sertlige sahip numuneler {izerinde serbest formlu yiizeylerin islenmesini
igerir. Yiizeylerin islenmesinde dort farkli takim yolu, dort farkli kesme hizi (Ve) ve dort
farkli ilerleme miktar1 (f) kullanilmistir. Optimum kesme parametrelerini ve bunlarin
¢iktt parametreleri lizerindeki etkilerini belirlemek icin istatistiksel analiz yapilmustir.
Deneysel tasarim Taguchi L16 dizinine gore tasarlanmistir. Testlerden elde edilen form
hatalar1 ve ylizey piiriizlillik degerleri, Sinyal/Giiriiltii (S/N) oran1 ve varyans analizi
(ANOVA) yontemleri kullanilarak istatistiksel olarak analiz edilmistir. Calismada, 2WQ
¢ozeltisine daldirilan numunenin minimum sertlik degerinin 71.7 Hvl, 18 saat
yaslandirilan numunenin ise maksimum sertlik degerinin 117.7 Hvl oldugunu
bulmustur. Yapilan inceleme sonucunda A4B1C4'iin form hatasi ve ylizey piiriizliilligi
acisindan en uygun kesme parametresini verdigi belirlenmistir. Bu, TP4 takim yolunun,
dis basmma 0.04 mm'lik bir ilerleme hizinin ve 105 m/dak'lik bir kesme hizinin
kullanilmas1 anlamina gelmektedir. Toplanan veriler 1s18inda 18AQ numunesinin
ANOVA analizi, form hatasin1 ve ylizey piriizlilliiginii en aza indirmede en yiiksek
etkinlige sahip kesme parametrelerinin sirasiyla %51.18'lik bir ilerleme hizi ve
%59.07'lik bir ilerleme hizi oldugunu ortaya koymustur. Bu degerler kesme
parametreleri i¢in optimum degerleri temsil etmektedir.
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1. INTRODUCTION (GIiRiS)

In recent years, they have been developing the aesthetics of the product by designing products in
different forms and surfaces for customer demand and satisfaction in the production sector. In the
global market, there are products that incorporate complex geometries, particularly in the
manufacturing of injection molds and bending molds, within the aerospace, automotive, medical
device, and precision machinery industries [1-3]. The increase in precision in the production of
these products also causes the expenditure items to increase and, therefore the cost to increase. In
order to reduce the increasing costs, to produce parts with the desired surface quality and geometric
tolerances, it is necessary to optimize the tool path and cutting parameters. These parameters are the
root cause of surface roughness and form errors. By optimizing them, we can effectively minimize
potential errors, thereby reducing costs [3-5]. In the manufacturing sector, the production of
products with free-form surfaces is both time-consuming and costly. Especially in the processing of
parts with free forms on a CNC vertical machining center, more than 10,000 tool movements are
observed. Therefore, the production of free-form surfaces is defined as an “error-prone” process [1].
As a result, it is essential to select and control the cutting parameters, cutting tool and tool path,
which have a significant impact on the quality of the manufactured product, to minimize errors in
surface roughness and free forms in the machining of these parts.

When the studies conducted in the literature on changes in surface roughness and form error as a
result of machining different iron and non-ferrous materials are examined, Yaka et al. [6] the
objective was to identify the optimal cutting parameters for achieving the lowest surface roughness
on free-form surfaces when milling Al 7075-T6 alloy with various cutting parameters. As a result,
the optimum processing parameters were determined as 220 m/min V¢, 1100 mm/min f, 0.5 mm
step over and spiral machining. Furthermore, it was shown that augmenting the Vc resulted in a
reduction of surface roughness, whilst increasing the f and step over led to a rise in surface
roughness. The lowest surface roughness was measured on the spiral tool path. Oztiirk et al. [7] an
innovative corrective approach has been studied to improve the accuracy of estimating cutting force
while milling 3D free-form surfaces by adjusting the calibration coefficient. The cutting force in the
machining of 3D free-form surfaces is significantly influenced by the immediate inclination angle.
In this study, a novel calibration technique has been created to consider the inclination angle at each
cutter positioning point along the tool path. This approach is used for estimating cutting force and
simulating 3D free-form surface machining. The values derived from the empirical investigation
were juxtaposed with the simulation outcomes, leading to the conclusion that there was
concurrence. Wei and Lin [8] a general analytical method systematic for machining free-form
surfaces on CNC machines and a post-processor to obtain NC codes have been developed. The
developed method includes 5 steps: 1-Finding surface equations, 2-Curvature analysis, 3-Cutting
tool selection, 4-Calculation of linear incremental kinematic error and 5-Calculation of tool path
distance. As a result, it has been determined that the tool path length decreases when the general
analytical method is used in machining free-form surfaces. Yaka et al. [9] they focused on
determining the most suitable cutting conditions that provide the lowest form error in milling Al
7075-T6 alloy at different cutting parameters. The study determined that the most effective cutting
parameters for minimizing form error include a V¢ of 140 m/min, a f of 800 mm/min, a step over of
0.5 mm, and the use of a parallel machining method. Furthermore, this investigation uncovered that
the primary elements influencing the form error are step over, Vc, f, and machining techniques,
listed in order of significance. Hartomacioglu [10] the effects of machining strategies and cutting
tool geometry on surface roughness and form error in the milling of Al7075 alloy were investigated.
As a result, they reported that machining strategies and cutting tool geometry have a significant
effect on surface roughness and form error. They stated that there is very little difference between
the statistical analysis and experimental results. Celik et al. [10] the effect of cutting parameters on
form error in the machining of AA 5083-H111 alloy was investigated experimentally and
statistically. As a result of the measurements, the optimum cutting parameter was determined as 5
mm wall thickness, 0.05 mm/tooth f, and 160 m/min Vc. They reported that laser scanning
measurements were higher than three-dimensional coordinate measurement results. As a result of

156



Codur, Ozlii, Demir | Manufacturing Technologies and Applications 5(3), 155-171, 2024

the literature research, it has been seen that there are very few studies investigating the effects of
microstructure, hardness, cutting parameters and tool path on surface roughness and form error in
the milling of AA 6063-T6 alloy after the aging process, which is used in various industries such as
aviation, automotive and marine.

Hence, this study primarily focused on examining the alterations in microstructure and hardness
of AA 6063-T6 alloy samples that underwent the ageing process. The second phase of the study
involved evaluating the form errors and surface roughness that occurred during the machining of
free-form surfaces on samples with varying microstructure and hardness. This evaluation was done
by using varied tool paths and cutting parameters. Ultimately, statistical analyses were conducted to
ascertain the most suitable tool path and cutting parameters, as well as the impact of these
parameters on output parameters.

2. MATERIAL AND METHOD (MATERYAL VE YONTEM)
2.1. Experimental Setup (Deney Diizenegi)

This study selected commercially available AA 6063-T6 with dimensions of 40x90x1000 mm as
the workpiece. The chemical composition of AA 6063-T6 alloy is given in Table 1.

Table 1. Chemical composition of AA 6063-T6 alloy (AA 6063-T6 alasiminin kimyasal bilesimi)

Elements
Si Fe Cu Mn Mg Zn Cr Ti Al
Wt% 052 035 005 01 06 008 01 015 Bal

The workpiece was cut to 40x90x140 mm dimensions, and samples were prepared for the ageing
process. Table 2 shows the ageing process and coding applied to the samples.

Table 2. Ageing process and coding applied to AA 6063-T6 samples (AA 6063-T6 numunelerine uygulanan
yaslandirma islemi ve kodlama)

Serial No.  Aging process Sample Codes
1 As-Received AR
2 520°C, 2 h Water Quenched 2WQ
3 155 °C, 5 h Air Quenched 5AQ
4 155 °C, 10 h Air Quenched 10AQ
5 155 °C, 18 h Air Quenched 18AQ
6 155 °C, 22 h Air Quenched 22AQ

For microstructure examinations, the aged samples were first moulded with cold resin and
polished with 200, 400, 600, 800, 1200, 1500 and 2500 mesh water sandpaper until the surface
scratches were removed. Then, the samples were subjected to a polishing process with 3 um and 1
um felt. Samples were cauterized in a Keller solution consisting of 95 ml of pure water, 2.5 ml of
nitric acid (HNO3), 1.5 ml of hydrochloric acid (HCI), and 1 ml of hydrofluoric acid (HF) for 5 to
15 seconds. The cauterized samples were cleaned with water and then methanol. The samples
microstructural examinations were conducted using a Nikon Epiphot optical microscope. Their
hardness measurements were performed with a SHIMADZU brand microhardness tester. Hardness
measurements were carried out by applying Hv1 (9.807 N) load for 10 seconds. Each sample was
measured ten times. Hardness values were determined by calculating the arithmetic averages of the
hardness measurements.

The design of the part to be processed for examination of form errors was made in the Pro
Engineer program. The visual and dimensions of the design are given in Figure 1. The literature
made the part design. In the same program, tool paths and CNC codes were extracted for machining
on the DMG MORI M1 CNC machining centre.
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Figure 1. Design and dimensions of the workpiece (is pargasinin tasarimi ve boyutlari)

Four different tool paths were selected for machining. These were determined as parallel to the
form axis (TP1), 45° to the form axis (TP2), spiral from inside to outside (TP3) and perpendicular
to the form axis (TP4). In the study, the tool path names were coded to prevent confusion. The tool
path image is given in Figure 2.

Figure 2. Tool paths used in the experiments. a) Parallel to the form axis, b) 45° to the form axis, ¢) Spiral from inside
to outside, d) Perpendicular to the form axis. (Deneylerde kullanilan takim yollari. a) Form eksenine paralel, b) Form
eksenine 45° agiyla, c) Igeriden disartya dogru spiral, d) Form eksenine dik.)

Machining experiments were carried out on a DMG MORI M1 CNC machining centre with a
Siemens control unit with a power of 13 kW and a maximum speed of 12000 rpm. The study

158



Codur, Ozlii, Demir | Manufacturing Technologies and Applications 5(3), 155-171, 2024

selected a solid 4BN1000DD022A standard uncoated carbide ball nose end mill as the cutting tool.
Visual and technical information about the end mill is shown in Table 3.

Table 3. Visual and technical information of the end mill (Ug frezenin gorsel ve teknik bilgileri)

Cutting diameter, D (mm) 10
Overall length, L (mm) 100
Depth of cut maximum L; (mm) 26
Profile radius, R (mm) 5
R
S
SEe=———u=|
L1 | ‘
"L

Mitutoyo Surface SJ-210 model surface roughness device was used to measure the roughness
values of the processed surfaces. The roughness value of the surface was determined by measuring
from 4 different points of the processed form surfaces and calculating the arithmetic average of
these results. DEA GLOBAL 12.22.10 brand coordinate measuring device was used to measure
form errors. During the measurement of form errors, the workpieces were fixed to the plate of the
CMM device with various apparatus. After the workpiece is fixed to the plate, the next step is to
start the measurement process. Here, the solid model of the workpiece was loaded into the PC-
DMIS CAD software used for controlling the CMM device in IGES format. Subsequently, probes
used during the measurement process were selected and calibrated. Following this, reference points
necessary for measuring the samples were established. In the next stage, points were determined by
touching the surfaces on the samples that created the elements to be measured. During the
measurement, 6 points were measured from each surface. The measurement results were reported in
the PC-DMIS software. Form errors were determined by matching the CMM results with the design
measurements.

The target of the parts produced by machining is to produce low-cost and high-quality products
in a short time. For this purpose, optimum values of input parameters used during processing must
be found. One of the optimization methods developed to achieve this target is the Taguchi method.
The Taguchi method uses orthogonal arrays to significantly reduce the number of experiments and
minimize the effects of uncontrollable factors. In this study, quality features for AA 6063-T6
samples were determined as form errors and surface roughness. The cutting parameters to be
considered in the study were determined as tool path, V¢ and f. The cutting parameters and levels to
be used in the processing of each sample are given in Table 4. Since the aim of this study is to
minimize form errors and surface roughness, the “Smallest Best” approach given in Equation 1 was
used.

S/N = —10log1/n (Zyz) 1)

In Equation 1, n represents the number of experiments performed, and y represents the measured
value. The Taguchi L16 orthogonal array was chosen to identify the optimal values of cutting
parameters and evaluate their impact. Furthermore, the studies involved a depth of cut of 0.5 mm
and step over of 0.3 mm.

Table 4. Control factors and levels used in the experiments (Deneylerde kullanilan kontrol faktorleri ve seviyeleri)

Symbols  Cutting parameters Units Levell Level2 Level3 Level4d
A Tool Path - TP1 TP2 TP3 TP4
B Feed rate (f) (mm/tooth) 0.04 0.08 0.12 0.16
C Cutting speed (\Vc) (m/min) 60 75 90 105
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3. EXPERIMENTAL AND STATISTICAL RESULTS (DENEYSEL VE IiSTATIKSEL
SONUCLAR)

3.1. Evaluation of Microstructure and Hardness Results (Mikroyapi ve Sertlik Sonuglarmmn
Degerlendirilmesi)

This part of the study examines the microstructure and hardness changes of AR, 2WQ, 5AQ,
10AQ, 18AQ and 22AQ samples prepared after the ageing process. Figure 3 shows the samples'
microstructure images, and Figure 4 shows the differences in hardness values.

s
v ¢
AT IR

P ¥
X . o AR VR T

Figure 3. Microstructure images of samples of AA 6063 T6 aluminium alloy; a) AR, b) 2WQ, ¢) 5AQ, d) 10AQ, e)
18AQ and f) 22AQ
When the microstructure of the AR sample belonging to AA 6063-T6 is examined in Figure 3-a,
it is seen that the grains are distributed homogeneously within the structure. When the
microstructure of the 2WQ sample is examined in Figure 3-b, it is seen that the precipitates in the
microstructure of the AR are dissolved, and saturated structures are formed. In addition, it is seen
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that the microstructure of the 2WQ sample is more coarse-grained than the microstructure of the
AR. In the 2WQ sample, the dissolution of solutions and the formation of coarse grains facilitate
dislocation movement, decreasing the strength of the material [11]. When the microstructures of the
5AQ, 10AQ and 18AQ samples are examined in Figure 3-c-d-e, the amount of precipitate increases,
especially in the 18AQ sample, due to the increase in the aging time. It is also observed that a more
homogeneous structure is formed with the increase of the ageing period. The homogeneous
distribution of small and medium-sized precipitates seen in the microstructure of the 18AQ sample
has been reported to play an important role in increasing the strength of the sample [12,13]. When
the microstructure of the 22AQ sample is examined in Figure 3-f, it is seen that the grain size
increases again with the increase in ageing time and the grain boundaries become more distinct.
This parallels the literature research that shows that an increase in grain size causes a decrease in
hardness [14].

The hardness of the AR sample used in the experiments has been measured as 113 Hv1 (Figure
4). The hardness of the 2WQ sample taken into solution decreased by 33% to 75.7 Hv1. It has been
reported that this decrease in the hardness of the 2WQ sample taken into solution compared to the
AR sample will decrease the hardness due to the dissolution of AR in the solution process [15].
Then, an increase in hardness values has been observed in parallel with the increase in ageing time
in 5AQ, 10AQ and 18AQ samples. The highest hardness has been measured in the 18AQ-aged
sample with a hardness value of 133 Hvl. The increase in hardness can be attributed to the
diffusion-assisted mechanism and the hindrance of dislocation movement by impurity atoms,
namely foreign particles of the second phase. This is due to the high void concentration that occurs
in the material after undergoing solution treatment at 520 °C. It has been shown that when the
ageing time and temperature increase, the density in the Guinier-Preston (GP) region and the degree
of irregularity in the lattices lead to an increase in the mechanical characteristics of the aluminium
alloy [16].
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Figure 4. Hardness results of samples of Al 6063 T6 alloy (Al 6063 T6 alasimi numunelerinin sertlik sonuglari)

The hardness of the 22AQ sample with the highest ageing time is 101 Hv1. It has been reported
that as the ageing time increases, the precipitates in the microstructure interact with each other,
decreasing the number of precipitates and increasing their size [17,18]. Accordingly, it has been
stated that dislocation movements due to increased precipitate size cannot be prevented and will
decrease hardness [15].

3.2. Evaluation and Statistical Analysis of Form Error (Form Hatasinin Degerlendirilmesi ve
istatiksel Analizi)

The form error changes obtained from milling the aging-treated AR, 2WQ, 5AQ, 10AQ, 18AQ
and 22AQ samples with different tool paths and cutting parameters have been evaluated.
Furthermore, the signal-to-noise ratio (S/N ratio) has been computed to assess the impact of
different tool paths and cutting parameters on the form error. The application of Analysis of

161



Codur, Ozli, Demir | Manufacturing Technologies and Applications 5(3), 155-171, 2024

Variance (ANOVA) has been used to ascertain the interaction between different tool paths and
cutting parameters.

TPL1:@ TP2:j TP3:

75 90

Ve (m/m,‘n)

Figure 5. Differences in form errors depending on tool paths and cutting parameters (Takim yollarina ve kesme
parametrelerine bagli olarak form hatalarindaki farkliliklar)

The differences in form errors obtained from milling the AR, 2WQ, 5AQ, 10AQ, 18AQ and
22AQ samples with different tool paths and cutting parameters are shown in Figure 5. The AR
sample was machined using the TP4 tool path, with a f of 0.04 mm/tooth and a V¢ of 105 m/min.
The minimal form error measured was 0.012 mm. By augmenting the f by 0.16 mm/tooth while
maintaining the same tool path and reducing the V¢ to 60 m/min, the form error experienced a
200% rise, reaching 0.036 mm. The minimum error recorded was 0.04 mm when the 2WQ sample,
which had a 27% decrease in hardness compared to the AR sample, was machined using the TP4
tool path, a f of 0.04 mm/tooth, and a Vc of 105 m/min. The maximum form error value was
reached among the experiments conducted with a form error of 0.13 mm by increasing the f by 0.16
mm/tooth in the same tool path and decreasing the Vc to 60 m/min. It has been observed that the
5AQ and 10AQ samples, which exhibited increased hardness with an increase in ageing time, also
showed a tendency for reduced form error. In the conducted study, the most significant finding was
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that the 18AQ sample, which had a hardness of 133 Hv1 after 18 hours of ageing, exhibited the
lowest form error of 0.008 mm when machined using the TP4 tool path at a f of 0.04 mm/tooth and
a Vc of 105 m/min. This value is the lowest form error obtained in all samples and experiments. It
has been determined that with the increase in ageing time, the hardness of the 22AQ sample
decreased to 133 Hv1, leading to a subsequent increase in form error. The study found that when
the V¢ and f increased, the occurrence of form error decreased. When the effects of the tool path on
the form error were examined, the minimum form error was obtained in the tool path with the
machining strategy perpendicular to the form axis. In contrast, the maximum form error was
observed in the tool path with the machining strategy parallel to the form axis. Another point that
attracted attention during the form error measurements was that the maximum form errors occurred
where the tool climbed the ramps on the form.

If we evaluate the conditions affecting the form error results in general, it is known that
machinability improves with increasing the hardness of aluminium. The high ductility of aluminium
with low hardness increases the tendency to stick to the cutting tool during processing. It is thought
that this will increase form errors [16]. According to the literature, cutting forces decrease as Vc
increases and feed amount decreases [19]. Moreover, the anticipated drop in cutting forces is
predicted to diminish tool deflection, hence leading to a reduction in form error.

As a result of the experiments, the form errors and S/N ratios of AR, 2WQ, 5AQ, 10AQ, 18AQ,
and 22AQ samples are given in Table 4. As a result of milling experiments, the average form errors
of AR, 2WQ, 5AQ, 10AQ, 18AQ and 22AQ samples 0.026 mm, 0.096 mm, 0.079 mm, 0.040 mm,
0.018 mm and 0.057 mm, respectively, and the average S/N ratios were calculated as 31.947 dB,
20.745 dB, 22.357 dB, 28.348 dB, 35.456 dB and 25.232 dB, respectively.

Table 4. Experimental results and S/N ratios. (Deneysel sonuglar ve S/N oranlari.)

- XE o< £ = QOF 9= £ = £ = £ =
i <E og ZE 95 SE 98 SE Zg SE Zg JE 9
= <8 & RS S g % 8 RS
1 0.028 31.057 0.101 19914 0.085 21.412 0.043 27.331 0.019 34.425 0.062 24.152
2 0.031 30.173 0.111 19.094 0.091 20.819 0.046 26.745 0.020 33.979 0.065 23.742
3 0.032 29.897 0.114 18.862 0.095 20.446 0.047 26.558 0.021 33.556 0.068 23.350
4 0.033 29.630 0.120 18.416 0.099 20.087 0.049 26.196 0.022 33.152 0.071 22.975
5 0.021 33556 0.082 21.724 0.067 23.479 0.034 29.370 0.015 36.478 0.049 26.196
6 0.027 31.373 0.099 20.087 0.083 21.618 0.042 27535 0.019 34.425 0.061 24.293
7 0.026 31.701 0.094 20.537 0.079 22.047 0.039 28.179 0.016 35.918 0.056 25.036
8 0.031 30.173 0.116 18.711 0.095 20.446 0.047 26.558 0.021 33.556 0.067 23.479

9 0.017 35391 0.062 24.152 0.052 25.680 0.026 31.701 0.012 38.416 0.036 28.874
10 0.019 34.425 0.069 23.223 0.056 25.036 0.028 31.057 0.013 37.721 0.041 27.744
11 0.030 30.458 0.109 19.251 0.091 20.819 0.045 26936 0.021 33.556 0.065 23.742
12 0.032 29.897 0.117 18.636 0.096 20.355 0.048 26.375 0.020 33.979 0.069 23.223
13 0.012 38416 0.040 27.959 0.034 29.370 0.018 34.895 0.008 41.938 0.024 32.396
14 0.019 34425 0.070 23.098 0.059 24583 0.029 30.752 0.012 38.416 0.042 27.535
15 0.026 31.701 0.094 20.537 0.077 22270 0.039 28.179 0.017 35391 0.056 25.036
16 0.036 28.874 0.130 17.721 0.109 19.251 0.055 25.193 0.024 32.396 0.080 21.938

The S/N response table was used to analyze the effect of each cutting parameter on the form
error. The S/N response table for the form error is given in Table 5. Table 5 shows the optimum
levels of the cutting parameters for optimum form errors for each sample. The levels of the cutting
parameters for the form error values of the samples are given in Table 5, and the graphs of these
values are shown in Figure 6. When Table 5 and Figure 6 are examined, the optimum form error
value was measured as 0.008 mm as a result of machining the AQ18 sample in the TP4 tool path, at
a f of 0.04 mm/tooth and a V¢ of 105 m/min.
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Table 5. S/N response table for form error. (Form hatasi igin S/N yanit tablosu.)

Control Factors

Mean of SN ratios

Mean of SN ratios

Mean of SN ratios

Signal-to-notse: Smaller is better

Signal-to-noise: Smaller is better

A B C A B C
AR Sample 2WQ Sample
Level 1 30.19 34.60 30.44 19.07 23.44 19.24
Level 2 31.70 32.60 31.33 20.26 21.38 20.00
Level 3 32.54 30.94 32.47 21.32 19.80 21.21
Level 4 33.35 29.64 33.54 22.33 18.37 22.53
Delta 3.16 4.96 3.10 3.26 5.07 3.29
A B C A B C
5AQ Sample 10 AQ Sample
Level 1 20.69 24.99 20.78 26.71 30.82 26.75
Level 2 21.90 23.01 21.73 27.91 29.02 27.67
Level 3 22.97 21.40 22.79 29.02 27.46 28.89
Level 4 23.87 20.03 24.14 29.75 26.08 30.08
Delta 3.18 4.95 3.36 3.05 474 3.33
B C A B C
18 AQ Sample 22 AQ Sample
Level 1 33.78 37.81 33.70 23.55 27.90 23.53
Level 2 35.09 36.14 34.96 24.75 25.83 24.55
Level 3 35.92 34.60 35.99 25.90 24.29 25.81
Level 4 37.04 33.27 37.18 26.73 22.90 27.04
Delta 3.26 4,54 3.48 3.17 5.00 3.51
35 Tool Path Feed Rate (mm/tooth)|Cutting Speed (m/min)l 54 Tool Path Feed Rate (mm/tooth) | Cutting Speed (m/min)
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Figure 6. Main effect plot of S/N ratios for form error. (Form hatasi i¢in S/N oranlarinin ana etki grafigi.)
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Analysis of ANOVA is commonly employed to assess the interaction between cutting
parameters. To analyses the effects of tool path, V¢ and f on form error in the machining of AR,
2WQ, 5AQ, 10AQ, 18AQ and 22AQ samples, Variance Analysis has been applied. Table 6 shows
the ANOVA results obtained for form error. ANOVA analysis were conducted with a confidence
level of 95% [20-23]. Statistical significance is attributed to the influence of cutting parameters on
form error when the P value in Table 6 is less than 0.05. For AR, 2WQ, 5AQ, 10AQ, 18AQ and
22AQ samples, the most effective cutting parameter on the measured form error was found to be the
f with 58.61%, 58.39%, 57.30%, 55.15%, 51.18% and 55.31%, respectively. The average form
error due to the analysis was found to be 0.606%. The average error percentage for form error in the
analysis results is relatively low. This result confirms the results obtained in the experimental
studies.

Table 6. Results of analysis of variance (ANOVA) for form error (Tablo 6. Form hatasina iliskin varyans analizi
(ANOVA) sonuglar)

Factors Degree of Sum of Mean of F value P value Contribution
freedom squares squares rate (%)
AR Sample
TP 3 0.000139 0.000046 23.08 0.001 20.04
f (mm/tooth) 3 0.000405 0.000135 67.50 0.000 58.61
V¢ (m/min) 3 0.000135 0.000045 22.58 0.001 19.61
Error 6 0.000012 0.000002 1.74
Total 15 0.000691 100
2WQ Sample
TP 3 0.001777 0.000592 22.63 0.001 19.26
f (mm/tooth) 3 0.005385 0.001795 68.60 0.000 58.39
V¢ (m/min) 3 0.001904 0.000634 24.25 0.001 20.64
Error 6 0.000157 0.000026 1.70
Total 15 0.009222 100
5AQ Sample
TP 3 0.001197 0.000399 20.37 0.002 19.08
f (mm/tooth) 3 0.003594 0.001198 61.17 0.000 57.30
V¢ (m/min) 3 0.001363 0.000454 23.21 0.001 21.74
Error 6 0.000117 0.000020 1.87
Total 15 0.006271 100
10AQ Sample
TP 3 0.000288 0.000096 19.96 0.002 18.92
f (mm/tooth) 3 0.000840 0.000280 58.19 0.000 55.15
V¢ (m/min) 3 0.000366 0.000122 25.36 0.001 24.04
Error 6 0.000029 0.000005 1.90
Total 15 0.001523 100
18AQ Sample
TP 3 0.000061 0.000020 18.62 0.002 20.44
f (mm/tooth) 3 0.000152 0.000051 46.62 0.000 51.18
V¢ (m/min) 3 0.000077 0.000026 23.85 0.001 26.18
Error 6 0.000006 0.000001 2.20
Total 15 0.000296 100
22AQ Sample
TP 3 0.000608 0.000203 16.90 0.002 18.24
f (mm/tooth) 3 0.001845 0.000615 51.25 0.000 55.31
V¢ (m/min) 3 0.000810 0.000270 22.51 0.001 24.30
Error 6 0.000072 0.000012 2.16
Total 15 0.003336 100

3.3. Evaluation and Statistical Analysis of Surface Roughness (Yiizey Piiriizliiligiiniin
Degerlendirilmesi ve istatiksel Analizi)

The surface roughness alterations resulting from milling AR, 2WQ, 5AQ, 10AQ, 18AQ, and
22AQ samples during the ageing process were assessed using different tool paths and cutting
parameters. Furthermore, the signal-to-noise ratio was computed to assess the impact of different
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tool paths and cutting parameters on surface roughness. An analysis of variance (ANOVA) was
conducted to assess the interaction between different tool paths and cutting parameters.

TP1:@ TP2:j TP3:[] TP4

90

Ve (m/m in )
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E20
215
0.16 £1.0

0.12 » 05
o
0.08 &
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Figure 7. Differences in surface roughness depending on tool paths and cutting parameters (Takim yollarina ve kesme
parametrelerine bagli olarak yiizey piiriizliiliigiinde farkliliklar)

Figure 7 shows the surface roughness changes obtained by milling AR, 2WQ, 5AQ, 10AQ,
18AQ and 22AQ samples with different tool paths and cutting parameters. As a result of the
experiments, it was observed that the surface roughness values , depending on the tool path and
cutting parameters, varied between 0.66 pm and 2.88 um. When Figure 7 is examined, the surface
roughness of the AR sample was measured as 0.74 um with the TP4 tool path, 0.04 mm/tooth f and
105 m/min Vc. With the same tool path, the f was increased by 0.16 mm/tooth, and the Vc was
reduced by 60 m/min, resulting in an 189.2% increase in the surface roughness value of 2.14 pum.
After the solution treatment, the hardness of the 2WQ sample, which decreased to 75.7 Hv1, was
processed with the TP4 tool path, 0.04 mm/tooth f and 105 m/min Vc, resulting in a 37.8% increase
in surface roughness compared to the AR sample, measured as 1.02 um. With the same tool path,
the surface roughness value reached the maximum value in all experiments, reaching 2.88 um, with
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the advancement amount being increased by 0.16 mm/tooth and the Vc is reduced to 60 m/min.
With the ageing period increasing to 18 hours, 18 AQ sample, whose hardness reached the highest
value with 133 Hv1, was processed with the TP4 tool path, 0.04 mm/tooth advancement amount
and 105 m/min Vc, and the lowest surface roughness value of 0.66 um was reached among all
values. After this point, it was observed that the surface roughness values tended to increase again
in the processing of the 22AQ sample, whose hardness decreased as a result of the ageing process.
As a result, in the study, while the minimum surface roughness was measured in the processing of
the 18AQ sample, which reached maximum hardness after the ageing process, the maximum
surface roughness was measured in the processing of the 2WQ sample with the lowest hardness.
This showed us that the increase in hardness due to the ageing period of the AA 6063-T6 alloy
positively affected the surface roughness. Upon evaluating the surface roughness with respect to
cutting parameters, it was found that increasing the V¢ and decreasing the f had a favourable impact
on the surface roughness [24]. Regarding tool path, the tool path processed in the same direction as
the surface roughness measurement direction yielded the best surface roughness. However, it was
noticed that the tool path processed in the direction perpendicular to the surface roughness
measurement direction resulted in the highest surface roughness.

The surface roughness values and S/N ratios measured as a result of processing the samples of
AA 6063-T6 alloy to which the ageing process was applied in different tool paths and processing
parameters are shown in Table 7. As a result of the milling experiments, the averages of the surface
roughness values obtained for AR, 2WQ, 5AQ, 10AQ, 18AQ and 22AQ samples were calculated as
1.54 um, 2.09 pm, 1.98 pm, 1.85 pm, 1.40 pm and 1.90 pm, respectively, and the average values of
the S/N ratios were calculated as -3.421 dB, -6.114 dB, -5.618 dB, -5.021 dB, -2.574 dB and -5.279
dB, respectively.

Table 7. Experimental results and S/N ratios for surface roughness.

) < @ o % -@ o < EOE o % @ o % f.g o % Eg
¢ <% zg 25 gg 35 9g $&E g5 $E 98 & s
" p:: R & R S & . &
1 1.69 -4558 2.28 -7.159 214 -6.608 1.99 -5.977 155 -3.807 2.07 -6.319
2 1.78 -5.008 2.44 -7.748 2.32 -7.310 2.16 -6.689 1.61 -4.137 221 -6.888
3 1.84 -5.296 251 -7.993 2.35 -7.421 221 -6.888 1.67 -4.454 2.28 -7.159
4 1.91 -6.608 2.56 -0.188 244 -8.755 2.29 -8.199 174 -4.811 2.33 -7.347
5 1.28 -2.144 177 -4959 1.69 -4558 157 -3.918 1.17 -1.364 1.60 -4.082
6 1.44 -3.167 1.96 -5.845 211 -6.486 1.72 -4.711  1.30 -2.279 178 -5.008
7 1.61 -4.137 221 -6.888 1.84 5296 1091 -5.621 1.46 -3.287 201 -6.064
8 1.83 -5.249 251 -7.993 2.35 -7.421 2.2 -6.848 1.66 -4.402 2.28 -7.159

9 098 0175 141 -2984 131 -2345 122 -1.727 0.89 1.012 128 -2.144
10 109 -0.749 146 -3287 139 -2860 131 -2345 0.98 0.175 133 -2477
11 175 -4861 234 -7384 223 -6.966 210 -6.444 158 -3.973 212  -6.527
12 187 5437 251 -7993 239 -7568 224 -7.005 1.70 -4.609 229 -7.197
13 074 2615 102 -0172 095 0446 0.88 1110 0.66 3.609 092 0.724
14 113 -1.062 154 -3750 145 -3227 136 -2.671 1.03 -0.257 141  -2.984
15 152 -3637 207 -6319 194 -575 182 -5201 1.38 -2.798 1.87  -5.437
16 214 -5621 288 -8165 274 -7.748 257 -7.197 195 -5.801 2.63 -8.399

The S/N response table was utilised to examine the impact of each cutting parameter on the form
error. The containing the signal-to-noise response for surface roughness can be found in Table 8.
The Table 8 displays the optimal cutting parameters required to get the best surface roughness for
each sample. The levels of cutting parameters for surface roughness values of the samples are given
in Table 8, and the graphs of these values are shown in Figure 8. When Table 8 and Figure 8 are
examined, the optimum surface roughness value was measured as 0.66 um as a result of machining
the AQ18 sample in the TP4 tool path at a f of 0.04 mm/tooth and a V¢ of 105 m/min.
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Table 8. S/N response table for surface roughness (Yiizey piiriizliligii icin S/N tepki tablosu)

Control Factors

A B C A B C
AR Sample 2WQ Sample
Level 1 -5.368 -0.978 -4.552 -8.022 -3.819 -7.138
Level 2 -3.674 -2.496 -4.057 -6.421 -5.158 -6.755
Level 3 -2.718 -4.483 -2.858 -5.412 -7.146 -5.680
Level 4 -1.926 -5.729 -2.220 -4.602 -8.335 -4.884
Delta 3.442 4,751 2.332 3.420 4,516 2.255
5AQ Sample 10 AQ Sample
Level 1 -7.524 -3.266 -6.952 -6.938 -2.628 -6.082
Level 2 -5.940 -4.971 -6.298 -5.274 -4.104 -5.703
Level 3 -4.935 -6.360 -5.104 -4.380 -6.039 -4.534
Level 4 -4.071 -7.873 -4.117 -3.490 -7.312 -3.764
Delta 3.452 4,607 2.835 3.449 4.684 2.319
18 AQ Sample 22 AQ Sample
Level 1 -4.3021 -0.1373 -3.9648 -6.928 -2.955 -6.563
Level 2 28330  -1.6242  -3.2267 -5.578 -4.339 -5.901
Level 3 18486  -3.6280  -2.0253 -4.586 -6.297 -4.861
Level 4 -1.3115 -4.9057 -1.0784 -4.024 -7.525 -3.791
Delta 2.9906 4.7684 2.8865 2.904 4,570 2.772
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Figure 8. Main effect plot of S/N ratios for surface roughness (Yiizey piiriizliiligii i¢in S/N oranlariin ana etki grafigi)
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The ANOVA analysis results for the surface roughness achieved as a result of machining the
samples of Al 6063-T6 alloy to which the ageing process was applied are presented in Table 9.
ANOVA analyses were performed at a 90% confidence level [25,26]. In Table 9, it was observed
that when the P value was less than 0.05 for all samples, the tool path, V¢, and f had a certain effect
on the surface roughness. When Table 9 was examined, it was determined that the most effective
cutting parameter on the measured surface roughness for AR, 2WQ, 5AQ, 10AQ, 18AQ and 22AQ
samples was the f with 59.72%, 58.59%, 53.88%, 59.51%, 59.07% and 59.07%, respectively. In the
analysis results, the average error percentage for surface roughness was quite low. The average
form error for surface roughness was found to be 2.38%. This result confirms the results obtained in
the experimental studies.

Table 9. Analysis of variance (ANOVA) results for surface roughness (Yiizey piiriizliiliigii i¢in varyans analizi
(ANOVA) sonuglart)

EFactors Degree of Sum of Mean of E value P value Contribution
freedom squares squares rate (%)
AR sample
TP 3 0.65605 0.218683 37.98 0.000 28.39
f (mm/tooth) 3 1.38015 0.460050 79.89 0.000 59.72
V¢ (m/min) 3 0.24035 0.080117 13.91 0.004 10.40
Error 6 0.03455 0.005758 1.49
Total 15 2.31110 100
2WQ Sample
TP 3 1.21222 0.40407 36.27 0.000 30.03
f (mm/tooth) 3 2.36467 0.78822 70.76 0.000 58.59
V¢ (m/min) 3 0.39232 0.13077 11.74 0.006 9.72
Error 6 0.06684 0.01114 1.66
Total 15 4.03604 100
5AQ Sample
TP 3 1.08025 0.360083 78.85 0.000 29.23
f (mm/tooth) 3 1.99115 0.663717 145.34 0.000 53.88
V¢ (m/min) 3 0.59690 0.198967 43.57 0.000 16.15
Error 6 0.02740 0.004567 0.74
Total 15 3.69570 100
10AQ Sample
TP 3 0.93092 0.310306 34.01 0.000 28.52
f (mm/tooth) 3 1.94227 0.647423 70.97 0.000 59.51
V¢ (m/min) 3 0.33562 0.111873 12.26 0.006 10.28
Error 6 0.05474 0.009123 1.68
Total 15 3.26354 100
18AQ Sample
TP 3 0.36967 0.12322 9.40 0.011 19.10
f (mm/tooth) 3 1.14317 0.38106 29.07 0.001 59.07
Vc (m/min) 3 0.34372 0.11457 8.74 0.013 17.76
Error 6 0.07864 0.01311 4.06
Total 15 1.93519 100
22AQ Sample
TP 3 0.6496 0.21652 8.35 0.015 19.34
f (mm/tooth) 3 1.9843 0.66142 25.51 0.001 59.07
V¢ (m/min) 3 0.5699 0.18996 7.33 0.020 16.96
Error 6 0.1556 0.02593 4.63
Total 15 3.3593 100

4. CONCLUSIONS (SONUCLAR)

This study evaluates the microstructure and hardness variations of samples of AA 6063-T6 alloy
that underwent the ageing process. The second component of the study involved evaluating the
form errors and surface roughness that occurred during the machining of free-form surfaces. This
evaluation was conducted on samples with varying microstructure and hardness, using varied tool
paths and cutting parameters. Ultimately, statistical analyses were conducted to ascertain the impact
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of tool paths and cutting settings on output parameters. The findings derived from the current
investigation are as follows:

v When the microstructure of the AR sample is examined, it is seen that the equiaxed grains in
the rolling direction have recrystallized, and as a result of the solution heat treatment and
artificial ageing process, small secondary phase particles are seen in the microstructure. It is
observed that the precipitates dissolved and saturated structures were formed in the
microstructure of the 2WQ sample. In addition, the microstructure consists of coarser grains.

v It is observed that the amount of precipitate increases in the microstructure of the 18AQ
sample obtained by increasing the ageing period to 18 hours and forming a more
homogeneous structure. In the microstructure examination of the 22AQ sample obtained by
increasing the ageing period to 22 hours, it is observed that the grain size increases with the
increase in the ageing period and the grain boundaries become more distinct.

v While the hardness of the sample taken into 2WQ solution was measured as the lowest value
with 71.7 Hvl, the 18AQ sample obtained in 18 hours of the ageing period had the highest
hardness value with 117.7 Hv1.

v The minimum error recorded was 0.008 mm in the 18 AQ sample using the TP4 tool path, a f
of 0.04 mm/tooth, and a V¢ of 105 m/min. The maximum error recorded was 0.13 mm in the
2WQ sample using the TP4 tool path, a f of 0.16 mm/tooth, and a V¢ of 60 m/min.

v The 18AQ sample with TP4 tool path, 0.04 mm/tooth f, and 105 m/min Vc had the lowest
surface roughness, measuring at 0.66 pm. The maximum surface roughness recorded was 2.88
pum in the 2WQ sample using the TP4 tool path, a f of 0.16 mm/tooth, and a V¢ of 60 m/min.

v The statistical study yielded the optimal cutting parameters for form error and surface
roughness, which are A4B1C4, TP4 tool path, 0.04 mm/tooth f, and 105 m/min Vc.

v" In light of the results obtained, the ANOVA analysis of the 18AQ sample, where the optimum
values were obtained, showed that the most effective cutting parameters on form error and
surface roughness were 51.18% and 59.07% f, respectively.
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AISI 9310 steel is widely used in the aerospace and defense industries due to its superior
mechanical properties and corrosion resistance. This study introduces a novel approach
by investigating the effects of both shallow (SCT) and deep (DCT) cryogenic treatments
on the wear resistance and surface properties of AISI 9310 steel. An integrated
methodology that combines Grey Relational Analysis and the Taguchi method for
optimization was applied. Wear performance was evaluated using a ball-on-disc
tribometer in dry sliding wear tests, revealing significant improvements. The results show
that the hardness of the samples processed with DCT increased by 30%, while their
volume loss decreased by 14%. In samples processed with SCT, hardness increased by
12%, with a corresponding 7% reduction in volume loss. Furthermore, the friction
coefficient improved by 9% in DCT samples and by 5% in SCT samples. As the load
increased, volume loss increased by 16% (from 3400 mm?® to 3950 mm?), while the
friction coefficient decreased by 11% (from 0.448 p to 0.498 p). ANOVA analyses
indicated that cryogenic treatment had the greatest effect on both volume loss and the
friction coefficient. Regression analysis revealed an excellent model fit, with R? values of
97.63% for volume loss and 99.42% for the friction coefficient. These findings suggest
that cryogenic treatments significantly enhance the wear resistance of AISI 9310 steel
and improve performance under varying load conditions. Additionally, they highlight the
critical role of cryogenic processes in extending the service life of materials used in
industrial environments, providing valuable insights for future engineering applications.

Kriyojenik Islem Goérmiis Yiiksek Performansh AISI 9310 Celiginin Kuru
Kayma Asmmasmin Cok Amach Optimizasyonu: Gri lliskisel Analiz ve
Taguchi Yontemi Kullamlarak Entegre Bir Yaklasim
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OZET

Anahtar Kelimeler:
AISI 9310 ¢eligi
Kuru kayma asinma
Stirtiinme katsayist
Kriyojenik iglem
Taguchi methodu
Gri iliskisel analiz

AISI 9310 g¢eligi, tistiin mekanik 6zellikleri ve korozyon direnci nedeniyle havacilik ve
savunma sanayinde yaygin olarak kullanilmaktadir. Bu ¢alisma, hem sig (SCT) hem de
derin (DCT) kriyojenik iglemlerin AISI 9310 geliginin asinma direnci ve ylizey ozellikleri
iizerindeki etkilerini arastirarak, Gri iliskisel Analiz ve Taguchi yontemini birlestirerek
optimizasyon saglayan entegre bir metodoloji uygulayarak yeni bir yaklasim sunmaktadir.
Asimma performansi, kuru kayma aginma testlerinde ball-on-disk tribometresi kullanilarak
degerlendirilmis ve 6nemli iyilestirmeler ortaya ¢ikarilmistir. Sonuglar DCT ile islenmis
numunelerin sertligi %30 artmug ve hacim kaybi %14 azalmistir. SCT ile islenmis
numunelerde sertlik %12 artmis ve buna karsilik hacim kaybinda %7 azalma olmustur.
Ayrica, stirtiinme katsayist DCT'de %9 ve SCT numunelerinde %5 iyilesmistir. Yiikiin
artmasiyla hacim kaybi %16 artig gosterirken (3400 mm*den 3950 mm?'e), siirtiinme
katsayis1 %11 azalmistir (0,448 p'den 0.498 p'e). ANOVA analizleri, kriyojenik islemin
hacim kayb1 ve siirtiinme katsayisi iizerinde en biiyiik etkiye sahip oldugunu goéstermistir.
Regresyon analizi, hacim kaybi icin R® degerlerinin %97.63 ve siirtinme katsayisi i¢in
%99.42 olmasiyla model uyumunun mitkemmel oldugunu ortaya koymustur. Bu bulgular,
kriyojenik islemlerin AISI 9310 ¢eliginin asginma direncini 6nemli 6lgiide artirdigini ve
degisen yiik kosullar1 altinda performanst iyilestirdigini gostermektedir. Ayrica, endiistriyel
ortamlarda kullanilan malzemelerin kullanim 6mriinii uzatmada kriyojenik iglemlerin kritik
rolii vurgulanarak, mihendislikte gelecekteki uygulamalara yonelik degerli bilgiler
saglanmaktadir.
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1. INTRODUCTION (GIiRiS)

Human beings are exposed to tribological effects throughout their lives, whether they are aware
of it or not. While wear and friction can sometimes be beneficial, many industrial and engineering
applications result in undesirable outcomes. In fact, there are instances where both positive and
negative effects of wear and friction are observed within the same studies for different purposes. In
many applications involving friction, the primary goal is to minimize material loss. To reduce
material and energy losses due to friction and wear, alternative surface treatments and surface
enhancement techniques are employed [1].

In addition to the development of new metal alloys, various techniques such as heat treatment,
coating, shot peening, and cryogenic processes are commonly used to improve the mechanical
properties of materials. These methods aim to reduce costs, lower weight, and extend the lifespan of
components. Using these methods, many mechanical properties of materials such as strength, fatigue
strength, and wear resistance can be improved.[2,3]. AISI 9310 steel, which is used as the workpiece
in this study, is preferred in many areas such as automotive, space and aviation, and defense
industries due to its high corrosion resistance, high pressure, and impact resistance [4]. Materials
made of AISI 9310 steel, which has a wide range of uses, are required to have a long working and
service life, so it is desired to improve the surface properties of these elements. It can be said that
unlike traditional heat treatments, the cryogenic treatment affects the entire structure of the material
and not only increases the surface hardness but also causes an increase in the uniform hardness in
the internal structure of the material [5,6].

It is possible to give various properties to AISI 9310 steel materials by heat treatments.
Cryogenic treatment is also known as subzero treatment. With this method, the transformation of
residual austenite in the material to martensite, which has been subjected to conventional heat
treatment, provides the formation of fine carbide precipitates and homogeneous Fe-C distribution.
This process is shallow cryogenic treatment and It is divided into two as deep cryogenic process.
The application of cryogenic process between -80 °C and -140 °C is called shallow cryogenic
process, and the application between -140 °C and -196°C is called deep cryogenic process. [7,8].
Cryogenic treatment improves many properties of the applied materials such as hardness, toughness,
wear resistance, electrical conductivity [6,9]. Arslan and Ozdemir [10] the effects of cryogenic
treatment on DIN 9861 punches made of AISI D3 tool steel on the wear behavior of the punch were
investigated. The researchers subjected D3 tool steel punches to cryogenic treatment at -145 °C for
different periods of time. It was found that the cryogenic treatment increased the wear resistance of
D3 tool steel punches, but It was determined that the duration of cryogenic treatment did not have a
significant effect on the punch life. It was also observed that the cryogenic treatment increased the
hardness value of the samples but the hardness value decreased after the tempering process. Essam
et al. [11], investigated the effects of conventional and deep cryogenic treatment (DCT) on shock-
resistant cold work tool steel. Three alloys containing vanadium (V) and niobium (Nb) were first
hardened in water at 900 °C and then tempered at 200 °C. DCT was applied at -196 °C for 5 hours
and then tempered. Wear characteristics were evaluated using pin-on-disc testing at a sliding speed
of 0.5 m/s. The results showed that Sample 3, treated with DCT, had the lowest coefficient of
friction (0.33) under a 100 N load and exhibited the least weight loss under a 50 N load, as they have
determined. Kara et al. [3] investigated the effects of conventional and deep cryogenic treatment
(DCT) on the mechanical properties of Sleipner cold work tool steel. The samples underwent
shallow cryogenic treatment (SCT) at -80°C and DCT at -180°C. The wear behavior was evaluated
using ball-on-disc testing. Cryogenic treatments led to a 6.53% increase in hardness and a more
uniform microstructure with secondary carbide precipitations. The conventionally heat treated
sample exhibited the highest coefficient of friction (0.63), while the DCT-12 sample achieved the
lowest (0.58). Additionally, the DCT-36 specimen demonstrated the lowest wear rate under all
conditions. In another study, Gecu subjected AISI H13 hot work tool steels to both shallow and deep
cryogenic treatments. The samples underwent either single or double tempering. Cooling to -196°C
increased the martensite content and hardness, while tempering altered the martensite morphology
and resulted in the precipitation of Cr7C3 and V2C carbides. Both cryogenic treatments and
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tempering enhanced wear resistance, although the effect of double tempering was less pronounced.
Analysis of the worn surfaces indicated that delamination and abrasion were the predominant wear
mechanisms during sliding [12]. Nas and Akincioglu investigated the electroerosion machining
performance of cryogenically treated nickel-based superalloys. The study revealed that electrical
conductivity was highest in samples treated with shallow cryogenic treatment, followed by those
treated with deep cryogenic treatment, while untreated samples exhibited the lowest conductivity. It
was also stated that cryogenic treatments made a minimal contribution to hardness, and the effect of
tempering treatments varied depending on the material's structure [13]. Baldissera et al. [14]
conducted deep cryogenic treatment on AISI 302 steel to evaluate its impact on fatigue and
corrosion resistance. Their findings indicated that while cryogenic treatment had little effect on
corrosion resistance, it significantly improved the fatigue life of the steel. Myeong et al. [15]
observed that applying cryogenic treatment to stainless steel enhanced fatigue resistance and led to
the formation of a fine martensite structure. Darwin et al. [16] increased the wear resistance of SR34
stainless steel segments containing 18% Cr by subjecting them to cryogenic treatment for 12, 24,
and 36 hours. The optimal results were achieved with 36 hours of treatment, revealing that after
temperature, the duration of cryogenic treatment was the most influential factor. Hoke et al. [17]
determined that applying cryogenic cooling to AISI 4140 steel had a positive effect on
microhardness. Senthilkumar et al. [18] examined the residual stress in AISI 4140 steel and
compared the impacts of shallow cryogenic treatment (-80°C for 5 hours) with deep cryogenic
treatment (-196°C for 24 hours). In the results obtained, they observed that the decrease in cryogenic
process temperature caused more austenite to martensite.

In recent years, more comprehensive results have been achieved with the help of Taguchi-based
GRA in experiments involving multiple factors and multiple characterization of factors [19,20]. In
engineering applications, it is quite difficult to determine the best among many alternatives in the
optimization of multiple performance criteria. The process of determining the best criterion by
evaluating existing alternatives according to multiple criteria is known as the Multi-Criteria
Decision Making (MCDM) problem. GRA method is one of these methods. GRA method is used
together with Taguchi Method [21, 22]. Natarajan et al. [23] applied the Taguchi Method together
with GRA to optimize parameters such as material wear rate, electrode wear rate, and cutting gap in
the micro-EDM process. They identified pulse duration, current, and gap voltage as experimental
parameters, concluding that pulse duration had the greatest effect on these performance
characteristics. Conversely, various statistical programs have been used to optimize wear and other
properties in the machining of cryogenically treated AISI D2 steel and other materials [24, 25]. A
comprehensive review of the literature shows that cryogenic treatment can significantly enhance the
mechanical properties of steel. Improved wear resistance is primarily attributed to the transformation
of retained austenite into martensite and the uniform distribution of carbide precipitates, particularly
through deep cryogenic treatments, and to a lesser extent, shallow cryogenic treatments. However,
while much research has focused on improving the mechanical properties of steel and other
materials, there is a notable lack of studies thoroughly investigating the combined effects of GRA
and Taguchi optimization on the dry sliding wear of cryogenically treated AISI 9310 steel.

This study presents an innovative approach by combining Grey Relational Analysis (GRA) and
the Taguchi method to optimize the dry sliding wear parameters of AISI 9310 steel, addressing a
significant gap in the existing research. Although studies in the literature have shown improvements
in wear resistance in cryogenically treated materials, it has been determined that sufficient scientific
studies have not been conducted on how these processes can be systematically integrated to improve
multiple performance metrics, such as volume loss and coefficient of friction. This research aims to
fill these gaps by investigating the dry sliding wear performance of cryogenically treated AISI 9310
steel. The optimal parameter levels for improving the friction coefficient and volume loss properties
will be determined using GRA in conjunction with the Taguchi method. These enhancements are
expected to make significant contributions to industrial applications.
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2. EXPERIMENTAL SETUP (DENEYSEL KURULUM)

2.1. Workpiece Material Used In The Study (Calismada Kullanilan is Pargas1 Malzemesi)

AISI 9310 grade alloy steel is utilized in the automotive, agricultural, defense, and aerospace
industries. It is a versatile alloy known for its atmospheric corrosion resistance and reasonable
strength. Generally, its wear resistance, toughness, and fatigue strength are superior to those of low-
carbon steels. Table 1 presents the chemical composition of the material used.

Table 1. Chemical composition of AISI 9310 low-alloy steel (%Weight) (AISI 9310 diigiik alagimli ¢eligin kimyasal

bilesimi (%Agirlik)
C Cr Ni Mo Mn Cu 0] Si S Fe
0.11 1.32 3.19 0.12 0.56 0.13 0.001 0.24  0.004 Bal

2.2. Application of Cryogenic Process (Kriyojenik islemin Uygulanmasi)

The cryogenic process for AISI 9310 steel was conducted in a specially designed cooling tank
equipped with a fan system, without immersion in liquid nitrogen, and controlled by a computer.
Based on a review of the literature, the cryogenic holding temperatures were established as shallow
(-80 °C) and deep (-180 °C). A schematic diagram of the cryogenic treatment unit is presented in
Fig. 1.

Computer controlbox

Cooling cabinet

Nitrogen tank

Figure 1. Schematic representation of the cryogenic treatment unit (Kriyojenik islem {initesinin sematik gosterimi)

To increase the hardness of AISI 9310 steel and enhance its corrosion and wear resistance,
cryogenic treatment was applied. The cryogenic treatment applied to the AISI 9310 steel sample was
carried out in a specially designed computer-controlled cryogenic treatment unit (Figure 2). To
prevent thermal shocks and microcracks that may occur in the microstructure, cryogenic process
tests were carried out with gradual cooling and heating. The samples were cooled to -80 °C and -180
°C for 6 hours. The temperature values of -80 °C and -180 °C The samples were kept at this
temperature for 24 hours. After the process, the samples gradually reached room temperature in 6
hours (Fig. 2).

2.3. Hardness Measurements (Sertlik Ol¢iimleri)

The hardness values of the hardness changes of the cryogenic treatment samples were measured
on a micro scale using the Vickers method. The hardness of the prepared samples was determined
by using the microhardness measuring device and taking the average of five measurement results.
The measurements were carried out under a load of 200 grams for 10 seconds.
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Temperature (°C)

Deep cryogenic
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Figure 2. The cryogenic treatment process of AISI 9310 steel (AISI 9310 ¢eliginin kriyojenik islem siireci)
2.4. Tests for dry sliding wear (Kuru kayma aginmas: testleri)

In this study, dry sliding wear tests of cryogenically treated AISI 9310 steel were conducted using
a reciprocating ball-on-disc tribometer (Turkyus). A 6 mm diameter WC-Co ball (hardness 19 GPa)
was used as the abrasive element during these tests. The experimental parameters are summarized in
Table 2.

Table 2. Fundamental parameters employed in wear Testing (Asinma testinde kullanilan temel parametreler)

Parameters Levell Level2 Level3
Load (N) 5 10 15
Sliding Speed (m/s) 0.02 0.02 0.02
Test Duration (min) 30 30 30

To ensure reliable results, each experiment was repeated three times and averaged. Friction
coefficients were recorded using specialized software, and wear traces were analyzed with a 3D
surface profilometer. This equipment provided a 2D profile of the wear depth and width, from which
the wear area and volume were calculated. Measurements were taken from multiple points on each
trace, and this process was repeated for all sample types. A schematic of the wear testing setup and
procedures is shown in Fig. 3.

2.5. Taguchi Experimental Design Approach (Taguchi Deneysel Tasarim Yaklasimi)

Taguchi's experimental design method assists researchers in systematically organizing the order
of changes to processing parameter levels, making the experimental process more efficient. This
method employs various experimental designs, including orthogonal arrays, to examine how
different factors influence results while minimizing the number of experiments required [21].

In this research, the Taguchi method was used to optimize the processing parameters for dry
sliding wear tests conducted on AISI 9310 steel. The Taguchi method is a quality analysis approach
typically applied in the optimization of a single output. Initially, the outcomes of the objective
function (coefficient of friction and volume loss) were transformed into S/N ratios. Three different
performance characteristics are utilized to calculate the S/N ratio: 'nominal best,' 'smallest best," and
‘largest best." To minimize both volume loss and friction coefficient, the 'smallest best' performance
criterion was selected for this study. The S/N ratio for the 'smallest is best' criterion was determined
using Equation 1. The Minitab18 software was employed for this analysis. The effects of processing
factors were assessed using analysis of variance (ANOVA), and the wear tests on AISI 9310 steel
were conducted at a 95% confidence level with a significance threshold of p < 0.05 [6,26].
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Figure 3. A schematic view of the abrasion tester used in the test phase showing all stages (Test asamasinda kullanilan
aginma test cihazinin tim agamalarini gosteren sematik goriiniimii)
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This experimental study utilized AISI 9310 steel in three conditions: untreated, shallow
cryogenically treated (SCT), and deep cryogenically treated (DCT). Experiments were conducted
using three different loads (5, 10, and 15 N), a sliding speed of 0.02 m/s, and a test duration of 30
minutes. The parameters used and their respective levels are presented in Table 3.

Table 3. Factors and levels of the experimental variables (Deneysel degiskenlerin faktorleri ve diizeyleri)

Process parameters Level 1 Level 2 Level 3
Load (N) 5 10 15
Cryogenic treatment Untreated SCT DCT

Dry sliding wear tests were designed in accordance with the Taguchi Ly orthogonal arrangement
(Table 4).
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Table 4. Taguchi Ly orthogonal arrangement (Taguchi L9 ortogonal diizenlemesi)

Exp. No Load (N) Cryogenic Treatment

1 5 Untreated
2 5 SCT
3 5 DCT
4 10 Untreated
5 10 SCT
6 10 DCT
7 15 Untreated
8 15 SCT
9 15 DCT

2.6. Grey Relational Analysis Method (Gri iliskisel Analiz Yéntemi)

This study aims to identify the optimal machining parameters for dry sliding wear tests through
the application of Grey Relational Analysis (GRA). In the study, after the experimental data were
normalized between 0 and 1, grey relational coefficients were derived from the normalized results
and the grey relational degree was obtained according to these coefficients. The multiple parameters
were evaluated according to their grey relational degrees. The 'smallest is best' criterion was
calculated according to Equation 2 [27].

max x (k) — x? (k)

xi(k) = —— x0 (k) — min x? (k)

(2)

Here, x;(k): represents the normalized version of the x,, series, x; (k): represents the kth response
value of the ith alternative, minx?(k): represents the lowest performance value, max x} (k):
represents the lowest performance value.

In the second phase, the grey correlation coefficient is calculated to represent the relationship
between the desired and actual measured data based on the normalized experimental results.
Equations 3 and 4 provide the formulas for computing the grey correlation coefficient.

_ Amin + EAmax
gi (k) B Aot(k) + 'SAmax (3)

Agi (k) = [xo(k) — x; (k)| (4)

Here is the absolute value difference between x,(k) and x;(k). x,(k) is the ideal sequence or
reference sequence. A, 1S the minimum value of Ay;, and A, is the maximum value of Ay;. Here,
¢ is a separating coefficient between 0 and 1 and is usually taken as 0.5. Equation 5 calculates the
Grey Relational Degree after determining the value of the Grey Relational coefficient.

n

1
ve== ) &0 (5)
k=1

In this contex, y; represents the grey relational degree for the i series, while n denotes the number
of response characteristics. Ultimately, these calculations are used to identify the optimal processing
parameters [21,27].

3. RESULTS AND DISCUSSION (SONUCLAR VE TARTISMA)
3.1. Hardness Measurements (Sertlik Olgiimleri)

Enhanced material hardness is typically associated with improved wear resistance [5]. To assess
how cryogenic treatment affects the hardness of AISI 9310 steel, this study performed
microhardness measurement tests. The arithmetic average of five different measurements taken for
each sample is shown in Fig. 4. Cryogenic treatment led to a substantial enhancement in the
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material's hardness. Fig. 4 indicates a significant improvement in hardness for samples treated with
both shallow and deep cryogenic processes. The samples that underwent cryogenic treatment
showed the lowest microhardness value at 410 HV, while the highest microhardness value of 540
HV was observed in the samples treated with deep cryogenic treatment (DCT). Compared to the
untreated samples, hardness values increased by 12% in those subjected to shallow cryogenic
treatment (SCT) and by 30% in samples treated with deep cryogenic treatment (DCT). Surface
hardness after cryogenic treatment is generally directly related to wear resistance. The obtained
results strongly align with the findings of Akhbarizadeh et al. [28], who demonstrated the positive
effects of cryogenic treatment on the hardness and wear behavior of D6 tool steel. In our study, a
30% increase in hardness and a significant improvement in wear resistance were observed in the
samples subjected to deep cryogenic treatment. These findings support the existing literature, which
suggests that cryogenic treatments induce fundamental changes in the material structure, leading to
enhanced wear resistance. Myeong et al.[15], noted that cryogenic treatment increases martensitic
transformation, thereby enhancing the material's hardness and positively impacting wear resistance.
In the study by Kara et al.[3], it was demonstrated that cryogenic treatment markedly enhances the
hardness of Sleipner steel by decreasing the residual austenite in its microstructure. This reduction in
residual austenite, which has relatively low hardness, results in a higher fraction of hard martensite,
thereby increasing overall hardness. This supports the positive effects of cryogenic treatment on
material hardness, as emphasized in the studies by Senthilkumar et al.[29]. Additionally, Giil et
al.[30] applied both deep and shallow cryogenic treatments to Hastelloy C-22 superalloy to improve
its wear resistance. Wear tests conducted using the ball-on-flat method with a reciprocating motion
showed a 14% increase in hardness for the SCT-treated sample and a 45% increase for the DCT-
treated sample compared to the untreated sample.

700
600

500

400

——

300 +

Microhardness (HV(.1)

200

100 +

0 T
Untreated SCT DCT

Figure 4. Microhardness measurement values of AISI 9310 steel (AISI 9310 ¢eliginin mikrosertlik 6lgtim degerleri)

3.2. Dry Sliding Wear Test Results (Kuru Kayma Asinma Testi Sonuclari)

Table 5 presents the volume loss data from the dry sliding wear tests of AISI 9310 steel,
conducted using the Taguchi Lg orthogonal array, along with the S/N ratios calculated using
Equation (1). The arithmetic mean of the volume loss values obtained was calculated to be 3467.778
x 10 (mm?®). The average S/N ratio for the volume loss values was determined to be-71.23 dB.

Additionally, the influence of each control factor (load and cryogenic treatment) on volume loss
was evaluated using the S/N ratio response presented in Table 6. The study determined that the
optimal volume loss corresponded to the lowest measured value. To ascertain the most effective S/N
ratio for achieving minimal volume loss while enhancing product quality and reducing costs, the
'smallest is best' performance criterion was employed [9,26]. Table 6 summarizes the average S/N
ratios calculated for each level of the processing parameters used in the experiments. The highest
S/N ratio indicated in the table corresponds to the minimum volume loss.
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Table 5. Volume loss and S/N ratios for AISI 9310 steel, obtained from dry-sliding wear tests under various processing

conditions

. Volume Calculated

Exp. Load Cryogenic loss X 103 S/N ratio
No. (N) Treatment (mmg) (n|:1-18)

(dB)

1 5 Untreated 3640 -71.222
2 5 SCT 3550 -71.005
3 5 DCT 3400 -70.630
4 10 Untreated 3800 -71.596
5 10 SCT 3680 -71.317
6 10 DCT 3480 -70.832
7 15 Untreated 3950 -71.932
8 15 SCT 3750 -71.481
9 15 DCT 3580 -71.078

Table 6. Table of average S/N ratios computed for the volume loss values (Hacim kayb1 degerleri i¢in hesaplanan
ortalama S/N oranlarinin tablosu)

Volume loss x10° (mm®)

Level Load (N) Cryogenic Treatment
S/N Ratio
1 -70.95 -71.58
2 -71.25 -71.27
3 -71.50 -70.85
Delta 0.54 0.74
Rank 2 1
Means
1 3530 3797
2 3653 3660
3 3760 3487
Delta 230 310
Rank 2 1

The basic effect graphs, which consider the S/N ratios and average values in accordance with the
“smallest is best” performance criterion for the volume loss of processing parameters and levels, are
presented in Fig. 5. Based on the graphical analysis of the S/N ratios, the optimal processing
parameters for achieving minimal volume loss were identified as a 5 N load combined with DCT
cryogenic treatment. Fig. 5 also displays the volume loss measurements of the samples obtained
from dry sliding wear tests conducted under varying loads and cryogenic treatment conditions. The
smallest volume loss (3400 mm?®) was observed in samples treated with DCT, while the largest
volume loss (3950 mm?®) was found in untreated samples. Compared to untreated samples, SCT-
treated specimens exhibited a 7% reduction in volume loss, whereas DCT-treated specimens
demonstrated a 14% reduction. When examining the results in terms of load, it is evident that
volume loss increased with the applied load during the wear tests across all samples [3,5]. This
outcome is typically predictable; increasing the load applied to the abrasive tip enhances wear by
affecting a larger surface area. In this process, material loss is triggered by the forces generated by
different loads, which are generally divided into normal force and shear force. The normal force
arises from the load applied by the indenter to the worn part, while the shear force is generated by
the relative movement between the worn part and the abrasive tip. The load applied during the wear
test allows the indenter to penetrate deeper into the surface of the sample, causing shear forces to
remove material from the sample surface as a result of continuous movements [31,32].
Consequently, raising the applied load from 5 N to 10 N and 15 N resulted in increased material
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wear. Decreases in volume loss were observed with an increase in cryogenic treatment temperature,
which can be attributed to the hardness values of the materials [5]. Of the three sample types, the
deep cryogenic treated sample exhibited the least amount of wear. Furthermore, an analysis of the
volume losses from the cryogenic treatments indicates an improvement in wear resistance due to
these treatments. Upon reviewing the volume loss data, it was noted that wear losses increased in
samples subjected to cryogenic treatment under lower load conditions compared to untreated
specimens. However, this trend was reversed with an increase in load, as the cryogenic treatment
improved wear resistance [33,34]. Previous studies have presented significant findings regarding the
enhancement of wear resistance in steels through cryogenic treatment. In particular, deep cryogenic
treatment (DCT) induces martensitic transformation and optimizes the distribution of fine carbide
precipitates, resulting in a marked improvement in the wear resistance of steels [16,28]. These
findings are consistent with the 14% reduction in volume loss and the 30% increase in hardness
observed in your study on AISI 9310 steel. For instance, the work of Akhbarizadeh and colleagues
on D6 steel demonstrated a significant reduction in volume loss due to cryogenic treatment.
Similarly, the improvement in wear performance observed in DCT-treated samples in your study
aligns with the existing literatiire [28].

Load (N) Cryogenic Treatment

Volume loss x 10-3(mm?) of S/N ratios

5 10 15 Untreated SCT DCT
Control Factors
Load (N} Crvogenic Treatment

3800

37504

37001

3650+

3600+

35504

Mean Volume loss x 10-3(mm?)

35001

5 10 15 Untreated S5CT DCT

Control Factors

Figure 5. Graphs showing the S/N ratios of the volume loss values and the average of their measured values (Hacim
kayb1 degerlerinin S/N oranlarim ve 6l¢iilen degerlerin ortalamasini gosteren grafikler)

In Fig. 6, the comparison of 3D surface profile images of wear scars on AISI 9310 steel is
presented. The highest wear occurred under a 5 N load in untreated conditions (Fig. 6a), while the
lowest wear was observed under a 5 N load in DCT conditions (Fig. 6¢). All results are consistent
with the hardness findings. Wear depth and width decrease with increasing hardness, which in turn
reduces volume loss and enhances wear performance. In all samples, it was clearly observed that
plastic deformations occurred on the outer edges of the wear scars. It is hypothesized that wear-
induced heating leads to the plastic deformation of the material, causing it to adhere to the edges [5].
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Figure 6. Surface topography images of AISI 9310 steel under 5N load a) untreated, b) SCT and ¢) DCT (5N yiik altinda
AISI 9310 geliginin yiizey topografyasi goriintiileri a) iglenmemis, b) SCT ve ¢) DCT)

In the experimental analysis, the results of the variance analysis (ANOVA) used to evaluate the
effects of processing parameters on volume loss and their statistical examination are presented in
Table 7. ANOVA was conducted with a significance threshold of p < 0,05 and a confidence level of
95%. The obtained data indicated that the most significant contributions to volume loss, as shown in
the ANOVA analysis, were from the cryogenic process at 63,03%, followed by the load at 34,60%.
These findings align with the results of Khun et al. [35] on AISI D3 steel, which also reported that
cryogenic treatment was the most significant factor affecting material properties. Regression
analysis revealed that the model for predicting volume loss is statistically robust, with correlation
coefficients of R-sq at 97.63% and adjusted R-sq (adj) at 95.26%, demonstrating a strong alignment
between the parameters and their levels.
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Table 7. Results of the ANOVA analysis for volume loss values (Hacim kayb1 degerlerine ait ANOV A analizinin

sonuglari)
Variance 2?35;3: Sum of Mean F P Contribution

source (df) squares (SS) square (MS) (%)
o Load (N) 2 79489 39744 29.2 0.004 34.60
; — Cryogenic 2 144822 72411 53.2 0.001 63.03
o g Treatment
[«5]
go:, Error 4 5444 1361 2.37
S Total 8 229756 100.00

S= 36.8932 R-sq=97.63% R-sq (adj)=95.26%

The regression line and histogram graph used to examine the volume loss values are presented in
Fig. 7. Most of the experimental data align well with the regression line. Additionally, the histogram
exhibits characteristics of a normal distribution. In the distribution graphs, the data generally clusters
around the zero line; however, some outliers were also detected. It is anticipated that these outliers
are caused by factors such as vibrations of the wear device and fluctuations in ambient temperature.
The low number of outliers indicates that the data generally fit the regression model. Overall, the
results suggest a reasonable fit between the input and output parameters determined for volume loss.
The concentration of data around a linear line further supports the meaningfulness and validity of
the findings [36].

Residual Plots for Volume loss x 10-3(mm?)
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Figure 7. Normal distribution and residual analysis graphs for grand averages of volume loss values (Hacim kayb1
degerlerinin genel ortalamalari i¢in normal dagilim ve kalint1 analiz grafikleri)

3.3. Friction Coefficient Results of Assessment (Siirtinme Katsayisi Degerlendirme Sonuglari)

Friction energy is generated between two surfaces in contact due to sliding speed and applied
load. The accumulation of this energy in the rough areas of the surface leads to plastic deformations
in the material [37]. The friction coefficient data obtained from the dry sliding wear process,
conducted according to the Taguchi Ly orthogonal test design for AISI 9310 steel, are presented in
Table 8, along with the S/N ratios calculated using Equation (1). The arithmetic mean of the friction
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coefficient values was calculated to be 0.474 p. The average S/N ratio for the friction coefficient
values was determined to be 6.475 dB.

Table 8. The friction coefficient and S/N ratios for AISI 9310 steel, obtained from dry-sliding wear tests under various
processing conditions (Cesitli isleme kosullar1 altinda kuru kayma asinma testlerinden elde edilen AISI 9310 ¢eligi i¢in
stirtinme katsayist ve S/N oranlart)

Exp. Load Cryogenic y Cal_culaygd
No (N) Treatment COF (w)  S/N ratio (ni=1-18)
(dB)
1 5 Untreated 0.498 6.055
2 5 SCT 0.480 6.375
3 5 DCT 0.464 6.670
4 10 Untreated 0.492 6.161
5 10 SCT 0.476 6.448
6 10 DCT 0.458 6.783
7 15 Untreated 0.487 6.249
8 15 SCT 0.470 6.558
9 15 DCT 0.448 6.974

Additionally, the influence of each control factor (load and cryogenic treatment) on the friction
coefficient was evaluated using the S/N ratio response presented in Table 9. The study determined
that the optimal friction coefficient corresponded to the lowest measured value. To identify the most
effective S/N ratio for achieving a minimal friction coefficient while enhancing product quality and
reducing costs, the 'smallest is best' performance criterion was employed [9,26]. Table 9 summarizes
the average S/N ratios calculated for each level of the processing parameters used in the
experiments. The highest S/N ratio indicated in the table corresponds to the minimum friction
coefficient.

Table 9. Table of average S/N ratios computed for the friction coefficient values (Siirtiinme katsayisi degerleri i¢in
hesaplanan ortalama S/N oranlari tablosu)

Coefficient of Friction COF (w)

Level Load (N) Cryogenic Treatment
S/N Ratio
1 6.367 6.155
2 6.464 6.460
3 6.594 6.809
Delta 0.227 0.654
Rank 2 1
Means
1 0.4807 0.4923
2 0.4753 0.4753
3 0.4683 0.4567
Delta 0.0123 0.0357
Rank 2 1

The basic effect graphs, which consider the S/N ratios and average values in accordance with the
“smallest is best” performance criterion for the friction coefficient of the processing parameters and
levels, are presented in Fig. 8. Based on the graphical analysis of the S/N ratios, the optimal
processing parameters for achieving the minimum friction coefficient were identified as a 15 N load
combined with DCT cryogenic treatment. The highest friction coefficient value was observed in
samples subjected to untreated conditions under a 5 N load. The friction coefficient graphs for
samples with and without cryogenic treatment under various loads are shown in Fig. 8. The
minimum friction coefficient (448 p) was recorded in samples subjected to deep cryogenic treatment
(DCT), while untreated samples exhibited the highest friction coefficient (492 p). Compared to the
untreated sample, a 5% improvement in friction coefficient values was observed in SCT-treated
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samples, and a 9% improvement was noted in DCT-treated samples. Literature studies indicate that
cryogenic treatment significantly reduces the coefficient of friction (COF). One of the primary ways
cryogenic treatment achieves this reduction is by increasing surface hardness. Myeong et al. [15]
found that cryogenic treatment transforms retained austenite into martensite, thereby enhancing the
material's hardness. This increase in hardness directly affects wear behavior by minimizing plastic
deformation under load. A harder surface provides greater resistance to deformation, reducing
material transfer between contacting surfaces during frictional interactions. This finding reinforces
the broader literature and positions cryogenic treatment as a valuable method for extending the
lifespan of components subjected to wear and friction.

Load (N) Cryogenic Treatment

Coefficient of Friction (p) of S/N ratios

5 10 15 Untreated SCT DCT

Control Factors

Load (N} Cryogemc Treatment

0,405
0,490
0,485
0,480
0,475
0,470

0.465

Mean Coefficient of Friction (p)

0,460

0455 T T T T T T
5 10 13 Untreated SCT DCT
Control Factors

Figure 8. Graphs showing the S/N ratios of the friction coefficient values and the average of their measured values
(Stirtiinme katsayis1 degerlerinin S/N oranlarini ve 6lgiilen degerlerin ortalamasini gosteren grafikler)

The friction coefficient values obtained from the wear tests performed under dry sliding
conditions with a 15 N load and cryogenic treatment applications were measured. The friction
coefficient results from these tests are presented in detail in Fig. 9. These findings clearly indicate
that cryogenic treatment significantly reduces the COF values [3,5].

In the experimental analysis, the results and statistical investigations of the analysis of variance
(ANOVA) used to evaluate the effects of the processing parameters on the friction coefficient are
presented in Table 10. The ANOVA was conducted with a significance threshold of p<0.05 and a
confidence level of 95%. The obtained data showed that the most significant contributions to the
friction coefficient were due to cryogenic treatment with 85.75%, followed by load with 10.69%, as
shown in the ANOVA analysis. These findings are in line with the results of the study conducted by
Khun et al. on AISI D3 steel, who reported that cryogenic treatment was the most important factor
affecting the material properties [35]. The regression analysis shows that the friction coefficient
estimation model is statistically robust, with R-sq correlation coefficients of 99.42% and adjusted R-sq
(adj) correlation coefficients of 97.07%, indicating that the parameters and their levels showed that
there is a strong agreement between them.
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Figure 9. Coefficient of friction (COF) graph of samples under 15N load and various cryogenic treatments (15N yiik ve
cesitli kriyojenik iglemler altindaki numunelerin siirtiinme katsayis1 (COF) grafigi)

Table 10. Results of the ANOVA analysis for friction coefficient values (Siirtiinme katsayis1 degerlerine ait ANOVA analizi

sonuglari)
Variance ?fggjgrﬁf Sum of squars Mean F p Contribution
source (df) (SS) square (MS) (%)

Load (N) 2 0.00023 0.000115 36.89  0.003 10.69
4= LL
o
§ 8 Cryogenic 2 0.00191 0.000955 306.89 0.000 88.75
'S g 3 Treatment
£5 Error 4 0.000012 0.000003 0.56
o 'C
o Total 8 0.002152 100.00

S=0,0017638 R-s0=99.42 % R-sq (ad})=97.07%

The regression line and histogram graph used to examine the friction coefficient values are
presented in Fig. 10. Most of the experimental data align well with the regression line, and the
histogram exhibits characteristics of a normal distribution. In the distribution graphs, the data
generally cluster around the zero line; however, some outliers were also detected. These outliers are
likely caused by factors such as vibrations of the wear device and fluctuations in ambient
temperature. The low number of outliers indicates that the data generally fit the regression model.
Upon examining the results, it can be concluded that a reasonable fit is achieved between the input
and output parameters determined for the friction coefficient. The concentration of data around a
linear line further supports the meaningfulness and validity of the findings [36].

3.4. Grey Relationship Analysis Evaluation Results (Gri iliski Analizi Degerlendirme Sonuclarr)

In the first stage of the GRA process, the normalization of the data was performed using the
"smallest is best" characteristic (Equation 2). Following this stage, the GRA normalization values
were calculated, and the results are presented in Table 11 (see Equations 3 and 4). Using the
computed normalization values, the Grey Relation Coefficients (GRC) were derived to represent the
relationship between the target and actual experimental results (see Equation 5). In engineering
designs, the varying importance levels of processing parameters necessitate assigning weight factors
to each output parameter, which is crucial for effective GRA. However, many researchers use equal
weights when determining the grey relational degrees of multiple responses. This practice can
compromise the reliability of the results and may not adequately reflect the importance levels of
various parameters.
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Figure 10. Normal distribution and residual analysis graphs for the grand averages of friction coefficient values (Siirtiinme
katsayisinin genel ortalamalari i¢in normal dagilim ve kalinti analizi grafikleri)

Table 11 Normalization and coefficient values for volume loss and friction coefficient and grey relational degree values
(Hacim kaybi ve siirtiinme katsayisi i¢in normalizasyon ve katsayi degerleri ile gri iliskisel derece degerleri)

Grey Relational Grey Relational

Normalized Values Coefficient values Gre_y
Exp. Relation
No — — Grade Order
Coefficient of Volume Coefficient of Volume loss values
Friction COF  loss (mm®) Friction COF (mm?) x 10°
() x 10° ()
1 0.000 0.564 0.333 0.534 0.434 7
2 0.360 0.727 0.439 0.647 0.543 4
3 0.680 1.000 0.610 1.000 0.805 1
4 0.120 0.273 0.362 0.407 0.385 8
5 0.440 0.491 0.472 0.495 0.483 6
6 0.800 0.855 0.714 0.775 0.745 3
7 0.220 0.000 0.391 0.333 0.362 9
8 0.560 0.364 0.532 0.440 0.486 5
9 1.000 0.673 1.000 0.604 0.802 2

The grey relationship degree reflects the closeness to the reference series. The alternative with the
highest grey relationship degree represents the best option in the decision-making process [21]. As a
result of the analyses, the highest grey relationship degree was obtained in experiment number 3
(Table 11). This finding indicates that experiment number 3 provided the closest performance to the
optimum specifications and was therefore identified as the best alternative (Fig. 11). In the
evaluation conducted using the GRA method, the most ideal processing parameters for achieving the
lowest volume loss and friction coefficient values were determined to be under a 5 N load with
DCT.
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Figure 11. Grey relational grade plot for optimal performance (En iyi performans i¢in gri iliskisel derece grafigi)

The effect of each processing parameter on the degree of grey relationship was investigated using
the mean values of the parameters. The average results of the calculated values for each level of the
experimental conditions are presented in Table 12.

Table 12. Grey relational grade response analysis table (Gri iliskisel derece yanit analizi tablosu)

Grey relational grade

Level Load(N) Cryogenic Treatment
Means
1 0.5938 0.3934
2 0.5376 0.5040
3 0.5499 0.7838
Delta 0.0562 0.3905
Rank 2 1

The relationship between the grey relational degree of the processing parameters and their levels
is presented in Fig. 12, where the basic effect graph was obtained using average values in
accordance with the "smallest is best" performance criterion. The graph indicates that the lowest
volume loss and friction coefficient were achieved under 5 N load and DCT conditions, based on the
grey relational degree values. Since the experiment was conducted using these processing
parameters, no additional verification experiment was performed.

Load (N)

Cryogenic Treatment

Mean of Grey Relational Grade

n

10

15 Untreated SCT DCT

Control Factors

Figure 12. Average response graph for grey relational grade (Gri iliskisel derece i¢in ortalama yamit grafigi)
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Table 13 presents the results from the variance analysis (ANOVA) conducted to assess the impact
of processing parameters on the Grey Relational Grade outcomes for AISI 9310 steel and their
statistical significance. ANOVA was performed with a significance threshold of p < 0,05 and a
confidence level of 95%. The obtained data revealed that the most significant contributing
percentages affecting the grey relational grade in the ANOVA analysis were the cryogenic process
at 97,10%, followed by the load at 2,09%. Regression analysis indicated that the model for
predicting the friction coefficient is statistically robust, with a grey relational grade R-squared value
of 99,19% and an adjusted R-squared (adj) value of 95,91%, demonstrating a strong alignment
between the parameters and their levels.

Table 13. Results of the ANOVA analysis for grey relational degree values (Gri iliskisel derece degerlerine iligskin
ANOVA analizi sonuglar1)

Variance [;fgerggrzf Sum of Mean " p Contribution
source (df) squares (SS) square (MS) (%)
— Load (N) 2 0.005238 0.002619 5.18 0.078 2.09
g Cryogenic
258 2 0.242995 0.121498 240.21 0.000 97.10
5= & Treatment
© s 2 Error 4 0.002023 0.000506 0.81
Total 8 0.250257 100.00

$=0.0699681 R-s0=99.19 % R-sq (adj)=95.91%

The regression line and histogram graph used to examine the grey relational degree values are
presented in Fig. 13. Most of the experimental data align well with the regression line, and the
histogram exhibits characteristics of a normal distribution. In the distribution graphs, the data
generally cluster around the zero line; however, some outliers were also detected. These outliers are
likely caused by factors such as vibrations of the wear device and fluctuations in ambient
temperature. The low number of outliers indicates that the data generally fit the regression model.
Upon examining the results, it can be concluded that a reasonable fit is achieved between the input
and output parameters determined for the grey relational degree. The concentration of the data
around a linear line further supports the meaningfulness and validity of the findings [36].

Residual Plots for Grey Relational Grade
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Figure 13. Normal distribution and residuals analysis plots for the overall means of grey relational grade (Gri iliskisel
derece genel ortalamalari igin genel ortalamalari i¢in normal dagilim ve kalint1 analizi grafikleri.)
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4. CONCLUSIONS (SONUCLAR)

AISI1 9310 steel, known for its high corrosion resistance, performs well in corrosive environments
but exhibits lower performance in wear-prone environments due to its mechanical properties. In this
research, the friction coefficient and volume loss of cryogenically treated AISI 9310 steel were
evaluated using the Grey Relational Analysis (GRA) method in conjunction with the Taguchi
approach to determine the optimal parameter levels for dry sliding wear behavior. The results of
experimental research are presented below:

Cryogenic treatment significantly enhanced the material's hardness. Specifically, samples
subjected to Shallow Cryogenic Treatment (SCT) exhibited a 12% increase in hardness
compared to untreated samples, while those treated with Deep Cryogenic Treatment (DCT)
showed a 30% improvement in hardness values.

Dry sliding wear tests conducted under various load and cryogenic treatment conditions
revealed that volume loss increased proportionally with the load, while cryogenic treatment
resulted in reduced volume losses. Increasing the temperature during cryogenic treatment was
associated with lower volume losses, which correlated with an increase in the material's
hardness values.

Compared to the untreated sample, volume loss values improved by 7% in SCT-treated
samples and by 14% in DCT-treated samples.

The most suitable parameters for minimizing the friction coefficient were identified under a 15
N load with DCT conditions. Cryogenic treatment contributed to the improvement of the
friction coefficient by enhancing the surface hardness.

Compared to the untreated sample, a 5% improvement in the friction coefficient values was
observed in the SCT treated samples and a 9% improvement was observed in the DCT treated
samples.

As the load increased, volume loss rose by 16% (from 3400 mm? to 3950 mm?), while the
friction coefficient decreased by 11% (from 0.448 p to 0.498 ).

According to the results of the variance analysis (ANOVA), the factor that most significantly
affects volume loss is the cryogenic process, with a contribution percentage of 63,03%.
Similarly, the factor that most influences the friction coefficient is also the cryogenic process,
which has a contribution percentage of 88,75%.

According to the regression analysis results, the model established for volume loss was
statistically robust, R-sq was measured as 97.63% and R-sq (adj) as 95.26%. The model
established for the friction coefficient was found to be R-sq as 99.42% and R-sg (adj) as
97.07%.

In the evaluation conducted using the GRA method, the most ideal processing parameters for
achieving the lowest volume loss and friction coefficient values were determined to be under a
5 N load with DCT.

In the ANOVA analysis, the most significant contribution percentages affecting the gray
relational degree were cryogenic treatment at 97.10%, followed by the load at 2.09%.
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OZET

Havacilik ve uzay endiistrisinde aliiminyum alasimlarinin kullanimi 6nemli bir yer
tutmaktadir. Bu malzemelerden AA2024 alasimi, 6zellikle ucaklarin ana gévde ve
kiriglerinde, baglant1 ve per¢in malzemelerinde kullanilmaktadir. Bu alagimlarin 1si1l
islem uygulanmamis haliyle mukavemetleri diisiik oldugu i¢in, soguk sekillendirme
ve 1s1l islem prosesleri ile malzemelere mukavemet kazandirilmaktadir. Bu ¢alismada,
AA2024-T3 malzemelere oda sicakliginda 30°, 45°, 60°, 75°ve 90°’lik agilarinda
soguk sekillendirme yapilip, T8 1s1l islem kosuluna getirmek amaciyla 1sil islem
uygulanmigtir. Malzemelerin 6zellikleri hem T3 1s1l islem kosulunda hem de 1s1l islem
sonrast T8 kosulunda incelenmistir. Alasimlarin mikroyapilart1 hem optik hem de
taramali elektron mikroskoplari ile incelenmistir. Ayrica, alasimlarin mikrosertlik ve
elektriksel iletkenlik ozelliklerindeki degisimleri de arastirilmigtir. Form islemi
yapilmis T3 malzemelerde form acis1 arttik¢a ortalama tane boyutunda artis meydana
gelmistir. Ayrica, sertlik degerlerinde de bir miktar artis saglanmistir. T8 1s1l islem
kosulundaki malzemelerde yapilan analizlerde ise form agisindan bagimsiz homojen
tane boyutlar1 ve yiiksek sertlik degerleri elde edilmistir. T8 1s1l islem kosulundaki
mikroyapi analizlerinde tanelerde ikizlenme yapilarinin olustugu gézlenmistir.
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ABSTRACT

The use of aluminum alloys in the aviation and space industry has an important place.
Among these materials, AA2024 alloy is used especially in the main fuselage and
beams of aircraft, as well as in connection and rivet materials. Since the strength of
these alloys is low in their non-heat-treated form, the materials are strengthened by
cold forming and heat treatment processes. In this study, AA2024-T3 materials were
cold formed at room temperature at 30°, 45°, 60°, 75° and 90° angles and heat
treatment was applied in order to bring them to T8 condition. The properties of the
materials were examined in both T3 heat treatment condition and T8 condition after
heat treatment. The microstructures of the alloys were examined with both optical and
scanning electron microscopes. In addition, the changes in the microhardness and
electrical conductivity properties of the alloys were also investigated. In the T3
materials that underwent the forming process, an increase in the average grain size
occurred as the forming angle increased. In addition, a slight increase in the hardness
values was also achieved. In the analyses performed on the materials in the T8 heat
treatment condition, homogeneous grain sizes independent of form and high hardness
values were obtained. In the microstructure analyses in the T8 heat treatment
condition, it was observed that twin structures were formed between the grains.

1. GIRIS (INTRODUCTION)

Aliminyum alasimlar, yiiksek korozyon direnci, hafif yapisi, yiiksek 6zgiil mukavemeti, diisiik

sicaklik direnci ve form

edilebilir ozelliklerinden dolayr yaygin olarak kullanilmaktadir. Bu

ozellikleri dolayisiyla 6zellikle havacilik ve uzay endiistrisinde ana gévde ve kirislerde, baglant1 ve
percin malzemelerinde, boru formunda tercih edilmektedir [1-4]. Bununla beraber, islem gérmemis
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aliminyum malzemeler yumusak formlu, esnek ve mukavemetten yoksundur. Bu sebeple, soguk
sekillendirme ve 1s1l islem prosesleri aliiminyum malzemeleri mukavetlendirme bakimindan
endiistride siklikla uygulanan metotlar haline gelmistir [5]. Aliiminyum alagimlari kosullar
endiistride; F (iiretilmis hali), O (tavlanmis), H (gerinim sertlestirilmis), W (¢6zeltiye alinmis ve
sogutulmus kararsiz yapi) ve T (¢cozeltiden sonraki karali hal) olarak tanimlanmistir. T1-T4 arasi
gosterimler, malzemeye dogal yaslandirma uygulandigi, T5-T10 aras1 1s1l islem gosterimleri ise
malzemeye yapay yaslandirma metotlarinin uygulandigini gostermektedir [6]. Bu calismada
kullanilan T3 1s1l isleminde, aliiminyum alagimlarina 6nce ¢ozeltiye alma 1s1l islemi (SHT)
sonrasinda mukavemeti artirmak i¢in soguk islem ve son olarak mekanik 6zellikleri stabilize etmek
amaciyla dogal yaslanma uygulanirken, T8 1s1l islem durumunda SHT sonras1 mukavemeti artirmak
icin soguk islem ve son olarak mekanik 6zellikler ve boyut kararliligini saglamak amaciyla yapay
yaslandirma islemi uygulanmaktadir. T3 ve T8 1s1l islem kosullarinin kullanim amaci ise soguk
isleme sebebiyle, artan sayida dislokasyondan dolayr daha fazla c¢dokelti pargaciginin
¢ekirdeklenmesi ve buna bagli olarak yiiksek mukavemet elde edilmesidir [7].

6XXX serisi aliiminyum alagimlari ana alasim elementi olarak Mg ve Si igermektedir ve bu
elementler diger bilesen alasim elementleriyle birlikte yar1 kararli ¢okeltilerin (MgsSig) ve kararh
cokeltilerin (Mg,Si) olusumunda Onemli rol oynamaktadir [8,9]. 6XXX serisi aliminyum
alagimlar, 2XXX/7XXX serisi alasimlarina gore daha diisiik mukavemete sahi olmasina ragmen
¢ok 1yi korozyon direncine sahiptir, son derece sekillendirilebilir alasimlardir. Genellikle yapisal,
savunma, insaat, mimari ve denizcilik uygulamalarinda kullanilirlar. 6XXX serisi aliiminyum
alasimlari, katt ¢oOzelti giiclendirme, soguk sekillendirme ve yaslandirma sertlestirmesi
mekanizmalar1 ile mukavemetlendirilmektedir [10-12].

Aliminyum 7XXX serisi, Zn elementinin ana alasim elementi oldugu ve ayrica diger alasim
elementlerini (Mg, Cr ve Cu) de igeren yiiksek mukavemetli alasimlardir [13,14]. Hem 1s1l islem
hem de soguk deformasyon yontemi ile alagimlarin mukavemeti Onemli derecede
arttirillabilmektedir. 7XXX, alasimlarindan 7050, 7075 ve 7475 alasimlar1 havacilik sektoriinde
siklikla kullanilmaktadir [15,16].

2XXX aliminyum alasimlar1 ana alasim elementi olarak Cu elementi igerir ve 1sil islem
gorebilen alagimlardir. Bu 6zelligi sayesinde havacilik sektdriinde 6nemli oranda kullanima sahiptir.
Alliminyum 2XXX serisinin 1s1l islem prosesinde, alasim dncelikle soliisyona alma prosesine tabi
tutulmaktadir, akabinde ise mukavemet kazandirmak amaciyla oda sicakliginda dogal yaslandirma
veya firin vasitasiyla yapay olarak yaslandirilabilmektedir. Al,CuMg ve CuAl; fazlari yaglandirma
1s1l islem prosesi sonucu olusan fazlardir ve akma mukavemetini arttirrken uzamayi
azaltmaktadirlar. Bu alagimlarin en biiyiik sinirlamasi, 1s1l islem sonrasinda gerceklesebilecek olan
bakir elementi diflizyonudur, bu durumda ise tanecikler arasi korozyon olusma ihtimali
bulunmaktadir. 2XXX alagimlar1 T3, T4, T6 ve T8 1s1l islem kosullarinda kullanilmaktadir.

Yapilan bir ¢alismada [17], 2024 alasimin geleneksel T8 1s1l islemiyle karsilastirildiginda,
kriyojenik deformasyonun daha diisiik bir yaslanma sicakligina sebep oldugu gézlenmistir. Bakavos
[18] tarafindan 2022 ve 2139 alasimlari ile yapilan ¢aligmada Ag elementi eklendiginde, Q fazinin
dominant faz oldugu ispatlanmistir. Tao [19] tarafindan yapilan ¢aligmada bilyali dévme prosesinin
2060 T8 alasimda hem mekanik o6zellikleri arttirdigr hem de i¢yapiyr modifiye ettigi gézlenmistir.
Al-Li alagimlarinda yapilan ve T6 ve T8 1s1l islem kondisyonlarinin karsilastirdigi calismada, T8 1s1l
islem kosulundaki alasimin daha iyi korozyon direnci Ozellikleri gosterdigi anlasilmistir [20].
Goodarzy [21], deforme olmus ve yaslanmis malzemenin sertliginde ve akma mukavemetindeki
onemli artiglarin oldugunu, dislokasyon yogunlugundaki artisa ve bunlarin esit kanalli acisal
presleme (ECAP) sirasinda birbirleriyle ve ¢oziinen atomlarla etkilesimlerine baglandigin1 ortaya
¢ikarmistir. Bunun yaninda, AL-Cu-Li alasimlarinin T3ve T8 alagimlarinda i¢ yapilar1 ve yorulma
davraniglaria bakilmis, T8 1s1l islem kosulundaki alagimin yorulma dayanimin yiikseldigi ve i¢
yapisinin daha homojen oldugu goézlenmistir [22]. Bununla beraber, T3 1s1l islem kosulundaki
yapilan soguk plastik deformasyonun T8 1s1l islem kosuluna olan etkileri ile ilgili literatiirde bir
calismaya rastlanmamustir. Bu ¢alisma farkli agilarda plastik deformasyonlarin etkilerini arastirarak,
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mikro yapilar1 ve sertlik degerlerini analiz ederek literatiire 6nemli bir katki saglamakta ve
endiistriyel uygulamalara 6rnek teskil etmektedir.

2. MATERYAL VE YONTEM (MATERIAL AND METHOD)

Bu calismada kullanilan AA2024 malzemelerin kimyasal kompozisyonlar1 X-Isin1 Floresansi
(XRF) teknigi ile belirlenmis olup, analiz sonuglart Tablo 1’de verilmistir. Analiz sonuglari
havacilik sanayinde kullanilan AMS QQ-A-250/4 standard1 gerekliliklerini kargilamaktadir.

Tablo 1. AA2024 alagimimin kimyasal kompozisyonu (Chemical composition of AA2024 alloy)

Element Al Cu Mn Mg Fe Si Cr Zn Ti
Analiz Sonucu  Denge 4.6 0.5 15 0.2 0.3 0.03 0.1 0.04

Soguk deformasyon prosesi oda sicaklifinda malzemelere farkli agilarda form verilmesiyle
gerceklesmistir. Bu calismada, T3 1sil islem kosulundaki 100x120x1.6 mm boyutlarinda olan
AA2024 malzemelerine Sekil 1 ‘de goriindiigi tizere 30°,45°,60°,75° ve 90° agilarinda soguk sekil
verme prosesi uygulanmistir. Soguk sekil verilmis malzemeler 191 °C’de 12.30 saat yaslandirma
1s1l iglemine tabi tutulup T8 1s1l islem kosuluna getirilmistir. Malzemelere hem 1s1l islem 6ncesi hem
de 1s1l islem sonrasi elektriksel iletkenlik olgtimii yapilmistir. Elektriksel iletkenlik testi Verimet
M4900C cihaz1 ile yapilmistir. Mikrosertlik ve mikroyap1 Ozelliklerini anlamak amaciyla,
malzemeler metalografik olarak hazirlanmigtir. Numune kesimi ATM Brilliant 250 cihaz1 ile
gerceklestirilmis, kesilen numuneler Struers CitoPress 30 cihazi yardimiyla bakalite alinmistir.
Struers Laboforce-100 cihazi kullanilarak da numunelere zimparalama ve parlatma islemleri
uygulamugtir. Optik mikroskop incelemeleri Nikon Eclipse MA 100 mikroskop ile taramali elektron
mikroskobu-enerji dispersiyon spektroskopisi analizleri (SEM-EDS ise LaB6 emitorlii Zeiss EVO
10 cihaz1 ile gergeklestirilmistir. Tane boyut analizi ASTM E112 metoduna gore yapilmistir.
Mikrosertlik testleri Emcotest Durascan test cihaziyla ASTM E384 metoduna gore yapilmustir.
Sertlik testinde, 136° agili elmas piramit ugla 300gf (HV0.3) kuvvet uygulamigtir. Her bir vickers
izi i¢in 7 sn yiik uygulanmustir.

ot
il | gy

Sekil 1. 0°,30°, 45°, 60°, 75° ve 90° agilar ile soguk sekillendirilmis test numuneleri (Cold formed test samples at 0°,
30°, 45°, 60°, 75° and 90°)
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3. DENEY SONUCLARI VE IRDELENMESI (EXPERIMENT RESULTS AND EXAMINATION)

Soguk sekillendirme yapilmis T3 1s1l islem kosulundaki malzemelerin form agilarina baglh olarak
mikroyapi ve sertlik degisimlerini anlamak amaciyla malzemelerin analizleri yapilmistir. Sekil 2’de
malzemelerin hem optik hem de taramali elektron mikroskobunda g¢ekilmis igyap1 fotograflari
verilmistir.
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Sekil 2. AA2024 T3 Optik ve SEM optik ve SEM fotograflar a) 0 °, b) 30°, c) 45°, d) 60°, ¢) 75° ve f) 90°
(AA2024 T3 optical and SEM photos a) 0 °, b) 30°, ¢) 45°, d) 60°, €) 75° ve f) 90°)
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Sekil 3. AA2024 fazlarinin EDS Analizleri (EDS analysis of AA2024 phases)

Sekil 2’de once form verilmis malzemelerin genel goriiniisii, optik mikroskop goriiniisii ve son
olarak SEM ’de alinmis fotograflar yer almaktadir. Sekil 2°den anlasilacag lizere i¢ yapida 6nemli
bir degisim gozlenmemistir. Sekil 3’te verilen EDS analizlerinde ise optik mikroskopta siyah,
SEM’de beyaz renkte yer alan fazin atomik olarak 67.01 % Al ve 32.99 % Cu bakir elementleri
icerdigi anlasilmistir. Bu faz ise 2024 malzemelerde ana faz olan Al,Cu fazidir, diger yandan agik
gri renkli kisimlar ise EDS analizleri sonucu (20.12 % Cu, 19.93 % Mg ve 59.95 %Al) AlCu,Mg
olarak saptanmigtir. Ayrica, matristen alinan EDS analizinin, AA2024 malzemenin XRF teknigi ile
elde edilen sonuglar ile benzer oldugu gozlenmistir. EDS sonuglari literatiir bulgulariyla
karsilastirildiginda, sonuglarin benzer oldugu goriilmiistiir [23]. Literatiirde de verildigi tizere form
islemi makro/mikro olgekte tane boyutlarinda ve sertlik degerlerinde degisime yol agmaktadir [24],
bu yilizden plastik deformasyona ugramis malzemelerde tane boyutu ve sertlik analizleri yapilmistir.
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Sekil 4. AA2024 T3 ve AA2024 T8 a) Tane Boyutu ve b) Sertlik degerlerinin form agisiyla degisimi (Change of
AA2024 T3 and AA2024 T8 a) Grain Size and b) Hardness values with form angle)

Malzemelerin tane boyutlar1 degisimi Sekil 4’te verilmistir. Sekil 4 a)’da goriilecegi tlizere T3
kosulundaki malzemelerde form agis1 arttikga ortalama tane boyutunda artis meydana gelmistir.
Ayrica, grafikteki ortalama degerlerin alt iist noktalar1 incelendiginde, form agisi arttikga sapmanin
da arttig1 anlagilmistir. Sekil 4 b)’de verilen sertlik degerlerine bakildiginda da yine T3 kosulundaki
alasimlarin sertlik degerlerinde az da olsa artis oldugu anlasilmistir. Sertlik degerlerindeki artisin
sebebi, plastik sekil degistirdikge sekil degisim miktariyla orantili bir sekilde dayanimin artmasi
yani peklesmedir [25]. Peklesme sirasinda, dislokasyon sayisinda artis meydana gelmektedir, bu
durum da sertlik degerlerinde artisa neden olmustur [26]. Sertlik testi malzemelere metalografik
olarak parlatilmig durumda uygulanmis ve izlerin oldugu goriintiiler Sekil 5’te verilmistir.
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Sekil 5. T3 ve T8 1s1l islemli numunelerde sertlik 6l¢timii (Hardness measurement on T3 and T8 heat treated
samples)

Plastik deformasyona ugrayan numunelere uygulanan T8 yaslandirma 1s1l iglemini kontrol etmek
amaciyla oOncelikle elektriksel iletkenlik testi uygulanmistir. Yapilan elektriksel iletkenlik
testlerinde tiim numunelerde ortalama 38.2 % IACS elektriksel iletkenlik degeri elde edilmistir. Bu
sonug, AMS 2658 standardi kapsaminda T8 1s1l igleminin dogrulugunu gostermektedir.
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Sekil 6. AA2024 T8 Optik ve SEM mikroyapi fotograflari a) 0 °, b) 45°, ¢) 60°, d) 75°, ¢) 90° (AA2024 T8 optical
and SEM micrographs a) 0 °, b) 45°, ¢) 60°, d) 75°, e) 90°)

Sekil 6°da T8 1si1l islem kosuluna getirilen malzemelerin i¢ yapilar1 verilmistir. Goriintiilerden
anlagilacagi lizere 1s1l islem sonrasi homojen i¢ yapilar elde edilmistir. Sekil 4’te verilen ortalama
tane boyutu ve sertlik analizlerine bakildiginda da hem ortalama tane boyutlarinin hem de sertlik
degerlerinin form agisi ile degismedigi gozlenmistir. Isil iglem sonrasi, 152 £2 HV ortalama sertlik
ve 24 +£1 pum ortalama tane boyutu elde edilmistir. Su [27] tarafindan yapilan ¢alismada 2024 T8
alagiminin ortalama sertlik degeri 159 HV bulunmustur, dolayisiyla bu ¢calismada bulunan veriler ile
benzer oldugu anlasilmistir. Ayni ¢alismada sertlik artisinin sebebi, T8 islemi sirasinda alagimda
dislokasyonlarin olusmasi ve c¢okeltiler i¢in T3’e gore daha fazla ¢ekirdeklenme alani saglamasi
olarak agiklanmustir.

Sekil 7°de gosterilen T8 1s1l islem kosulundaki i¢ yapilar malzemelerin T3’teki i¢ yapist ile
karsilastirildiginda, T8 kosulundaki malzemelerde ikizlenme yapilarin olustugu gozlenmistir. Bu
yapilarmn istifleme hatalarindan (SFE) kaynakli oldugu literatiirde belirtilmektedir [28]. SFE ve
buna bagli olarak tanelerde ikizlenme, diisiik sicaklikta yapilan yiiksek gerinim oraninda
deformasyon kosullar1 ile olusmustur [29].
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Sekil 7. AA2024 T8; a) Optik, b) SEM igyap1 fotograflar1 (AA2024 T8; a) Optical, b) SEM micrographs)

4. SONUCLAR (CONCLUSIONS)

Yapilan ¢alisma sonucunda T3 1s1l islem kosulunda yapilan form isleminin T8 1s1l islemine olan

etkileri incelemis ve sonuglar asagida verilmistir:

e T3 1s1l islem kosulunda farkli derecelerde yapilan plastik deformasyon sonucu, sertlik ve

ortalama tane boyutlarinin attig1 goézlenmistir. Form agis1 arttik¢a bu artig daha belirgin hale
gelmistir. Form agis1 90°’ye geldiginde ortalama tane boyutu yaklasik %30 artis gostermistir.
Sertlik degerlerinde ise yaklasik 2 HV0.3 artis ger¢eklesmistir.

e T8 1s1l islem kosulunda yapilan analizlerde, tane boyutlarinin ve sertlik degerlerinin form

acistyla degismedigi goriilmiistiir. Tane boyutlar1 24 +1um, sertlik degerleri ise 152 +£2 HV0.3
olarak ol¢lilmiistiir. Isil islemle birlikte tane yapilarinda homojenlik gozlenmistir.

e T3 1s1l islem kosulunda yapilan form verme islemi sonrasinda uygulanan T8 1s1l igleminin ig¢

yapilarda ikizlenme yapilarina neden oldugu gozlenmistir. Istiflenme hatasi sonucu olusan bu
yapilara, oda sicakliginda yapilan plastik deformasyonun sebep olmustur.

Bu ¢alismada bulunan sonuglar, endiistride aliiminyum alagimlara uygulanan 1s1l iglem ve plastik

deformasyon proseslerindeki ¢iktilarin yorumlanmasi igin referans teskil etmektedir. Gelecekteki
caligmalarda farki 1sil islem kosullarinda calisma yapilarak aliiminyum malzemelerdeki o6zellik
degisimlerini degerlendirmek miimkiin olabilir.
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ABSTRACT

In this study, the effects of different heat treatment temperatures and times on the
mechanical properties and microstructure of Twinning Induced Plasticity (TWIP) steel
were examined. TWIP steel slabs produced by casting were shaped into plates by hot
and cold rolling processes, respectively. The heat treatments were carried out at 600,
700, 800, and 900 °C for 20, 60, and 150 min. As a result of the experiments, M3;C
carbide precipitates were formed instead of twinning in the tempered sheets at 600 °C
and 700 °C, and twinning occurred at 800 °C and 900 °C. The microstructure analysis
and mechanical test results demonstrate that the carbide precipitates prevent twinning
plane formation. The Vickers hardness and tensile test results showed the intense
presence of carbides at 600 °C and 700 °C and twinning at 800 °C and 900 °C. As the
annealing temperature and time increased, a decrease in hardness and tensile strength
was observed. Elongation increased. However, as a result of annealing at 600 °C for
20 minutes, an increase in elongation and tensile strength was observed compared to
the untreated sample.

Isil islem _Parametrelerinin TWIP Celiginin Mikro Yapisi Ve Mekanik
Davramsi Uzerindeki Etkileri

MAKALE BILGISI

Alinma: 21.08.2024
Kabul: 25.10.2024

Anahtar Kelimeler:
TWIP ¢eligi

Isil islem
Mikroyapt
Mekanik ozellikler

OZET

Bu c¢alismada, farkl 1s1l islem sicakliklar1 ve siirelerinin ikizlenme kaynakli plastisite
(Twinning Induced Plasticity-TWIP) celiginin mekanik 6zellikleri ve mikro yapisi
tizerindeki etkileri incelenmistir. Dokiimle tiretilen TWIP ¢elik levhalar sirasiyla sicak
ve soguk haddeleme iglemleriyle levha haline getirilmistir. Isil islemler 600, 700, 800
ve 900 °C 'de 20, 60 ve 150 dakika siireyle gerceklestirilmistir. Yapilan deneyler
sonucunda, 600 °C ve 700 °C'de temperlenmis saclarda ikizlenme yerine M3C karbiir
cokeltileri olusmus, 800 °C ve 900 °C'de ise ikizlenme meydana gelmistir. Mikroyap1
analizleri ve mekanik test sonuglari ayrica karbiir ¢okeltilerinin ikiz diizlemlerinin
olusumunu engelledigini gostermistir. Yapilan Vickers cinsinden sertlik ve ¢ekme
testleri sonuglar1 600 °C ve 700 °C'de karbiirlerin varliginin, 800 °C ve 900 °C'de ise
ikizlenme plakalarinin yogun oldugunu gostermistir. Tavlama sicakligi ve siiresi
arttikca sertlik ve g¢ekme mukavemetinde azalma gozlemlenmistir. Uzama ise
artmugtir. Fakat 600 °C’ de 20 dakika yapilan tavlama sonucunda yiizde uzama miktar1
ve ¢gekme mukavemeti degeri 1s1l islemsiz numuneye gore artig gdstermistir.

1. INTRODUCTION (GIiRiS)

Automotive companies are under pressure from drivers and governments due to increasing
demands in terms of passenger safety, CO, emissions, and fuel consumption. This necessitates the
search for solutions that will enable the realization of these goals. For this reason, it has become a
necessity for car manufacturers to both reduce fuel consumption and CO, emissions by reducing
vehicle weight and to ensure passenger safety by increasing material strength. This innovative
thinking led to the emergence of advanced high-strength steels (AHSS). One of the most important
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groups of AHSS is TWIP (Twinning Induced Plasticity) steels. The high manganese content causes
the structure in TWIP steels to be fully austenitic at room temperature. TWIP steels show a perfect
combination of plasticity and strength with twinning which is its basic deformation mechanism [1-
4]. As a result of plastic deformation, twins form within the austenite grains and these cause high
mechanical behaviors such as high strength and elongation [5-9].

Heat treatment is one of the effective methods to improve the strength and elongation of TWIP
steels. Escobar et al. found that the hardness of Fe-22Mn-0.45C TWIP steel, which was heat-treated
at different tempering temperatures, increased with increasing cold deformation and decreasing
tempering temperature [10]. Akinay and Hayat observed that the tensile and yield strength of
annealed TWIP steel reduced, but its elongation increased with increasing annealing temperature
[11]. Zhang et al. improved the tensile strength of TWIP steel to 1457 MPa and its elongation to
46.1% by annealing at 800 ‘C. In addition to the advantages of annealing, it also has the effect of
forming carbide precipitates, which affect the mechanical properties of TWIP steel [8]. Although
carbide precipitation increased the strength, it reduced the elongation ratio [9]. On the other hand,
carbide formation is not desirable in Hadfield steels, another high manganese steel.

Hadfield steels, which are high manganese steels, contain more than 1% carbon, and therefore,
carbides are formed. Combined with the influence of non-metallic inclusions, these carbides clearly
reduce the ductility of cast Hadfield steel [12]. According to Stradomski, the precipitation of
carbides at grain boundaries significantly reduces the impact strength of cast high manganese steel
[13]. Metal carbides form at the boundaries of austenite grains and block the movement of the
grains. This generally results in an unusable and brittle product [14, 15]. The air quenching provides
sufficient time for carbide formation in Hadfield steels. Therefore, by quenching Hadfield steels in
water after heat treatment, carbide precipitation is prevented, and a completely austenitic
microstructure is formed [12]. The aim of this study is to determine the mechanical behavior and
microstructure changes of this new TWIP steel depending on the heat treatment temperature and
time.

2. MATERIAL AND METHOD (MATERYAL VE YONTEM)
2.1. Experimental Setup (Deney Diizenegi)

Table 1 shows the chemical composition of TWIP steel. The test samples were melted in a
vacuum induction furnace and cast into ingots of 70 mm x 95 mm x 400 mm dimensions. Firstly,
the ingots were carried out the homogenization heat treatment at 1200 °C for 6 h and hot-rolled to a
plate 6 mm thick at 1100 °C. After hot rolling, the thickness of specimens was decreased by 3 mm
by cold-rolled. The annealing was carried out at 600, 700, 800, and 900 °C for 20, 60, and 150 min,
followed by air-quenching. The specimens were ground and polished for optical and scanning
electron microscope (SEM) Carl Zeiss Ultra Plus. The samples were etched in 4% Nital solution.
Optical images of the test pieces were obtained with the Nikon ECLIPSE L150 device after etching.
The fracture zone of samples was detected with a field emission scanning electron microscope
(FESEM). The SEM observations and multi-point EDX analyses of specimens were carried out by
FESEM with an energy-dispersive X-ray spectroscopy (EDX) analysis system. XRD analysis was
carried out on the Rigaku Ultima IV Brand XRD Device in the 20-90 °C temperature range with a
scanning speed of 5 degrees/min. The tensile tests were applied at room temperature with 2 mm/min
crosshead speed by an MTS Servohydraulic test machine (L00kN). Vickers hardness measurements
were carried out by Shimadzu HMV hardness (HV 0.2). The sample nomenclatures are shown in
Table 2.

Table 1. Chemical composition of the TWIP steel (wt.%)

C Si Mn P S Cr Al Fe
0.582 0.626 24 <0.03 <0.005 0.1 0.002 balance
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Table 2. Sample list of heat-treated TWIP (Isil islemli TWIP ¢eliginin numune listesi)

Temperature (°C) Time (min.) Sample
600 20 1
600 60 2
600 150 3
700 20 4
700 60 5
700 150 6
800 20 7
800 60 8
800 150 9
900 20 10
900 60 11
900 150 12

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

Figures la-c show the optical views of samples 1,2 and 3, respectively. As can be seen, while the
grain boundaries were not clearly visible after cold rolling in the heat treatment lasting 20 minutes
at 600 °C, the grain structures became clear in the 60-minute heat treatment, and the grain sizes
increased when the heat treatment time was increased to 150 minutes. Increasing the heat treatment
time made the austenite grains more distinct and larger. However, a clear austenite structure could
not be determined as in the heat treatments performed at 800 and 900 °C. Figures 2a-d show
samples 3, 8, 5, and 12 optical views, respectively. While the austenite grain boundaries were
unclear in the heat treatments carried out at 600 and 700 °C, the austenite grain boundaries became
clear at 800 °C and above, and thermal twin bands appeared. When Figures 2b and 2d are
compared, it is seen that austenite grains increase with increasing temperature and time.

Figure 1. Microstructure views of sample; a) 1, b) 2, ¢) 3 (Numunelerin mikroyap1 goriintiileri; a)1, b)2,¢)3)

Figure 3 shows the SEM images of the microstructure obtained from 60 and 150 min of heat
treatment for each temperature. In Figure 1a, it was mentioned above that austenite grain structures
were not clear as a result of heat treatment at 600 °C for 20 minutes. In Figure 3, austenite grain
structures became more clear in heat treatment at 600 °C for 60 minutes, while austenite structures
were fully formed in heat treatment at the same temperature for 150 minutes. While the austenite
grain structure was not clear in the 60-minute heat treatment at 700 °C, the grain structures became
clear when the time was increased to 150 minutes. It was also determined that the carbide structure
was formed in the form of white dots. While the austenite grain structure and twinnings could not
be determined from the SEM photographs in the 20-minute heat treatments at 800 and 900 degrees,
as can be seen in Figure 3, as a result of the 60 and 150-minute heat treatments for both
temperatures, both the austenite grain structures became clear and twinnings occurred within the
austenites.
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Figure 2. Microstructure views of sample; a) 3, b) 8, ¢) 5, d) 12 ( Numunelerin mikroyap1 gorintiileri; a)3, b)8,c)5,
d)12)

Annealed

Temperature (°C) 60 min 150 min

600
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700

800

900

Figure 3. SEM images of samples resulting from 60 and 150 minutes of heat treatment at each temperature

Figures 4a-d show samples 2, 6, 8, and 12 SEM micrographs, respectively. The microstructure of
the sample annealed at 600 (sample 2) and 700 °C (sample 6) not only contains carbide precipitates
but also contains a few mechanical twins in the austenite grains (Fig. 4a-b).
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I twins

twins

Figure 4. SEM micrographs of sample; a) 2, b) 6, ¢) 8, d) 12 (Numunelerin SEM goriintiileri; a)2, b)6, ¢)8, d)12)

As seen in Figure 5, twinning is observed when the image is zoomed in. Usually, twinning
mechanisms obtained due to deformation reach a more distinct and regular orientation due to heat
treatment. However, carbide formation prevented the orientation of these twinning mechanisms, and
twinning formation was not obtained as desired. On the other hand, in Fig. 4c-d, twin bands were
observed in TWIP steels annealed at 800 (sample 8) and 900 °C (sample 12). Singon Kang et al.
observed that carbides were formed in TWIP steel (Fe—18Mn-0.6C—1.5Al ) between 700 °C and
800 °C. They reported that these carbides were dissolved and dispersed at 800 °C, and twinning
planes were formed in austenites [16].

Figure 5. SEM view of sample 6 (Numune 6’nin SEM goriintiisii)

Figure 6a and 6b show the XRD results of samples 6 and 12, respectively. In the XRD results,
the presence of carbides seen in the SEM images of TWIP steels annealed at 600 and 700 degrees
was detected. Although carbide formation was not clearly visible in SEM images it was also
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detected in TWIP steels annealed at 800 and 900 °C. Carbide formation may have occurred due to
quenching in air after annealing.

500 500
= Austenite = Austenite
a P L b ¢ Mn3C
9 * Cr3c :
FES B
£ §
i §
€. 200
g H

2 2 €0 o 20 0 € 80
2-theta (deg) 2-theta (deg)

Figure 6. XRD results of sample; a) 6, b) 12 (Numunelerin XRD sonuglar1; a) 6, b) 12)

In addition, when the elemental analysis of the white circular structures in the picture is
examined in the EDX analysis shown in Figure 7, it is seen that they are metal carbides.

Point (& Al Si Cr Mn Fe

1 10.26 0.05 0.10 0.42 27.21 balance
2 290 - 0.39 .- 19.78 balance
3 3.86 0.05 0.43 - 17.67

balance

Figure 7. EDX analysis of sample 6 (Numune 6’nin EDX analizi)

Table 3 shows the tensile test results of TWIP steel. As the table shows, the yield and tensile
strength of TWIP steel decrease as temperature and time increase. On the other hand, the elongation
increases. In sample 1, there was an improvement in yield, tensile strength, and elongation
compared to the sample without heat treatment. In samples 6 and 9, an increase in tensile strength
values was observed with increasing heat treatment time. The reason for this increase may be due to
a more refined carbide distribution during the 150-minute heat treatment of the samples compared
to the 20 and 60-minute heat treatments. Dagoberto B. Santos et al. found the highest yield strength
as 1081.0 + 15.3 MPa in the cold-rolled and unheated-treated 24 Mn TWIP steel sample. The
highest elongation value was 58.4 + 2.3 in the sample annealed at 850 °C. The lowest tensile value
was 662.5 £ 8.0 MPa in the sample annealed at 850 °C [17]. The increase in the size of the austenite
grains and the dissolution of the carbides at high-temperature values causes decreasing in tensile
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and yield strength [18]. Table 3 also shows the Vickers hardness test results of TWIP steel. In the
applied Vickers hardness test, it was observed that increasing temperature and time decreased the
hardness of the steel. Dagoberto B. Santos et al. investigated the hardness values of TWIP steel with
a composition of 24Mn—-3AI-2Si-1Ni-0.06C wt.% between 100 °C and 850 °C. They reported that
the values varied between 180 HV and 360 HV. It was observed that the cold-rolled sample reached
the highest value. The lowest hardness value was measured in the heat-treated sample at 850 °C
with a value of 180 HV [17]. In the study conducted by Singong Kang et al. [16], it was stated that
grain growth and hardness decrease in the samples were directly related to the dissolution of M3C

carbide precipitates.
Table 3. Tensile test results (Cekme testi sonuglart)

Sample  Heat treatment Yield Tensile strength Elongation Hardness
number temperature Strength (MPa) (%) (HV 0.2)
(°C/min) (MPa)

No treatment 972+ 10 1324 +£10 2 476

1 600 20 955+ 10 1342+ 10 12+£2 485

2 600 60 588 £ 10 992 £ 10 14.1+2 442

3 600 150 534+10 946 + 10 24+2 421

4 700 20 423+ 10 903 +10 34+2 414

5 700 60 453+ 10 870+ 10 24 +2 410

6 700 150 494 £ 10 946 + 10 27+2 375

7 800 20 368 £10 893+ 10 47+2 392

8 800 60 320+ 10 838+ 10 56 +£2 388

9 800 150 395+10 911+10 57+2 327

10 900 20 324+ 10 826+ 10 55+£2 379

11 900 60 276 £ 10 773 +£10 58+2 309

12 900 150 246 £ 10 695+ 10 60£2 301

As can be seen from the SEM images of the fracture surface, the heat-treated sample at 600 °C
and 700 °C showed a more brittle fracture. However, while wider and deeper cavities (dimples) are
seen in the fracture surface images of the heat-treated sample at 600 °C and 700 °C, a completely
ductile fracture morphology is seen at temperatures of 800 °C and 900 °C. This proves that the
samples exhibited more ductile behavior as the heat treatment temperature increased. SEM images
of the fracture surface resulting from the tensile test are given in Figure 8.

A s T g S BT

Figure 8. SEM images of the fractured surfaces of the samples; a) 3, b) 6, ¢) 9, d) 12
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4. CONCLUSIONS (SONUCLAR)
The following results were observed in this study:

Carbide precipitations were observed in the structure after heat treatment at 600 °C and 700°C.
Carbide precipitations dissolved with increasing temperature, and very few carbide precipitations
were observed in samples heat treated at 800 °C and 900 °C. The highest values in the tensile test
and hardness test results were observed in sample 1 (samples heat treated at 600 °C for 20 minutes).
The lowest values were observed in sample 12 (samples heat treated at 900 °C for 150 minutes). It
was observed that hardness and tensile values decreased and elongation values increased with
increasing temperature and time. Increasing temperature and time cause the dissolution of metal
carbides. As found in this study, Zhang et al. observed that the tensile strength decreased as the
temperature increased in TWIP steel, which they annealed at 750, 800 and 850 °C for 10 minutes
[8]. Tewary et al. observed that the tensile strength and hardness of TWIP steel decreased as the
annealing temperature and time increased. They attributed this to grain coarsening [19].
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OZET

Fiber takviyeli kompozit malzemeler giiniimiiz endiistrisinin vazgecilmez malzemeleri
arasina girmigtir. Bu malzemeler iiretim siiregleri sonrasinda tek baglarina ya da
montaj yoluyla ¢oklu olarak kullanilirlar. Montajli olarak ¢alisacaklar1 yap1 icerisinde
iizerine matkaplar ile acgilan delikler vasitasiyla sokiilebilir ya da sokiilemez olarak
birlestirilirler. Bu ¢alismada, S-cam fiber takviyeli polimer kompozit malzemenin
farkli kesme parametreleri ve farkli ¢aplardaki aga¢ matkaplari kullanilarak delinmesi
sonucunda olusan delik kalitesi ve kesme parametrelerinin etkisi arastirilmigtir. Delik
kalitesini tanimlamak i¢in delaminasyon ve yiizey piriizliligi (Ra) incelenerek
degerlendirilmistir.  Taguchi metodu kullanilarak kesme  parametrelerinin
delaminasyon ve yiizey pirizliliigi lizerindeki iliskileri analiz edilmis ve varyans
analizi yapilmistir. Yapilan analizler ile giris ve ¢ikis delaminasyon faktorleri i¢in en
onemli etken parametre matkap c¢api olarak tespit edilmigtir. En disik yiizey
plriizliliigii 10 mm ¢apinda matkapla, 40 mm/dak ilerlemede ve 1000 devir/dak devir
sayisinda yapilan deneylerde 6l¢iilmiistiir.
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ABSTRACT

Fiber reinforced composite materials have become one of the indispensable materials
of today's industry. These materials are used alone or in multiples through assembly
after the production processes. They can be assembled as either removable or non-
removable by drilling holes in the structure where they will be installed. In this study,
the hole quality resulting from drilling S-glass fiber reinforced polymer composite
material using different cutting parameters and wood drills of different diameters and
the effect of cutting parameters were investigated. To define the hole quality,
delamination and surface roughness (Ra) were examined and evaluated. Using the
Taguchi method, the relationships of cutting parameters on delamination and surface
roughness were analyzed and variance analysis was performed. The analysis revealed
that the most important parameter for input and output delamination factors was
determined to be the drill diameter. The lowest surface roughness was measured in
experiments performed with 10 mm diameter drill, a feed rate of 40 mm/min and a
speed of 1000 rpm.

1. GIRIS (INTRODUCTION)

Fiber takviyeli tabakali polimer kompozitler gelistirilme olanagina sahip yenilik¢i miihendislik
malzemeleridir. 1960’11 yillardan bu yana yiliksek performansli ve hafif bilesenlere olan ihtiyaci
karsilamak maksadiyla yaygin olarak kullanilmaktadir [1]. Bu malzemelerin kullanimlar i¢in diger
miihendislik malzemelerine kiyasla sahip olduklari istiin 6zellikler bulunmaktadir. Bunlardan

bazilar1 6zgiil mukavemet,

rijitlik, hafiflik ve son sekline yakin {iretilebilmeleri sayilabilir [2].

Tabakali kompozit yapilar her ne kadar son sekline yakin olarak firetilseler de gerekli olgi
tamligin1 saglamak veya cesitli montaj islemleri icin ikinci bir talasli imalat islemine gereksinim
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duyulabilmektedir [3]. Fiber takviyeli polimer kompozit malzemelerin islenebilirlik 6zelliklerinin
arastirilmasina ve beraberinde bu konuyla ilgili bilimsel ¢alismalar yogun olarak devam etmektedir
[4]. Fiber takviyeli polimer kompozit malzemelerin iiretilmesinde sert fiberler ve yumusak matris
kullanildigindan dolay1 islenebilirligi metallere kiyasla daha zordur ve katman ayrigsmasi gibi
birtakim problemlerle karsilasilmaktadir [5]. Meydana gelen hasarlarin genel nedeni bu
malzemelerin anizotropik yapiya sahip olmalarina atfedilebilir [6]. Olusan hasarlarin azaltilmasinda
ve islenebilirlik ¢alismalarinin optimum sekilde yapilabilmesi i¢in kesme prosesinin anlasilmast
onemlidir [7]. Kompozit yapilarin delinmelerinde genellikle konvansiyonel yoOntemler
kullanilmaktadir [8]. Cam fiber takviyeli polimer kompozit malzemelerin delinmelerinde ortaya
¢ikan en 6nemli sorun katman ayrigsmasidir. Polimer kompozitlerin delinmelerinde istenilen iyi
yiizey kalitesi ve az katman ayrismasi i¢cin kesme parametrelerinin uygun olarak secilmesi
gerekmektedir [9]. Kalite kontrol esnasinda katman ayrismasmna ugramis pargalar hurdaya
ayrilmaktadir. Havacilik endiistrisinde hurdaya ayrilan parga orani yaklasik %60°tir [10]. Deliklerin
giris ve cikis yiizeylerinde farkli deformasyon mekanizmalart meydana gelmektedir. Bunlar delik
giriglerinde kivrilma ve ¢ekilme (peel-up), delik ¢ikislarinda disa itme (push-out) seklinde
gozlemlenmektedir [11]. Delik giris ve ¢ikis yilizeylerinde olusan deformasyonun azaltilmasi
yonilinde ¢ok sayida ¢alisma yapilmistir. Bu calismalarda kesme parametrelerinin deformasyon
tizerindeki etkileri deneysel ve analitik olarak incelenmistir [12—-15]. Yapilan ¢alismalarda
ilerlemenin itme kuvvetleri ve deformasyonlar tizerinde en etkili parametre oldugu belirlenmistir.
Uniivar ve dig., katkilh ve katkisiz cam fiber takviyeli polimer kompozit malzemelerin
delinmelerinde ilerlemenin en 6nemli faktér oldugunu ve disiik ilerleme kullaniminin daha az
deformasyon olusumuna etki ettigini sdylemislerdir [16]. Benzer sonuclar farkli ¢alismalarda da
elde edilmistir [14,17,18]. Fiber takviyeli polimer kompozit malzemelerin delinmelerinde meydana
gelen deformasyonlarin {izerinde kesme parametreleri kadar matkap geometrisi de etkilidir. Can ve
Uniivar, ¢alismalarinda delme isleminde farkli matkap uc agilar1 kullanmislardir. Degisen matkap
geometrisinin itme kuvvetleri ve deformasyon tizerindeki etkilerini incelemislerdir [19]. Abrao ve
digerleri, farkli kesici takim geometrisi ve malzemeleri ile cam fiber takviyeli polimer kompozit
malzemelerin delinmelerinde meydana gelen itme kuvveti ve deleminasyonu arastirmislardir. Daha
diisik u¢ acgisinin sonuglar agisindan daha uygun oldugunu tespit etmislerdir [20]. Ayrica
Koyunbakan ve arkadaslari, farkli ¢aplardaki aga¢ matkaplar1 kullanarak cam fiber takviyeli
polimer kompozit malzemeleri delmisler ve meydana gelen itme kuvveti ve deformasyonlari
incelemislerdir [21].

Yapilan literatiir arastirmasi degerlendirildiginde liretim yontemi, kompozit bilesenleri (recine ve
sertlestirme ajani ikilisi), katman sayis1 gibi 6zellikleri sebebiyle ¢aligmanin konusu olan S-cam
kompozit diger fiber takviyeli kompozitlerden (E-cam, Karbon fiber, Aramid vb.) farklilik
gostermektedir. Yine literatiirde S-cam fiber takviyeli kompozitlerin isleme parametrelerinin
arastiritlmasinda aga¢ matkabinin kullanimina rastlanmamistir.  Bu ¢alismada S-cam fiber takviyeli
polimer kompozit malzemelerin islenebilirlik 6zellikleri delme deneyleri yapilarak arastirilmistir.
Delme deneyleri farkli kesme parametreleri kullanilarak farkli ¢aplarda aga¢ matkaplar ile
yapilmistir. Deneyler sonrasi yiizeylerde olusan delaminasyonlar ve delik yiizeylerindeki yiizey
puriizliiliikkleri Taguchi metodu ve varyans analizi yapilarak degerlendirilmistir.

2. MATERYAL VE YONTEM (MATERIAL AND METHOD)
2.1. Kompozit Levhalarm Uretilmesi (Production of Composite Boards)

Ortalama olarak 2 mm kalinlikta olusan, 8 tabakali S-cam kompozit malzeme vakum destekli
recine transfer metodu (VARTM) kullanilarak iiretilmistir. Takviye eleman1 olarak kullanilan S-
cam kumasi agirhigt 190 g/m2 her bir kumas tabakasinin kalinligir ise 130 um’dir. Matris
malzemesi iki bilesenden olugmaktadir. Bunlardan ilki regine (Hexion MGS L285) ikincisi ise
termoset yapinin olusmasinda kullanilan sertlestirme ajanidir (Hexion H287) [22]. Uretimi yapilan
S-cam kompozit plakalarin mekanik 6zellikleri daha once incelenerek yayimnlanmis ve bilimsel
literatiire kazandirilmistir. Mekanik testler sonucunda elde edilen malzeme Ozelliklerinin bir 6zeti
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Tablo 1’de goriilmektedir. T1 ¢ozgii yoniindeki, T, atki yoniindeki ¢ekme yiikii altinda gerilme ve
gerinme miktarlarini ifade etmektedir. C; ¢ozgli yoniindeki, C, ise atki yoniindeki basi yiikii
altindaki gerilme ve gerinme miktarlaridir. Ayrica E; ¢ozgii yonii elastisite modiiliinii, E; ise atki
yoniindeki elastisite modiiliinii belirtmektedir.

Tablo 1. Kompozit plakanin mekanik 6zellikleri [23] (Mechanical properties of the composite plate)

T LE Cy Co

Cekme
deney cihazi E; E,

cenehizn  Gerilme Gerinme Gerilme Gerinme Gerilme Gerinme Gerilme Gerinme | (GPa) | (GPa)

(mm/dakika) (MPa) (mm/mm) (MPa) (mm/mm) (MPa) (mm/mm) (MPa) (mm/mm)

5 364.64 0.0326 336.92 0.0217 31442 0.098 326.80 0.1199 16.92 17.39

2.2. Delme Deneyleri (Drilling Experiments)

S-cam fiber takviyeli polimer kompozit malzemenin delinme 6zelliklerinin belirlenmesinde 6-8-
10 mm c¢aplarinda BOSCH marka HSS malzemeden {iretilmis 2-608-595-52X koduyla satist
yapilan spiral aga¢c matkaplar1 kullanilmistir. Farkli kesme parametreleri ile delme deneyleri
maksimum 18000 dev/dk sahip Skilled 2040 CNC takim tezgahinda kuru ortamda
gerceklestirilmistir. Sekil 1°de, kullanilan takim tezgahi goriilmektedir.

Sekil 1. Skilled 2040 CNC takim tezgahi (Skilled 2040 CNC machine tool)

Deneylerde kullanilan kesme parametreleri Tablo 2’de gosterilmistir. Kesme parametreleri
belirlenirken literatiir dikkate alinmistir. Fiber takviyeli polimer kompozitlerin farkli geometrilere
sahip matkap uglar kullanilarak delinmesi iizerine yapilan ¢alismalar vardir [2,4,24]. Bu ¢alismada
farkli bir geometriye ve keskin kesme kenarlarina sahip aga¢ matkaplari tercih edilmistir.

Tablo 1. Delme deneyi igin kesme parametreleri (Cutting parameters for the drilling test)

Parametreler Seviye 1 Seviye 2 Seviye 3
Devir Sayisi (dev/dak) 1000 1500 2000
Ilerleme (mm/dak) 20 40 60
Matkap Capi (mm) 6 8 10

Fiber takviyeli tabakali polimer kompozitlerin delinmelerinde alt ve iist ylizeylerinde olusan
hasar mekanizmasi ve delaminasyonun sematik gosterimi Sekil 2’de verilmistir. Dogal renginden
beyaz renge doniisen deformasyonun belirlenmesinde siklikla tahribatsiz bir muayene teknigi olan
deformasyon faktorii belirlenmesi yontemi kullanilmaktadir. Delaminasyon faktorii, olgiilen en
biiyiik hasar ¢ap1 matkap ¢apina orantilanarak bulunmaktadir.
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4

Sekil 2. Olugan delaminasyonu meydana getiren mekanizmanin sematik resmi (Schematic drawing of the mechanism
that causes the delamination)

Bu calismada delme deneyleri sonrasi olusan ylizey deformasyon hasarlarinin tespit edilmesi igin
Insize ISM-PM 200SB marka optik mikroskop kullanilmigtir. Matkap ucunun kompozit malzemeye
giris ve c¢ikis yiizeylerinde delik etrafinda olusan hasarinin matkap c¢apma orani olarak
delaminasyon faktorii tanimlanmis ve asagida verilen denklem 1 ile hesaplanmistir. Burada; Fp-
Delaminasyon faktorii, Dmax - Maksimum hasar ¢api, D ise matkap capidir [4]. Delaminasyon
faktoriiniin bulunmasi igin kullanilan optik mikroskop ve alinan oOlgiilerin 6rnegi Sekil 3’te
verilmistir.

Dmax (1)

Fn =
D™ p

Sekil 3. Optik mikroskop ve deformasyon faktoriiniin bulunmasi (Optical microscope and finding the deformation
factor)

Delme deneylerinde kullanilan matkap uglarmin goriinimii Sekil 4’te verilmistir. Delme
deneyleri L27 (3”3) ortagonal deney tasarimi kullanilarak yapilmistir. MINITAB 17 ile Taguchi
metodu kullanilarak kesme parametrelerinin iglenebilirlik {izerine olan etkileri tespit edilmistir.
Ayrica varyans analizi (ANOVA) yapilarak bagimsiz degiskenlerin (deney parametreleri) bagiml
degiskenler (Sl¢iilen sonuglar) tizerindeki etkileri belirlenmistir.

k -
Sekil 4. Kesici takim (Cutting tool)
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2.3. Yiizey Piiriizliiliigii (Surface Roughness)

Yiizey piirtizliliigii 6l¢timii Time TR200 (Time Group Inc., China) marka ve model cihaz ile
yapilmustir. Bu cihaz igne taramali yontem ile 6l¢lim yapmaktadir. Kompozit plaka kalinliginin az
olmasi sebebiyle 0.25 mm o6rnekleme uzunlugu alimmistir. Yiizey piriizliliikleri £0.01 pm
hassasiyetle olgiilmiistiir. Cihaz iizerinden prob hizi 10 mm/dk olarak ayarlanmustir. Olgiim
ignesinin ¢apt 4 pum ve igne ucu 90°’dir. Olgiim ortamimin 18-22 °C sicaklikta ve titresimsiz
olmasma ozen gosterilmistir. Olgme cihazi dlgiimden once kalibre edilmis ve kalibrasyon 5
Olclimde bir kontrol edilmistir (Sekil 5).

Sekil 5. Yiizey piiriizliiliik 6lgtim cihaz1 (Surface roughness measuring device)

Sonuglarin analizinde Dr. Genichi Taguchi tarafindan gelistirilen metot kullanilmistir. Taguchi
metodunda analiz yapilirken S/N oranmi olarak bilinen bir istatistiksel performans Olciisii
kullanilmaktadir. Sonuglar sinyal/giiriiltii oranina (S/N) ¢evrilmektedir. S/N oranindaki S sinyal
faktoriinii, N ise giliriilti faktorinii ifade etmektedir [25]. S/N orani, li¢ temel performans
karakteristigine gore bulunmaktadir. S-cam fiber takviyeli kompozit malzemelerin delinmelerinde
deformasyon faktoriiniin ve yiizey piiriizliiliigiiniin az olmasi istendiginden S/N orani i¢in “daha
kiiclik-daha 1yisi” performans karakteristigi se¢ilmistir. S/N oranlarinin hesaplanmasinda kullanilan
Denklem 2 asagida verilmistir [26]. Deney tasarimi ve istatistiksel analizler, Taguchi metoduna
gore Minitab 17 yazilimi ile yapilmistir.

n
1
S/Ngg = 1 = —10log [;Z y?l 0
i=1

3. BULGULAR VE TARTISMA (RESULTS AND DISCUSSION)

Genel olarak fiber takviyeli kompozit malzemelerin delinmelerinde kesme parametrelerinin
etkileri bilinmektedir ancak matkap geometrisinin etkileri i¢in ayn1 seyi soylemek olduk¢a zordur
[27]. Bu calismada S-cam fiber takviyeli polimer kompozit malzemelere farkli kesme parametreleri
ile farkli ¢aplarda aga¢ matkaplar1 kullanilarak delme deneyleri yapilmistir. Deneyler sonrasi
meydana gelen giris ve ¢ikis yiizeylerindeki delaminasyon faktorleri hesaplanmistir. Ayrica delik
duvarlarindaki ylizey pirtizliilikleri tespit edilmistir. Deney tasarimi ve sonuglar Tablo 3’te
verilmistir.
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Tablo 2. L27 (3”3) delme islemi i¢in ortagonal deney tasarimi ve sonuglar (Orthogonal experimental design and results
for L27 (3”3) drilling process)

Deney Devir Sayis1 (dev/dak)/ ilerleme Matkap . Yuzey o .. Gi_ris Cl.kls
No Kesme Hizi (m/dak) (mm/dak)  Capi (mm) plerl;z.l:lmuSgu DeIFa:;:trsii?/on DeIFa:;:trsii?/on
1 1000 /18.84 20 6 5.103 1.13391 1.11960
2 1000 /18.84 20 6 4323 1.14754 1.15072
3 1000 /18.84 20 6 4301 1.16296 1.14040
4 1000 /25.13 60 8 3311 113193 1.14928
5 1000 /25.13 60 8 3.405 1.11668 1.14648
6 1000 /25.13 60 8 3.228 1.14499 1.16069
7 1000 /31.41 40 10 3.676 1.15906 1.22916
8 1000 /31.41 40 10 1.053 1.34013 1.20823
9 1000 /31.41 40 10 2.319 1.10276 1.15618
10 1500 /37.69 20 8 5.71 1.12460 1.14702
11 1500 /37.69 20 8 3.87 1.10982 1.15757
12 1500 /37.69 20 8 3.721 1.16930 1.14282
13 1500 /47.12 60 10 2.273 1.29631 1.20789
14 1500 /47.12 60 10 2.328 1.20421 1.33137
15 1500 /47.12 60 10 3534 1.15802 1.14225
16 1500 /28.27 40 6 4,24 1.17856 1.10963
17 1500 /28.27 40 6 4.35 111882 113227
18 1500 /28.27 40 6 2.813 1.17444 1.07880
19 2000 /62.83 20 10 3.925 1.11396 1.24848
20 2000 /62.83 20 10 3.879 1.14754 1.16554
21 2000 /62.83 20 10 3.164 1.13376 1.35596
22 2000 /37.69 60 6 26 1.12614 1.14021
23 2000 /37.69 60 6 2.47 113722 1.13502
24 2000 /37.69 60 6 2.455 116431 1.19530
25 2000 /50.26 40 8 2.998 1.13023 1.13448
26 2000 /50.26 40 8 4.844 1.13377 1.13689
27 2000 /50.26 40 8 3.66 113391 1.11375

Sonuglar incelendiginde genel olarak giris delaminasyon faktorlerinin ¢ikis delaminasyon
faktorlerinden daha az oldugu goriilmektedir. Kesme parametrelerinin delaminasyonlar lizerinde
etkili olduklar1 goriilmekte ve ilerlemenin artmasi ile olusan deformasyonlarin arttig1 sdylenebilir.
Delme deneylerinde kullanilan aga¢ matkaplarinin sahip olduklari profil nedeni ile giris
deformasyon faktorlerinin ¢ikis deformasyon faktorlerinden daha az oldugu diisiiniilmektedir. Cikis
deformasyonun daha fazla ¢ikmasinda matkap ucunda bulunan merkezleme yapan ucun etkisi
vardir. Matkap ucunun geometrisinin en altta bulunan tabakaya uyguladigi baski kuvveti fazla
olmakta ve deformasyona zorlamaktadir. Benzer sonuclar Koyunbakan ve arkadaslar tarafindan da
elde edilmistir [21].

Giris, ¢ikis delaminasyon faktorleri ve yiizey piiriizliliigii S/N oranlari icin ana etki grafikleri
Sekil 6’da, cevap tablosu ise Tablo 4’te verilmistir. Tablo 4 incelendiginde giris ve c¢ikis
delaminasyon faktorii i¢in matkap capinin en 6nemli parametre oldugu goriilmektedir. Yiizey
plrtizliiliigii i¢in Tablo 3 incelendiginde en diisiik yiizey piirtizliiliigi 10 mm matkap capi, 40
mm/dak ilerleme ve 1000 devir/dak devir sayisinda elde edilmistir. Tablo 4‘te S/N oranlar1 cevap
tablosunda yiizey pirizliligi icin en etkin parametrenin ilerleme oldugu goriilmektedir.
[lerlemenin artmasi tabakali kompozitlerin islenmesinde genellikle deformasyon faktorlerini
artirmaktadir. Literatiirde yapilan kompozit malzemelerin islenebilirligi ¢alismalarinda ilerlemenin
en onemli faktor oldugu gorilmektedir [28].
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Tablo 3. S/N oranlari igin cevap tablosu (Response table for S/N ratios)

Giris delaminasyonu Cikis Delaminasyonu Yiizey piiriizliiliigii
Seviye SD:;]IIIS'; ilerleme Mél;ll()?p SD:)\]/IISI; ilerleme M(?;l;?p SD;)\’/lls: ilerleme Mg;ll()?p
devidky  MMAK) ) @evidky  (MMAD) ) dewidy MK (m)
1 -1.286 -1.045 -1.112 -1.305 -1.441 -1.089 -10.629 -12.550 -10.990
2 -1.305 -1.349 -1.068 -1.296 -1.431 -1.162 -11.238 -9.087 -11.788
3 -1.140 -1.367 -1.551 -1.439 -1.168 -1.789 -10.377 -10.608 -9.466
Fark 0.168 0.323 0.483 0.144 0.273 0.700 0.861 3.463 2.322
Derecesi 3 2 1 3 2 1 3 1 2
. Devir Sayisi (dev/dak) Ilerleme (mm/dak) Cap (mm) 10 Devir Sayisi (dev/dak) Tlerleme (mm/dak) Cap (mm)
1 =
‘ 1.2
-12
13
1) \/ il ’/_\
15
-14
16
-15 17
16 -18
A ) 1000 1500 2000 20 30 40 6 8 0 1000 1500 2000 20 30 40 6 8 10 B
Devir Sayisi (dev/dak) lerleme (mm/dak) Cap (mm)
9
-0
i \/ /\
-12
-3
1000 1500 2000 20 30 40 ] 8 10 C

Sekil 6. S/N oranlart i¢in ana etki grafikleri; A-Giris deformasyon, B-Cikis deformasyon, C-Yiizey piiriizliliigi

Deleminasyon faktdrleri ve ylizey piiriizliiliigli sonuglari i¢in ayrica varyans analizi yapilmis ve
kesme parametrelerinin sonuglara olan katkilar1 tespit edilmistir. Tablo 5’te S/N orani i¢in varyans
analizi tablosu goriilmektedir. S/N oranlarinin her bir parametre i¢in biiyiik oldugu degerler optimal
faktor kombinasyonunu vermektedir [29]. Herhangi bir faktoriin ylizde dagilimi, o faktoriin
karelerinin toplaminin tiim faktdrlerin karelerinin toplamina orani ile elde edilir [30]. Buna gore
Tablo 5 incelendiginde giris ve ¢ikis delaminasyon faktorii acisindan en fazla katkiyr sirasiyla
%62.18 ve %82.63 ile matkap ¢ap1 yapmistir. Devir sayis1 parametresinin sonuglar {izerinde dnemli
bir katki saglamadigi bulunmustur. Yiizey piirtizliiliigli sonuglar1 agisindan en fazla etkili parametre
%56.73 ile ilerleme olurken, matkap cap1 %26.22 etkiye sahiptir. Diisiik ilerleme olmas1 durumunda
stirtiinmenin fazla oldugu diisiiniilmektedir. Bu nedenle yiizey piiriizliiligii i¢in ilerlemenin orta ve
yiiksek seviyeleri uygundur [31]. Yiizey piirizliliigline devir sayisinin etkisi giris ve ¢ikis
deleminasyon faktorleri sonuglarinda oldugu gibi az ¢ikmistir. Fakat bunun yaninda yiiksek devir
sayisinin yiizey puriizliiliigiinii olumlu yonde etkiledigi yoniinde ¢alismalar da mevcuttur [32-33].
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Tablo 4. S/N orani igin varyans analizi tablosu

Kaynak % Kareler Toplam Diizelti|l<n; il?el(;:talama F-Oram % Katki

GDF CDF Ra GDC CDF Ra GDF CDF Ra GDF CDF Ra
SD:;I:; 2 0.04873 0.03870 1.176 0.0243  0.01935 0.588 1.66 964 0.28 7.09 3.59 3.69
ilerleme 2 018175 0.14401 18.073 0.0908 0.07200 9.036 6.20 3585 425 2645 1339 56.73
l(\;/I:;:(ap 2 042724 0.88871 8.353 0.2136  0.44435 4.176 1458 22124 196 6218 82.63 26.22
Hata 2 0.02930 0.00402 4.253 0.0146  0.00200 2.126

Toplam 8 0.68702  1.07544 31.856

SD: Serbestlik Derecesi, GDF: Giris Delaminasyon Faktorii, CDF: Cikis Delaminasyon Faktorii, Ra: Yiizey Piiriizliiliigii

4, SONUCLAR (CONCLUSIONS)

S-cam fiber takviyeli polimer kompozit malzemelerin aga¢ matkabi ile delinmelerinde kesme

parametrelerinin ve matkap c¢apimin giris/¢ikis delaminasyon faktorleri ve ylizey piirtizliligi
iizerine etkilerinin incelendigi bir deneysel c¢alisma yapilmis ve bu parametrelerin sonuglar
iizerindeki etkilerinin analizi i¢in Taguchi metodu kullanilmistir. Yapilan analizlere dayali olarak
sonuclar asagida siralanmustir.

Ilerleme ve matkap capinin degisimi giris/cikis deformasyonunu etkilemektedir.

Taguchi metodu ile yapilan analizlerde “en kiiciik en iyidir” kuralina gore giris delaminasyon
faktorleri acisindan ilerleme %26.45 ve matkap cap1 %62.18 etkili olduklar1 belirlenmistir.
Cikis delaminasyon faktorli agisindan ise ilerleme %13.39 ve matkap ¢ap1 %82.63 etkili
olduklar belirlenmistir.

[lerlemenin diisiik ve matkap ¢apinin az olmasi delaminasyonu azaltmaktadir.

Delaminasyon faktorii ve ylizey piriizliligii ilizerine devir sayisinin dogrusal bir etkisi
gozlenmedi. Giris delaminasyon faktorii ve yiizey piiriizliiliigii i¢in yiiksek devir sayisi etkin
parametreyken, cikis delaminasyon faktorii i¢in orta seviye devir sayisi etkin parametre
olmustur.

Yiizey piirtizliligi icin en fazla etkiye sahip parametrenin %56.73 ile ilerleme oldugu
belirlenmistir. Delaminasyon faktorleri sonucglarindan fakli olarak secilen parametreler
acisindan yliksek devir sayisi, orta seviye ilerleme ve biiyiik matkap cap1 yiizey piirtizliliigi
i¢in uygun parametrelerdir.

Giris delaminasyon faktorii icin en kiiglik deger 1.10276 ile 1000 dev/dak devir sayisi, 40
mm/dak ilerleme ve 10 mm capinda matkapla elde edilmistir. Cikis delaminasyon faktorii icin
de benzer inceleme yapildiginda 1500 dev/dak devir sayisi, 40 mm/dak ilerleme ve 6 mm
matkap cap1 ile 1.0788 olarak tespit edilmistir. Son olarak yiizey piiriizliliigii i¢in sonuglar
incelendiginde en 1iyi yiizey kalitesi Ra=1.053 um olarak bulunmustur.
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INFORMATION ABSTRACT

Received: 13.08.2024 Projection welding is frequently used in automotive industry for its practicality in
Accepted: 30.10.2024 application and also help complex parts to be welded fast enough to reduce labour
Keywords: intensive processing. This study investigates the effect of parameters of projection
Projection welding welding on the weldability performance of dissimilar steels of hot rolled Low Carbon
M4 weld nut steel (WSS-M1A365-A22) sheet to M4 steel nuts in the projection welding operation.

WSS-M1A365-A22 steel

sheet The aim of this study was to improve product quality by examining the fracture load

within the minimum and maximum value range specified by the automotive industry.
In this study, the effect of welding parameters on the quality of the projection weld of
M4 weld nut on steel sheet was investigated using a 100 kVA projection welding
machine with UNIS brand MFDC (Mid Frequency Direct Current) transformer. The
samples underwent a tensile snap force test using a fully destructive testing device.
The tests used a 3 mm WSS-M1A365-A22 steel sheet and M4 DIN 928 welding nut.
The current value, welding time, and electrode compression force were varied to
determine the optimal conditions. The results showed that a current value of 14.5 kA,
welding time of 23 ms, and electrode compression force of 480 dAN met the pull-
through load conditions.

M4 Somununun Sicak Haddelenmis Diisiik Karbonlu Celik Sq.c Uzerine
Projeksiyon Kaynaginda Kaynak Parametrelerinin Cekme Yiikii Uzerindeki
Etkisi

MAKALE BILGISI OZET

Al”’mf"' 13.08.2024 Projeksiyon kaynak yontemi, uygulama kolayligi nedeniyle otomotiv endiistrisinde
Kabul: 30.10.2024 stkea kullanilmaktadir ve karmasik parcalarin hizli bir sekilde kaynaklanmasina
Anahtar Kelimeler: olanak taniyarak is giicli yogun islemleri azaltmaya yardime1 olur. Bu ¢alisma, sicak
Projeksiyon kaynag haddelenmis Diisiik Karbonlu ¢elik (WSS-M1A365-A22) sac ile M4 ¢elik somunlarin

M4 kaynak somunu

) projeksiyon kaynak iglemi sirasinda kaynaklanabilirlik performansi iizerindeki
WSS-M1A365-422 ¢elik sac

parametrelerin etkisini incelemektedir. Calismanin amaci, otomotiv endiistrisi
tarafindan belirtilen minimum ve maksimum deger araligi i¢indeki kirilma yiikiini
inceleyerek iirlin kalitesini artirmaktir. Bu ¢alismada, M4 kaynak somununun ¢elik
sac iizerine projeksiyon kaynaginda kaynak parametrelerinin kalitesi tizerindeki etkisi,
UNIS markali MFDC (Orta Frekans Dogru Akim) transformatorlii 100 kVA
projeksiyon kaynak makinesi kullanilarak arastirilmistir. Ornekler, tamamen yikic1 bir
test cihazi kullanilarak ¢ekme kopma kuvveti testine tabi tutulmustur. Testlerde 3 mm
WSS-M1A365-A22 ¢elik sac ve M4 DIN 928 kaynak somunu kullanilmistir.
Optimum kosullar1 belirlemek igin akim degeri, kaynak siiresi ve elektrot sikistirma
kuvveti degistirilmistir. Sonuglar, 14.5 kA akim degeri, 23 ms kaynak siiresi ve 480
dAN elektrot sikistirma kuvvetinin ¢gekme yiikii kosullarini kargiladigini gostermistir.
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1. INTRODUCTION (GIiRiS)

In today's increasingly competitive environment, local companies need to produce low-cost and
good-quality products to compete with the high-capacity producers formed by major industries.
Reducing the active weights of vehicles to save fuel is not a new topic, but it is continuously being
worked on in order to make it more efficient way of consuming less petrol. One of the ways of
reducing the carbon footprint is through using high strength steels with reduced thickness in
automotive industry [1-3]. New generation steel grades, known as Advanced High Strength Steels
(AHSS), are being developed alongside the rapid progress in the steel industry [4]. Weldability with
high-strength steels has become important in this regard [5-7]. In the automotive sector, the
advantages of using joining elements are low cost, ease of design, quick and easy assembly, and
adherence to manufacturing standards. Similar to resistance spot welding processes, the resistance
projection welding is one of the widely used joining methods in many industrial fields today [8, 9].
It is a highly efficient and versatile form of short time resistance spot welding that offers numerous
advantages for various industrial applications [10]. This welding method focuses the weld current
and compression force onto a single point or line at the beginning of a weld, allowing for the
welding of multiple projections on a workpiece [11-14]. The process of projection welding involves
the generation of high heat through welding projections, which then melt and form a welded joint
between components. Unlike in resistance spot welding, the welding projections themselves control
the resistance and welding heat input in projection welding. One of the key advantages of projection
welding is its efficiency, as multiple projections can be welded in one shot, saving time and
increasing productivity [13,14]. Projection welding allows for the welding of various types of
projections like circular, round dimples, extended corners, rib type, or elongated ridges of weld nuts
[15]. Studies in the literature mostly focus on the different sheet thicknesses and welding
parameters (welding current). There has been a growing interest in the impact of welding
parameters (such as the number of impulses, the duration of the source, and the electrode
compression force) on the mechanical properties of new generation steels [16]. Numerous studies
investigated the resistance projection welding of various types of weld nuts, using both direct-
current (DC) and alternating-current (AC) power sources [15-17]. These studies have revealed
significant differences in the pull-out strength of joints welded with different power sources [18]. It
has been discovered that a rapid current build-up during the initial welding period in alternating
current machines enhances the initial heating of the projections and subsequently increases the
strength of the joint due to efficient heating [16]. However, in relation to the nugget formation, the
current type generates different nugget sizes such as AC current produces larger nugget size
whereas DC current generates more homogeneous nugget in resistance spot welds [15-18].

Although, the welding of advanced high strength steels against medium carbon steels have been
studied by many researchers, however, the use of projection welding technique in joining these two
dissimilar steels lacks in investigation, hence this study is aimed to fill this gap from the perspective
of compression force, weld time and weld current on the mechanical properties of the welds. This
study broadly deals with the weldability issue between low carbon steel similar to SAE101
containing 0.3 wt% Ti and 0.2 wt% Cu and medium carbon M4 nut welded by projection welding.
Various characterization techniques have been used to determine the mechanical properties of welds
carried out with different parameters.

2. MATERIAL AND METHOD (MATERYAL VE YONTEM)
2.1. Materials (Malzemeler)

2.1.1. 3 mm WSS-M1A365-A22 steel sheet material and M4 DIN 928 weld nut

The chemical composition and mechanical properties of 3 mm thick uncoated commercial WSS-
M1A365-A22 (similar to SAE1010 steel) hot dip zinc coated hot rolled low carbon steel sheet used
in the experiments are shown in Table 1 and Table 2, respectively. WSS-M1A365-A22 steel sheet
with a thickness of 3 mm is shown in Figure 1.
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Table 1. Chemical analysis of 3 mm WSS-M1A365-A22 steel sheet (wt.%)
Element C Si Mn P S Al Ti Cu Fe

wt % 0.10 0.50 0.50 0.02 003 0015 03 0.2 Bal.

Table 2. Mechanical properties of 3 mm WSS-M1A365-A22 steel sheet

Material Yield Strength (MPa)  Tensile Strength (MPa)  Elongation (%)

3 mm WSS-M1A365-A22 180-290 400 34

Figure 1. Test setup for 3 mm WSS-M1A365-A22 steel sheet material
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Figure 2. M4 DIN 928 weld nut (M4 DIN 928 kaynak somunu)
Table 3. M4 DIN 928 weld nut scales
Unit E S M D4 H1 H2

mm 9 7 3.5 6.4 0.6 0.4

Table 4. Chemical properties of M4 DIN 928 weld nut
Element C Mn Si P S Fe
wt.% 0.55 0.6 0.3 0.05 0.06 Bal.

Table 5. Mechanical properties of M4 DIN 928 weld nut
Material Tensile Strength (MPa) Hardness (HV)
M4 DIN 928 Weld Nut 600 190
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The M4 DIN 928 weld nut used in the experiments is shown in Figure 2 and its dimensions are
given in Table 3. Chemical properties of M4 DIN 928 weld nut are given in Table 4 and physical
properties are given in Table 5.

2.2. Spot Welding Operation with Method Projection Welding (Projeksiyon Kaynak Yontemi ile
Punta Kaynak Operasyonu)

In projection welding, a) control of water and air flow rate, b) control of electrode force and
current values, c) axial levelling control should be carried out in 100 kVA fixed projection spot
welding machine with MFDC transformer before welding. Figure 3a shows the general view of
Tecna welding test machine and Figure 3b shows the accuracy of the welding current value and
Figure 3c shows the accuracy of the compression force. These steps must be intermittently
performed before the welding process starts.

Figure 3. a) Tecna weld tester, b) current testing c) force testing (a) Tecna kaynak test cihazi, b) akim testi, ¢) kuvvet
testi)

In the experimental stage, the pulse value, which is one of the welding parameters, is taken as
fixed during projection spot welding of nut. The projection weld of nut is shown in Figure 4. Figure
5 shows the application of projection welding under factory conditions. In the stages of projection
welding, firstly the pin is fixed, then the nut is placed on the pin and tightened and then the welding
process is carried out with the application of current. Welding 4 nozzle nut must be in the width,
length and height specified in the specification [4]. If there is no weld protrusion in the weld nut or
4 welding nozzles are not equal, the desired rupture load value cannot be achieved.
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Figure 4. Weld nut projection welding process apparatus [19]
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Figure 5. a) Aligning of sheet metal, b) application of compressing on nut and, ¢) completion of welding process

2.2.1. Current range for projection spot welding

In order to investigate the effect of current values on weld quality, 6 tests were performed at 10.5
kA, 12.5 kA, 14.5 kA, 16.5 kA, 18.5 kA, 20.5 kA and 2xM4 DIN 928 weld nuts were centred on
each test piece. In this test set, welding time, welding current pulse application and welding
clamping force were kept constant. The projection welding parameters are given in Table 6.

Table 6. Current range for M4 DIN 928 spot weld nut

Specimen No: Weld time (ms)  Current (kA) Electrode Force (daN) Pulse

1 23 10.5 460 1
2 23 12.5 460 1
3 23 145 460 1
4 23 16.5 460 1
5 23 185 460 1
6 23 20.5 460 1

2.2.2. Weld time range for projection spot weld

In the second set of experiments, welding time, welding compression force, and impulse value
were kept constant and 6 tests were carried out by applying welding time as 17 ms, 19 ms, 21 ms,
23 ms, 25 ms, 27 ms. In each test piece, two M4 DIN 928 weld nuts were projection welded.
Projection welding parameters are given in Table 7.

Table 7. Welding time projection spot welding range for M4 DIN 928 weld nut

Specimen No:  Weld time (ms)  Current (kA) Electrode force (daN) Pulse
1 17 16.5 460 1
2 19 16.5 460 1
3 21 16.5 460 1
4 23 16.5 460 1
5 25 16.5 460 1
6 27 16.5 460 1

2.2.3. Electrode clamping force range for projection spot welding

In the third test set, the electrode force range was selected as 420 daN, 440 daN, 460 daN, 480
daN, 500 daN, 520 daN and weld time, weld current and weld pulse value were kept constant. In
this test set, 6 tests were performed and 2 x M4 DIN 928 weld nuts were centred in each test piece.
The projection weld parameters in this test set are given in Table 8.
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Table 8. Welding force study parameters for the projection welding for M4 DIN 928 weld nut

Specimen No Weld time (ms)  Current (kA) Electrode Force (daN) Pulse

1 23 16.5 420 1
2 23 16.5 440 1
3 23 16.5 460 1
4 23 16.5 480 1
5 23 16.5 500 1
6 23 16.5 520 1

2.3. Fracture Force Test (the pull-through tests) (Kopma Kuvveti Testi (cekme testi))

The fracture/pull through load test of the weld nuts, which were centred with different parametric
values, was carried out in a fully destructive manner. Table 9 shows the technical specifications of
the equipment for the pull-through test machine and Figure 6 shows the fracture or pull-through test
process. For each test series, the pull-through test was performed in accordance with the relevant
specifications and the measured values were averaged. This type of loading of the resistance
projection welded nuts may not fully represent how the loads are applied in actual chassis
applications. The weld nut is mounted on the back side of the sheet (see Figure 6), which generally
is of thicker material than the surrounding sheet components. In this manner, the nut has to be
pulled through the sheet at extreme loading conditions, something that, of course, increases the
strength of the overall screw joint significantly. One type of M4 threaded weld nut with four
separate projections was tested in the pull-through tests.

Table 9. Specifications of tensile pull-through tester (Cekme test cihazinin teknik 6zellikleri)

Equipment Power Load Dial

Pull-through tester 1.5 kW 20 kN Digital

U!

Figure 6. Principle of testing of projection welded nuts (Projeksiyon kaynakli somunlarin test prensibi)

3. RESULTS AND DISCUSSION (SONUCLAR VE TARTISMA)
3.1. Mechanical Properties (Mekanik Ozellikler)
3.1.1. Current controlled projection spot welding

The test process was carried out by increasing the current value by 2 kA in each test set. Two
weld nuts were welded to the specimens prepared from WSS-M1A365-A22 steel sheets. After the
weld nut projection welding, the results of the pull-through load forces were compared as a result of
the full destructive test. After the weld nut projection welding operation was performed on the
prepared test piece, a full destructive pull-through tensile test was performed and the test results are
given in Table 10. According to the results, the pull-through stress was very low for welds with
10.5 kA and the average pull-through stress values increased as the welding current value increased.
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Table 10. Tensile pull-through force test results of M4 DIN 928 weld nut welded with varying current (Standard
deviations are given in brackets)

Specimen No Current (kA) Average tensile pull-through values (daN)
1 10.5 92.5 (+6.14)
2 12.5 181.5 (£16.21)
3 14.5 547 (£33.03)
4 16.5 774 (£45.43)
5 18.5 1110.5 (£111.42)
6 20.5 1106.5 (£104.85)

The average pull-through tensile loads at the lowest current value of 10.5 kA was 92.5 daN, the
average pull-through load value at 20.5 kA was 1106.5 daN, and the average pull-through tensile
load at 16.5 kA was 774 daN. When correlated with the current value, it was observed that the
average pull-through tensile loads were affected by the welding current. In the specimen images of
the tests carried out before and after welding process (Figures 7 and Figure 8), it is seen that with
increasing welding current, more tearing occurs and especially the welds made with 16.5 kA, 18.5
and 20.5 kA welding current cause more fractures and tears. The failure in the form of tearing starts
at the weld metal-heat affected zone boundary and continues to base metal, providing enough
evidence to show that the heat affected zone in the sheet metal is more prone to defects resulting
from high heat input which may have caused grain coarsening as it is frequently seen in these
processes.

Figure 7. Images of test specimens after projection weld operation carried out at different weld currents: a) 10.5kA, b)
12.5 kA, c) 145 KA, d) 16.5 kA, e) 18.5 kA and f) 20.5 kA
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Figure 9. Images of pull-through tested specimens produced at different weld currents: a) 10.5kA, b) 12.5 kA, ¢) 14.5
kA, d) 16.5 kA, e) 18.5 kA and f) 20.5 kKA.

Table 11. Average pull-through load values for M4 DIN 928 weld nut for different weld times (Standard deviations are
given in brackets)

Specimen No Weld time (ms) Average pull-through force (daN)
1 17 778.2 (£43.82)
2 19 694.5 (£39.24)
3 21 651.5 (+33.31)
4 23 797 (+40.84)
5 25 548 (£30.73)
6 27 615 (+29.37)

Figure 9. Images of test specimens after projection welding operation carried out at different weld time: a) 17 ms, b) 19
ms, ¢) 21 ms, d) 23 ms, e) 25 ms and 27 ms

231



Yazar, Talag, Kir | Manufacturing Technologies and Applications 5(3), 224-236, 2024

Figure 10. Images of pull-trough tested specimens produced at different welding time: a) 17 ms, b) 19 ms, ¢) 21 ms, d)
23 ms, e) 25 ms and 27 ms

After the weld nut projection welding operation was performed on the prepared test piece, a full
destructive pull-through tensile test was performed and the test results are given in Table 10. Figure
9 shows the graphical representation of the full destructive tear-out test results of projection welding
of nuts before and after pull-through (fracture) tests (Figure 10). As seen in Table 11, the average
fracture load value at the lowest welding time of 17 ms was found to be 778.2 daN, the average
fracture load value at the 27 ms welding time was 615 daN, and the average fracture load value at
the 23 ms welding time was found to be 797 daN. When associated with welding time, it was
observed that the average pull-through load values were very much affected by the weld time. The
welding time is important parameter in projection welding as it affects the heat input by allowing
longer weld current application and hence increases the heat input occurring at the projections.

3.1.2. Results of electrode clamping force spot projection weld

The testing was carried out by increasing the electrode clamping force by 20daN for each test
piece. Two weld nuts were projection welded to the samples prepared from WSS-M1A365-A22
steel sheets. Fully destructive sample test results are shown in Table 12. The results of the rupture
load forces were compared as a result of the full destructive test after weld nut projection welding.

Table 12. Average pull-through load values for M4 DIN 928 weld nut for different weld clamping force (Standard
deviations are given in brackets)

Specimen No Clamping force (daN) Average pull-through force (daN)

1 420 9475 (£77.17)
2 440 847.5 (+63.43)
3 460 944.5 (+83.62)
4 480 883.5 (+76.90)
5 500 756 (+38.51)
6 520 534 (+32.27)

The test results of the fully destructive tear-off test by performing the weld nut projection spot
weld operation on the prepared 6 test pieces is shown in Table 12. The average pull-through load
value was found to be 947.5 daN at the lowest electrode compression force of 420 daN, the average
pull-through load value was found to be 534 daN at the highest electrode compression force of 520
daN. The electrode compression force is known to ease the deformation at the stage where the
temperature of the joint is high and hence it was observed that the average pull-through/fracture
load values were affected by the electrode compression force. This is also affected by the
deformation capacity of weld zone that are shortly deformable due to high temperature.
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Figure 11. Pull-through test samples representation of M10x1.5 welding nut test samples projection welded at different
clamping forces: a) 420 daN, b) 440 daN, c) 460 daN, d) 480 daN, 500 daN and 530 daN

Figure 12. Images of pull-trough tested specimens produced at different welding time: a) 420 daN, b) 440 daN, c) 460
daN, d) 480 daN, 500 daN and 530 daN

For the following images from the cross section of weld that were considered as successful and
unsuccessful are given in Figure 13. The Figure 13a shows that successful joints formed an alloyed
zone that is very close to the substrate where porosity is of no concern. Figure 13b shows weld zone
with many defects such as porosity and delamination. These defects are sourced from the heat that
was created from the high voltage and high current passage during the current firing process and
highly deformed melted part. It is very clear that the strength of joint lies with the diminished
resistance to the crack propagation starting from highly concentrated stress zones. As seen in Figure
13b that the net area of weld zone by which the joint is produced is very little or none at all. Hence,
it is unsurprising that the low mechanical properties are observed with these kinds of joint. The
stress produced on such joints is greater than that of applied load and pre-assumed stresses at the
beginning of joining process.
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Figure 13. Successful and unsuccessful joint cross-sections of 23ms 18.5 kA series with a) 440 daN and b) 520 daN
joints

3.2. Discussion of Overall Results (Genel Sonuglarin Tartismasi)
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Figure 14. Inverse tensile pull-through force test values chart for M4 DIN 928 spot projection weld nut

Figure 14 shows the overall results from the reverse tensile or pull-through test of spot projection
welded M4 DIN 928 nuts with respect to weld current, weld time and weld compression force. The
results indicate that there are no significant shape changes in nuts and welded parts and the strength
of welded joint increase with increasing current as opposed to welding time which declines with
respect to increasing weld time. Similarly, lower compression forces also produce stronger joints
compared with higher compression forces therefore; one can suggest that the compression force
should be within 420-480 daN range. This may be emphasized for the fact that lower ranges of
compression force and weld times are useful with high weld current. The mechanism by which the
joint is effective in these ranges are because it can be articulated as the higher compression forces
are not useful for the squeezing the liquid metal forming at the interface of nut and sheet metal. In
this case, the compression force flattens the weld metal and increases the cross-sectional area for
which higher current is needed to heat up the joint [14, 15, 20]. In addition, the high compression
force ensures the formation of thin layer of liquidised joint which cools faster and the resultant weld
joint structure may become harder than usual slowly cooled projection metal, this may result in a
lower tensile pull-through test result. If it is assumed that weld pool is formed in equi-volume from
both nut and sheet metal, the average C content would around 0.32 wt%, which one require a
relatively fast cooling rate to form hard phases such as martensite. In addition, the formation of such
phases would elevate the tensile strength, which is not the case when the results are considered.
However, the thinning of (liquidised) weld zone due to high compression force poses another
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important problem that is the weld volume may be reduced as the average temperature can be
assumed would be lower and hence the melting of sheet metal becomes difficult, resulting in a
lower strength with reduced amount of actual weld metal cross-section. The addition of longer
heating duration through increasing weld time has also the same effect with increasing compression
force as it helps the nut projections melt at higher temperature [16]. As the heat input is higher due
to longer duration of current passing; this causes the formation of thinner projection weld joint
which, in turn, produces lower tensile strength either due to the thickness imbalance as a result of
either softer low strength weld joint or insufficient cross-sectional area due to splatter or shrinkage
cavities [20,21]. Two of the parameters, that is, the weld time and compression force with constant
weld current have little evident effect on the volume of molten metal between the nut and sheet
metal as much as the tensile strength is concerned; however, the current has evidently dominant
effect on the same incident to produce a better joint strength by melting the projection efficiently.
This is why, the effect of current is more apparent as shown by the increase of strength of the
projection spot weld joints. It is important to consider the effect of microstructure on the strength
however the scope of this study was to determine the practical parameters and hence the
microstructural analysis would be potential for further research.

In general, it can be concluded that, with increasing current values, heat formation at the
interface of dissimilar steels is facilitated and subsequently a larger volume of metallic material is
melted. In addition, the disadvantage of the short process time is that it loses the effect with
increasing weld current values. If the weld heat input is low due to low current, this disadvantage
will manifest itself as insufficient melting volume and insufficient strength to provide the weld
strength [22]. However, with increasing weld heat input, the melting of nut projections becomes
easier and at the same time the cooling rate decreases or the cooling time is prolonged, which will
cause the molten projections to be sufficiently thick and coarse [15, 17]. Another reason for the
increase in strength is that the pressure used effectively reduces the current passage distance over
the melted volume and provides more current density at the beginning of process. Increased current
and constant pressure positively affected the strength values of the joints. Similarly, in other studies
[11, 16, 22], it has been revealed that increasing welding current causes an increase in the strength
of the joint and the stability in strength values is observed after a certain current value for which the
cross section of the joint is usually the determining factor.

4. CONCLUSIONS (SONUCLAR)

In this study, the weldability of low carbon steel similar to SAE1010 containing 0.3 wt% Ti and
0.2 wt.% Cu and medium carbon M4 nut welded by projection welding was studied from
mechanical properties point of view. The following conclusions can be drawn from this study:

e |t was observed that 14.5 kA weld current was sufficient enough for welding M4 DIN 928
weld nut by using projection welding onto 1.5 mm thick WSS-M1A365-A22 steel sheet.

e The welding time of 23 ms was found to be the most effective for strong spot projection
welding however, the weld time should be adjusted to be between 17-23 ms for better adjustment.

e 460 dAN electrode pressure force value M4 nut spot projection welding was sufficient for a
successful welding. Excess of compression force do not improve the weld performance from the
mechanical properties of view.

e 420 daN compression force also produced a sufficient pull-through fracture test results
however, low compression forces may initiate the early failure due to insufficient formation of weld
cross section. It is safer to apply slightly higher compression force than 420 daN.

e It is noted that the mechanical properties of dissimilar steel of AHSS and medium carbon
0.55 wt% steel can be successfully joined by projection welding and the weld appears to be
sufficiently within the limits of required by the consumer.

e The mechanical test values showed that there is a need for further investigation especially on
the microstructural effect of projection welding as both steels contains different amounts of C, Ti
and Cu.
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of Variance (ANOVA) was conducted to confirm the significant contributions of these
parameters to overcut variability. This research contributes to a deeper understanding
of the interplay between EDM parameters, in advanced manufacturing applications.

Bakir Alasimh Elektrotlar Kullanilarak Mirrax Celiginin EEi'sinde Yanal
Aciklik Optimizasyonu

MAKALE BILGISI OZET

Alinma: 30.08.2024

Bu calisma, Mirrax celigi gibi iglenmesi zor malzemelerin, isleme parametrelerinin
Kabul: 12.11.2024

islebilirlik performanst tizerindeki etkilerine odaklanilarak, Elektrik Erozyon ile

Anahtar Kelimeler: Isleme (EEI) siireclerinde yanal agiklik optimizasyonu arastirilmistir. Ug farkli bakar
EEI alagimi elektrotun (CuCoNiBe, CuNi,SiCr ve CuCr;Zr) degisen bosalim akimlart (6
Bakar A, 12 A, 25 A), vurum siireleri siireleri (50 us, 100 ps, 200 ps) ve bekleme siireleri
ﬁ;’éﬁé r‘ffl"”" (200 ps, 400 s, 800 ps) altinda sistematik olarak analiz etmek i¢in Taguchi tabanli bir

deneysel tasarim kullanilmistir. Yanal agikligin elektrot tipi, bogsalim akimi ve vurum
stiresinden 6nemli 6l¢iide etkilendigi ve CuCoNiBe elektrotun en yiiksek yanal agiklik
degerlerini gosterdigi bulunmustur. Bu parametrelerin yanal agiklik iizerindeki
etkilerini belirlemek igin Varyans Analizi (ANOVA) kullanilmistir. Bu c¢alisma,
geligsmis imalat uygulamalarinda EDM parametreleri arasindaki etkilesimin daha iyi
anlagilmasina katki saglamaktadir.

1. INTRODUCTION (GIRiS)

One essential non-conventional machining method for creating intricate and exact geometries in
hard, electrically conductive materials is still EDM. It is widely used in sectors including aerospace,
automotive, and medical devices, where traditional machining frequently finds it impossible to treat
materials that are challenging to mill or to achieve the necessary precision [1,2]. Controlled
electrical discharges are produced by EDM between an electrode and a workpiece that is immersed
in a dielectric fluid. Material gets melted and vaporized as a result, and the dielectric fluid then
removes it [3-5]. Although there are significant drawbacks to EDM, most notably overcut, or the
removal of material that is larger than required. Overcut has a direct impact on the final machined
part's performance, surface polish, and dimensional correctness [6-8].
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Overcut is influenced by several process parameters, including the discharge current, pulse
duration (on-time), pulse off-time, and electrode material [9,10]. The amount of energy applied
during each spark is mostly determined by the discharge current; higher currents result in bigger
material removal rates but also raise the risk of overcut. The length of each discharge is determined
by pulse on-time, which also affects the size of the heat-affected zone (HAZ) via influencing heat
transmission to the workpiece. Longer off-times can result in more stable machining conditions, but
at the expense of decreased productivity. Pulse off-time, on the other hand, affects the cooling
between discharges. Because different materials have varied levels of wear resistance, thermal
conductivity, and erosion behavior, electrode material also has a big impact on overcut [10-14].

Arun Kumar et al. explored the application of the MFAPM-EDM process on Aluminum 6061
alloy, with a specific focus on overcut. They varied several process parameters, including discharge
current, powder concentration, pulse duration, and magnetic field strength, employing a Box-
Behnken design approach for analysis. Their findings indicated that a semi-empirical model offered
improved accuracy in predicting overcut [15]. Similarly, Anshuman Das et al. investigated how
various process variables, such as current, gap, voltage, pulse on time, and pulse off time,
influenced overcut. Their experimental design utilized the Response Surface Methodology (RSM)
with a Box-Behnken layout. The results revealed that both current and pulse on duration had a
significant impact on overcut, while pulse off duration and gap also played roles in its minimization
[16]. In another study, S. Rajamanickam and J. Prasanna examined the EDM of Ti-6Al-4V using a
brass tube electrode, applying multi-objective optimization to assess material removal rate, tool
wear rate, and overcut. Their experiments were designed using RSM-CCD and the "Technique for
Order of Preference by Similarity to Ideal Solution" method, yielding results of 3.6996 mm?/sec for
material removal rate, 0.0625 mm/sec for tool wear rate, and 0.33 mm for overcut [17]. Reza
Teimouri and Hamid Baseri investigated the effects of a rotational electrode and a rotating magnetic
field on electrode wear rate (EWR) and overcut. Their results showed that while the electrode wear
rate increased with discharge energy, pyrolytic carbon helped to reduce EWR in high-energy
regimes. They noted that increasing both the electrode and magnetic field speeds heightened the
electrode wear rate by efficiently removing debris from the machining gaps, which otherwise
restricted pyrolytic carbon formation. As the energy regime shifted from low to high, overcut
tended to increase due to larger discharge craters, while elevated electrode and magnetic field
speeds trapped debris, leading to higher overcut. The application of the magnetic field generated a
Lorentz force that exacerbated lead overcut [18]. Munmun Bhaumik and Kalipada Maity examined
how cryotreated double tempered electrodes affected radial overcut (ROC) during the electro-
discharge machining of AISI 304. They evaluated process performance using ROC parameters
alongside tungsten carbide electrodes and performed regression analysis to correlate responses with
process parameters. Their microstructural analysis revealed that conventional EDM produced the
least radial overcut compared to powder-mixed EDM, and that cryotreated double tempered
electrodes significantly reduced ROC in comparison to untreated electrodes [19]. Zhao et. al.
conducted experiments on electro-discharge machining, analyzing parameters like peak current and
pulse duration. An empirical formula for overcut was established using the least square method,
demonstrating reasonable agreement between calculated results and further experimental results
[20].

The optimization of overcut in EDM is essential for enhancing machining accuracy and overall
performance, especially when working with difficult-to-machine materials like Mirrax steel.
Various optimization techniques have emerged as effective tools for systematically analyzing and
improving EDM processes. Among these, the Taguchi method is widely recognized for its ability to
minimize overcut while ensuring robust performance across different machining conditions [21]. By
employing orthogonal arrays, the Taguchi method allows for the simultaneous evaluation of
multiple process parameters such as discharge current, pulse on-time, and pulse off-time while
minimizing the number of experimental trials needed [22-24]. This statistical approach focuses on
maximizing the signal-to-noise (S/N) ratio, thereby emphasizing consistent performance under
varying operational conditions. Complementing the Taguchi method, ANOVA) serves to identify
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the significance of individual factors and their interactions on overcut, providing insights into how
adjustments to machining parameters can lead to enhanced precision [25,26].

Three copper-based alloy electrodes; CuCoNiBe, CuNi,SiCr, and CuCriZr are used in this
investigation. Each was selected based on unique electrical and thermal conductivity characteristics
that affect determining if it performs in EDM. In order to investigate the impact of discharge
currents on overcut, tests are conducted with currents of 6 A, 12 A, and 25 A. Generally speaking,
greater currents increase the pace of material removal but also increase the risk of overcut because
of overheated material. The impact of spark duration on the workpiece is analyzed using pulse on
durations of 50 ps, 100 ps, and 200 ps, while the cooling period between discharges is studied using
pulse-off times of 200 ps, 400 ps, and 800 ps. The purpose of this set of parameters is to determine
the ideal circumstances for reducing overcut in EDM.

2. MATERIAL AND METHOD (MATERYAL VE YONTEM)

The "FURKAN EDM M25 A" type electro-erosion machine from Karabiik University
Technology Faculty's Manufacturing Engineering Laboratory was utilized in the experiments.
Electroerosion is one of the classic machine tools. It is commonly used for treating workpieces with
complex geometry. It is a vital machine, particularly in the mold-making industry. The electro-
erosion machine can process all electrically conductive materials. Figure 1 shows the electro-
erosion machine used for the experimental experiments.

Figure 1. Electro erosion machine (FURKAN EDM M25 A) (Elektro erozyon tezgah1 (FURKAN EDM M25 A)

CuCoNiBe, CuNi,SiCr and CuCriZr copper alloy electrodes were employed. The electrode
dimensions employed in the experiment were ¥15x10 mm. Figure 2 depicts electrode samples, with
mechanical and physical parameters reported in Tables 1.

Figure 2. Electrodes (from right to left; CuNi,SiCr, CuCoNiBe, CuCr,Zr) (Elektrotlar (sagdan sola; CuNi,SiCr,
CuCoNiBe, CuCr,Zr))
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Table 1. Mechanical and physical properties of electrodes (Elektrotlarin mekanik ve fiziksel 6zellikleri)

Unit CuCoNiBe CuNi,SiCr CuCrZr

Hardness HB 230-260 190-230 135-170
Tensile Strength N/mm? 700-900 600-800 400-500
Yield Strength N/mm? 600-700 500-600 320-410
Elastic Modulus (20°C) GPa 130 140 122
Electrical Conductivity MS/mm 25-30 22-27 45
;I;r;%r_rsn;g IIi))(pansmn Coefficient 10-5/K 17 17 17
Thermal Conductivity (20°C) W/m-K 200-230 190-230 320
Density g/em? 8.75 8.8 8.9

In the EDM experiments, Mirrax plastic mold steel was utilized as the workpiece material. The
dimensions of the workpiece were 30x25x20 mm. The chemical composition of the workpiece is
presented in Table 2. EDM operates in an insulating environment, achieved through the use of
dielectric fluids that possess no electrical conductivity. During the EDM process, the dielectric fluid
plays a critical role by establishing a plasma channel at a certain point, facilitating the discharge of
sparks between the workpiece and the electrode. Additionally, it assists in removing the eroded
material from the machining area, acts as a coolant, and prevents oxidation on the workpiece
surface. In this study, kerosene was used as the dielectric fluid, and it was applied using the lateral
spray method during the experiments. The overcut values of machined workpieces were measured
using the BestScope BS-3020T stereo microscope instrument.

Table 2. Chemical composition of the workpiece (Is pargasinin kimyasal bilesimi)

Element C Cr V Si Mo Mn Ni
% Weight 0.25 13.3 0.35 0.35 0.35 055 1.35

The experiments were designed according to Taguchi's L,; orthogonal array methodology,
utilizing three distinct process parameters. These parameters included discharge current (1), pulse on
time (Ton), and pulse off time (Tor). The workpiece processing time was maintained as a constant
duration of 30 minutes across all experimental conditions. Discharge currents of 6 A, 12 A, and 25
A were employed, while arc durations of 50 ps, 100 ps, and 200 ps were selected. Pulse off times of
200 ps, 400 ps, and 800 us were also utilized. The factors and levels applied in the experiments are
detailed in Table 3.

Table 3. Parameters and levels (Parametreler ve seviyeler)

Factors Level 1 2 3
Electrode A  CuCoNiBe CuNi,SiCr CuCriZr
1 (A) B 6 12 25
Ton (1s) C 50 100 200
Toft (18) D 200 400 800

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

Table 4 presents the experimental results and highlights the significant influence of various input
parameters electrode type, I, Ton, and Toz on the overcut achieved during the electroerosion
machining process. The electrode type plays a crucial role, with the CuCoNiBe electrode exhibiting
the widest range of overcut values, reaching a maximum of 905 um. This suggests that while this
electrode can effectively remove material, it may also lead to higher levels of overcut under certain
conditions. In contrast, the CuNi,SiCr and CuCriZr electrodes demonstrate relatively moderate

240



Yaman, Kalyon / Manufacturing Technologies and Applications 5(3), 237-247, 2024

overcut values, indicating that these materials may offer better control and precision when used in
the electroerosion process, particularly at lower discharge currents and shorter pulse durations.

I, Ton, and T are critical parameters that further shape the overcut outcomes, as detailed in
Table 4. Higher discharge currents, specifically at 25 A, consistently correlate with increased
overcut values, indicating that excessive energy input can lead to significant thermal effects,
thereby expanding the machining zone. Additionally, longer T,, and T exacerbate the overcut, as
observed in trials with maximum values of 800 us for Toy. These findings underscore the
importance of optimizing these parameters to minimize overcut while ensuring effective material
removal. By carefully balancing these input factors, it is possible to enhance machining precision
and achieve more desirable results in electroerosion applications.

Table 4. Experimental results

Sq. Variables Electrode 1 (A) Ton(us)  Ton (us)  Overcut (um)
1 A,B;C,D; 50 200 203
2 A,B;C,D, 6 100 400 266
3 A;B;C3Ds 200 800 250
4 A,B,C,D, 50 400 284
5 A;B,C,Ds CuCoNiBe 12 100 800 345
6 A;B,C3D; 200 200 204
7 A;B;C,Ds 50 800 350
8 A;B;C,D; 25 100 200 200
9 A;B;C3D, 200 400 905
10  A,B,C,D; 50 200 293
11  A,B,C,D, 6 100 400 270
12 A,B,CsDs 200 800 325
13 A,B,C,D, 50 400 210
14  A,;B,C,D; CuNiSiCr 12 100 800 400
15  A,B,CsD; 200 200 598
16 A,B;C.Ds 50 800 455
17 A,B;C,D; 25 100 200 525
18  A,B;CsD, 200 400 603
19  A3B.C,D; 50 200 340
20  AsB.C,D, 6 100 400 338
21 A;B.CiD; 200 800 358
22  A;B,CD, 50 400 427
23 A;B,C,D; CuCr,Zr 12 100 800 351
24 A;B,CiD; 200 200 533
25  A3B;CiD; 50 800 392
26 A3BsC,D; 25 100 200 612
27  A3BsCiD, 200 400 590

Figure 3 provides a comprehensive overview of the overcut measurement results derived from a
systematic experimental sequence involving three different electrode materials: CuCoNiBe,
CuNi,SiCr, and CuCriZr. In Figure 3.a) (A;B:C;D;), using the CuCoNiBe electrode with a
discharge current of 6 A, a pulse on time of 50 ps, and a pulse off time of 200 pus, the overcut is
recorded at 203 pum, establishing a baseline for comparison. Subsequent configurations, such as in
Figure 3.b) (A;B1C3Ds3), which retains the same electrode and current but varies the pulse
parameters, demonstrate changes in overcut, with the measurement recorded at 325 um when the
pulse on time is increased to 200 ps and the pulse off time to 800 ps. In Figure 3.c) (A3B;C1D,), the
results for the CuCriZr electrode at 6 A and 50 ps pulse on time yield an overcut of 340 pm,
indicating a significant influence of material properties on machining outcomes. Finally, in Figure
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3.d) (AsB3C3D») highlights the CuCr,Zr electrode with a discharge current of 25 A and longer pulse
durations, resulting in a notable overcut of 590 um.

I'H'.-
H{scale:500um|

Scale:500um|

Figure 3. Overcut measurement results a) A;B;C;D; b) A,B;C3D; ¢) AsB,C,D; d) AsB;C,Ds

The graphs in Figure 4 were developed using the experimental results obtained from Table 4.
Surface graphs provide for a more detailed evaluation of the parameters' influence on the overcut.
Figure 4a demonstrates a clear trend of increasing overcut with higher discharge current,
particularly at lower pulse on times. This is attributed to the fact that elevated current levels lead to
greater material removal, resulting in a larger overcut. The graph underscores the importance of
optimizing both discharge current and pulse on time to achieve a balanced trade-off between
material removal and overcut. This finding highlights the inherent complexity of the electro erosion
process and the necessity for precise parameter selection [27-29].

Figure 4b depicts the relationship between overcut, I, and T in EDM processes. It shows a
significant increase in overcut as the discharge current increases, with higher currents (up to 25 A)
leading to a larger overcut. This is consistent with the greater energy per discharge at higher current
levels, which enhances material removal. Additionally, pulse-off time exerts a nonlinear influence
on overcut. While moderate overcut values are observed at lower Ty values (200 ps), the overcut
peaks at approximately 800 ps, suggesting that a longer T allows for improved cooling and debris
removal. Beyond this point, the effect of To on overcut diminishes, indicating diminishing returns.
Overall, the graph highlights the intricate relationship between discharge current and pulse off time,
both of which are critical to controlling overcut in EDM applications [30,31].

Figure 4c illustrates the interaction between overcut, pulse on time T, and Ty in EDM
processes. The graph shows that as T, increases from 50 ps to around 200 ps, the overcut rises,
reaching its peak within this range, indicating that longer pulse durations enable more material
removal. However, further increases in To, beyond this range result in diminishing returns, as the
overcut begins to plateau. Similarly, increasing To from 200 ps to approximately 800 ps leads to a
peak in overcut, as longer off times promote improved debris clearance and cooling. The nonlinear
relationship observed for both T,, and T indicates that careful optimization of these parameters is
essential for maximizing efficiency in EDM machining [32-34].
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Figure 4. Effect of parameters on overcut (Parametrelerin yanal agiklik tizerindeki etkileri)

The smaller-the-better criterion is utilized to calculate the Signal-to-Noise (S/N) ratios, which
allows for the assessment of the impact of each factor, including electrode type, discharge current,
pulse on time, and pulse off time. The average S/N ratios are computed for each factor level,
enabling the identification of optimal conditions that minimize overcut. Subsequently, ANOVA is
performed to determine the significance of each parameter's contribution to the variation in overcut,
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providing insights into their interactions [35,36]. The overall results emphasize the effectiveness of
the Taguchi method in enhancing process efficiency and achieving desirable outcomes in machining
operations.

In Figure 5, the main effects plot for the S/N ratios illustrates the relationships among the
machining parameters and their impact on overcut within the EDM process, employing the smaller-
is-better criterion. The plot indicates a downward trend in the mean S/N ratios as both | and T,
increase, suggesting that elevated levels of these parameters contribute to a greater overcut, which is
unfavorable in this context. Additionally, the type of electrode demonstrates a negative correlation
with the S/N ratios, implying that different electrodes influence overcut variably, with CuCoNiBe
electrode exhibiting superior performance in minimizing overcut compared to the other electrodes.
Moreover, the Ty reveals a slight increase in mean S/N ratios at elevated values, suggesting that
extended off times may be advantageous for reducing overcut.

P Electrode I(A) Ton (us) Toff (us)
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2
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-51
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-53
54
< 3 Q N N o N &
& & \;}& : ¥ v ® S N - » S
& & 9
Signal-to-noise: Smaller is better

Figure 5. S/N ratios (S/N oranlar)

In Table 5, the response table for S/N ratios provides a comprehensive overview of the influence
of various machining parameters on overcut in the EDM process, utilizing the "smaller is better"
criterion. Each parameter, electrode type, I, Ton, and T is evaluated at three different levels. The
optimum machining levels for minimizing overcut in the EDM process, as defined by the response
table for S/N ratios, are as follows: For electrode type, Level 1 is preferred due to its highest mean
S/N ratio of -49.41, indicating superior performance in reducing overcut. In terms of discharge
current, Level 1 (6 A) is identified as optimal, with a mean S/N ratio of -49.23, signifying that lower
current levels are more effective. Similarly, for pulse on time, Level 1 (50 us) is recommended,
achieving a mean S/N ratio of -50.02, which suggests that shorter pulse durations contribute to
reduced overcut. Lastly, Level 1 (200 ps) is the optimal setting for pulse off time, with a mean S/N
ratio of -50.95, indicating that shorter off times may enhance performance in minimizing overcut.
Thus, the ideal machining parameters for this study consist of electrode type level 1, discharge
current level 1 (6 A), pulse on time level 1 (50 ps), and pulse off time level 1 (200 ps).

Table 5. Response table for signal to noise ratios (Sinyal-giiriiltii oranlarina iligkin yanit tablosu)

Level Electrode 1(A) Ton(us)  Tor(ps)
1 -49.41  -49.23  -50.02 -50.95
2 -51.71  -50.90 -50.84 -51.78
3 -5259  -5358 -52.85 -50.99

Delta 3.19 4.35 2.84 0.83

Rank 2 1 3 4
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The ANOVA results in Table 6 indicate that the | have a statistically significant effect on the
transformed response (overcut), with a P-value of 0.009, which is well below the significance
threshold of 0.05 [37]. This suggests that variations in current significantly influence the overcut.
The electrode type shows a marginally significant effect, with a P-value of 0.051, suggesting it may
have some influence on overcut, though not at a strong confidence level. The T,, has a P-value of
0.089, indicating a moderate influence that is not statistically significant at the 0.05 level. The pulse
off time T, however, has a P-value of 0.757, meaning it does not significantly affect the overcut.
The error term captures the unexplained variation, and the total sum of squares indicates the total
variability in the response. Overall, the current is the most significant factor affecting the overcut in
this study.

Table 6. ANOVA results (ANOVA sonuglari)

Source DF AdjSS AdjMS F-Value P-Value
Electrode 2  0.64643 0.32321 3.52 0.051

1 (A) 2 114795 0.57397 6.25 0.009
Ton(us) 2 050876 0.25438 2,77 0.089
Tor(us) 2 0.05195 0.02598 0.28 0.757
Error 18 165.192 0.09177

Total 26 400.701

4. CONCLUSIONS (SONUCLAR)

In this study has systematically investigated the influence of various input parameters; electrode
type, discharge current, pulse on time, and pulse off time on overcut in EDM applications using the
Taguchi Ly7 orthogonal array approach. The ANOVA results highlight that discharge current is the
most significant factor affecting overcut, with a strong statistical correlation evidenced by a P-value
of 0.009. Additionally, while the electrode type exhibited a marginally significant influence on
overcut (P-value of 0.051), the effects of pulse on time and pulse off time were found to be
moderate and negligible, respectively. The experimental results indicate that the CuCoNiBe
electrode provides a wide range of overcut values, underscoring its effectiveness in material
removal but also its potential for greater overcut under specific conditions. Conversely, the
CuNi,SiCr and CuCrZr electrodes demonstrate more stable performance, suggesting they may be
preferable for applications demanding higher precision. This study emphasizes the necessity of
optimizing discharge current, along with careful selection of electrode materials and machining
parameters, to enhance precision and efficiency in EDM processes. Overall, the findings provide
valuable insights for future research and practical applications, indicating that adopting an optimal
set of parameters can significantly reduce overcut and improve machining outcomes in
electroerosion applications.

REFERENCES (KAYNAKLAR)

1. S.K. Garg, A. Manna, A. Jain, An experimental investigation for optimization of WEDM parameters
during machining of fabricated Al/ZrO2(p)-MMC, Arabian Journal for Science and Engineering, 38:
3471-3483, 2013.

2.  M.K. Dikshit, J. Anand, D. Narayan, S. Jindal, Machining characteristics and optimization of process
parameters in die-sinking EDM of Inconel 625, Journal of the Brazilian Society of Mechanical
Sciences, 41, 7: 2019.

3. K.H. Ho, S. T. Newman, State of the art electrical discharge machining (EDM), International Journal of
Machine Tools and Manufacture, 43(13): 1287-1300, 2003.

4. A. Kalyon, Aliiminyum 6082 alasiminin piring elektrot ile iglenebilirliginin optimizasyonu, EI-Cezeri
Fen ve Miihendislik Dergisi, 6(1): 118-130, 2019.

5. F. Ceritbinmez, E.S. Gokkaya, E. Kanca, MRR, EWR and KERF Analysis in cold work tool steel
machining in EDM method by copper and brass electrode, Osmaniye Korkut Ata Universitesi Fen
Bilimleri Enstitiisii Dergisi, 6(1): 35-51, 2023.

245



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

Yaman, Kalyon / Manufacturing Technologies and Applications 5(3), 237-247, 2024

A. Moghanizadeh, Reducing side overcut in EDM process by changing electrical field between tool and
work piece, International Journal of Advanced Manufacturing Technology, 90(1-4): 1035-1042, 2017.
H.N. Chiang, J.J.J. Wang, An analysis of overcut variation and coupling effects of dimensional variable
in EDM process, International Journal of Advanced Manufacturing Technology, 55(9-12): 935-943,
2011.

O. Belgassim, A. Abusaada, Investigation of the influence of EDM parameters on the overcut for AISI
D3 tool steel, Proceedings of the Institution of Mechanical Engineers, Part B: Journal of Engineering
Manufacture, 226(2): 365-370, 2012.

P.N. Huu, T.N. Duc, S. Shirguppikar, Simultaneous improvement of Z-coordinate and overcut in EDM
of titanium grade 5 alloy using a carbon-coated micro-tool electrode, Modern Physics Letters B, 37(6):
2023.

N. Ahmed, K. Ishfag, M. Rafaqat, S. Pervaiz, S. Anwar, and B. Salah, EDM of Ti-6Al-4V: Electrode
and polarity selection for minimum tool wear rate and overcut, Materials and Manufacturing Processes,
34(7): 769778, 20109.

S.K. Tamang, N. Natarajan, and M. Chandrasekaran, Optimization of EDM process in machining micro
holes for improvement of hole quality, Journal of the Brazilian Society of Mechanical Sciences, 39(4):
1277-1287, 2017.

K. Ishfag, M. Asad, M. Harris, A. Alfaify, S. Anwar, L. Lamberti, M.L. Scutaru, EDM of Ti-6Al-4V
under nano-graphene mixed dielectric: A detailed investigation on axial and radial dimensional
overcuts, Nanomaterials,12(3): 432, 2022.

K. Surani, S. Patel, H. Panchal, N. Gupta, T. Shinde, Y. Sharma, Mathematical modeling for radial
overcut on powder mixed micro-electrical discharge machining (u-EDM) of TZM-molybdenum
superalloy by response surface methodology, International Journal on Interactive Design and
Manufacturing, 18(8): 5977-5989, 2024.

S. Dutta, D. K. Sarma, Multi-response optimisation of machining parameters to minimise the overcut
and circularity error during micro-EDM of nickel-titanium shape memory alloy, Advances in Materials
and Processing Technologies, 10, 1: 1-21, 2024.

A. K. Rouniyar, P. Shandilya, Semi-empirical modeling and optimization of process parameters on
overcut during MFAPM-EDM of Al6061 alloy, Proceedings of the Institution of Mechanical Engineers,
Part E: Journal of Process Mechanical Engineering, 235(6): 1784-1796, 2021.

A. Das, S. Padhan, S. Ranjan Das, Analysis on hole overcut during micro-EDM of Inconel 718,
Materials Today, 56: 29-35, 2022.

S. Rajamanickam, J. Prasanna, Multi objective optimization during small hole electrical discharge
machining (EDM) of Ti-6Al-4V using TOPSIS, Material Today, 1(18): 3109-3115, 2019.

R. Teimouri, H. Baseri, Study of tool wear and overcut in EDM process with rotary tool and magnetic
field, Advances in Tribology, 2012: 1-8, 2012.

M. Bhaumik, K. Maity, Effects of process parameters and cryotreated electrode on the radial overcut of
AISI 304 in SiC powder mixed EDM, Surface Review and Letters, 24(2): 1850029, 2017.

F.L. Zhao, H. Wang, Z.Z. Lu, Calculating the overcut in electro-discharge machining, Key Engineering
Materials, 291-292: 561-566, 2005.

A. Kalyon, Optimization of machining parameters in sinking electrical discharge machine of caldie
plastic mold tool steel, Sadhana, 45: 1, 2020.

M.Y. Lin, C.C. Tsao, H.H. Huang, C.Y. Wu, C.Y. Hsu, Use of the grey-Taguchi method to optimise the
micro-electrical discharge machining (micro-EDM) of Ti-6Al-4V alloy, International Journal of
Computer Integrated Manufacturing, 28(6): 569-576, 2015.

E. Aliakbari, H. Baseri, Optimization of machining parameters in rotary EDM process by using the
Taguchi method, International Journal of Advanced Manufacturing Technology, 62( 9-12): 1041-1053,
2012.

R. Kumar, V. Yadav, L. Rawal, U. Kulshrestha, Analysis of over cut in electrical discharge machining
of nickel-based alloy using Taguchi approach, Materials and Manufacturing Processes, 38: 126-134,
2023.

A.H. Chiou, C.-C. Tsao, C.-Y. Hsu, A study of the machining characteristics of micro EDM milling and
its improvement by electrode coating, International Journal of Advanced Manufacturing Technology,
78(9-12): 1857-1864, 2015.

B. Jabbaripour, M.H. Sadeghi, S. Faridvand, M.R. Shabgard, Investigating the effects of edm

246



217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Yaman, Kalyon / Manufacturing Technologies and Applications 5(3), 237-247, 2024

parameters on surface integrity, MRR and TWR in machining of Ti—6Al-4V, Machining Science and
Technology, 16(3): 419-444, 2012.

S.S. Kumar, T. Varol, A. Canakci, S.T. Kumaran, M. Uthayakumar, A review on the performance of the
materials by surface modification through EDM, International Journal of Lightweight Materials and
Manufacture, 4: 127-144, 2021.

H. Marashi, D.M. Jafarlou, A.A.D. Sarhan, M. Hamdi, State of the art in powder mixed dielectric for
EDM applications, Precision Engineering, 46: 11-33, 2016.

T. Muthuramalingam, B. Mohan, A review on influence of electrical process parameters in EDM
process, Archives of Civil and Mechanical Engineering, 15: 87-94, 2015.

E. Nas, Analysis of the electrical discharge machining (EDM) performance on Ramor 550 armor steel,
Materials Testing, 62(5): 481-491, 2020.

F. Ceritbinmez, A. Giinen, U. Giirol, G. Cam, Dévme ve Eklemeli Imalat Yéntemiyle Uretilmis Inconel
625 Alasimlarin Termal Yontemle Hizli Delinmesinde Elektrot Asinmasinin Incelenmesi, International
Journal of Advances in Engineering and Pure Sciences, 35: 89-99, 2023.

F. Ceritbinmez, E. Kanca, The effects of cutting parameters on the kerf and surface roughness on the
electrode in electro erosion process, Gazi Universitesi Fen Bilimleri Dergisi Part C: Tasarim ve
Teknoloji, 9(2): 335-346, 2021.

F. Ceritbinmez, A. Yapici, Sleipner Soguk Is Takim Celiginin Elektro-Erozyon Tezgahinda Bakir Krom
Zirkonyum Alasimi Elektrot ile Islenmesinde Isleme Parametrelerinin Kerf ve Yiizey Piiriizliiliigii
Uzerine Etkisinin incelenmesi, Karadeniz Fen Bilimleri Dergisi, 11(2): 570-583, 2021.

F. Ceritbinmez, EDM Hizli Delik Delme Parametrelerinin Kerf ve Islem Siiresine Etkileri, Karadeniz
Fen Bilimleri Dergisi, 12(2): 663-675, 2022.

A. Ugur, E. Nas, H. Gokkaya, Investigation of the machinability of SiC reinforced MMC materials
produced by molten metal stirring and conventional casting technique in die-sinking electrical discharge
machine, International Journal of Mechanical Sciences, 1(186): 105875- 105875, 2020.

S. Dewangan, S. Gangopadhyay, C.K. Biswas, Study of surface integrity and dimensional accuracy in
EDM using Fuzzy TOPSIS and sensitivity analysis, Measurement, 63: 364376, 2015.

B. Erman, A. Kalyon, Multi objective optimization of parameters in EDM of Mirrax steel, Materials
and Manufacturing Processes, 38(7): 1-11, 2022.

247



Imalat Teknolojileri ve Uygulamalart Manufacturing Technologies and Applications

Cilt: 5, No: 3, 2024 (248-263) - Vol: 5, Issue: 3, 2024} (248-263)
Arastirma Makalesi {H Research Article
e-ISSN: 2717-7475 e-ISSN: 2717-7475

An Investigation on the Performance of the Ultrasonic Atomization-Based
Cutting Fluid (UACF) Spray System

Firat Kafkas"" 2/, Hiiseyin Dagli®

! Gazi University, Faculty of Technology, Ankara, Turkey
®Gazi University, Institute of Science, Manufacturing Engineering Department, Ankara, Tiirkiye

ARTICLE
INFORMATION ABSTRACT
Received: 27.08.2024 Nowadays, due to limited resources and manufacturers desire to keep manufacturing
Accepted: 25.11.2024 costs at the lowest level, minimum quantity lubrication systems stand out. Ultrasonic
Keywords: _ atomisation based cutting fluid (UACF) spraying system, which is one of the minimum
Atomization-based cutting quantity lubrication methods, has been compared with conventional cooling systems
fluid . on different performance parameters. The study concluded that the UACF system can
Minimum quantity . . .\ . .
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seviyede tutmak istemesi sebebiyle minimum miktarda yaglama sistemleri 6n plana

Anahtar Kelimeler: cikmaktadir. Minimum miktarda yaglama yontemlerinden biri olan ultrasonik
Atomizasyon tabanli kesme atomizasyon tabanli kesme sivisi (UACF) piiskiirtme sistemi geleneksel sogutma
Swvist sistemleri ile farkli performans parametreleri iizerine mukayese edilmistir.

Minimum miktarda yaglama
Kesme kuvveti
Kesme sicaklig

Gergeklestirilen ¢alisma ile, uACF sisteminin dogru kesme parametre kombinasyonu
secimiyle biitiin performans ¢iktilarinda diger sogutma sartlarina kargi istlinlilk

Ortalama yiizey sagladigl veya rekabet edebilecegi sonucuna varilmigtir. Bununla birlikte, ¢alisma
piiriizliiliigii neticesinde kesme hizi ve ilerleme orani seviyelerinin farkli sogutma sartlar1 altinda
Talas biiziisme katsayist performans ¢iktilart {izerine etkileri de ortaya g¢ikarilmistir. Calismadan elde edilen

veriler 1s1ginda, karmasik MMY yontemlerine gore ¢ok daha diisiik kurulum
maliyetine sahip UACF sisteminin disiik miktarda kesme sivisi tiketimiyle (0.5
ml/dak) gergek kesme sartlari altinda iyi bir performans sagladigi ve yiiksek bir
kullanim potansiyeline sahip oldugu sonucuna ulasilmstir.

1. INTRODUCTION (GIRiS)

Cooling and lubrication are very important factors in machining applications, especially in the
machining of heavy metals such as titanium and steel [1]. The application of cutting fluids to
provide cooling and lubrication with the right parameters has a direct effect on machining process
stability and production cost. The positive effects of cutting fluid use on different performance
parameters such as reducing cutting forces, reducing friction and temperature in the cutting zone,
increasing cutting tool life and reducing surface roughness values have been proven by numerous
academic studies. However, it is also known that cutting fluid creates a serious cost burden for
manufacturers and harms human health. Studies have shown that the cost of cutting fluid occupies a
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significant volume of 14% in production costs [2]. Cutting fluid can also harm human health by
causing skin and respiratory diseases such as dermatitis, skin cancer, skin infections, lung and
respiratory tract irritations [3]. In this context, researchers have conducted numerous studies on the
consumption of cutting fluid at a minimum level while keeping cutting efficiency at the highest
level. Systems that atomize a small amount of cutting fluid with air mixture at high pressure and
apply it to the cutting zone are called minimum quantity lubrication (MQL). These systems are also
called near dry cooling and lubrication because only 2% of the applied cutting fluid adheres to the
chip. However, traditional cooling methods consume approximately 1000 times more cutting fluid
than MQL lubrication systems (0.1 ml/min-2ml/min) [4]. The demands of manufacturers to increase
product performance and reduce production cost, as well as the desire to create an eco-friendly
production and sustainable production ecosystem in the metal industry, make it attractive for
researchers to work in the field of minimum amount lubrication. Studies have shown that minimum
quantity lubrication systems can compete with conventional cooling methods in terms of various
performance parameters under the right conditions and with the right cutting parameters. Ngoc [5]
stated that the Al,O3/MoS2 hybrid nanofluid MQL system increases the cutting tool life and surface
quality by cooling and lubricating much more effectively than other cooling conditions in the heavy
turning process. Khanna [6] observed the effects of different cooling conditions on different
performance parameters in drilling VT-20 alloy material. As a result of the study, it was evaluated
that hybrid nanoparticles (NPs) immersed electrostatic minimum quantity lubrication (HNPEMQL)
system gave highly competitive results on the basis of different performance parameters. Shukla [7]
compared the soybean-containing MQL system with dry machining in the turning of AISI 304 steel.
The lubrication provided by the MQL system in reducing the cutting forces resulted in a more
effective result than dry cutting. Liaoa [8] determined that the effective cooling provided by the
MQL system increased the cutting tool life and surface quality compared to traditional cooling
methods. Davim [9] compared the minimum quantity lubrication system with flood cooling in terms
of cutting forces, power consumption, surface roughness and chip form. As a result of the study, it
was seen that the MQL system gave better or similar results in terms of relevant performance
parameters. Attanasio [10] found that if the MQL application was applied to the flank surface, it
effectively lubricated, reducing cutting tool wear and increasing cutting tool life. Hoyne [11]
concluded that the ACF system effectively penetrates the cutting zone and forms a thin film layer
compared to the use of conventional cutting fluid, effectively reduces the friction coefficient and the
temperature in the cutting zone, and therefore increases the life of the cutting tool. Sivalingam [12]
stated that the fine droplets transferred to the cutting zone by the ACF system remove heat from the
zone, reduce the friction coefficient and prevent BUE formation, thus significantly reducing cutting
tool wear compared to dry conditions. In addition, the ACF system provides better surface
roughness results due to these parameter improvements. Dhar [13] found that the MQL system was
more successful in reducing the temperature in the cutting zone than traditional cooling methods
and prevented the formation of BUE. Vikram [14] concluded that the MQL method effectively
penetrates the cutting zone, regulates the friction distribution and reduces the cutting forces. The
result that the MQL method reduces surface roughness and cutting forces, especially in low cutting
parameter combinations, was discussed in Rahman's [15] study. Khan [16] found that the MQL
application reduces cutting tool flank wear and prevents notch wear much more effectively than
traditional cooling methods, and thus the best surface roughness is obtained. It is thought that the oil
mist produced by minimal quantity lubrication systems penetrates and adheres to the cutting zone
more effectively due to its small size. The ultrasonic-based minimal lubrication method is one of the
minimum quantity lubrication systems that converts the cutting fluid into particles ranging from 10-
50 um by means of ultrasonic components [17]. In this respect, conventional MQL systems differ
from ultrasonic atomization-based minimal lubrication systems in terms of the method of atomizing
the cutting fluid. Ultrasonic based cutting fluid application system has been chosen as the subject of
research due to the limited number of studies on it and its evaluation as a unique system open to
development. The main objective of the study is to demonstrate the effectiveness of the ultrasonic-
based coolant spray (UACF) system under real cutting conditions in comparison with other
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conventional cooling methods and to reveal the optimum cutting parameters. In addition, this
comprehensive study, which comparatively demonstrates a large number of performance
parameters, is intended to be a reference for subsequent studies.

2. MATERIAL AND METHOD (MATERYAL VE YONTEM)

2.1. Ultrasonic Atomization-based Cutting Fluid Sprey System (UACF) (Ultrasonik Atomizasyon
Tabanh Kesme Sivisi Piiskiirtme Sistemi (uACF))

Ultrasonic atomization-based cutting fluid spraying system is a minimal amount lubrication
method that atomizes the cutting fluid into droplets of 10-50 um in size by means of piezoceramic
components, forming a thin film layer in the cutting zone for cooling and lubrication. Compared to
complex MQL systems, this uACF system is a much more cost-effective and accessible system
built with ultrasonic-based components, with minimal lubrication characteristics. UACF system has
potential to be an important green production method due to its very low consumption (0.5 ml/min)
of cutting fluid. In addition to this, there is no cutting fluid disposal and cycle cost since the low
amount of cutting fluid used is vaporised in the cutting zone. The ultrasonic atomization-based
cutting fluid spray system used in the experiment and developed, manufactured and tested by
Kafkas [17] basically consists of two main parts. These parts are ultrasonic mist generator and
nozzle system. The ultrasonic mist generator consists of a reservoir, atomization chamber, fan, mist
generating piezoceramic discs, drive circuit and DC power unit. The cutting fluid in the reservoir
turns into small droplets by vibration of piezoceramic discs (0.7 mm thickness, 113 kHz resonance
frequency) fixed on a thin stainless-steel foil with micro holes (0.15 mm thickness, 5 um hole size,
1000 pores). The mist formed by the piezoceramic discs is collected in the atomisation circle to be
discharged and then conveyed to the nozzle system through flexible hoses by a fan providing a low-
speed air flow. The nozzles fixed to the tool turret include a positioning nozzle and an accelerating
nozzle. There is an orifice with a hole diameter of 1 mm in the outlet part of the acceleration nozzle
located in the centre of the positioning nozzle and a high-speed air jet is created with the help of
high-pressure air. At the outlet of the system, there is a replaceable nozzle tip attached to the
positioning nozzle. The interchangeable nozzle tip is shown in Figure 1a. The nozzle tip used in the
experiment is called flat-wide nozzle and this nozzle was selected by considering the optimum
parameters obtained in the study conducted by Kafkas [17]. The nozzle parameters used in the study
are presented in Table 1. As can be seen in Figure 1b, the mist transmitted at low speed by the
positioning nozzle is combined with the pressurised air jet provided by the accelerator nozzle at the
exit and is transmitted to the cutting zone as a high-speed aerosol.

Accelerator Nozzle

Positioning Nozzle

(a) (b)

Figure 1. (a) Flat-wiae nozzle Tip and (b) uACF nozzle components and position of cutting tool-uACF system
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Table 1. Nozzle Parameters (Nozul Parametreleri)

Parameter Value
Liquid Concentration 5%
Nozzle Diameter 0.8 mm
Horizontal Nozzle Angle 30 deg
Vertical Nozzle Angle 45 deg
Nozzle Distance 30 mm
Air Pressure 6 bar
Mist Flow Rate 0.5 ml/min
Nozzle Type Flat-wide nozzle

2.2. Experimental Design (Deneysel Tasarim)

In the experiments, the turning process was carried out on a Johnford TC-35 horizontal CNC
lathe. This lathe, which has a Fanuc control unit, has a power of 13 kW and a maximum speed of
3.500 rpm. The turning process was carried out with a Sumitomo brand SNMG 120408-NGU
cutting tool. The cutting tool has a multilayer (Al203 + TiCN) coating produced by the CVD
method. A new replaceable cutting tip was used for each cutting combination. Hot-rolled
@100x500 mm cylindrical AISI 1050 steel with a hardness of 135 HB was selected as the
workpiece material. This material, which is called manufacturing steel, contains 0.50% carbon and
is widely preferred in bolts, shafts, low life tools and mould sets. Before starting the experiments,
the workpiece was pre-turned to a diameter of 94 mm to create a clean entry surface and to
eliminate possible runout. In the study, a semi-synthetic and water-based cutting fluid with an oil
content of 5% by volume was used.

The experimental study plan was designed according to Taguchi Lg (3x3) orthogonal
arrangement. In accordance with this arrangement, three different levels of cutting speed (100
m/min, 130 m/min, 170 m/min) and feed rate (0.15 mm/rev, 0.2 mm/rev, 0.25 mm/rev) were
selected. Medium level of cutting speed (100 m/min) and feed rate (0.2 mm/rev) were selected
according to recommended cutting tool (Sumitomo brand SNMG 120408-NGU) value in the
catalog. To observe the effect of cutting speed and feed rate changes on the performance
parameters, the medium level parameters were significantly increased and decreased between 25-
30%. Table 2 shows the working parameters and their levels in a tabular form. Cutting speed is
symbolized as “Vc” and feed rate is symbolized as “f”. In order to observe the effects of cooling
conditions and cutting parameters on the performance parameters, all cutting speed and feed rate
combinations were repeated for different cooling conditions. These cooling conditions are: spray
cooling (SPR), ultrasonic atomization-based cutting fluid spray (UACF), compressed air cooling
(AIR) and dry cutting (DRY). Cooling conditions are presented in Table 3. Thirty-six different
experimental combinations were performed in the study, including three different levels of cutting
speed, three different levels of feed rate and four different cooling conditions. The parameter
combinations of the experimental studies and the experimental plan according to the Lg orthogonal
arrangement are shown in Table 4. Cutting force (Fc), cutting temperature (Tc), average surface
roughness (Ra) and chip shrinkage coefficient (&) were considered as performance characteristics.
The aim of the study is to demonstrate the effectiveness of uACF, which has a much lower cutting
fluid consumption (0.5 ml/min) compared to its counterparts, against alternative cooling methods on
the considered performance characteristics.

Table 2. Experimental parameters and levels (Deneysel parametreler ve seviyeleri)

Level
Symbol Parameter 1 2 3
Vc  Cutting Speed (m/min) 100 130 170
f Feed rate (mm/dev) 0.15 0.2 0.25
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Table 3. Cooling condition parameters and levels (Sogutma sart1 parametreleri ve seviyeleri)

Level

Symbol  Parameter 1 2 3 4
cC Cooling Condition SPR UACF AIR DRY

Table 4. Lg (3% * 4 orthogonal array of experimental studies (Deneysel ¢alismalarin Lg (3%) * 4 ortogonal dizini)

Non-Coded Values Coded Values Non-Coded Values Coded Values

No CC Ve f No CC Vc f No CC Ve f No CC vc f
1 SPR 100 015 1 1 1 1 19 AIR 100 0415 19 3 1 1
2 SPR 100 02 2 1 1 2 20 AIR 100 02 20 3 1 2
3 SPR 100 025 3 1 1 3 21 AIR 100 025 21 3 1 3
4 SPR 130 015 4 1 2 1 22 AIR 130 015 22 3 2 1
5 SPR 130 02 5 1 2 2 23 AIR 130 02 23 3 2 2
6 SPR 130 025 6 1 2 3 24 AIR 130 025 24 3 2 3
7 SPR 170 015 7 1 3 1 25 AIR 170 015 25 3 3 1
8 SPR 170 02 8 1 3 2 26 AIR 170 02 26 3 3 2
9 SPR 170 025 9 1 3 3 27 AIR 170 025 27 3 3 3
10 uACF 100 0.15 10 2 1 1 28 DRY 100 0415 28 4 1 1
11 uACF 100 02 11 2 1 2 29 DRY 100 02 29 4 1 2
12 uACF 100 025 12 2 1 3 30 DRY 100 025 30 4 1 3
13 uACF 130 015 13 2 2 1 31 DRY 130 0415 31 4 2 1
14 uACF 130 02 14 2 2 2 32 DRY 130 02 32 4 2 2
15 uACF 130 025 15 2 2 3 33 DRY 130 025 33 4 2 3
16 uACF 170 015 16 2 3 1 34 DRY 170 015 34 4 3 1
17 uACF 170 02 17 2 3 2 35 DRY 170 02 35 4 3 2
18 uACF 170 025 18 2 3 3 36 DRY 170 025 36 4 3 3

The cutting force (Fc) was measured with a three-component piezoelectric dynamometer (Kistler
9257A). The signals received by the dynamometer were amplified with a load amplifier (Kistler
5019) and transmitted to the Dynoware 2825Al-2 software and recorded. The cutting temperature
(Tc) was measured with a Raytek-MI31002MSF1 brand non-contact infrared (IR) pyrometer
device. The pyrometer device, which was placed at a distance of 20 cm behind the tool tip, was
precisely fixed to the tool turret. The pyrometer device was adjusted in a position to take precise
measurements from the tool tip where the cutting temperature was maximum. The temperature
detection range of the IR pyrometer is 250-1400 °C, its spectral response is 1.6 um, its optical
resolution is 100:1, its response time is 10 ms, and its reading accuracy is +2 °C. The data obtained
by the thermometer were transferred to the “DataTempMultidrop” software and recorded. After the
turning process was completed, Mitutoyo SJ-201 portable surface profilometer was used to measure
the average surface roughness (Ra) value. The measurements were taken from a 2.5 mm sample
length and the device was calibrated with a standard calibration gauge before each measurement. In
order to determine the chip shrinkage coefficient (¢), the chips that underwent plastic deformation
during the turning process were measured with a digital caliper with 0.01 mm sensitivity and then
the chip shrinkage coefficient () was calculated by taking into account the “ratio of the cut chip
thickness (a2) to the uncut chip thickness (al)” ({ = a2/al, al = fsin(p), f: feed rate-mm/rev, ¢:
angle of cutting tool approach -degree).
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3. RESULTS AND DISCUSSION (SONUCLAR VE TARTISMA)

The experimental study was carried out according to the Taguchi L9 experimental design plan
given in Table 4. Table 5 shows the results of cutting force (Fc), cutting temperature (Tc), average
surface roughness (Ra) and chip shrinkage coefficient () obtained according to the experimental
plan in Table 4. In order to understand the effects of the operating parameters and cooling
conditions on the performance parameters by making preliminary evaluations of the operating
parameters and cooling conditions, the results were plotted as shown in Figure 2. In Figure 2, the
effect of cutting speed and feed rate combinations on different performance parameters under
different cooling conditions is expressed as a bar graph.

Table 5. Experimental results (Deneysel sonuglar)

Experimental results

Fc Tc Ra & No Fc Tc Ra &
382.79 429.66 1.25 2.37 19 387.91 460.49 1.66 2.35
476.21 468.80 1.84 2.23 20 475.78 506.65 1.98 2.94
556.38 517.65 2.76 2.17 21 563.70 529.49 3.37 3.40
384.03 477.96 1.55 2.22 22 397.12 514.65 1.19 2.19
469.59 515.70 1.98 2.09 23 470.61 533.60 2.24 2.94
558.39 524.07 2.63 2.09 24 559.53 560.96 2.60 3.43
383.39 492,71 1.14 222 25 382.90 548.22 1.32 2.16
464.89 540.90 1.79 2.08 26 462.13 567.13 1.67 2.84
547.24 574,10 2.68 2.08 27 535.84 583.17 2.93 3.29
394.07 440.62 1.29 2.35 28 384.08 481.57 1.35 2.35
480.14 437.09 2.02 2.15 29 477.29 522.26 2.04 2.12
549.60 496.21 3.21 2.02 30 570.53 556.73 2.94 2.09
378.70 503.89 1.13 2.16 31 401.09 534.89 1.33 2.28
461.02 504.83 1.73 2.07 32 483.88 548.79 2.03 2.12
534.00 541.14 2.44 2.08 33 558.81 591.70 2.93 2.06
373.82 51556 1.44 2.10 34 384.82 560.36 1.05 2.17
454,91 568.54 2.11 1.97 35 458.30 588.49 1.62 2.04
543,52 551.53 2.88 1.95 36 528.50 600.39 3.22 1.99
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(b)

(d)

Figure 2. Variation graphs of performance characteristics: (a) cutting force, (b) cutting temperature, (c) average surface

roughness, (d) chip shrinkage coefficient

3.1. Evaluation of Cutting Forces (Kesme Kuvvetlerinin Degerlendirilmesi)

Cutting forces are generated when the cutting tool removes chips from the workpiece. The
largest force occurring in the turning process is the ‘main cutting force (Fc)’ and this force occurs
tangent to the direction of rotation. The high level of cutting forces negatively affects the machining
and product performance and increases the energy consumed. With the analyses, the effect of
cutting speed, feed rate and cooling condition changes on the cutting force has been revealed.

Table 6. ANOVA results table for cutting forces (Kesme kuvvetleri igin ANOVA sonug tablosu)

Cool.ir_lg Experimental Degrees of  Sum of Mean Contribution
Condition Parameter Freedom  Squares squares F-Rate P-Value Rate
Parameter (DOF) (SS) (MS) (%)

Ve 2 75.3 37.6 2.48 0.199549 0.17%

f 2 43662 21831  1436.75 0.000002 99.69%

SPR Error 4 60.8 15.2 0.14%
Total 8 43798.1 100.00%

Ve 2 574.6 287.3 9.65 0.029490 1.47%

f 2 38504.4  19252.2  646.34 0.000010 98.23%

UACF Error 4 119.1 20.8 0.30%
Total 8 39198.2 100.00%

Ve 2 479.6 239.8 5.61 0.069115 1.17%

f 2 40207.9 20104 470.12  0.000018 98.41%

AR Error 4 171.1 42.8 0.42%
Total 8 40858.6 100.00%

Ve 2 998.1 499 4.15 0.105600 2.43%

f 2 39675.6  19837.8  165.13  0.000100 96.41%

DRY Error 4 480.5 120.1 1.17%
Total 8 41154.3 100.00%

In Figure 2a, the effect of cutting speed and feed rate combinations on the cutting force under
different cooling conditions can be seen in the form of a bar graph. In order to compare the effect
levels of the control parameters on the cutting force under different cooling conditions, ANOVA
analysis was performed as shown in Table 6. Table 6 shows that as a result of the ANOVA analysis,
the feed rate is the dominant parameter on the cutting force under all cooling conditions and has an
effect of more than 96%. It is seen that cutting speed variation is significant on the cutting force
parameter only for the uACF condition. When Figure 2a and Table 6 are analysed, it is seen that
cutting speed and cooling condition have a much lower effect on cutting force than feed rate.

Table 7. Response table of cutting speed and feed rate levels on cutting forces (Kesme hizi ve ilerleme orani
seviyelerinin kesme kuvvetleri {izerindeki cevap tablosu)

Cooling Conditior ~ Experimental Level
Parameter Parameter 1 2 3 Max-Min Ranking
Vc 471.8 470.7 465.2 6.6 2
SPR
f 383.4 470.2 554.0 170.6 1
Ve 474.6 457.9 457.4 17.2 2
uACF
f 382.2 465.4 5424  160.2 1
AIR Ve 475.8 475.8 460.3 155 2
f 389.3 469.5 553 163.7 1
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Figure 3. Main effect graph of cutting speed (a) and feed rate (b) levels on cutting forces

In Table 7, the response table for the effect of cutting speed, feed rate and cooling condition
changes on the cutting force is presented. In Figure 3, the response table of the cutting force is
graphised. In the light of the results obtained, it is seen that the use of the highest level of cutting
speed decreases the cutting forces in all cooling conditions, although it does not have a linear and
regular effect. On the other hand, it was found that the feed rate increase dramatically raised the
cutting force in all cooling conditions and the feed rate-cutting force relationship was more stable. It
is considered that the increase in cutting speed rises the cutting temperature, allowing thermal
softening [18]. Additionally, increase in cutting speed reduces the tool-chip contact area, thus
reducing cutting forces [19]. It can be said that the increase in feed rate increases the cutting forces
by increasing the chip load and vibration [20].

In reducing cutting forces, UACF is generally superior to other cooling conditions. It is thought
that the small-sized droplets formed by the uUACF system successfully penetrate the cutting zone
and form a thin film layer, regulate chip formation and friction distribution, and therefore reduce the
cutting force. In the study, the lowest cutting force was obtained at the combination of 170 m/min
cutting speed, 0.15 mm/rev feed rate and ‘uACF’ cooling condition. The highest cutting force was
observed under 100 m/min cutting speed, 0.25 mm/rev feed rate and ‘DRY’ cutting condition.

3.2. Evaluation of Cutting Temperature (Kesme Sicakhigimin Degerlendirilmesi)

In all machining processes, it is known that high temperatures occur in the cutting zone with the
contact of the workpiece and the cutting tool. Uncontrolled temperature increases the wear of the
cutting tool and leads to undesirable results such as reduction in tool life, dimensional and
geometrical mismatch, deformation of the workpiece.

Table 8 shows the result of ANOVA analysis to measure the effect of cutting speed and feed rate
parameters on cutting temperature under different cooling conditions. With this analysis, it is seen
that cutting speed and feed rate parameters are important parameters on the cutting temperature
under all cooling conditions in general. Under spray cooling condition, the effectiveness of feed rate
is more prominent, while cutting speed is more effective under other cooling conditions. The
effectiveness of cutting speed on cutting temperature increased under uACF cooling condition. It is
concluded that cutting speed, feed rate and cooling condition parameters are all effective and the
right combination of cutting conditions should be made in order to minimise the cutting
temperature.

While the response table of cutting speed and feed rate variations on cutting temperature under
different cooling conditions is given in Table 9, Figure 4 shows the main effects of cutting speed
and feed rate on cutting temperature graphically.

255



Kafkas, Dagli | Manufacturing Technologies and Applications 5(3), 248-263, 2024

Table 8. ANOVA results table for cutting temperature, Tc (Kesme sicakligi, Tc, icin ANOVA sonug tablosu)

lin . Degr f m of Mean ntribution
C(c:)cr)fjitign E;g?_;‘é‘ng;tral Fer%e?jec?mo Ssgluaroes squzares F-Rate P-Value “ Ra?eu °
Parameter (DOF) (SS) (MS) (%)
Ve 2 6125.8 3062.9 19.23  0.009 42.05%
f 2 7805.1 3902.6 245 0.006 53.58%
SPR Error 4 637.3 159.3 4.37%
Total 8 14568.2 100.00%
Ve 2 11868 5934.2 13.52  0.017 72.22%
f 2 2809 1404.6 3.2 0.148 17.09%
UACF Error 4 1756 439 10.69%
Total 8 16434 100.00%
Ve 2 6822.9 3411.46 35.28  0.003 62.08%
AIR f 2 3780.8 1890.4 19.55  0.009 34.40%
Error 4 386.8 96.7 3.52%
Total 8 10990.5 100.00%
Ve 2 6026.4 3013.2 24.25  0.006 52.61%
DRY f 2 4932.4 2466.2 19.85  0.008 43.06%
Error 4 497 124.2 4.34%
Total 8 11455.8 100.00%

As seen in Figure 4, it is observed that the cutting temperature rises with the increase of cutting
speed and feed rate. It is thought that the energy released by increasing the cutting speed and feed
rate values increases the chip load and friction, which causes an increase in the cutting temperature
[16]. It has been evaluated that while the cutting tool-chip contact area increases with the increase
in feed rate [21]. The deformation of the removed chip increases with the increase in cutting speed
and feed rate [22]. In the light of the data obtained, it was observed that the cutting temperature was
the highest under dry cutting condition at all cutting speed and feed rate levels, followed by
compressed air cooling. It is thought that under dry cutting and compressed air cooling conditions,
chip evacuation from the cutting zone is weak compared to other cutting conditions, so the cutting
temperature reaches maximum levels.

Table 9. Response table of cutting speed and feed rate levels on cutting temperature

Cooling Condition  Experimental Level
Parameter Parameter 1 2 3 Max-Min Ranking
Ve 472 5059 5359 39 2
SPR f 466.8 508.5 5386 718 1
Ve 458 516.6 545.2
UACF o X
f 486.7 5035 529.6 429 2
Ve 4989 536.4 566.2 7.3 1
AIR f 507.8 535.8 557.9 g5g1 2
Ve 520.2 558.5 583.1
Ry 62.9 1
f 525.6 553.2 5829 573 2
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Figure 4. Main effect graph of cutting speed (a) and feed rate (b) levels on cutting temperature (Kesme hizi (a) ve
ilerleme orani (b) seviyelerinin kesme sicaklig1 iizerindeki ana etki grafigi)

The highest cutting temperature value was observed under the cutting speed of 170 m/min, feed
rate of 0.25 mm/rev and “DRY” cutting condition. Under the cutting speed of 100 m/min, feed rate
of 0.15 mm/rev and “SPR” cutting condition, the lowest cutting temperature value was obtained. It
was observed that the cutting temperature was reduced much more effectively in spray cooling and
ultrasonic atomization based minimal lubrication systems. It is evaluated that under these
conditions, the chip is removed from the cutting area more effectively and the lubrication effect
reduces friction. It can be said that the small droplets formed by the uACF cooling system
accelerate and gain momentum with the carrier gas, form a thin film layer, reduce the cutting
temperature by effectively cooling and lubricating, and are as effective as the SPR method with the

advantage of less fluid consumption.

3.3. Evaluation of Average Surface Roughness (Ortalama Yiizey Piiriizliiliigiiniin Degerlendirilmesi)

Table 10 shows the results of ANOVA analysis to compare the effect of feed rate and cutting

speed parameters on the average surface roughness under different cooling conditions.

Table 10. ANOVA results table for average surface roughness, Ra

Cooling Experimental Degrees of Sum of Mean Contribution
Condition Parameter Freedom Squares squares F-Rate P-Value Rate
Parameter (DOF) (SS) (MS) (%)

Ve 2 0.05046 0.02523 158 0.3125 1.68%

SPR f 2 2.88224 144112  90.11 0.0005 96.18%
Error 4 0.06397 0.01599 2.13%

Total 8 2.99667 100.00%
Ve 2 0.3077 0.15387 519 0.0773 7.54%

UACF f 2 3.6564 1.82818 61.71  0.001 89.56%
Error 4 0.1185 0.02962 2.90%

Total 8 4.0826 100.00%
Ve 2 0.242 0.121 1.42 0.342 5.50%

AIR f 2 3.8167 190835  22.37  0.007 86.74%
Error 4 0.3413 0.08533 7.76%

Total 8 4.4 100.00%
Ve 2 0.03915 0.01958 0.41 0.689 0.76%

DRY f 2 4.89177 2.44588 5115 0.001 95.50%
Error 4 0.19128 0.04782 3.73%

Total 8 5.1222 100.00%

It was observed that feed rate was the most dominant parameter on surface roughness under all

cooling conditions. Although the effect of feed rate on the average surface roughness parameter
varied minimally under different cooling conditions, it showed parallel results. This effect level
varies between 86.74% and 96.18%. It is evaluated that cutting speed variation has a low level of
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effect and significance on the average surface roughness. In addition, it was determined that the
selection of different cutting parameter combinations under the correct cooling condition has an
effect on the average surface roughness, but this effect level is very low compared to the feed rate
change. Akgiin [23] examined the effects of feed rate, cutting speed and insert radius on surface
roughness and found that feed rate was the most effective parameter with 57.6%. Gan [24] showed
that feed rate is much more effective than cutting speed on surface roughness. Yasir [25] found that
cutting speed had no significant effect on the surface roughness parameter, while feed rate was quite
dominant. Increasing feed rate significantly increases vibration and chip formation intensity,
negatively affecting surface roughness.

Table 11. Response table of cutting speed and feed rate levels on average surface roughness

Cooling Condition  Experimental Level
Parameter Parameter 1 2 3  Max-Min Ranking
Ve 1.948 2.054 1.871 .183 2
SPR f 1313 1869 2691 1373 1
Ve 2174 1.768 2.146
UACF 0.406 1
f 1.29 1953 2.845 1555 2
Ve 2,337 2.011 1.97 0.367 1
AIR f 1391 1.961 2966 1575 5
vV 2.11 2.095 1.963
DRY C 0.147 1
f 1.244 1.896 3.029 1785 2
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Figure 5. Main effect graph of cutting speed (a) and feed rate (b) levels on average surface roughness (Kesme hizi (a) ve
ilerleme orani (b) seviyelerinin ortalama yiizey piiriizliiliigii tizerindeki ana etki grafigi)

The response table for the changes in the average surface roughness due to the changes in the
cutting level and feed rate is given in Table 11 and these data are shown as main effect graphs in
Figure 5. When the graphs in Figure 5 are examined, it is seen that the effect of the cutting speed on
the average surface roughness is irregular and unstable. While the medium level cutting speed under
the UACF gives the lowest surface roughness result for this condition, the lowest average surface
roughness value under other cooling conditions is seen at the highest level cutting speeds. The
increase in cutting speed rises the temperature in the cutting zone, reduces the formation of built-up
chips and reveals the softening of the material. For these reasons, while the appropriate amount of
cutting speed has a positive effect on the surface roughness, excessive cutting speed increases the
vibration and cutting tool lateral wear and increases the surface roughness. Very low cutting speeds
can cause subsurface micro cracks [19]. The highest avarage surface roughness values were
observed under the cutting speed of 100 m/min, feed rate of 0.25 mm/rev and “DRY” cutting
condition. The lowest avarage surface roughness values were observed under the cutting speed of
170 m/min, feed rate of 0.15 mm/rev and “DRY” cutting condition.
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It was observed that the effect of feed rate on the average surface roughness was much more
stable than the cutting speed. With the increase in the feed rate parameter, tool marks, cutting loads
and plastic deformation rises. For this reason, it was observed that the increase in feed rate had a
high level of effect on the increase in average surface roughness under all cooling conditions and
was the most effective parameter. It was observed that the uACF cooling condition was quite
effective in reducing surface roughness under medium cutting speed and low feed rate conditions. It
is thought that the increase in cutting speed triggered faster chip formation and caused the chips to
accumulate at the cutting tool edge. For this reason, it was evaluated that the surface roughness
increased by preventing the atomized cutting fluid generated by the uACF system from passing to
the cutting zone [1]. It was determined that the ultrasonic atomization-based minimal lubrication
system could compete with other cooling conditions under the correct combination of cutting
parameters and produced successful average surface roughness results.

3.4. Evaluation of Effects on Chip Shrinkage Coefficient (Talas Biiziisme Katsayis1 Uzerine Etkilerin
Degerlendirilmesi)

In chip removal operations, the progress of the cutting tool by sinking into the workpiece to a
certain extent causes the phenomenon of plastic deformation and causes the formation of chips. The
chip compressed by the effect of pressure expands compared to the uncut chip. The low coefficient
of chip shrinkage is an important parameter in this context in terms of indicating the ease of plastic
deformation.

Table 12. ANOVA result table for chip shrinkage coefficient, § (Talas biiziisme katsayisi, &, icin ANOVA sonug

tablosu)

Cooling Experimental Degrees of Sum of Mean Contribution
Condition Pzrameter Freedom Squares squares F-Rate P-Value Rate
Parameter (DOF) (SS) (MS) (%)

Ve 2 0.03437 0.017183 39.2 0.0024 43.49%
f 2 0.04291 0.021454  48.94 0.0015 54.30%
SPR Hata 4 0.00175  0.000438 2.22%
Ve 2 0.04325 0.021624 476  0.087 35.88%
f 2 0.05912 0.029559 6.51 0.055 49.05%
UACF Hata 4 001816  0.00454 15.07%
Ve 2 0.02871 0.014356 541 0.07282 1.44%
f 2 1.96134 0.980669 369.65 0.00003 98.03%
AR Hata 4 001061  0.002653 0.53%
Toplam 8 2.00066 100.00%
Vc 2 0.02277 0.011383 12.6 0.019 21.27%
f 2 0.08066 0.04033 44,64  0.002 75.35%
DRY .
Hata 4 0.00361 0.000903 3.38%
Toplam 8 0.10704 100.00%

In order to determine the effect of cutting speed and feed rate values on the chip shrinkage
coefficient under different cooling conditions, ANOVA analysis was performed as shown in Table
12. As a result of the analysis, it is seen that the feed rate is more effective on the chip shrinkage
coefficient than the cutting speed under all cooling conditions. While this effect level is very high in
compressed air cooling, it is at the lowest level in uACF system. Based on this result, it is inferred
that the effect of feed rate on the chip shrinkage coefficient decreases with increasing cooling effect.
It was observed that the significance and effect level of cutting speed variation on the chip
shrinkage coefficient varied significantly for different cooling conditions. Cutting speed, feed rate
and cooling condition parameters are all important for the chip shrinkage coefficient performance
parameter and it is necessary to make the right combination of cutting conditions.
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Table 13. Response table of cutting speed and feed rate levels on chip shrinkage coefficient (Kesme hizi ve ilerleme
orani seviyelerinin talas biiziisme katsayis1 lizerindeki cevap tablosu)

Cooling Condition  Experimental Level
Parameter Parameter 1 2 3 Max-Min Ranking
Ve 2.258 2131 2123 (135 1
SPR f 2267 2132 2112 155 2
Ve 2.174 2.106 2.005
UACE 0.169 1
f 2.206 2.063 2.015 191 2
2 2.899 2.855 2.763 (.136 1
AIR f 2.237 2.906 3.374 1.137 2
Ve 2.188 2.152 2.068
DRY 0.12 1
f 2.267 2.094 2.048 (219 2
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Figure 6. Main effect(gr)aphs of cutting speed (a) and feed rate (b) levels on ch(ip)shrinkage coefficient

Table 13 and Figure 6 show the response table and main effect graphs for the effects of cutting
speed and feed rate variations on the chip shrinkage coefficient under different cooling conditions,
respectively. It is observed that the increase in cutting speed decreases the chip shrinkage
coefficient under all cooling conditions. Increasing the feed rate decreased the chip shrinkage
coefficient under all cooling conditions except the compressed air cooling condition. A low ‘chip
shrinkage coefficient’ indicates a close interaction between the chip and the cutting tool [23]. The
increase in feed rate and cutting speed values increases the temperature in the cutting zone and
causes softening of the material [5]. It was found that the increase in cutting speed and feed rate
reduces the chip shrinkage coefficient by facilitating plastic deformation [24-27]. It is seen that the
UACF cooling system is superior to other cooling conditions in terms of chip shrinkage coefficient.
The highest cutting speed (170 m/min), the highest feed rate (0.25 mm/rev) and the smallest chip
shrinkage coefficient value were obtained under uACF cooling condition. The highest chip
shrinkage coeffient values were observed under the cutting speed of 130 m/min, feed rate of 0.25
mm/rev and “AIR” cutting condition. It can be said that effective cooling and lubrication under
UACF cooling condition facilitates plastic deformation by reducing the friction coefficient. It was
observed that the chip shrinkage coefficient values observed at medium and high feed rates under
compressed air cooling condition were significantly higher than the other conditions. It was
observed that the chip shrinkage coefficient under AIR cooling condition was higher than the other
cooling conditions. At this point, under the AIR condition, the chip-tool interface is deprived of the
lubrication effect and there is a temperature drop compared to the dry cutting condition due to the
effect of pressurised air. Under the AIR cooling condition, the temperature drop and the absence of
lubrication make the chip deformation difficult and increase the chip shrinkage coefficient.
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3.5. Discussion on the uACF System (uACF Sistemi Uzerine Tartiyma)

In the light of the study, it was observed that the uACF system provided superiority or achieved
close success to the best result for the performance parameters examined in the turning of AISI
1050 material compared to traditional cooling methods. However, the uACF system must be used in
the correct operation and material. The uACF system can effectively penetrate the cutting zone due
to the small dimensions of the atomized cutting fluid, but it is anticipated that it will be insufficient
in terms of cooling and lubrication in high-volume chip removal operations due to the low pressure
and amount of cutting fluid it provides. In this context, the uACF system seems unlikely to compete
with innovative cooling methods such as high-pressure cooling application (HPC) and cryogenic
cooling methods in terms of removing high-volume chips from the cutting zone and meeting the
high cooling need. Especially in exotic materials such as Ti-6Al-4V and inconel, high-volume
cooling capacity is required to reduce the high temperature occurring in the cutting zone. In low and
medium volume machining operations, the UACF system provides a significant advantage in terms
of easy supply of components and low cutting fluid consumption, and emerges as an alternative to
expensive cooling systems. The easy integration and small dimensions of the system enable it to be
used in low and medium volume milling, drilling and grinding operations. In order to use the uUACF
system in different machining operations, it is sufficient to adjust the nozzle exit position to
penetrate the cutting zone. In order to reveal the limits and potential of the uACF system; studies
can be conducted on more complex geometries, different material types, different cutting fluids and
different machining operations. Unlike the performance parameters considered in the study, the
UACF system has the potential to be investigated on the effects of the cutting tool wear, cutting tool
life and dimensional stability. The findings and observations obtained from this study can be used
in further research on uACF and similar systems.

4. CONCLUSIONS (SONUCLAR)

This study presents the comparison of ultrasonic atomisation based cutting fluid spray system
(uUACF) with spray cooling (SPR), compressed air cooling (AIR) and dry cutting (DRY) conditions
under different cutting speed and feed rate combinations for turning AISI 1050 carbon steel. Cutting
force (Fc), cutting temperature (Tc), average surface roughness (Ra) and chip shrinkage coefficient
(&) were selected as performance characteristics. In order to determine the best parameter
combinations, ANOVA analyses were performed in the experimental study based on the Taguchi
experimental approach to determine the effect of cutting speed and feed rate values on the
performance characteristics under different cooling conditions.

1. It has been observed that the small-sized liquid droplets formed by the uACF system successfully
penetrate into the cutting zone and form a thin film layer, regulate chip formation and friction
distribution, and therefore are generally successful in reducing the cutting force compared to other
cooling conditions. It has been evaluated that the rise in feed rate goes up the cutting force
dramatically by increasing the chip load and vibration, while the increase in cutting speed reveals
the concept of softening in the material and reduces the cutting force.

2. It was observed that the cutting temperature was reduced much more effectively in SPR and
UACF conditions compared to other cooling conditions. It is thought that under these conditions, the
chip is more effectively removed from the cutting zone and the lubrication effect reduces friction. It
is observed that the cutting temperature rises with the increase of cutting speed and feed rate.
Energy released by increasing the cutting speed and feed rate values increases the chip load and
friction, which causes an increase in the cutting temperature.

3. It was evaluated that the rise in cutting speed causes softening of the material by increasing the
cutting temperature, but too high cutting speed increase causes vibration. Since cutting speeds
selected at very low levels may cause sub-surface microcracks, it is necessary to select the ideal
cutting speed under the appropriate cutting condition for the surface roughness parameter.
Increasing the feed rate dramatically raises the average surface roughness by increasing tool marks
and cutting forces. The uUACF cooling condition was found to be very effective in reducing the
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surface roughness under medium cutting speed and low feed rate conditions. It is believed that the
increase in cutting speed increases the chip formation and causes the cutting tool to accumulate at
the cutting edge, which prevents the atomised liquid from penetrating the cutting zone properly.

4. Increasing the feed rate decreased the chip shrinkage coefficient under all cooling conditions
except the compressed air cooling condition. Under the AIR cooling condition, the temperature
drop and the absence of lubrication make the chip deformation difficult and increase the chip
shrinkage coefficient. The increase in cutting speed and feed rate decreases the chip shrinkage
coefficient by facilitating plastic deformation. uACF cooling system was found to be superior to
other cooling conditions in terms of chip shrinkage coefficient. Effective cooling and lubrication
under UACF cooling condition facilitated plastic deformation by reducing the friction coefficient.

5. As a result of the study, uACF system was found to be competitive in all performance parameters
with almost a thousand times less cutting fluid consumption compared to conventional cooling
methods, and was evaluated to have high potential.
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MAKALE BILGISI OZET

Al’”’”f“ 06.11.2024 Bu makale, Ekstriizyon Tabanli Metal Eklemeli Imalat (Extrusion-Based Metal Additive
Kabul: 11.12.2024 Manufacturning - EBAM) yontemini ayrintili bir sekilde ele almaktadir. EBAM, metal
Anahtar Kelimeler: bilesenlerin katman katman birlestirilmesi yoluyla iiretilmesini saglayan ve polimer-
Eklemeli imalat, metal karigimli filamentler kullanan yenilik¢i bir 3B baski teknolojisidir. Makalede,

Metal eklemeli imalat
3B baski
Malzeme ekstriizyonu

EBAM'n temel caligma prensipleri, malzeme birlestirme mekanizmalart ve tam
yogunluklu metal pargalarin elde edilmesi igin gerekli sinterleme siirecleri kapsamli bir
sekilde incelenmistir. Yontemin diisiik ekipman maliyeti ve karmagik geometriler {iretme
kapasitesi gibi avantajlari, Secici Lazer Ergitme (SLM) ve Elektron Isin1 Eritme (EBM)
gibi diger metal eklemeli imalat teknikleriyle karsilagtirilmistir. Bununla birlikte, EBAM
yonteminin smirhi malzeme secgenekleri, diisik mekanik ozellikler ve porozite gibi
zorluklar1 da analiz edilmistir. Caligma, EBAM'mm potansiyelini, iiretim siireclerine
getirdigi yenilikleri ve gelecekteki arastirma alanlarii degerlendirmekte; bu yontemin
farkli sektorlerde daha yaygin ve etkili bir sekilde kullanimi i¢in Oneriler sunmaktadir.
Sonug olarak yapilan literatiir taramasinda EBAM yo6nteminin maliyet etkin bir alternatif
olabilme potansiyeli tagimakta ancak tiretim siirecinde ek zorluklar barindirmakta oldugu
gorilmiistiir.

Extrusion-Based Metal Additive Manufacturing (EBAM): Technology,
Advantages and Limitations

ARTICLE INFO ABSTRACT

Received: 06.11.2024 This article discusses Extrusion-Based Metal Additive Manufacturing (EBAM) in
Accepted: 11.12.2024 detail. EBAM is an innovative 3D printing technology that utilizes polymer-metal
Keywords: mixed filaments to produce metal components throqgh Iay_er-_by-layer joining. The
Additive manufacturing paper comprehensively examines the basic operating principles of EBAM, the
Metal additive material bonding mechanisms, and the sintering processes required to obtain full-
manufacturing density metal parts. The advantages of the method, such as low equipment cost and
3D printing the capacity to produce complex geometries, are compared with other metal additive
Material extrusion manufacturing techniques such as Selective Laser Melting (SLM) and Electron Beam

Melting (EBM). In addition to that, the challenges of the EBAM method, such as
limited material options, low mechanical properties, and porosity, are also analyzed.
The study evaluates the potential of EBAM, the innovations that introduces to
manufacturing processes and future research areas, and provides recommendations for
its more widespread and effective use in different sectors. In conclusion, the literature
review shows that the EBAM method has the potential to be a cost-effective
substitute, but has additional challenges in the production process.

1. GIRIS (INTRODUCTION)

Eklemeli Imalat (EI) terimi 1990’larda katmanlar olusturarak 3B bilesenlerin iiretilmesine
yonelik bir teknolojiyi tanimlamak ig¢in kullanilmaya baslanmistir. Amerikan Test Malzemeleri
Dernegi - American Society for Testing Materials (ASTM) uluslararasi standardina gore [1] Ei,
geleneksel isleme gibi ¢ikartmali iiretim yontemlerinin aksine, 3B model verilerinden nesneler
olusturmak i¢in malzemelerin katman katman birlestirilmesi prensibine dayanir [2].
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Scott Crump tarafindan patentle korunan Ergiyik Biriktirme Modelleme (FDM) patentinin [3]
2009 yilinda sonlanmasi FDM teknolojisindeki gelismeleri hizlandirmis, 2000’lerin basinda
prototiplemeye yonelik bir {iretim teknolojisi olan Ei’nin giiniimiizde standart iiretim proseslerinden
biri haline gelmesini tetiklemistir. Sonug olarak giiniimiizde, El getirdigi esnek iiretim yaklasimi,
karmagik sekillere ve farkli malzemelere sahip nesneleri hizli iiretebilme yetenegi ile iiretim fikrine
yeni bir yaklasim getirmis, deyim yerinde ise imalat paradigmasini1 degistirmistir. El giiniimiizde
sadece arastirma kurumlart ve biiyiik isletmelerin odaginda degil 6zel kullanicilarin da ilgi alanina
girmis durumdadir [4]. En azindan FDM &zelinde EI teknolojilerine erisimin kolaylasmast, iiretimin
demokratiklestirilmesi fikrine katkida bulunmaktadir [5]. Bunun yaninda malzeme israfini1 azaltma,
Ozellestirilmis imalat potansiyeli ile geleneksel iiretim yontemlerine gore daha siirdiiriilebilir bir
tiretim yontemi ve bu yonilyle dongiisel ekonomi uygulamalartyla uyumlu bir teknolojidir.

Son yillarda EI teknolojileri iizerindeki ilerleme ile otomotiv, havacilik, miihendislik, ilag,
biyolojik sistemler ve hatta yemek zinciri de dahil olmak {izere pek c¢ok sektorde ozellestirilip
kullanilir hale gelmistir [6]. Uriinleri minimum ek maliyetle 6zellestirme yetenegi ile diisiik hacimli
iretim ve Ozel imalat uygulamalarinda tercih edilen bir teknoloji haline gelmistir. Malzeme
bilimindeki gelismeler polimerler, metaller, seramikler ve kompozitler gibi kullanilabilir malzeme
yelpazesini daha da genisleterek teknolojinin ¢ok yonliiliigiinii artirmistir. Ayrica, EI’nin nesnelerin
interneti, dijital ikiz ve yapay zeka gibi Endiistri 4.0 ilkeleriyle entegrasyonu, akilli iiretim igin yeni
firsatlar1 dogurmustur.

Metal eklemeli imalat, karmagik metal bilesenlerin yiiksek dogruluk ve minimum malzeme israfi
ile liretilmesine olanak tantyan yenilik¢i bir endiistriyel iiretim yontemidir. Bu yontem, g¢esitli metal
tozlar1 veya filamentler kullanarak dogrudan dijital modellerden elde edilen veriyi bilesenler
olusturmak icin malzemenin katman katman birlestirilmesi teknigine dayanir. Metal Eklemeli
Imalat, havacilik, otomotiv, medikal ve diger sektdrlerde asirlardir siire gelen yontma/talas kaldirma
seklindeki iretim yaklasimindan ayrigsmaktadir. Bu o0zelligi ile Onemli miihendislik
malzemelerinden olan metallerin, daha 6nce liretimi zor veya imkansiza yakin olan geometrilerin
iretimini saglayabilen Onemli bir iiretim yaklasimidir. Bu teknoloji, ¢esitli alanlarda yaratici
¢oziimler ve gelismis performanslar saglamaktadir. Metal Eklemeli Imalat yéntemleri
incelendiginde, kullanilan teknolojilerinin agirlikli olarak toz esasli metotlar olduklar
gozlenmektedir. Kullaniminin gore siraladiginda Secici Lazer Ergitme (Selective Laser Melting —
SLM), Secici Lazer Sinterleme (Selective Laser Sintering —SLS), Dogrudan Metal Lazer Sinterleme
(Direct Metal Laser Sintering — DMLS), Elektron Isin1 Eritme (Electron Beam Melting — EBM),
Dogrudan Enerji Bosaltma (Direct Energy Deposition —DED) ve Malzeme/Baglayic1 Pliskiirtme
(Material/Binder Jetting) yontemlerinin basi g¢ektigi goriilmektedir [1, 7, 8, 10]. Bu yontemler
arasindan en ¢ok kullanilan SLM oldugu goriilmiistiir. Ancak ekipman gerekliligi agisindan ytiksek
maliyetli bir teknoloji durumundadir [9].

Sekil 1’de goriilebilecegi gibi metal eklemeli imalat pazarinda en biiyiik pay toz yatakl flizyon
teknolojisine aittir. Toz yatakli fiizyon teknolojilerinde en yaygin kullanilan El yéntemleri ise SLM
ve EBM yontemleridir. Bu iki yontem su anda endiistriyel uygulamalar i¢in en yaygin kullanilan
yontemlerdir. Ancak hem SLM hem de EBM yontemleri giinlimiiz teknolojisi i¢in gerek kurulum
gerekse de imalat maliyetleri acgisindan yliksektir [9]. Bu da kullanicinin teknolojiye erisimini
kisitlamaktadir. 2009 yilinda FDM teknolojisi lizerindeki patent baskisinin kalkmasiyla birlikte
FDM teknolojisinin metal eklemeli imalatta kullanim1 konusundaki aragtirmalari tetiklemis ve metal
eklemeli imalat alaninda FDM makineleri ile uyumlu metal dolgu filamentlerinin kullanilmaya
baslanmas1 6nemli bir yenilik olarak ortaya ¢ikmistir. Sekil 1’de goriilebilecegi gibi bu ¢alismalar
olumlu sonug vermistir.

265



Ceylan, Sahin, Top/ Imalat Teknolojileri ve Uygulamalar 5(3), 264-275, 2024

m Toz Yatag! Flizyonu

= Dogrudan Enerji Biriktirme
Materyal/Baglatici PUskirtme
Laminasyon

= VAT Polimerizasyon

= Materyal Ekstriizyonu

Sekil 1. 2020 yilindaki metal eklemeli imalat pazari [7]

Ekstriizyon tabanli metal eklemeli imalat (EBAM), SLM ve EBM gibi metal eklemeli imalat
yontemlerine gore sundugu diisiik maliyetli ekipman firsati nedeniyle dikkat ¢ekmektedir [11].
Ancak baglayict uzaklastirma (debinding) ve sinterleme gibi ek islemleri i¢ermesi, maliyet
acisindan bir dezavantaj olarak goze c¢arpmaktadir [12]. EBAM yontemi, Ergiyik Biriktirme
Modelleme (FDM) olarak bilinen polimer 3B baski siireciyle benzerlik gosterdigi i¢in daha fazla
ilgi gérmektedir. Bu durum akademik calismalara da yansmmustir. Ozellikle, 2015’ten bu yana
EBAM ile ilgili akademik g¢aligmalarin hizla arttigi goriilmektedir. Havaciliktan tip sektoriine,
kalip¢ilik ve makine imalat sektoriine kadar pek ¢ok alanda kullanim1 yayginlasan bir teknolojidir
[4, 13-15]. Giiniimiizde EBAM metal El pazarinin %10’unu olusturmaktadir (Sekil 1) [16].
Ekstriizyon tabanli metal eklemeli imalat yontemi literatirde Metal MEX (Metal Material
Extrusion) [17] veya EBAM (Extrusion Based Additive Manufacturing) [4] gibi farkli sekillerde
isimlendirildigi goriilmektedir. Bu ¢alismada yontem EBAM kisaltmasi ile isimlendirilmistir.

Bu c¢alismanin amaci, EBAM teknolojisinin mevcut literatiirdeki konumunu incelemek,
yontemin sundugu avantajlari, karsilasilan zorluklar1 ve farkli sektorlerdeki uygulamalarini ortaya
koymaktir. Caligmada, EBAM yoOnteminin polimer tabanlit FDM siireciyle olan benzerliginden
dogan kullanim kolayligi ve maliyet avantaji incelenmis, ayn1 zamanda metal malzemelerin
ekstriizyon siirecindeki performansi lizerine yogunlasilmistir. Literatiirdeki onemli g¢alismalar
incelenerek EBAM’in iiretim siireglerine getirdigi yenilikler, gelecekteki potansiyel arastirma
alanlar1 ve yontemle ilgili eksiklikler degerlendirilmistir. Bu ¢alisma, EBAM 1 gelisen metal
eklemeli imalat pazarindaki roliinii anlamaya yonelik literatiire katki sunmay1 amaglamakta ve ilgili
sektorlerde daha etkin kullanimini tesvik edecek oneriler sunmaktadir.

2. EKSTRUZYON TABANLI EKLEMELI IMALAT (EXTRUSION BASED ADDITIVE
MANUFACTURING)

2.1. Yontem (Method)

EBAM, Segcici Lazer Ergitme (SLM) yontemine kiyasla daha basit ve gorece diisiik maliyetli bir
teknoloji olarak one ¢ikmaktadir [18, 19]. Ayn1 zamanda, karmasik geometrilere sahip yapilarin
iretimine olanak tanimasi nedeniyle yenilik¢i bir metal eklemeli imalat yontemi olarak
degerlendirilmektedir. EBAM, temel olarak FDM yontemine dayanmaktadir. EBAM siirecindeki ilk
asama, baglayici ve metalik tozdan olusan bir hammadde tretmektir (Sekil 2). Bu hammadde
cubuk, filament veya pelet halinde iiretilebilir [20]. EBAM yo6nteminde ilk asamada, metal tozlart
polimer ile karistirtlarak filament elde edilir ve bu filament, FDM yontemi ile katman katman baski
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islemi gergeklestirilir. Filament igerisindeki metal polimer orami genelde %350-60 araliginda
olmaktadir [21, 22]. Filament icerisinde yer alan metal tozlarimin partikiill boyutu, boyutlar
arasindaki tutarliligt ve partikiillerin geometrik yapisinin dogrudan nihai par¢anin dayanimi
tizerinde etkili oldugu gézlemlenmistir [23, 24]. EBAM yontemindeki iiretim siiregleri sematik

olarak Sekil 2’de gosterilmistir.
éleneksel metal enjeksiyon kaliplama SU&

Sekillendirme
(Eklemeli
imalat)

Malzeme
Uretimi

Baglayici
Uzaklastirma

Baslangic Sinterleme

Yesil Parga Kahverengi Parca

(Orijinal Boyut) Nihal[Parca

(Orijinal Boyut) (Ktguik Boyut)

Sekil 2. EBAM sematik gosterimi (EBAM schematic representation) [25].

EBAM’da baski islemi sonrasinda elde edilen parga, polimer baglayici ve destek malzemesi
icerdigi i¢in “yesil parca” (Green Part) olarak adlandirilir (Sekil 3). Yesil parcalar, polimerin camsi
gecis sicakliginda, ancak metalin erime sicakligindan diisiik bir sicaklikta iiretilir ve bu nedenle
nihai pargalara gore daha dayaniksizdir. Ayrica, harici olarak kullanilabilen destek malzemeleri,
sinterleme asamasinda nihai par¢anin destek yapilarla birlesmesini engelleyerek iiretim siirecini
optimize eder. Baski isleminin ardindan, polimer baglayicilarin kimyasal veya termal yontemlerle
uzaklastirildigi baglayici uzaklagtirma islemi uygulanir. Baglayicinin uzaklastirilmasinin ardindan
gelen sinterleme asamasinda, metal partikiiller yiiksek sicaklik altinda atomik difiizyon yoluyla
birlestirilir ve par¢a yogunlagtirilarak mekanik mukavemeti artirilir. Bu iki asamali siireg, EBAM
yontemi ile dayanikli ve hassas parcalarin elde edilmesini saglar.

‘ Baglayici
3B Baski UdeldSt“ ma Smtel leme

Filament
CAD Modeli 3B Yazici Yesil Parca Kahverengi Parca Nihai Parca

¥ |

Sekil 3. EBAM is pargasi isimlendirmeleri (EBAM workpiece naming) [26].

EBAM’1 diger metal eklemeli imalat yontemlerinden ayiran bir diger 6zellik toz igerigindeki
degisimin sinterleme sonunda parcanin ¢ekmeye ugramasi ve nihai yesil parga {izerinde Olgiisel
degisiklik olusturmasidir. Bu nedenle parca tasarimi sirasinda bu degisiklik dikkate alinmalidir.
Sinterleme siirecinin, malzemenin boyutlarinda kii¢iilme ile sonug¢landig1 bilinmektedir. Ancak, bu
kiigiilme orani kullanilan malzeme tiirline ve sinterleme parametrelerine bagli olarak farklilik
gosterebilir (Sekil 4). Bu nedenle, istenen boyutsal dogrulugun saglanmasi i¢in islem
parametrelerinin titizlikle optimize edilmesi gereklidir. Katalog degerlerine gore kiigiilme oranlari
baski yoniinde %16,6 ve katman yoniinde %19,3 olarak goézlemlenebilir [27]. Ancak akademik
caligmalarda bu oranlarda farkliliklar oldugu goriilmektedir. Bu farkliliklarda malzemelerin farkl
¢ekme karakteristiklerinin yani sira [28] sinterleme ortami, sinterleme siiresi, baski parametreleri ve
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firm atmosferi etkilidir. Ornegin Gonzalez-Gutierrez vd. uzunlukta %20,3, u¢ genislikte %18,7, orta
genislikte %15,9 ve kalinlikta %15,2 azalma oldugunu tespit etmislerken [29], Thompson vd.
kiigiilme oranlarini1 parga boyutundan bagimsiz olarak baski yonii dogrultusunda %16,3 katman
dogrultusunda %17,4 olarak tespit etmislerdir [29, 24]. Biitiin bu sonuglar sinterlenmis pargalarin
boyutsal dogrulugunu ve mekanik performansini optimize etmek i¢in malzeme 6zelliklerinin ve
islem kosullarinin dikkatlice degerlendirilmesinin 6nemini gostermektedir. Sekil 4’te boyutsal
dogrulugu saglamak adina yapilan bir analiz 6rnegi gosterilmistir.

Model Geometrisi Sinterlenmis Par¢a

Nihai Ceometri Diizeltilmis Model Geometrisi

Ciktr:
Nihai
- Geometriyi
tiretmek i¢in
gerekli .STL
dosyasi

Sekil 4. Sinterleme islemi igin geometri diizeltme analizi 6rnegi [30]

Sinterleme agsamasi eklemeli imalat yonteminden bagimsiz olarak bir lretim teknigi olan
sinterleme ile ¢ok biiyilk oranda benzerlik gostermektedir. Bu 6zelligi ile polimer baglayici ile
karigtirilarak iiretilen filamentler sayesinde diger metal eklemeli imalat yontemlerinde oldugu gibi
aliminyum, gelik ve titanyum alagimlar1 basta olmak {izere, sinterlenebilir hemen hemen tiim metal
alagimlart EBAM ile iiretilebilmektedir [32].

3. EBAM’DA KULLANILAN 3B YAZICILAR VE BASKI YONTEMLERI
3.1. 3B Yazcilar (3D Printers)

Literatirde EBAM yonteminde kullanilan yazicilar, vida tabanli, piston tabanli ve filament
tabanli sistemler olarak smiflandirilmistir [11, 33]. Bunlarin arasinda en yaygin kullanilanlar
filament tabanli sistemlerdir. Bu tiir yazicilar hem kolay erisilebilirlikleri hem de diisiik maliyetli
yapilariyla 6ne ¢ikmaktadir. Filament tabanli yazicilarda genellikle Prusa i3 Mk2, Mk3, Mk3sve
Ultimaker 2, 3, S5 modelleri siklikla tercih edilmistir [24, 34, 35]. Ayrica, Duplicator i3 [36] ve
Markforged MetalX [37, 38] gibi modeller de baski siireglerinde yer bulmaktadir [12].

Prusa ve Ultimaker yazicilari, esneklikleri ve yaygin kullanimlari nedeniyle arastirmalarda
onemli bir yere sahiptir. Prusa modelleri birgok farkli projede tercih edilirken [39, 40], Ultimaker 2,
3 ve 5 modelleri, farkli filamentlerle uyumlulugu ve baski kararliligiyla dikkat ¢ekmistir [41-43].
Bu yazicilar, metal filament kullanarak endiistriyel prototiplemeden kiigiik 6lcekli iiretimlere kadar
genis bir uygulama alaninda kullanilmaktadir.

Filament tabanli ticari yazicilar, diisitk maliyetli ve erisilebilir olmalar1 nedeniyle en ¢ok tercih
edilen sistemler olmustur. Ancak, daha iyi mekanik 6zellikler ve baski kalitesi elde etmek i¢in 6zel
yazict sistemlerinin daha etkili oldugu gozlenmistir. Bu durum, her iki sistemin de kullanim
amacina gore avantaj sundugunu gostermektedir. Filament tabanli yazicilar aragtirma ve
prototipleme i¢in yaygin olarak kullanilirken, yiiksek hassasiyet gerektiren endiistriyel
uygulamalarda kapali sistem yazicilar 6n plana ¢ikmaktadir. Bunun yaninda vida ve piston tabanli
yazici sistemlerini kullanan az sayida ¢alisma vardir. AIM3D'nin EXAM 255 yazicist (vida tabanh
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yazict) ve Desktop Metal Studio+ sistemi (piston tabanli yazici) gibi ticari olarak temin edilebilen
yazicilar olmasina ragmen, bazi sirketlerin her iki yazici sistemini de kullandigi goriilmektedir.

3.2. 3B Baski Yontemleri (3D Printing Methods)

EBAM siireci besleme sistemlerine gore vida, piston ve filament tabanli baski sistemleri olmak
tizere ti¢ tipte sniflandirilmistir (Sekil 5).

Filament Pelet
Toz + baglatici Toz + baglatici

Motor

_ =) =

Motor Eksenel Hareket

Isitica Isitict Isitica Piston

- Kati Faz

Yazdirma Kafasi
& Noziil

Yazdirma Kafas1
& Noziil & Noziil
Kileal
Delik

Yazdirma Kafas1 L

Sivi Faz Besleme

Sivi Faz Katman
Toz + Baglayict

Biriktivilmis
Katmanlar

Kati Faz Katman

Baski Tablasi

Filament Tabanh Baska Vida Tabanh Baski Piston Tabanh Baski
(a) (b) (c)

Baski Tablasy Baski Tablasi

Sekil 5. EBAM’da besleme sistemleri: (a) Filament tabanli, (b) Vida tabanli, (c) Piston tabanli (Feeding systems: (a)
filament-based (b) screw-based (c) plunger-based [33]

3.2.1. Filament tabanh baski sistemi (Filament-based printing system)

EBAM’da en ¢ok kullanilan 3B baski yontemi filament tabanli baski sistemidir. Filament tabanli
3B baski (FFF veya FDM), akademik c¢alismalar ve endiistriyel uygulamalarda kullanilan en
popliler 3B baski yontemlerindendir. Yontemin basitligi, giivenilir olmasi, diisikk maliyeti ve
bilinirligi tercih edilmesinin en nemli sebeplerindendir [11]. Ayrica, metal filamentlerin standart
masalistli polimer 3B yazicilarla uyumlu olmasi, EBAM" daha erisilebilir ve ekonomik bir teknoloji
haline getirerek c¢esitli uygulamalarda tercih edilen bir yontem yapmuistir.

EBAM, diger FDM islemlerine benzer sekilde ¢aligsa da (malzemenin siirekli olarak beslenmesi
ve sabit basingta bir nozul araciligiyla ekstriide edilmesi), metal filament kullanimi kendine 6zgii bir
islemi ve yapisal hususlar beraberinde getirir [44]. Metal filament tabanli FDM, genellikle nihai
mekanik Ozelliklere ulasmak icin baglayici uzaklastirma (debinding) ve sinterleme gibi son islem
adimlarmi gerektirir. Bu adimlar, geleneksel yontemlerle iiretilmis metal pargalara kiyasla yiiksek
gozeneklilige ve daha disik yogunluga sahip olan 3B baskili par¢anin mukavemetini ve
dayanikliligin1 artirmak icin gereklidir.

Bu siirecin temel dezavantaji, filament iiretimi i¢cin tek veya cift disli ekstriiderlara ihtiyag
duyulmasidir [24]. Ayrica, uygun baglayici tiirlerinin se¢imi ve uygun karistirma prosediirlerinin
belirlenmesi kritik 6nem arz etmektedir. EBAM’da kullanilan metal filamentteki hacimsel olarak
yliksek metal/baglayict orani, nozulun aginmasini kolaylastirir bu da diizenli filament akigina engel
olabilir. Hem akis stabilitesini saglamak hem de nozulun 6mriinii uzatmak i¢in standart FDM
yazicilarda kullanilan piring nozul yerine ¢elik nozul kullanmak gereklidir [45].

3.2.2. Vida tabanh baski sistemi (Screw-based printing system)

Vida tabanl ekstriizyon geleneksel ekstriizyon iiretim yaklasimina benzeyen bir yontemdir. Bu
yontemde, daha yiiksek ekstriizyon hizi elde etmek ve daha fazla malzeme akisi saglamak icin
filament yerine kati1 peletler kullanilir [33]. Yazdirma yaklagimi filament tabanl sistemlerle aynidir
ancak tretim icin kullanilan malzeme filament halinde degil kati pelet halindedir. Vida tabanl
tiretimde, kat1 peletlerden olusan malzeme besleme haznesi yardimi ile eritme bolgesine tasinir.
Isitilmis ekstriizyon kabi olarak da isimlendirilebilecek bolgede gerceklesen ergitme sonucu
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stvilagan peletler ekstriider i¢indeki helisel vida ile nozul deliginden ileriye dogru hareket ettirilerek
3B baski gerceklestirilir [46]. Vida tabanl iiretimde pelet boyutu iirliniin kalitesini saglamak ve
tutarl1 bir ekstriizyon gergeklestirmek i¢in dnemlidir [33].

Pelet tabanli sistem, filament formunda malzeme gerektirmediginden daha diisiik bir baski
maliyetine sahiptir [47]. Daha diisiikk malzeme maliyeti ve daha kisa baski siiresi sagladigi i¢in baski
maliyetleri de diistiktiir. Ancak, baski i¢in daha biiylik pelet nozullar1 kullanildiginda, ¢ikarilan
boncugun yeterince 1s1 tuttugu ve bu nedenle bir sonraki katmani siirdiirmek i¢in tamamen
sogumadigr ve katilasmadigi tespit edilmistir. Bu durum sarkmaya ve baski hatalarina yol
agcmaktadir [48].

3.2.3. Piston tabanh baski sistemi (Plunger-based printing system)

Piston tabanli EBAM'da, termoplastik bir baglayici ile metal tozundan olusan ¢ubuklar kartuslara
yerlestirilir ve daha sonra 1sitic1 iginde tamamen veya yari ergiyik hale gelene kadar bekletilir [14].
Yumusak malzeme bir haznede birikir ve son olarak pistonun olusturdugu eksenel hareketle
nozuldan disar itilerek 3B baski gerceklestirilir. Sistemin ana bilesenleri aktiiator, piston, 1sitici,
nozul ve tastyicidir (Sekil 4).

Piston tabanli yontem, genis bir metal hammadde yelpazesi sunarak, macun ve pelet formlari
gibi geleneksel filament sistemleriyle uyumsuz malzemeleri kullanabilme esnekligi saglar. Bu
durum, 6zellikle sinterleme gibi son iglemlerden sonra, filament tabanli FDM’e kiyasla daha yiiksek
yogunluk ve mekanik mukavemet elde edilmesine katki saglar. Ekstriizyonun dogrudan pistonla
yapilmasi, filament kopmast gibi sorunlar1 azaltarak daha giivenilir bir katman birikimi saglar.
Ancak, piston tabanli yontem, hassas piston kontrolii ve 1sitmali odalar gibi maliyetli ekipman
gerektirir. Bu 6zel gereksinimler kurulum maliyetlerini artirir. Ayrica pistonun hiz ve kuvvetinin
kontrolii her zaman miimkiin olmayabilir.

4. KULLANILAN MALZEMELER (MATERIALS USED)

EBAM’de polimer teknolojisinin de gelismesi ile beraber aliiminyum ve alasimlari, piring,
titanyum ve alasimlari, platin, paslanmaz gelik, glimiis, altin, bronz, nikel bazli alagimlar gibi farkli
malzemeler eklemeli imalat yontemleri ile iiretilebilmektedir. EBAM igin kullanilan malzemeler
17-4PH, 316L paslanmaz c¢elik ve H13 takim geligi ile siirhidir. Ancak son yillarda titanyum
alagimlar1 ve aliiminyum alagimlar1 gibi yeni malzemelerin EBAM odakli ¢alismalarda kullanildig:
goriilmektedir [49, 50]. Benzer sekilde yiiksek karbonlu ¢elik ve 316L paslanmaz celigin
alasimlanarak EBAM baskida kullanimina yonelik bazi c¢aligmalar bulunmaktadir. Ancak
malzemelerin farkli ¢ekme karakteristiklerinden dolayr sinterleme sonucunda asimetrik ¢ekmeler
meydana gelmistir [28].

316L ve 17-4PH malzemelerin yaninda Ti-6Al-4V ile polyoefin baglayict kullanilarak yapilan
filamentlerde yiiksek tutarlilik ve iiretim kolaylig1 izlendigi kaydedilmistir [51]. Ancak burada da
sinterleme sicakligi arttikca kalinti gerilmelerin arttign goériilmiistiir. Ti-6Al-4V alagimlar ile
iretimde goriilen bir diger sorun ise yiiksek dolgu oranlarinda filament akis1 ve baski kalitesinin
negatif yonde etkilenmesidir [46].

FFF i¢in filamentler sert metal (WC-10Co) ve sermet tozu (Ti(C,N)-Co/Ni-bazli) ve organik
baglayici ile iiretilen bazi filamentler ile baski alan calismalar literatiirde mevcuttur ancak baski
parametreleri heniiz optimize edilmediginden ve baski isleminden kaynaklanan bosluklar
olustugundan tam yogunluk elde edilememistir [52]. EBAM yonteminde kullanilan bazi malzeme
tiirleri Tablo 1°degdsterilmistir.
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Tablo 1. EBAM yonteminde kullanilan bazi toz-balayicr ikilileri [53] (Some powder-blaster couples used in the
EBAM method

Toz Baglayici Sistemi Ref
Bakir Parafin mumu, diisiik yogunluklu polietilen, stearik asit [54]
Bakar Polivinil karboksi polimer, polivinil alkol [55]
Bronz Polilaktik asit (PLA) [56]
Gilimiis Poli-4-vinil fenol [57]
SS17-4PH  Termoplastik bir elastomer olan agilanmig poliolefin [58]
SS 316L Parafin mumu, yiiksek yogunluklu polietilen, asetik asit-vinil asetat kopolimeri, stearik asit [59]
SS 316L Polioksimetilen, parafin mumundan olusan organik baglayici [60]
SS 316L Poliformaldehit ve polipropilen, dioktil ftalat, dibiitil ftalat ve ZnO gibi katki maddeleri [26]
Ti6AL4V  Metilseliiloz, stearik asit [61]

Bu zorluklarin yani sira, EBAM teknolojisinin potansiyeli, malzeme cesitliliginin artirilmasi ve
yeni filament formiilasyonlarmin gelistirilmesiyle genislemektedir. Ornegin, bakir ve nikel bazl
alagimlarin eklemeli tiretimde kullanimi, yiiksek termal ve elektrik iletkenligi nedeniyle elektronik
ve havacilik uygulamalart i¢in 6nemlidir. Ancak, bu malzemelerin yiiksek 1s1 iletkenligi, baski
stirecinde homojen sicaklik dagilimini zorlastirmakta ve sinterleme sonrasi kalinti gerilmelerin
artmasina neden olmaktadir. Polimer baglayicilarin optimize edilmesi ve sinterleme
parametrelerinin hassas ayarlanmasi, bu sorunlarin {istesinden gelinmesi i¢in 6nemli bir adim olarak
one ¢ikmaktadir. Bu ¢aligmalar, EBAM teknolojisinin endiistriyel uygulamalarda daha yaygin ve
etkin bir sekilde kullanilmasini saglamak i¢in 6nemli bir temel olugturmaktadir.

5. SONUCLAR VE TARISMA (RESULTS AND DISCUSSION)

EBAM, iiretim asamalar1 agisindan diisiik alim maliyetine sahip bir metal 3B baski yontemi
olarak karsimiza ¢ikmaktadir. Baski isleminin gergeklestirildigi yazicilarin FDM teknolojisi ile
ortak olmasindan dolay1 yedek parga, servis ve model olarak genis bir iirlin ag1 mevcuttur. Bunun
yaninda baglayici uzaklastirma ve sinterleme asamalarinda kullanilan firinlar geleneksel sinter
firmlaridir. Bu baglamda incelendiginde SLM, EBM gibi yiiksek teknoloji gerektirmeden metal
eklemeli imalat yapimina izin veren 6zel bir yontem olarak sektdrde yer almaktadir. Bu literatiir
arastirmasinda, EBAM'n temel siirecleri, baski yontemleri, kullanilan malzemeler ve baski sonrasi
islemler ele alinmistir. Calismalar incelendiginde EBAM’nin, SLM ve EBM gibi diger metal
eklemeli imalat yontemlerine kiyasla maliyet etkin bir alternatif oldugu goriilmektedir. Bununla
birlikte, EBAM’nin nihai {rlinlerin mekanik o&zellikleri ve gozeneklilik gibi bazi kisitlart
bulunmaktadir. Asagidaki goriintilerde SLM ve EBAM yontemlerinin gozenekliliklerindeki fark
acikca goriilmektedir (Sekil 6).

EBAM’nin dezavantajlar1 arasinda, sinterleme ve baglayici uzaklagtirma asamalarinin zorlugu
ile bu siireglerin boyutsal dogrulugu ve nihai {riin performansini olumsuz etkileyebilecek ¢cekme
oranlarina neden olmasi 6ne ¢ikmaktadir. EBAM ile iiretilen pargalarin i¢ yapisinda bulunan
baglayicinin uzaklastirilmasi, Ozellikle bliylik parcalarda istenen geometrinin elde edilmesini
zorlagtirmaktadir (Sekil 7). Ayrica malzemenin filament formunda olmas1 toz yatakli sistemlerden
farkli olarak, baski sirasinda nozulun asinmasi, filament iiretimi sirasinda olusabilecek heterojenlik,
filamentin depolama kosullarindan olumsuz etkilenmesi gibi sebeplerden kaynakli iiretimin
kullanilabilirligini kisitlamaktadir.
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(a) (b)

Sekil 6. 1000 kat bityiitmede numune kesitleri elektron mikroskopu gériintiisii (a) SLM, (b) EBAM (1000 times
magnification electron microscope image of sample sections (a) SLM, (b) EBAM)

Sekil 7. EBAM yonteminde baglayici uzaklastirma sirasinda parca geometrisine bagli potansiyel problem bolgeleri
glay p g ghp yelp g
(Potential problem areas due to part geometry during binder removal in the EBAM method) [62]

Nihai parga tiretiminde kullanilan toplam enerji kiyaslandiginda ise EBAM yoOntemi, toz esash
eklemeli imalat yontemlerine (SLM ve EBM gibi) gore daha az enerji tiiketmektedir. Ancak iiretim
sirasinda gerekli olan ek asamalar hata ihtimalini artirarak parcay1 islevsiz birakabilmektedir. Bu
ozelligi dolayisi ile tekil olarak daha az enerji ihtiyact duymasina karsin, imalat siireci hataya daha
aciktir.

Calismalar, gelecekte EBAM’nin daha genis bir malzeme yelpazesi ve yeni filament
formiilasyonlar1 gelistirilerek genisleyecegini gostermektedir. Elektronik ve havacilik gibi
sektorlerde kullanilabilecek yiiksek termal ve elektrik iletkenligine sahip alasimlarin iiretimi, bu
teknolojinin endiistrideki uygulama alanlarini artirabilir. Bunun yani sira, polimer baglayicilarin
optimize edilmesi ve sinterleme parametrelerinin hassas bir sekilde ayarlanmasi, mekanik
ozellikleri ve yogunlugu artirmak i¢in dnemli adimlar olarak goériilmektedir. EBAM’nin gelecekteki
aragtirma ve gelistirme ¢alismalari, malzeme ¢esitliligini ve iiretim silirecinin verimliligini artirmayi
hedeflemelidir. Ek olarak, teknolojinin siirdiiriilebilir iiretim uygulamalariyla uyumunu artirmak
icin gevresel etkileri ve enerji verimliligi lizerine ¢aligmalar 6nem arz etmektedir.

EBAM yeni gelisen bir teknoloji olarak bazi sinirlamalara sahip olsa da gelismekte olan
teknoloji ve arastirmalar, malzeme seceneklerindeki iyilestirmeler, maliyet etkinlii ve karmagik
tasarimlarla uyumlulugu sayesinde aragtirma ve endiistriyel uygulamalarin 6n saflarinda yer
alacaktir. Sonug olarak EBAM, seramik, metal ya da kompozit pargalarin iiretimi konusunda
geleneksel yontemlerin alternatifi veya tamamlayicisi oldugu disiiniilmektedir. Bu baglamda
EBAM’1in konumunu gii¢lendirmek i¢in daha fazla ¢alisma yapilmas1 gereklidir.
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ABSTRACT

The main challenges in turning are the quality of the machined part and the cost of
tooling. Therefore, optimum machining parameters suitable for turning operations
should be selected to achieve the desired quality of the finished product with reduced
machining time and cost. The aim of this study is to determine the optimum
machining conditions for S235JR low carbon steel without heat treatment, which
could include finding the right combination of cutting speed, feed rate, depth of cut
and tool material to achieve efficient material removal and desired surface finish. The
experimental study, designed with the full factorial method, was carried out with 2
factors of cutting speed and feed rate with selected 2 levels under dry and MQL
cutting environment conditions. Results of this study showed that mist lubricating
technique overcome the machinability challenges of S235JR steel in terms of low
surface quality and high cutting temperature and cutting force.

ow e

S235JR Celiginin Tornalanmas1 Sirasinda Yag Piiskiirtme Yonteminin
Islenebilirlik Ozellikleri Uzerindeki Tribolojik Performansinin Arastirilmasi
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Alinma: 30.08.2024
Kabul: 11.12.2024

Anahtar Kelimeler:
Kesme kuvveti
Kesme sicakligi
Yiizey piiriizliliigii

OZET

Tornalamadaki ana zorluklar, islenmis parganin kalitesi ve takim maliyetidir. Bu
nedenle, daha az igleme siiresi ve maliyeti ile bitmis iriinde istenen kaliteyi elde
etmek i¢in tornalama iglemlerinde uygun ideal isleme parametreleri segilmelidir. Bu
¢alismanin amaci, verimli talas kaldirma ve istenilen yiizey kalitesini elde etmek igin
kesme hizi, ilerleme hizi, kesme derinligi ve takim malzemesinin dogru birlesimini
bulmay igerebilecek, 1s1l islem uygulanmayan S235JR diisiik karbonlu ¢elik i¢in ideal
isleme kosullarini belirlemektir. Tam faktoriyel yontemle tasarlanan deneysel ¢alisma,
kuru ve MQL kesme ortami kosullarinda 2 faktorlii kesme hizi ve ilerlemenin 2
seviyesi segilerek gerceklestirilmistir. Bu ¢aligmanin sonuglari yag piiskiirtme
tekniginin S235JR ¢eliginin diisiik yiizey kalitesi, yiiksek kesme sicakligr ve kesme
kuvveti agisindan islenebilirlik zorluklarinin iistesinden gelebildigini gostermistir.

1. INTRODUCTION (GIRiS)

Steels with a carbon content of up to 0.20% are classified as low carbon steels. They are alloys
of iron and carbon and contain small amounts of elements from the steel-making process such as
manganese, silicon, sulphur, and phosphorus. They are used in construction and manufacturing.
Due to their mechanical properties, they are also known as mild steels. Mild steel represents the
largest share of world steel production [1]. Steel bars and profiles are used mainly in flat products
and the construction industry and basic structures are in the low-carbon steel class. All the
properties of carbon steels are directly related to their structure, which depends on the amount of
carbon they contain. As the carbon content increases, the hardness, yield strength, and tensile

strength of steels increase,

properties decrease. Since

while the ductility (% elongation and % reduction in area) and impact
low-carbon steel cannot be strengthened by heat treatment, it is suitable
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for cold work, but its surfaces can be hardened by surface hardening processes such as normalizing
[2]. S235JR ferritic steel is one of the most preferred grades in steel structures and is part of the ST
37-2 grade that is made following the EN 10025-2 standard [3]. S235JR is described as the mildest
of the hot-rolled steels. Its structure makes it easy to cut. They also have good machinability and
weldability. In this condition, the machinability of S235 is similar to that of mild steel with its yield
strength of 235 MPa [4].

An important part of the manufacturing sector, machining is a production process used to shape
or work the materials used in manufacturing [5]. Machining is a complex process in which tool,
workpiece, chip, and environmental conditions have a major influence on the process, with
frictional and thermal interactions determining how the process performs. This is where the
importance of the use of a cooling environment becomes clear. The purpose of machining
technology is multifaceted. It aims to achieve environmentally friendly, clean, and sustainable
production while maintaining the highest dimensional accuracy at the lowest possible cost.
Sustainable production ensures that resources are not consumed at the expense of the environment
and that actions taken today do not pose a threat to future generations [6]. For this reason,
alternative lubrication methods have attracted the attention of researchers in recent years [7-9]. In
the development of sustainable manufacturing processes, machinability studies in dry, minimum
quantity lubrication (MQL) and cryogenic cutting environments play a crucial role. During
machining, a considerable amount of heat is generated on the surface of the cutting tool and the side
surface due to friction. Friction and adhesion tend to be higher at the tool/chip interface, especially
in dry machining. This leads to high wear rates and heat generation, resulting in high tool wear and
surface roughness [10]. MQL is a lubrication method where a mixture of pulverised compressed air
and a small amount of coolant is sprayed onto the cutting zone [11]. The flood cooling method
using non-biodegradable fluid uses approximately 10 times more lubricant than the MQL system
and requires additional pumping power [9]. It is also an alternative to dry machining as it leaves no
residue in the cutting zone or on the cutting tool with an average lubrication rate of 5-500ml/h [12].
Furthermore, the vegetable oil used with the MQL process further enhanced these benefits, giving
chip removal results similar to flood cooling techniques [13]. There are many studies in the existing
literature examining the machinability of steels in different cutting environments [14-16]. Stanford
et al. [17] studied the effect of the cutting environment on tool life when machining En32b low-
carbon steel. By significantly improving tool wear, cryogenic cutting environments present an
important alternative to traditional cutting environments. The chips collected from flood coolant
tests demonstrate the superior qualities of this cooling lubrication system. However, the wear on the
tool, particularly the flank wear mechanism, is linked to the chemical properties of the wet cutting
environment. Yap et al. [18] investigated the effect of different cooling conditions on machining
performance such as surface roughness and cutting force when machining S45C carbon steel. It was
observed that using cryogenic cooling during the turning of carbon steel reduces the friction
coefficient and improves the chip removal rate. However, this process was found to significantly
decrease the surface quality of the steel. The best surface roughness value was achieved through
low-speed machining in a dry environment. The relationship between tool wear and the cutting
environment when turning low-carbon EN32 steel was investigated by Stanford and Lister [19]. In
experiments with different cutting tools for turning low-carbon EN32 steel, they found a significant
reduction in flank wear rates. They found that the dry-cutting environment of compressed air
reduced the life of the tools. Hybrid turning processes [20]; it was found that applications such as
ultrasonic [21] and laser-assisted [22] increased the machinability of low-carbon steels. It has also
been observed that the surface roughness of low alloy steels is improved by the effect of the
magnetic field [23].

This study focuses on the turning process of the low-carbon steel S235JR. This steel is
commonly used in the metal industry. For this purpose, machining operations have been carried out
in a dry environment and an MQL environment, and under different cutting conditions. This will
contribute to the literature as original research, as there are a very limited number of studies in the
literature evaluating the machinability of S235JR steel in different cutting environments.
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2. MATERIAL AND METHOD (MATERYAL VE YONTEM)
2.1. Experimental Setup (Deney Diizenegi)

In this study, S235JR mild steel, which is widely used in many manufacturing industries, was
used as the workpiece. Table 1 shows the chemical composition by weight of the steel used. The
full factorial approach to machining experiments was used to determine the depth of cut, cutting
speeds, and feed rate. The full factorial approach for experimental design, used to evaluate and
interpret the effects of factors, is considered to be an optimal approach because all possible
combinations of different levels of factors are evaluated [24]. An equal number of results from each
level of each factor are taken and compared in this type of design. This method is only applicable if
only a few factors play a role. As the number of factors and their effects increases, the number of
experiments required increases rapidly. Therefore, a total of 8 experiments were carried out on the
part. A simple systematic design was used, which allowed the estimation of main effects and
interactions. The first step in the experimental design was to determine the cut-off factors that could
influence the response. There are at least two levels for each factor, and the levels were chosen
based on what was relevant and reasonable for the characteristics of this study. An experimental
design including all possible combinations of levels for each factor was created once the factors and
levels had been determined. The next step was to assign test points to each combination of factor
levels so that there would be more than one factor in the experiment at any one time. In addition,
the main effects and interactions were determined using the full factorial design method in this
study.

Table 1. S235JR workpiece chemical composition (S235JR is parcast kimyasal kompozisyonu)

Elements  Content
C wt% 0.2

Mn wt% 14

Si wt% 0.03

P wt%o 0.045

S wt% 0.045

N wt%o 0.015

Based on practical applications and manufacturer recommendations, the cutting tool and tool
holder were selected. Following ISO 3685 [25] a cemented carbide cutting tool of the CCMT
09T308-VM series was used. The workpiece and experimental setup are shown in Figure 1. The
cutting tools were replaced after each test period. The parameters and levels used in the
experimental studies are given in Table 2.

Table 2. Turning experiments levels (Tornalama deneyleri seviyeleri)

Cutting Parameters Level I  Level Il
Feed rate (mm/rev) 0.2 0.4
Cutting speed (m/min) 40 60
Cutting environment MQL Dry

The specimen was 30mm in diameter and 400mm in length. In the experimental study, the
cutting temperature and cutting force were measured and recorded with a Telc InGaAs radiation
sensor (Germany) at each cutting level. The surface roughness of the workpiece was evaluated
using a portable perthometer (Mahr Co., Ltd., Gottingen, Germany). The Ra average surface
roughness value was determined through three repetitions of roughness measurements with a 20mm
tracing length.
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The experiments of the S235 JR workpiece were conducted under MQL-supported and dry-
cutting environment conditions. The processing states were optimized by the full factorial design
method. The effects of three different cutting parameters (Table 2) and two environmental
conditions (dry and MQL) were analysed. Mineral-based oil (olive oil) was applied by a spray
mechanism, timed to the MQL process, and mounted at a distance of 20 mm from the workpiece.
The nozzle was a 2 mm diameter device, and the spray pressure was 6 bar, with a flow rate of 50
mL/h. The angle of the nozzle was set at 45°. In this study, which aims to minimize the
environmental impact of the process by reducing the amount of oil and cooling water used, dry and
MQL environments were evaluated separately. Inserts and chips were analysed using scanning
electron microscopy (SEM) imaging to examine their microstructure after each cutting test. The
results of the study demonstrated that the cutting forces, surface roughness, cutting temperatures,
and chip morphologies were evaluated in the dry and MQL cutting environments. The findings
indicate that this method of machining can be defined as sustainable machining in the turning of
S235JR steel. Furthermore, the results were presented in graphical format and accompanied by
visual materials to illustrate the machining performances.
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Figure 1. Experimental setup scheme (Deneysel altyap1 semasi)

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

To ascertain the impact of machining variables on the cutting process, an in-depth analysis of the
machining outputs is essential. Consequently, the cutting force, tool tip temperature, tool wear, and
chip morphologies will be presented in this section through the utilisation of graphic and visual
materials.
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3.1. Surface Roughness Analysis (Yiizey Piiriizliiligii Analizi)

Surface roughness is a critical factor in machining operations because it affects the properties
and quality of the finished product, [26]. Heat treatment, machining parameters, and cutting
environment can control surface roughness to some extent. However, low-carbon steels are not
heat-treated. The difficulty of chip removal during machining has a significant impact on surface
quality and other machining performance [27]. It can be seen that the interaction of feed rate and
cutting speed has a significant effect on surface roughness under dry and MQL environment
conditions, as shown in Figure 2. In both cutting environments, lower surface roughness is obtained
at lower cutting speeds. By increasing the feed rate, surface roughness increased significantly. The
average Ra roughness values obtained ranged from 2.1 nm to 4.3 nm. Optimum surface roughness
was obtained in an MQL cutting environment at a low feed rate and a low cutting speed condition.
When machining under both MQL and dry environments, the change in surface roughness value
was around the average value. It is thought that the formation of irregular deep serrations in the chip
form and the accumulation of chips on the tool will assist the change in surface roughness in the dry
environment. Poor surface quality was observed when dry machining using a combination of high
cutting speed and high feed rate. Comparing dry and MQL machining conditions, a dramatic
difference in surface roughness was observed, declining from 2.1 nm to 3.6 nm at the lowest cutting
parameters.
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Figure 2. Surface roughness results according to different environments (Farkli ortamlara gore yiizey piirtizliligii
sonuglari)

3.2. Cutting Force Analysis (Kesme Kuvveti Analizi)

Cutting force is an important indicator when considering machinability studies about power
consumption. Mild steels are generally considered easily machinable metals due to their high
melting temperature values. However, in low-carbon mild steels, the lack of hardening by heat
treatment can cause deformation due to the ductility of the metal during machining and can result in
high power consumption and increased temperatures [28]. The average cutting forces in a dry
cutting environment are in the range of 299-402 N as seen in Figure 3. However, it decreased
linearly to 172-237 N as the feed rate and cutting speed increased under MQL cutting environment
conditions. An important reason for the increase in cutting force is that the material becomes more
ductile at a high cutting speed due to the increase in feed rate. The ribbon type of long chips
obtained here is very different from the others in terms of its shape. This sudden increase in cutting
force at a high feed rate is clearly related to the accumulated chip formation in the dry environment.
In dry machining, the cutting force increases as the feed rate increases. The optimum cutting force
was observed under MQL machining conditions at a low feed rate and a low cutting speed. There is
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a difference of about 2.33 times between the highest value of the cutting force and the lowest value,
which is a very significant change.
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300 I | I
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Feed rate (mm/rev) / Cutting speed (m/min)

Figure 3. Cutting force results according to different environments (Farkli ortamlara gore kesme kuvveti sonuglar)

3.3. Cutting Temperature Analysis (Kesme Sicakhigi Analizi)

Tool tip temperature is used as a method of determining the quality and efficiency of machining
operations [29]. Cutting temperatures reach up to approximately 447 °C, as shown in Figure 4. The
temperature of the tool tip, which under a range of 358-443 °C in the MQL environment, while in a
dry environment, it rises to over 370-447 °C. As can be seen in Figure 4, the relatively low
temperatures in the MQL environment ensure that the cutting fluid in the cutting zone, particularly
at the tool/workpiece interface, dissipates heat well and allows the chips to move away from the
environment. Under the same conditions, the temperature is lower at low cutting speeds. In
addition, the parameters of high cutting speed and high feed rate are together responsible for the
increase in temperature in machining under all environments.
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Figure 4. Cutting temperature results according to different environments (Farkl: ortamlara gore kesme sicakligi
sonuclar)
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4. CONCLUSIONS (SONUCLAR)

The purpose of this study was to investigate the effect of cutting parameters on the turning
properties of S235JR low-carbon steel under a sustainable cutting environment. An experimental
study was carried out to evaluate two sustainable cutting environments, including both MQL and
dry conditions, concerning the following performance characteristics: surface quality, cutting force,
tool tip temperature, chip morphology, and tool wear. It has been found that the dry-cutting
environment used in turning the S235JR shows superior cutting performance in terms of power
consumption. While the manganese and low carbon alloying ratios in the chemical composition of
S235JR provide ductility to the material, it also increases the melting temperatures. In addition, due
to its low carbon content, S235JR cannot be hardened by heat treatment.

e The optimum surface roughness has been achieved by using high feed rates and high cutting
speeds in a dry environment. High feed rates and cutting speeds can lead to efficient chip
removal and reduced contact time between the tool and the workpiece. This may result in
smoother surface finishes.

e Since the effectiveness of the cooling plays an important role by extending the contact time
at low feed rates, higher surface quality was obtained when machining in the MQL
environment.

e Low cutting forces and cutting temperatures were obtained under MQL and dry
environments without looking at the cutting parameters. However, with the increase of the
material removal, the levels of the temperatures and forces showed an increasing trend.

e The optimal range for the S235JR steel was seen as lower cutting parameters and MQL
environment which supports the literature information.
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ABSTRACT

Auxetic structures are characterized by their unique mechanical property of exhibiting a
negative Poisson's ratio, which means they expand laterally when stretched and contract
laterally when compressed, contrary to conventional materials. This distinctive behavior
enables auxetic materials to possess enhanced mechanical properties such as improved
energy absorption, shear resistance, and indentation resistance. This study is of special
novelty as it is one of the few investigations examining the effect and optimization of
shape orientation and cell size on tensile mechanical properties. For this reason, a total of
nine different specimens were produced using three different cell sizes (3 mm, 2 mm, 1.5
mm) and three different shape orientations (0°, 45°, 90°) using a masked stereolithography
(MSLA) printer, and their tension mechanical properties were investigated. The best cell
size and shape orientation were determined by Taguchi's maximum signal-to-noise ratio
(S/N) analysis, and the data was analyzed with the Analysis of Variance (ANOVA) test.
Specifically, a cell size of 1.5 mm and a shape orientation of 90° delivered the best
performance, with a maximum fracture force of 348.44 N and energy absorption of 224.91
J. This research contributes to optimizing 3D printing for improved mechanical
performance and to the field of additive manufacturing.

Cekme Performansi icin 3B Baskili Auxetic Yapilarin Optimizasyonu: Hiicre
Boyutu ve Sekil Yonelimi Uzerine Taguchi Yonteminin Uygulamasi

MAKALE BILGISI

Alinma: 30.10.2024
Kabul: 12.12.2024

Anahtar Kelimeler:
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Taguchi yontemi
Mekanik ézellikler
Optimizasyon

OZET

Auxetic yapilar, negatif Poisson orani sergileyen benzersiz mekanik oOzellikleriyle
karakterize edilir; bu, geleneksel malzemelerin aksine, gerildiklerinde yanal olarak
genisledikleri ve sikigtirildiklarinda yanal olarak biiziildiikleri anlamina gelir. Bu ayirt
edici davranig, auxetic malzemelerin gelismis enerji emilimi, kayma direnci ve ¢entik
direnci gibi gelismis mekanik Ozelliklere sahip olmasini saglar. Bu c¢aligma, sekil
yoneliminin ve hiicre boyutunun g¢ekme mekanik o&zellikleri {izerindeki etkisini ve
optimizasyonunu inceleyen az sayidaki arastirmadan biri olmasi nedeniyle 6zel bir yenilik
tagimaktadir. Bu nedenle, maskeli stereolitografi (MSLA) yazicist kullanilarak ti¢ farkl
hiicre boyutu (3 mm, 2 mm, 1.5 mm) ve ii¢ farkli sekil oryantasyonu (0°, 45°, 90°)
kullanilarak toplam dokuz farkli numune iiretilmis ve bunlarin gerilme mekanik 6zellikleri
incelenmigtir. En iyi hiicre boyutu ve sekil yonelimi Taguchi'nin maksimum sinyal -giiriiltii
orani (S/N) analizi ile belirlenmis ve veriler Varyans Analizi (ANOVA) testi ile analiz
edilmistir. Ozellikle, 1.5 mm'lik bir hiicre boyutu ve 90°lik bir sekil yoneliminin, 348.44
N'lik maksimum kirilma kuvveti ve 224.91 J'lik enerji emilimi ile en iyi performansi
sagladigt bulunmustur. Bu arastirma, gelismis mekanik performans i¢in 3B baskinin
optimizasyonuna ve eklemeli imalat alanina katkida bulunmaktadir.

1. INTRODUCTION (GIRiS)

Auxetic structures constitute an attractive category of materials defined by their outstanding
mechanical properties, especially the negative Poisson's ratio, providing lateral expansion upon
tensile deformation. This unusual behavior significantly contrasts with ordinary materials, which
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contract laterally under tensile stress. The investigation of auxetic structures has attracted
considerable attention in recent years, propelled by their potential uses in diverse domains, such as
biomedical engineering, aircraft, lightweight structural elements, and protective equipment. The
capacity of these materials to efficiently absorb energy and their superior mechanical properties,
including increased shear and indentation resistance, make them especially attractive for new design
solutions in engineering and materials science [1,2]. Due to their potential applications in medicinal
devices, protective gear, and aerospace components that require energy absorption and impact
resistance, auxetic materials have gained popularity [3]. Auxetic materials are ideal for sporting
equipment because they can dissipate energy and adapt to body movements, thus improving
comfort and safety [4]. Auxetic structures also have the potential to enhance the design of implants
and prostheses in biomedical applications by mimicking the mechanical behavior of biological
tissues [5]. In addition, their distinctive deformation mechanisms contributed to research into their
potential applications in crashworthiness and protective gear, where energy absorption is essential
[6,7].

The development of additive manufacturing has transformed the fabrication of auxetic structures.
This novel method facilitates the production of intricate geometry that conventional manufacturing
techniques find challenging to accomplish. Additive manufacturing methods, especially 3D
printing, facilitate precise regulation of material characteristics and geometric configurations, thus
improving the functionality of auxetic structures [8-10]. Research has shown the effective 3D
printing of polymer-based auxetic structures by methods like Masked Stereolithography Apparatus
(MSLA), enabling significant design flexibility and facilitating mass production [11,12]. The
integration of new materials, including carbon fiber-reinforced polymers, into the additive printing
process has significantly boosted the mechanical properties of auxetic structures, leading to
improved strength and durability [13]. Furthermore, the incorporation of soft materials in 3D
printing has facilitated the development of auxetic structures with enhanced energy absorption
properties, rendering them suitable for impact protection applications [14].

The cell size and shape orientation of auxetic structures play a crucial role in influencing their
mechanical characteristics. Auxetic materials demonstrate distinctive deformation characteristics
significantly affected by the geometric design of their unit cells. The configuration of these cells,
related to their dimensions and alignment, may greatly impact the structural integrity, energy
absorption capability, and rigidity of the auxetic structures [15,16]. Smaller unit cells can improve
the mechanical performance of auxetic materials by increasing the surface area and facilitating
more complex designs that maximize load distribution during deformation [15,16]. The orientation
of cells in an auxetic structure also influences its mechanical properties. Various orientations can
result in differences in stiffness and energy absorption properties, as the load-bearing capacities of
the cells change according to their alignment [17]. Studies demonstrate that the configuration of
cells can affect the material's overall response to stress, with specific arrangements yielding
enhanced performance in applications like impact resistance and cushioning [14,18].

The enhancement of tensile mechanical properties in 3D printing has emerged as a key area of
research, especially with the rising need for high-performance materials in many industries. The
Taguchi technique is a popular statistical tool used for experimental design and optimization. This
method is an effective tool for examining the effect of multiple factors and evaluates the level of
improvement of target performance through S/N ratio analysis. It enables researchers to
systematically assess the impact of various process factors on the mechanical properties of 3D
printed components, which enables the identification of optimal conditions that improve tensile
strength and elongation [19,20]. The Taguchi approach employs orthogonal arrays to reduce the
number of experiments necessary while enhancing the information obtained, rendering it both
economical and efficient [21]. This method is particularly beneficial in additive manufacturing,
where parameters such as layer thickness, infill density, and printing speed significantly affect the
tensile strength and overall performance of printed components [22,23]. By employing the Taguchi
method, researchers can identify optimal combinations of these parameters, leading to enhanced
mechanical properties while minimizing the number of experimental trials required [24,25]. In
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addition to process parameters, the geometric characteristics of the printed structures, specifically
cell size and shape orientation, play a pivotal role in determining the mechanical behavior of auxetic
materials. Auxetic structures are notably flexible to the configuration and dimensions of their unit
cells. Research indicates that variations in cell size might result in substantial variances in tensile
strength and energy absorption capability [16].

This investigation is particularly significant for its originality, as it is one of the few to
investigate the impact and optimization of shape orientation and cell size on the tensile mechanical
properties of re-entrant auxetic structures, which are often the subject of research [26,27] due to
their simplicity, mechanical performance and versatility. Consequently, 9 distinct specimens were
fabricated utilizing 3 different cell sizes (3 mm, 2 mm, 1.5 mm) and 3 different shape orientations
(0°, 45°, and 90°) through the MSLA technique using the same ABS material. The Taguchi method
was utilized to optimize the maximum fracture force and energy absorption by determining the
optimum combination of cell size and shape orientation. The results were additionally examined
utilizing analysis of variance (ANOVA). This study aimed to address a gap in the literature by
investigating the tensile properties of re-entrant auxetic structures printed using MSLA 3D printing.

2. MATERIAL AND METHOD (MATERYAL VE YONTEM)
2.1. Design of Re-Entrant Auxetic Structure

The ASTM D638-14 standards employed a dog-bone-shaped specimen with appropriately placed
re-entrant auxetic structures within the testing section for the tension test. Specimen dimensions
were obtained from a Type IV model, as illustrated in Figure 1, and Solidworks software was
employed to generate the computer-aided design (CAD) shape.

19 mm

6 mm

33 mm 3.2 mm

115 mm

Figure 1. The geometry of the experimental specimen, based on ASTM D638-14 standards.

The tensile test specimens were 0.6 mm thick (t) and were designed to fit 2, 3 and 4 of the re-
entrant auxetic unit cells shown in Figure 2 in the 0° shape orientation within the 6 mm width of the
test zone. Therefore, cell sizes (hy) of 3 mm, 2 mm, 1.5 mm were determined within minimum and
maximum value constraints, taking into account design objectives and manufacturability. Shape
orientation values (0°, 45°, 90°) were also chosen within the maximum, minimum and average
values.

/2

| .

Figure 2. The unit cell of the auxetic structure (Auxetic yapinin birim hiicresi)
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These cells were then rotated by 45° and 90° and placed in the test area and then the shape
orientations of the re-entrant auxetic structures were designed using SolidWorks software as shown
in Figure 3, resulting in three distinct plans (0°, 45°, 90°).

Cell Size
3mm 2mm 1.5mm

[LECESEENENNSS ey AN AR AR R RACAAL
o N\ SO\ LR AACE R AATE R AACE S AR AR AR NCANTR
45° 2 20 A A A AR AR

ALY A A e s Y N

Shape Orientation

Figure 3. Designs of the test areas of the tensile specimens.
2.2. Printing of The Test Specimens (Test Numunelerinin Basilmasi)

Following the re-entrant auxetic structures were saved as STL files, they were imported into the
Photon Workshop slicing software developed by Anycubic to establish the print settings and the
position of the specimens on the build plate. The re-entrant auxetic specimens were fabricated
utilizing acrylonitrile butadiene styrene (ABS)-like resin and the Anycubic Photon Mono M3
MSLA 3D printer. The study employed the suggested print settings for ABS resin specially 0.05
mm layer thickness and 4 s exposure time. Figure 4 displays the images of the fabricated specimens
in the test area.

Cell Size
3mm 2 mm
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Figure 4. Images of the test areas of the manufactured tensile specimens (Uretilen gekme numunelerinin test alanlarinin
gorintiileri)

Employing criteria from the design of experiment (DOE) method, 9 distinct specimens, as shown
in Figure 5, were produced, with 3 specimens provided for each sample to reduce the impact of
random error sources and variability. The Anycubic wash & cure 2.0 equipment was employed to
conduct a final curing procedure that lasted 40 minutes in order to improve the mechanical
properties of the produced samples.
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3 mm-0° 3 mm-45° 3 mm-90° 2 mm-0° 2 mm-45° 2 mm-90° 1.5mm-0° 1.5mm-45° 1.5 mm-90°
Figure 5. A manufactured sample of tensile specimens (Cekme numunelerinin iiretilmis bir 6rnegi)

2.3. Tension Test (Cekme Testi)

The tensile test was conducted using a Shimadzu Autograph universal testing machine, following
the guidelines outlined in ASTM standards D638. The displacement rate was recorded at 5 mm/min
and the specimens were subjected to a progressively increasing load until failure occurred. The load
and displacement data were recorded in the experimental setup and later used to determine the
mechanical properties. A specimen of the tensile test is shown in Figure 6.

Figure 6. A specimen of the tensile test (Cekme deneyinden bir numune)
2.4. Optimization (Optimizasyon)

The Taguchi method provides a statistically robust approach, enabling researchers to identify
optimal operating conditions while minimizing the number of experiments, thereby reducing both
the time and costs associated with experimental processes. An advantage of the Taguchi method is
its use of orthogonal arrays for experimental design, which simplifies the planning process while
also acknowledging the limitations in controlling all variables that contribute to variability, often
referred to as noise factors. This research employed a full factorial design with two factors, each at
three levels, to systematically and comprehensively examine the potential interactions and effects of
these factors on a specified response or output utilizing the Taguchi method. Factors believed to
influence force at break and energy absorption include the dimensions and orientations of the re-
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entrant auxetic structures. Table 1 illustrates the factors considered along with their respective
levels.

Table 1. Taguchi L9 orthogonal array (Taguchi L9 ortogonal dizi)

Factors Levels
Cell size 3mm 2mm 15mm
Shape orientation 0° 45° 90°

The study employed Taguchi's L9 orthogonal array for experimental design optimization.
Minitab's L9 Taguchi orthogonal array was employed to create main effects plots for the signal-to-
noise (S/N) ratio related to mechanical properties. Given that the objective of this study was to
enhance tensile strength, specifically the force at break and energy absorption, the "larger is better"
criterion was selected using Equation (1).

1 1
S/N = ~101ogo [ X1, o] (1)

3. RESULTS AND DISCUSSION (SONUCLAR VE TARTISMA)

This section presents and evaluates the mechanical response derived from tensile tests of three
cell sized re-entrant auxetic structures with different shape orientations. Tensile tests were used to
determine the force at break and absorbed energy. Each measurement was averaged over the
repeated specimens, and the mean findings with standard deviations are shown in Table 2. Force at
break peaks at 348.44 N for run 9 and drop to 57.81 N for run 2. Similarly, run 9 and run 2 had the
highest (224.91x107 J) and lowest absorbed energy (17.06x107 J), respectively. According to these
findings, the optimal cell size and shape orientation for both force at break and absorbed energy are
1.5 mm and 90°, respectively. In order to enhance the clarity of these findings, descriptive statistics
are presented in Table 2. This table presents the minimum and maximum values as well as the mean
values and standard deviations for each run.

Table 2. Results of the tensile test (Cekme testi sonuglar)

Run Cellsize Shape orientation Force £ SD (N) Energy + SD (x107°J)

1 3mm 0° 96.87+5.62 53.01+3.21
2 3 mm 45° 57.81+3.88 17.06=1.54
3 3 mm 90° 176.56+16.05 73.84+4.27
4 2 mm 0° 142.19+14.31 57.7243.98
5 2 mm 45° 103.12+8.09 48.62+3.60
6 2 mm 90° 325.00+27.54 181.92+19.97
7  15mm 0° 170.31+14.33 71.26+4.62
8 1.5mm 45° 137.50+8.46 59.70+3.74
9 1.5 mm 90° 348.44+31.18 224.91+10.98

Figure 7 shows the force-displacement curves for tensile tests on specimens containing re-entrant
auxetic cells oriented at 0°, 45°, and 90°, with different cell sizes in the test area: 3 mm, 2 mm, and
1.5 mm. In the 3 mm cell size configuration, the 90° orientation shows the highest force resistance.
The 0° and 45° orientations show lower force responses, while the 45° orientation shows a failure
of about 0.6 mm elongation. In the 2 mm cell size configuration, the 90° orientation continues to
demonstrate the highest force at break. The 0° and 45° orientations follow similar trends as
observed in the 3 mm cell size case, with gradual force increases up to the failure point. The overall
force capacity is higher than that of the 3 mm cell size configuration, suggesting that increasing the
number of cells enhances the specimen's structural strength. The 1.5 mm cell size configuration
maintains this pattern, with the 90° orientation again showing the greatest force resistance and
achieving a peak force of around 350 N. This indicates that decreasing the cell size results in a
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stronger and stiffer structure. The 0° and 45° orientations exhibit similar behavior, with slightly
higher force values prior to yielding compared to previous configurations.

180 3 mm cell size 2 mm cell size

Force (N)

0 0.2 04 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1 1.2
Displacement (mm) Displacement (mm)

@ (b)

1.5 mm cell size

0 05 1 15
Displacement (mm)

(©

Figure 7. Force-displacement curves of tensile specimens containing different cell sizes in the test area (a) 3 mm, (b) 2
mm and (c) 1.5 mm.

Figure 8 presents the force-displacement curves from tensile tests conducted on specimens with
different shape orientations: 0°, 45°, and 90°. Each graph compares three configurations with cel
sizes 3 mm, 2 mm and 1.5 mm, respectively. In the 0° shape orientation, the specimen with a 1.5
mm cell size exhibits the highest force value, followed by the 2 mm and 3 mm cell size
configurations. This observation is supported by the literature, which suggests that specimens with
smaller cell sizes are able to withstand larger forces before failure [28]. The 1.5 mm cell size
configuration shows a steep increase in force, indicating stronger material response, while the 3 mm
cell size configuration demonstrates a comparatively lower force capacity. For the 45° shape
orientation, the force capacity decreases across all configurations compared to the 0° shape
orientation. However, the 1.5 mm cell size configuration still withstands the highest force. The
displacement at failure is similar among configurations but slightly reduced relative to the 0° shape
orientation. In the 90° shape orientation, the specimen with a 1.5 mm cell size once again
demonstrates the highest force, while the 3 mm cell size specimen shows the lowest. The
displacement patterns resemble those in the 0° shape orientation, suggesting that the material
maintains its strength in the 90° shape orientation nearly as effectively as in the 0° orientation.
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Figure 8. Force-displacement curves of tensile specimens containing different shape orientations in the test area (a) 0°,
(b) 45° and (c) 90°.

Table 3 shows that the influence of shape orientation of the re-entrant auxetic structure on force
at break and absorbed energy is 70.88% and 64.66%, respectively which was significantly higher
than cell size on force at break (23.62%) and absorbed energy (20.80%). Most models with P-values
above 0.05 are worthless, but a component with a P-value below 0.05 definitely influenced the final
model [29,30]. The P-values for the linear coefficients of shape orientation of the re-entrant auxetic
structures for force at break and absorbed energy are less than 0.05, as shown in Table 3. However,
the cell size of the re-entrant auxetic structure has a P-value lower than 0.05 for force at break and a
higher P-value for absorbed energy. As with different porous structures [31], for the re-entrant
auxetic structure, shape orientation is an important determinant for both the force at break and
energy absorption. Conversely, it may be inferred that the cell size of the re-entrant auxetic
structure is more significant for the force at break than for the absorbed energy. This result is
consistent with the findings in Figure 7 and Figure 8. Additionally, a numerical technique for model
validation has made use of the coefficient of determination R A high level of agreement between
experimental and model findings is indicated by R? values near to 1 [32]. Table 3 shows that the
model's accuracy is indicated by the R? values for force at break (94.49%) and absorbed energy
(85.47%).

Table 3. ANOVA for force at break and absorbed energy.

Source Force at break Absorbed energy

DF Contribution P-value DF Contribution  P-value
Cell size 2 23.62% 0.036 2 20.80% 0.169
Shape orientation 2 70.88% 0.005 2 64.66% 0.034
Error 4 5.51% 4 14.53%
Total 8 100% 8 100%
R? 94.49% 85.47%

Figure 9 presents two main effects plots illustrating the impact of cell size and shape orientation
on signal-to-noise (S/N) ratios for specific performance metrics. In S/N ratio figures, the highest
S/N ratio results in the most optimal levels for running parameters. In subplot (a), the plot shows
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S/N ratios for force at break, with distinct trends for each factor. For cell size, the S/N ratio
increases as cell size decreases, suggesting that a smaller cell size positively influences the force at
break, enhancing the system's robustness to noise. Regarding shape orientation, a significant
variation is observed. An orientation of 45° results in a reduction in the S/N ratio, while orientations
of 0° and 90° yield higher ratios, with 90° achieving the highest value. This trend implies that
aligning shape orientation to 90° could help optimize force at break. Subplot (b) displays the mean
values for absorbed energy across the same factor levels. For cell size, the mean absorbed energy
increases with smaller cell sizes, mirroring the trend seen for force at break. For shape orientation,
the relationship is non-linear. An orientation of 45° leads to notably lower mean absorbed energy,
whereas an orientation of 90° yields the highest mean value. This observation is consistent with the
literature, demonstrating that shape orientation significantly influences energy absorption capacity
[33].
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Figure 9. S/N ratios of factor levels for (a) force at break and (b) absorbed energy.
4. CONCLUSIONS (SONUCLAR)

In this study, tensile mechanical properties of re-entrant auxetic structures produced using
different cell sizes and shape orientations were compared with specimens produced in MSLA using
commercially available ABS resin. The aim of the research was to determine the cell sizes and
shape orientations of re-entrant auxetic structures that provide the highest fracture force and energy
absorption. During the production process, configurations with 3 mm, 2 mm and 1.5 mm cell sizes
and 0°, 45° and 90° shape orientations were evaluated. The results are summarized in the following:

e 1.5 mm cell size and 90° shape orientation provided the highest fracture force (348.44 N)
and energy absorption (224.91 J).

e The lowest fracture force (57.81 N) and energy absorption (17.06 J) were observed in 3
mm cell size and 45° shape orientation.

e Shape orientation had 70.88% and 64.66% effect on fracture force and energy,
respectively.

e The effect of cell size on force and energy was lower than shape orientation.

By systematically assessing these features, the development and refinement of engineering
systems utilizing auxetic materials for improved performance can be accomplished. Findings in this
field can offer significant advantages in the production of aerospace components, medical devices,
protective equipment and other devices, especially high energy absorption, adaptability and
mechanical robustness.
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ABSTRACT
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The extrusion process is considered a cost-effective manufacturing method compared to
alternative production techniques, offering excellent mechanical properties and high product
quality. Combined extrusion further enhances efficiency by minimizing the need for
additional processing steps, thereby saving time and reducing production costs. The die
geometry and friction factors play a critical role in determining the success and quality of
this process. In this study, AA 6061 T6 aluminium alloy was selected as the billet material to
investigate a combined backward—forward extrusion process and to examine the influence of
process parameters, such as velocity and pressure, on the residual stresses formed in the
extruded products. Two punch types were utilized: a hexagonal punch for the backward
extrusion direction and a square punch for the forward extrusion direction. For each punch
type, three different cross-sectional areas (140, 130, 115 mm?) and three different forming
velocities (0.25, 0.5, 1 mm/s) were tested to assess the effect of forming pressure on residual
stresses. The experiments were conducted using a heat-treated H13 steel die with a hydraulic
press under lubricated conditions. The findings indicate that increasing the cross-sectional
area of the punch, which corresponds to a reduction in pressing pressure, results in higher
residual stresses at a constant velocity. The highest residual stresses were observed in the
hexagonal region (1315 MPa), corresponding to the backward extrusion process.
Intermediate stress levels (<990 MPa) were found in the middle regions between the
backward and forward extrusion directions, while the lowest residual stresses (<588 MPa)
were recorded in the forward extrusion region, associated with the square punch.

AA6061 T6 Aliiminyum Alasiminin Geri ve Ileri Ekstriizyonu Sirasinda Hiz
ve Basincin Kalinti Gerilmeler Uzerine Etkisi

MAKALE
BILGIST
Alinma: 18.12.2024
Kabul: . 20.12.2024

Anahtar Kelimeler:
Birlesik ekstriizyon
Aliiminyum alagimi
Kalinti gerilim
Anahtar soketi

OZET

Ekstriizyon islemi, alternatif {iretim tekniklerine kiyasla maliyet agisindan etkili bir {iretim
yontemi olarak kabul edilir ve mitkemmel mekanik 6zellikler ve yiiksek iiriin kalitesi sunar.
Kombine ekstriizyon, ek islem adimlarina olan ihtiyaci en aza indirerek verimliligi daha da
artirir, bdylece zamandan tasarruf saglar ve iiretim maliyetlerini azaltir. Kalip geometrisi ve
stirtinme faktorleri, bu iglemin basarisini ve kalitesini belirlemede kritik bir rol oynar. Bu
calismada, birlesik geri-ileri ekstriizyon islemini arastirmak ve hiz ve basing gibi islem
parametrelerinin ekstriide iirlinlerde olugan kalinti gerilmeler tizerindeki etkisini incelemek
icin kiitik malzemesi olarak aliiminyum alastm AA 6061 T6 secilmistir. Iki zimba tipi
kullanilmustir: geri ekstriizyon yonii igin altigen zimba ve ileri ekstriizyon yoni igin kare
zimba. Her zimba tipi igin, presleme basincinin kalinti gerilmeler {izerindeki etkisini
degerlendirmek icin ii¢ farkli kesit alan1 (140, 130, 115 mmz) ve li¢ farkli sekillendirme hizi
(0.25, 0.5, 1 mm/s) ) test edilmistir. Deneyler, yaglanmis kosullar altinda hidrolik pres
altinda 1s1l islem goérmiis bir H13 c¢elik kalip kullanilarak gergeklestirilmistir. Bulgular,
presleme basincinda bir azalmaya karsilik gelen zimbanin kesit alaninin artirilmasinin, sabit
bir hizda daha yiiksek kalint1 gerilimlerle sonuclandigini gostermektedir. En yiiksek kalinti
gerilimler (1315 MPa), geriye dogru ekstriizyon islemine karsilik gelen altigen bolgede
gozlemlenmigtir. Geri ve ileri ekstriizyon yonleri arasindaki orta bolgelerde ara gerilim
seviyeleri (<990 MPa) bulunurken, en diisiik kalint1 gerilimler (<588 MPa), kare zimba ile
iligkili olan ileri ekstriizyon bolgesinde kaydedilmistir.
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1. INTRODUCTION (GIiRiS)

Metal-forming processes are among the most significant manufacturing methods for producing
parts with diverse and complex geometries. These processes offer high productivity, efficient
material usage, minimal waste, and superior mechanical properties. Extrusion, a key metal-forming
process, is widely used in industrial applications due to its ability to produce intricate geometries.
Extrusion processes are classified based on some factors such as material and punch movement
direction, billet temperature, equipment orientation, and process type. The primary extrusion types
include forward, backward, and radial extrusion. Combining these methods enables the production
of more complex shapes, reduces costs and time, and enhances product quality.

For instance, radial extrusion combined with forward extrusion is used to produce seamless tubes
with excellent mechanical properties from small cylindrical workpieces. This method generates high
strains that improve material properties, as demonstrated in magnesium alloy processing under
isothermal conditions. Microstructural analysis reveals a reduction in grain size due to dynamic
recrystallization during severe plastic deformation, resulting in increased yield strength, ultimate
strength, and doubled ductility [1].

Metal-forming processes are also critical for manufacturing micro-components, which are
increasingly important in electronic and mechanical applications due to their high precision
requirements. Brass microparts have been fabricated using a combined forward and backward
extrusion process to study the influence of friction between the billet and die surface. Variations in
grain size and lubrication effects were assessed using billets of constant diameter at different heat
treatment temperatures. Results showed that dry conditions significantly impact grain size and
friction more than lubricated conditions [2].

Another application of combined extrusion involves lateral and axial directions to produce
bifurcated components for nuclear power plants. Numerical simulations are used to predict
performance before experimental validation, focusing on critical areas such as corners and junctions.
Increased strain and strain rates help reduce flaws, refine grain size, and enhance mechanical
properties. Experimental findings align closely with finite element analysis results [3].

The forward-backward extrusion process has also been applied to aluminum alloy AA6013 using
a revolving die to study the effects of die vibration frequency alteration. The KoBo technique, a
modern method employing severe plastic deformation (SPD) at low temperatures with rotating
deformation states, was utilized. Mechanical properties were evaluated after hot forming, T6 heat
treatment, and KoBo processing. Tensile testing and transmission electron microscopy revealed that
die vibration frequency significantly affects material flow and mechanical properties [4].

Lubrication plays a vital role in combined extrusion, reducing friction and required power while
improving product quality. A novel lubrication system integrates servo press technology to ensure
continuous lubrication during the process, particularly for hollow or deep parts. This system
introduces lubrication during punch movement and withdrawal, which improves metal flow and
reduces friction. Numerical simulations validated the effectiveness of this lubrication technique [5].

In some cases, combining backward, forward, and radial extrusion simplifies the manufacturing
process and reduces production steps and costs. This approach has been used to deform aluminum
alloys while analyzing the influence of die geometry. Experimental and numerical studies reveal
potential defects and the impact of various parameters on part length and quality [6].

The demand for enhanced material properties, particularly in lightweight and hard metals, is
growing across various applications. Severe plastic deformation processes, such as cyclic combined
extrusion for aluminum alloys, address this need by improving mechanical properties through grain
size reduction [7]. Complex geometries can be achieved using combined extrusion, accounting for
friction and die geometry effects. Dead zones in the die, which cause defects, can be eliminated in
steady-state combined extrusion processes [8].

An innovative method combining forward extrusion with equal channel angular pressing (ECAP)
in a single die under hot working conditions has been employed to reinforce aluminum powders.
This approach achieves superior mechanical properties and finer grain sizes compared to traditional
extrusion methods [9].
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The application of combined extrusion in ball and socket joints demonstrates the significance of
compressive stresses and contact stress in the design and performance of these components [10]. In
the case of hollow shapes, such as hexagonal components, combined forward-backward extrusion
yields reliable results consistent with numerical analyses based on the upper-bound method. Finally,
this method effectively evaluates stresses and pressures during the extrusion process [11].

E.H. Lee and R.L. Mallett [12] showed the residual stresses in parts produced by extrusion,
which is one of the important problems that should receive great attention from researchers. The
stresses inside the product lead to many defects, such as internal or external cracks while such parts
are being used. R.M. Mc Meeking et al. [13] investigated the existence of residual stresses in parts
after metal-forming processes had led to many problems. Such problems occurred because of non-
uniform deformation and different distributions of strains in billets during pressing. X. Ma et al. [14]
showed that for metal forming in general and aluminum extrusion in practice, the amount of friction
between the billet and die wall has a great influence. N.S. Rossini, et al. [15] investigated how
residual stresses always had an important effect on product quality and product properties, such as
strength fatigue resistance. R.A. Hussien [16] showed that there was another effect of die geometry
during combined backward-forward extrusion processes, especially an effect on stress and
temperature during deformation. When the temperature distribution changed, the load and power
also changed, so a numerical analysis was performed to determine the influence of flat and curved
punch shapes on temperature rises and stress generation.

This study utilized the combined backward-forward extrusion process to examine the influence of
velocity and pressure on the residual stresses of aluminum alloy AA 6061 T6.

2. MATERIAL AND METHOD (MATERYAL VE YONTEM)

A suitable die was designed and manufactured to achieve a combined backward—forward
extrusion process for aluminium alloy AA 6061 T6. The die material was H13 and it was heat
treated as HRC50. A hydraulic press machine was used with a maximum load capacity of 450 kN.
The process was done using MOLYKOTE D321R lubrication. Two types of punches were used
with the die with three cross-sectional areas using a reduction area 12%; (1) hexagonal punches (2)
square punches. Three velocity values were used (Case 1=0.25, Case 2=0.5 and Case 3=1 mm/s).
The workpiece, die , and room temperature are 25 C¢ Cold extrusion is achieved using a stationary
lower square punch and a moving hexagonal upper punch. The three pressures applied during the
processes were applied to both square and hexagonal punches (Case 1=1.4, Case 2=1.6 and Case
3=1.8 kKN/mm?2).

The die, as shown Fig.1., consists of external parts for fixing the internal parts, which include
hexagonal and square punches and three rings for keeping the punches and the axial movement
during pressing. The lubricant is applied to billets and punches, and the velocity is constant during
each pressing under three pressures.

Figure 1. (a) Parts of the combined backward—forward extrusion process and (b) die assembly ((a) Birlesik geri-ileri
ekstriizyon igleminin pargalart ve (b) kalip montaji)
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The sets of punches are used in three conditions, and each set includes hexagonal and square
punches with three types of billets that differ in their heights according to the punch cross-sectional
areas. The punches are shown in Fig.2.

Figure 2. The types of three punch sets (Uglii zzmba setleri)

The workpiece material used in this study for the extrusion process was AA 6061 T6 aluminum
alloy, selected due to its exceptional properties, which make it highly suitable for extrusion
applications. Material properties used in this study was given in Table 1.

Table 1. Mechanical properties of AA6061 T6 aluminum alloy (AA6061 T6 aliiminyum alagimimin mekanik 6zellikleri)

Density 2.70 g/cm?
Melting Point 650 °C
Thermal Expansion 23.4x10° /K
Modulus of Elasticity 70 GPa
Tensile Strength 260 MPa
Hardness 95 HB

Three types of billet sets were prepared based on the specified process conditions and pressure
requirements. These billets were  designed for use with hexagonal and square punches and
categorized according to three distinct heights, while maintaining a constant cross-sectional diameter
across all samples. The wrench socket products has two sides one is hexagonal produce by backward
extrusion and the other is square produced by forward extrusion process. The produced samples are
shown in Fig. 3.

Figure 3. Samples for all cases: (a) Square side shape by forward extrusion; (b) Hexagonal side shape by backward
extrusion (Tiim durumlar igin &rnekler: (a) ileri ekstriizyonla kare kenar sekli; (b) Geri ekstriizyonla altigen kenar sekli)
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The XRD 3003 TPS X-ray diffraction system was employed to measure residual stresses at
various locations on the parts, as illustrated in Fig. 4. This method utilized a fixed penetration depth;
however, potential errors may arise due to non-uniform penetration control. Accurate measurements
rely on the samples being uniform, strain-free, and suitable for crystallographic texture analysis. The
technique involves the dispersion of X-rays through a polycrystalline solid, producing diffracted
beams that are analyzed by measuring angles in accordance with Bragg’s Law.

Analysis of

residwal stress,

Figure 4. The XRD 3003 TPS X-ray diffraction system (XRD 3003 TPS X-1s1n1 kirinimi sistemi)

3. RESULTS AND DISCUSSION (SONUCLAR VE TARTISMA)

The residual stress test was performed using an X-ray machine for two points: (1) the backward
region; and (2) the forward region and shown in Fig 5. This method is a non-destructive method and
is a type of diffraction method that depends on calculating the residual stresses on the surfaces of the
samples. It relies on the change in the strain calculated by elastic deformation and use Bragg's law
to convert the strain to the stress. The results of the stresses show that there is clear increase during
the velocity duplicate in each case at constant pressure, and the highest value of stress =1315 MPa at
the highest velocity v=1 mm/s in the backward region, and the minimum value of the stress was 470
MPa for the minimum velocity v1=0.25 mm/s in the forward region. These results indicate that
during the combined forward backward extrusion process for wrench socket shape, the highest
stresses occur in the backward region because of the opposite direction of metal flow relative to
punch direction, which adds more strain and stress effects on the workpiece [16]. The middle region
then recorded the second higher value and minimum values were shown in the forward region
because of the direction of flow that is on the same direction of the pressing, which reduce, turbulent
of flowing and the stress generated. This increase in stress has been observed in other studies and is
attributed to the forced material flow caused by the interaction of two opposing movements
[5,10,16]. For constant velocity , increasing the punch pressure led to a decrease in the residual
stresses that lowest value of stress is 465 MPa in the forward region with the highest pressure
p3=1.8 kN/mm?.
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Figure 5. The report of residual stresses given by the machine for (a) backward region (b) forward region ((a) Geri
bolge (b) Ileri bolge icin makine tarafindan verilen kalint: gerilme raporu)

An X-ray diffraction (XRD) test was conducted to determine the residual stresses in the forward,
backward and middle regions under three different velocity and pressure conditions. The analysis
involved varying the product’s angle and position relative to the X-ray beam, specifically adjusting
the Bragg angle, to obtain optimal results. A similar procedure was applied in the forward region to
evaluate residual stresses by altering the Bragg angles. The X-ray equipment was capable of
calculating shear stresses, principal stresses, and residual stresses. Each point measurement required
over two hours and involved multiple scans, with material properties such as Poisson’s ratio and
Young’s modulus input into the system to ensure accurate calculations.

According to Fig 6., the stress analysis indicates elevated values, particularly in the central
regions, due to the influence of opposing punch directions, which intensify frictional forces and
promote turbulent metal flow. Conversely, the lowest stress values were observed in the forward
region, where the metal flow aligns with the punch direction, resulting in reduced resistance.
Compressive stresses are denoted by negative values in the results. Furthermore, at constant
pressure, an increase in velocity corresponds to an increase in stress magnitude, highlighting the
influence of processing parameters on stress distribution. The residual stresses were measured using
an X-ray diffraction system across the forward (Figure 6 (b)), middle (Figure 6 (a)), and backward
(Figure 6 (c)) regions of the material. The results indicate that, under constant pressure, an increase
in velocity leads to a corresponding increase in residual stress in all regions. The data and
accompanying graphs reveal that the middle region exhibited the highest residual stress values
compared to the backward and forward regions, while the forward region consistently demonstrated
the lowest stress values. This trend highlights the significant impact of material flow dynamics on
the distribution of stress during the extrusion process [2-4, 17].
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Figure 6. Stresses at different regions with constant pressure P3 = 1.8 kN/mm? and different velocities: (a) forward
extrusion region, (b) backward extrusion region, (c) middle region
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Figure 7. Stresses in different regions with constant velocity V3=1 mm/s and different pressures (a) forward extrusion
region, (b) backward extrusion region, (c) middle region

At a constant velocity, an increase in pressure leads to a reduction in residual stresses, as shown
in Fig. 7. This is attributed to the diminished effect of frictional forces and the heat generated under
higher pressures, which consequently lowers the stress levels (Figure 7 (b)). The results show a
decrease in stress values with increasing pressure at constant velocity, with the highest stresses
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observed in the middle region (Figure 7 (c)). In contrast, the forward region (Figure 7 (a)) exhibited
the lowest stress values, likely due to the alignment of the metal flow with the direction of the
applied pressure. The increased deformation speed during the extrusion process of aluminium alloys
facilitates material heating and enhances formability; however, it also leads to elevated internal
demands within the material [8, 18-20].

4. CONCLUSIONS (SONUCLAR)

The combined backward-forward extrusion process demonstrated significant advantages over
separate extrusion methods, including reduced production costs and time, improved final product
quality, enhanced mechanical properties, more uniform residual stress distribution, and the ability to
produce more complex shapes.

e Aluminium alloy AA 6061 T6 demonstrated excellent formability during the cold working of

the combined extrusion process.

e Increasing the pressure to P; = 1.8 kN/mm? yielded optimal results, including improved
product shape, uniform laminar flow and deformation, enhanced surface finish, reduced
residual stresses, decreased deformation load requirements, and a slight increase in processing
time.

e On the other hand, increasing the velocity to V=1 mm/s resulted in higher residual stresses
and deformation loads. While this velocity improved laminar and homogeneous flow, surface
finish, and dimensional accuracy, it also reduced processing time and increased the billet
temperature.

e Based on these findings, the recommended velocity is V>=0.5 mm/s, as it effectively reduces
stress and load requirements while maintaining product quality, flow uniformity, and surface
finish.

Thus, the optimal process parameters for the combined extrusion of aluminium AA 6061 T6 alloy
are a pressure of P;=1.8 kN/mm? and a velocity of V>=0.5 mm/s, which balance stress reduction,
load efficiency, and product quality.
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