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Umut ince

Norm Fasteners Ar-Ge ve Miihendislik Direktorii

Degjerli Is Ortaklarimiz;

Ar-Ge ve inovasyon kapsaminda her yil artan bir ivmeyle gerceklestirdigi yatinmlarla sektérde siirdirilebilir bir ge-
lisimi hedefleyen Norm Holding, “gelecede deger" vizyonu dogrultusunda emin adimlarla ilerlemeye devam ederken
sektdriin talep ve ihtiyaclar dogrultusunda sizlerle ortak bir amac cercevesinde Ar-Ge calismalarini gerceklestir-
mektedir.

Farkl disiplinlerde akademik gecmise sahip, alaninda uzman Ar-Ge ekibimizin gerceklestirdigi calismalar ve giicli is
birliklerimizin yaninda her gecen giin artan bir motivasyon ve azim ile hedeflerimiz dogrultusunda kararli bir sekilde
ilerlemekteyiz. Misterilerimizin ihtiyac ve talepleri dojrultusunda katma degeri yiiksek coziim ve driinler gelistir-
mekle birlikte ulusal ve uluslararasi alanda gerceklestirdigimiz akademik calismalarla da teknolojik ilerlemelere
katkida bulunarak sektdre yon vermeyi ve birlikte giiclenerek ilerlemeyi bir sorumluluk kabul etmekteyiz. 2022 yil
icinde yaptigimiz calismalardan ortaya cikan makale ve bildirilerimizi bu kitapcikta birlestirerek siz degerli is ortak-
larimizla paylasmaktan gurur ve mutluluk duyuyoruz.

ON SO0Z

Dr. Muhammed Burak Toparl

Norm Fasteners Ar-Ge Miidiirii

Degierli Is Ortaklanmiz;

Norm Fasteners Ar-Ge Merkezi olarak kuruldugumuz tarih olan 2017 yilindan bu yana yiiritttigimiz projelerimiz
ve gerceklestirdigimiz 6zgiin caismalarimizin ciktilari olan makale ve bildirilerimiz, ulusal ve uluslararasi saygin
konferans, kongre, sempozyum ve dergilerde yayinlanmaktadir. Yayinlanan calismalarimiz ile literatiire, sektdre ve
teknolojik gelismelere katkida bulunmaktan her zaman gurur duymaktayiz.

Bu yil 8. sayisini hazirladigimiz "Ar-Ge Merkezi Yayinlar” kitapcigimizi akademik ve sektdrel isbirligimiz olan yurt ici
ve yurt disindaki is ortaklarimizla paylasmaktayiz. Bu kitapcik ile amacimiz akademik ve sektdrel gelismelere ver-
digimiz katkilar ortaya koyarken is ortaklarimiza giincel calismalarimiz ve calisma alanlarimiz hakkinda bilgi ver-
mektir. Ozellikle otomotiv sanayinin icinde bulundugu degjisim ve bu kapsamda agjirlik azaltma faaliyetlerinin hem
icten yanmali motorlu araclarda hem de hibrit ve elektrikli araclarda giderek Gnem kazandigi bir gercektir. Agirlik
azaltma, siirdiriilebilirlik konulari basta olmak iizere sektor beklentilerini ve misteri isteklerini karsilamaya ydnelik
bircok farkli kanuda calismalar gerceklestiren Norm Fasteners Ar-Ge Merkezi olarak yaptigimiz yaynlar ile bu durumu
destekledigimizi gdstermek bizim icin cok Gnemlidir.

Bir gelenek haline getirdigimiz ve diger Ar-Ge ve Tasarim merkezlerine de 6rnek oldugumuz "Ar-Ge Merkezi Yayinlari”
kitapcigimizin bu sayist ile 2022 yilinda ortaya koydugumuz akademik ve sektdrel yayinlarimizi siz degerli is ortak-
larimiz ile paylasmaktan mutluluk duyuyoruz. Miisteri ve sektdr odakli inovatif projelerimize ve bu calismalarimizin
ciktilari olan yayinlarimizi paylasmaya ayni istek ve heyecanla devam edecegiz.
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Abstract

Threaded fasteners are one of the most preferred joining methods today. Although there are many studies in this field, the
number of researches on fatigue life as a result of the loosening behavior of fasteners is very limited. Within the scope of
the study, the effects of preload loss due to transversal dis-placement for re-tightened bolted joints to their fatigue be-
haviors were investigated. The study was conducted by using M8x1.25 10.9 DIN 933 bolts and DIN 934 nuts with various
preloads. Tightened bolts were sub-jected to repeated transversal displacement and clamp load values were monitored
and recorded for each cycle. Bolts subjected to preload loss were re-tightened to their desired clamp load values and
Junker vibration test was re-started. Increase on the tightening torque values after each usage was observed. This situ-
ation is caused by the friction coefficient change after re-using fasteners. Due to the increase in the friction coefficient,
tightening torque values were increased as expected. Fastener subjected to repeated tightening failed during Junker
vibration test due to fatigue. This phenome-non was mainly caused by high friction coefficient which prevent loosen-ing
and lead fasteners to take higher shear loads. A critical tightening-preload loss factor has been found for predicting early
fatigue failure caused by loosening for re-tightened bolted joints.

Keywords: Fastener, Loosening, Fatigue, Re-tightening.

1. Introduction

Fasteners maintain their place as a basic component in many industries today. Alt-hough there are many types of threaded
fasteners, in principle, they all work based on the same rule. Nowadays, many new studies are carried out to examine
the behavior of fasteners, especially due to the increasing use of fasteners in vital applications. In a study conducted by
Junkerin 1969 [1], it was first discovered that bolts may lose their clamp loads under cyclic lateral loads. This study has
formed the basis of vibration-induced relaxation studies today. In the following studies, it was revealed that cyclic loads
acting perpendicular to the bolt axis caused micro-slippages in the bolt bearing surface and threaded region, and that
there was a discrepancy in the clamp load over time. Within the scope of another study, the most effective parameters
affecting the loosening mechanism were examined and it was determined that the most effective parameters were as
clamp load, friction coefficient and lateral displacement values [2,3].

One of the most critical parameters in determining the service life of the fasteners has been the fatigue life. Although
there are many different test and calculation methods in the industry, there are constant deviations in fatigue lives due to
many variables affecting during assembly. Most basic reasons for fatigue-based damages encountered is that the insuffi-
cient clamp load values, which led to not obtain the desired number of lifetimes. Especially in the literature, studies have
been started recently to examine the fatigue life of fasteners subjected to lateral displacement [4]. The obtained findings

shows that clamp load loss caused by vibrational loosening directly affects the fatigue behavior. As is known, fasteners
are covered with special coatings in order to increase their corrosion resistance and to keep the friction coefficient value
in a constant value. Although these coatings allow bolts to be used more than once, there are changes in the friction
coefficient of the bolt after each use due to the wear. This situation reveals that even if the same bolt is tightened to the
same torque value in the next time, it cannot show the same performance and there will be a change in the clamp load.
In a study conducted for this purpose, it was revealed that the coefficient of friction obviously changes depending on the
number of tightening [5].

Within the scope of the study, the fatigue life of the reused bolts exposed to lateral load, was investigated and a compar-
ison was made. Findings of the study combines two main sections of the literature with a new perspective. Which is the
effect of friction coefficient change under the combination of relaxation and fatigue.

2. Materials and Methods

Within the scope of the experimental studies, M8x1,25x 50 10.9 DIN 933 bolts and DIN 934 nuts, which are frequently
used in the industry, were used. Since the behavior of the friction coefficients under repeated tightening will be examined,
Delta Pro-tect KL100 VH301 GZ Zinc Flake coating system with 0.09-0.14 friction coefficient is preferred as the surface
coating. In the experimental part of the study, the Junker vibration device given in Fig. 1 is used to obtain cyclic loosening
values.

Fig. 1. Junker vibration test device.

3. Experimental Results

Six experiments were conducted for each combination and average of loosening curves were taken from the Junker vibra-
tion test device. Loosening rate values were obtained based on the slope of the clamp load-cycle graph for each combina-
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tion. Clamp load cycle graphs for 12.1 kN and 17.1 kN were givenin Fig.1 and Fig. 2. For 12.1 kN load set, fatigue failures
of the bolts were observed at 8. re-tightening. On the other hand, for 17.1 kN bolts started to fail at fifth re-tightening. As
expected, results re-veals that higher initial clamp load values decrease fatigue life of the bolts under transverse loading
as expected. Fracture surface of the bolt is given in Fig.3.

M8x1.25 DIN 933 Muttiple Tightening Junker Test Results M8x1.25 DIN 933 17.1 kN Multiple Tightening Junker Test Results
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Fig. 2. Clamp load-Cycle graphs for 12.1 kN. Fig. 3. Clamp load-Cycle graphs for 12.1 kN.

For bolts tested under 17.1 kN, it is clearly seen that, slowing on the loosening behavior causes to fail fasteners after
repeated tightening. In the first three tightening operation, due to friction coefficient increase, bolt loosening rates de-
creases drastically. Total locking occurs after fourth tightening which causes extra stress on the radius region of the bolt
head and cause failures. For bolts tested under 12.1 kN, same loosening rate decrease was figured out for the first three
tightening.

Critical Failure Zone For 12.1 kN
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Critical failure zones were determined based on the number of tightening and loosening rates obtained from the experi-
mental test. Both load cases show similar behavior with parallel to friction coefficient change with a repeated tightening.

4, Conclusion

Findings showed that lateral displacement which is causing loosening on bolt preload values are the main reason of the
fatigue failures. Due to the increase in friction coefficient, which is mainly caused by the repeated usage, bolts start to
gain resistance to loosening which is also in good agreement with the literature. Having an increased friction coefficient
value with a combination of high lateral loads cause some locking phenomena which is reveal itself as a fatigue fracture
due to the bending loads acting on under head radius. Findings also reveals that, loosening of the bolt prevents an early
fatigue failure phenomenon in case of a high lateral displacement, but with the increase of the friction coefficient value,
initial clamp load value and stress caused by bending loads, fatigue lives of bolts start to decrease drastically. A critical
tightening-preload loss factor has been found for predicting early fatigue failure caused by loosening for re-tightened
bolted joints with an enlarged experimental study. Ongoing experimental and simulation results which include an en-

larged mapping shows that there is a critical equilibrium point for high lateral displacements with an increased fatigue
life.
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BILYALI DOVME iSLEMi SONRASI TUNGSTEN KARBUR-KOBALT (WC-C0)
SERTMETAL MALZEMELERIN YORULMA PERFORMANSININ iNCELENMESi

M. Burak Toparl
NORM Civata Ar-Ge Merkezi, I.A.0.8.B. Cigli, izmir, Tiirkiye

One Cikanlar

- imalat sanayinde kullanilan sertmetal malzemelerin yorulma performansi incelenmistir.

- Yorulma dmriinde iyilesme elde edebilmek icin bilyali ddvme islemi uygulanmistir.

- Bilyalr dévme islemi sonrasi elde edilen sertlik artisi sayesinde malzemelerin yorulma performansinda iyilesme elde
edilmistir.

Ozet

Bu calismada, sojuk dévme kaliplari ve takim ucu gibi imalat sektdrii acisindan dnemli alanlarda kullanilan tungsten kar-
biir-kobalt (WC-Co) sertmetal malzemeler ele alinmisti. ilgili metal-seramik kompozit malzemelerin yorulma dmriiniin
artinlmasi icin dzellikle havacilik ve otomotiv sanayinde kullanilan bilyali dévme islemi uygulanmistir. Malzeme karak-
terizasyon testleri sonrasi yorulma mirleri elde edilmistir. Yizey piriizlilik 6lcimleri sonucunda, bilyali dévme islemi
sonrasi malzeme R_ve R deerlerinde sirasiyla %113 ve %83'liik artiglar gozlenmistir. Sertlik dlciimleri neticesinde,
yiizeyde %13'liik bir artis olduu ortaya cikaritmistir. Elde edilen derinlik profiline gore sertlik artisindan etkilenen bolge
derinliginin yaklasik 300 pm oldugu saptanmistir. Yorulma testleri sonucunda bilyali ddvme islemi sayesinde sertmetal
numunelerin yorulma performansinda iyilesme elde edilmistir. Malzemedeki yorulma 6mril artisinin bilyali ddvme sonucu
elde edilen sertlik artisi sayesinde oldugu belirlenmistir. Sertlik artisinin plastik deformasyon sonucu gerinim sertles-
mesi neticesinde oldugu ortaya kanmus, kobalt fazinda herhangi bir kristal yapi degisikligi saptanmamistir. Numunelerin
kirilma yiizeyleri yorulma testleri sonrasinda taramali elektron mikroskobu ile incelenmistir. Yorulma testi sonrasinda
gdzlenen kiritmalarin coklu catlak baslangici sonucu oldugu tespit edilmistir. Tungsten karbiir tanelerin hem bilyal dévme
hem de yorulma testi sonucunda kirildigi gozlenmistir. Kinlma esnasinda hem tanelerarasi hem de taneici catlak ilerleme
mekanizmalarinin kirlmalara neden oldugu ortaya kanmustur. Ayrica, incelenen kirilma yiizeylerinde siinek malzemeler-
de gdriilen yorulma yivciklerine rastlanmamistir.

Keywords: Sertmetal; metal seramik kompozit malzeme; bilyali ddvme; yorulma

1. Girig (Introduction)

Literatiirde sertmetaller (ing. hardmetals) sinifina giren tungsten karbiir-kobalt (WC-Co) metal-seramik kompozit mal-
zemeler ile ilgili calismalar 20. yiizyilin bagindan itibaren yapilmaktadir [1]. Sert ve asinmaya direncli tungsten karbiir
parcaciklarin daha siinek kobalt matriks ile beraber toz seklinde karistirilip sinterlenerek iiretilmesi sonucu elde edilen
sertmetaller farkli sektrlerde kullanilmaktadir [2,3]. ilk uygulamalarda yiiksek asinmaya maruz kalan ve malzeme sert-
liginin 6nemli oldugu kesici takim uclarinda kullanilan sertmetaller, mikroyapi ve bilesenlerinin optimize edilmesiyle yo-
rulmanin daha baskin oldugju alanlarda da kullanilmaya baslanmistir [2,4,5]. Ozellikle yiiksek sertlik ve yorulma direnci

gereksinimlerinin kritik oldugu soguk sekillendirme kaliplarinda tungsten karbiir-kobalt sertmetaller kullanitmaktadir.
Ekstriizyon, rediiksiyon, kafa sisirme gibi soduk sekillendirme operasyonlarinda kullanilan kaliplarda uygulamaya gére
farkli tungsten karbiir-kobalt malzemeler tercih edilmektedir. Dolayisiyla, artan kullanim alanlari sayesinde tungsten
karbiir-kobalt sertmetal malzemelerin imalat sektdrindeki Gnemi artmaktadir. Ancak, yapilan literatiir arastirmasina
gore tungsten karbir - kobalt malzemeler ile ilgili calismalarin sinirli oldugu ve dzellikle yorulma performansinin artiril-
masina ydnelik cok fazla calismanin olmadigi tespit edilmistir.

Tungsten karbiir iceren sertmetal malzemelerde baglayici secimi nihai iriin performansini ciddi sekilde etkilemektedir.
Nikel gibi farkli baglayicilar kullanilarak da iretilebilen sertmetaller arasinda kobalt en cok tercih edilen baglayici mal-
zemedir. Tungsten karbir parcaciklarin matriks icindeki 1slanabilirliginin yiiksek olmasi, diisik yizey enerjisine sahip
olmalari ve kati halde tstin mekanik yapisma saglamasi sayesinde, kobalt sertmetallerde baglayici olarak kullamlmak-
tadir [6]. Belirtilen dzellikler sertmetallerin bosluksuz olarak iiretilmesi ve yapisal bitiinliginin saglanmast icin gok
dnemlidir. Bosluklu malzemelerde yiik altinda erken ve ani kinlmalarin gézlenebilecegi ve yorulma émiirlerinin disiik
olacag! bilinmektedir.

Tiim mihendislik malzemeleri disiinildiginde en cok karsilasilan hasar mekanizmasi olan yorulma, sertmetaller
acisindan da kritik Gneme sahiptir [7,8]. Aliminyum alagimlari ve celiklere gore sertmetallerde gérillen yorulma davrani-
st malzeme yapisi geredi daha farklidir. Sertmetallerin yorulma davranisini inceleyen calismalarin gzellikle son 20 yilda
malzeme tzelliklerinin iyilestirilmesi sayesinde yodunlasti§i gézlenmektedir. Sertmetallarin yorulma performansinin in-
celenmesi acisindan S-N grafiklerinin deneysel olarak cikariimasi ve yorulma catlagi ilerlemesinin incelendidi calismalar
dne ¢ikmaktadir [9,10]. Yapilan galigmalarda incelenen diger bir husus ise sertmetal dretiminde kullamilan bilesenlerin
metaliirjik ve mikroyapr dzellikleri ve hasar mekanizmasina olan etkileridir [11,12]. Yapilan calismalarda kirilmalarin
stinek kobalt fazindan baslayip ilerledigini gdsteren calismalara rastlanmaktadir [1]. Catlak baslangi¢ konumlari ince-
lendiginde ozellikle malzeme kusurlari (bosluk, topaklanma vb.) veya tungsten karbir tanecik sinirlarinin alti gizilmigtir
[13]. Tungsten karbiir toz parcaciklarinin morfolojisinin ve biiyikliklerinin yorulma direnci acisindan cok Gnemli oldugu
belirtilmistir [14]. Ozellikle yorulma direncini artirmak icin tungsten karbiir malzemelerin tane biiyikLiklerinin artirilma-
sitavsiye edilmektedir [15]. Kobalt ile iiretilen sertmetallerde dikkat edilmesi gereken bir diger konu da kobaltin sicaklik
ve deformasyoniile kristal yapi degisikligi yasamasidir [5,16]. Hegzagonal siki paket yapisina sahip allotropu goz dniinde
bulundugunda, kobal malzemelerde icyapi ve kristal yapisina bagli olarak kirilgan bir kirilma davranisi gozlenebilmekte-
dir.

Ulkemizde bilya piiskiirtme veya bilyali dévme (ing. shot peening) olarak bilinen islem dzellikle havacilik ve otomotiv
sanayinde tercih edilen ve basta aliminyum alasimlari ve celiklere uygulanan lazerli ddvme, ultrasonik darbe prosesi gibi
mekanik yiizey islemlerin basinda gelmektedir [17,18]. Ozellikle uygulandiklar malzemenin yorulma dmriinii artirmak
icin kullamlan bu prosesin, malzemelerin balistik performansini artirmaya yénelik uygulama alanlari da bulunmaktadir
[19]. Bu yontem ile yiiksek basincli hava ile celik veya seramik malzemeden elde edilen bilyalar numune yiizeyine piis-
kiirtilmektedir [20]. Bilyalarin malzeme yiizeyinde yol actigi plastik deformasyon sonucu gerinim sertlesmesi sayesinde
sertlik artisi elde edilebilmektir [21]. Ayrica, proses sonunda basma kalinti gerilmeler islenen malzeme yiizeyine yakin
bdlgede olusmaktadir [22]. Ancak, piskirtilen bilyalar nedeniyle malzemede yiizey piriizliligi artisi da gozlenmek-
tedir. Literatirde yapilan calismalar incelendiginde, malzemelerdeki sertlik artisi ve elde edilen basi kalinti gerilmeler
sonucu malzeme yorulma performansinda artislar elde edilebildigi ortaya konmustur [23].

Soguk ddvme yontemi gibi kalip ile dretim yapilan tesislerde, kalip 6mrii hem maliyet hem de verimlilik acisindan cok
dnemli bir konudur. Calisma dmrii diisiik kaliplarla yapilan iretimlerde kalip sarf maliyetleri artmaktadir. Ayrica, daha sik
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kalip degisikligi ihtiyaci ortaya ciktigricin duruslar yasanmakta ve proses verimliliginde ciddi kayiplar gozlenmektedir. Bu
nedenle, kalip kullanilarak yapilan dretimlerde kalip dmriiniin artiriimasi cok dnemli bir konudur. Bu calismada, dzellikle
civata, somun, percin gibi baglanti elemani kaliplarinda kullanilan ve %25 oraninda kobalt iceren tungsten karbiir-kobalt
sertmetal malzemeler incelenmistir. Soguk sekillendirme kaliplarinin yorulma direncinde iyilesme elde edebilmek icin
bilyali ddvme islemi ele alinmigtir. Malzemelerin yorulma performansi ile beraber mikroyap, sertlik, yiizey piriizlilik ve
kristal yapilari karsilastiritmistir. Yorulma deneyleri sonucu kirilan numuneler taramali elektron mikroskobu yardimiyla
incelenmis ve kirilma karakteristikleri konusunda detayli calismalar yapilmistir.

2. Malzeme (Material)

Bu calismada tungsten karbiir-kobalt metal seramik kompozit malzeme sinifina giren sertmetaller kullanilmistir. ilgili
malzeme iiretimi icin tungsten karbiir bilesenler toz halinde tedarik edilmektedir. Matriks malzeme olarak secilen kobalt
toz halinde kullanilmakta ve tungsten karbiir parcaciklari ile karistiriimaktadir. Karistirma islemi ile homojen dagitimlar
saglanan malzemelerin ufalama sonrasinda toz parcacik boyutlan kiiciiltilmekte ve preslenmeye hazir hale getirilmek-
tedir. istenen nihai iiriin formu gz dniinde bulundurularak presleme islemi gerceklestirilmekte ve sinterleme dncesi bu
forma islenmektedir. Yaklasik 1300°C ve 100 bar basing altinda dzel firinlarda yapilan sinterleme islemi ile driin sekil-
lendirme prosesi tamamlanmaktadir. Sinterleme sonrasi, Griin formuna bagli olarak talasli imalat ile drin nihai forma
getirilmektedir. Tungsten karbiir ve kobalt ile iiretimi yapilan sertmetallerde kontrol edilebilecek onemli iki parametre
bulunmaktadir. Bunlar, iki fazin yiizdesel oranlari ve tungsten karbiir toz malzemenin tane boyutudur. ilgili sertmetalin
kullanim alanina gére ve beklenen performans kriterleri cercevesinde bu iki parametre icin optimum degerler belirlen-
melidir. Malzemenin yiiksek asinmaya maruz kaldigi uygulamalarda sertlik degerini artirmak icin kobalt oraninin azal-
tilmasiyla beraber daha kiiciik tane biyiikligine sahip tungsten karbiir tozlar kullanitmaktadir. Yorulma altinda calisan
bilesenlerde ise kobalt orani artirilarak daha biiyiik tane biiyikligiine sahip karbiir malzeme tercih edilmektedir.

Bu calisma kapsaminda secilecek malzemenin soguk sekillendirme kaliplarinda kullanilacak olmasindan dolay! yiiksek
asinma ve tokluk degerlerine sahip olmasi gerekmektedir. Bu nedenle %25 kobalt iceren ve bilyiik tungsten karbiir tane
yapisina sahip bir sertmetal secilmistir. Kullanilan malzemeye ait dzellikler Tablo 1 ile verilmistir.

Tablo 1. Bu caligmada kullanilan WC-Co malzemesine ait elementel, fiziksel ve mekanik zellikler (Elemental, physi-
cal and mechanical properties of WC-Co material used in this study).

Malzeme | CoOrani (%) | Yogunluk Tane Elastisite Enine Kinlma | Kinitma Toklugu
(g/cm) | Biyikligi | Modild (GPa) | Dayanimi (MPa) |  (MPa*m'?)
WC-Co 25 13.15 | Ekstrakaba 450 2700 21
Sertmetal (>6 pm)

Calismalarda kullamilan tungsten karbiir-kobalt malzemesine ait taramali elektrom mikroskobu ile elde edilmis mikroyapi
ve SEM EDX analiz sonuglari Sekil 1 ile verilmistir. ilgili deneyler Carl Zeiss 300VP SEM kullanilarak gerceklestirilmistir.
Mikroyapi griintiilerinde farkli sekil ve boyutlardaki acik gri tungsten karbiir tanelerinin koyu gri kobalt matriks fazi
icinde dagjildigi gozlenmistir. incelenen WC-Co numunelerde beklendidi gibi boyutlari 6 um'den biiyiik taneler olmasina
ragmen daha kiiciik ve farkli morfolojide taneciklere de rastlanmigtir. Kesit alimi sirasinda taneciklerin taslandigi goz
tniinde bulunduruldugunda taneciklerin bir kismi bu nedenle kiiciik elde edilmistir. Tungsten - karbon faz diyagramina

gbre tungsten karbir iceren malzemelerde karbon oraninin cok dar bir bantta olmasi gerekmektedir. Karbon miktarinin
stokiyometrik oranin altinda olmasi durumunda mikroyapi icerisinde daginik sekilde n-fazi; stokiyometrik oranin iistiinde
olmasi durumunda ise grafit olusabilmektedir. Belirtilen iki durumda da malzeme tokluk degerlerinde diisis olacaktr.
Calisma kapsaminda incelenen numunelerde mikroyapi icerisinde n-fazina veya grafite rastlanmamistir. Yapilan EDX
analizlerinde, karbon, tungsten ve kobalt elementlerine ait pikler elde edilmis olup farkli iki bolgeden yapilan élciim so-
nuclari Sekil 1 ile verilmistir. Alan 1 kobalt fazindan, Alan 2 ise tungsten karbiir parcaciktan yapilan dlciimler oldugu icin
Alan 1" de elde edilen kobalt faz orani %66,38, Alan 2 6lciimiinde ise tungsten orani %92,00 olarak elde edilmistir. Alan 1
icerisinde elde edilen tungsten ve karbon pikleri X-1sinlarinin kobalt icerisinde penetre ederek incelenen alanin altindan
ve cevredeki parcaciklardan gelmektedir. Tungsten agir metal sinifinda bir element oldugundan X-isinlarinin penetresi
cok daha sinirlidir. Bu nedenle pikler yaklasik %98 oraninda tungsten ve karbondan elde edilmistir.

Sekil 1. WC-Co malzemesine ait
taramali elektron mikroskobu ile

e L ) w«w  eldeedilmis (a) mikroyapi gdrseli.
o el B . -~ " Mikroyapi girselinde belirtilen (b)
0 . e B 3 Alan 1 ve (c) Alan 2'den elde edilen
(b) EDX sonuglari. ((a) Microstucture

of WC-Co material obtained by
scanning electron microscopy.
EDX results of (b) Area 1 and (c)
Area 2 shown in the microstructure
image.)
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Yorulma testlerinde kullanilacak yiikleme kosullari ve numune geometrisi igin uygun standartlar taranmistir. Oncelikle,
bu calismada kullanilan malzemelerin cok sert olmasindan dolay! konvansiyonel yorulma testleri yerine yorulma egme-
sinin tercih edildigi literatir aragtirmasi sonucu ortaya konmustur [24-26]. Uygulanacak yorulma testleri kapsaminda
IS0 3327:2009 numarali “Sinterlenmis karbiir malzemelerin enine kirilma dayanimi” (ing. Hardmetals - Determination
of transverse rupture strength [27]) standardina gére "B Tipi" numune geometrisi olarak belirlenmis ve numune glgiileri
20 mm, 6,5 mm ve 5,25 mm olacak sekilde Grettirilmistir. ilgili numuneler sinterleme sonrasinda taslanarak yorulma
testlerine hazir hale getirilmistir.

3. Deneysel Metot (Experimental Method)

Sinterlenerek dretilen numuneler taslama isleme sonrasinda bilyali dévme islemine maruz birakilmistir. Bilyali dévme
isleminin malzeme yiizeyinde yarattii etkiyi ve calisma mekanizmasini gsteren sematik gorsel Sekil 2 ile verilmistir.
Yiiksek basincli hava ile bombardiman edilen bilyalar malzeme yiizeyinde plastik deformasyona neden olmakta ve sertlik
artisi elde edilmektedir. Bu sayede malzemenin yiizeye yakin bélgelerde kinilmaya neden olabilecek catlaklarin olusmasi
geciktirilmekte ve malzemenin yorulma direncinde artis elde edilmektedir. Bu calismada bilyali ddvme islemi tam oto-
matik bir sistem kullanilarak gerceklestirilmistir. Bilyali dvme islemi numunelerin sadece bir yizeyine uygulanmigtir.

_— Lﬁ;’*{?gi i

residual stress cold woark surface roughness

I S e

Sekil 2. Biyali ddvme isleminin sematik goriintiisii [17] (Schematic representation of shot peening process [17]).

Yorulma deneylerinde sinterlenerek iretilen ve sonrasinda bilyali ddvme islemine maruz birakilan numunelerin karak-
terizasyon testleri gerceklestirilmistir. Numunelerin yiizey piriizlilik lcimleri Mitutoyo Surftest SJ-400 kullanilarak
R, ve R olarak elde edilmistir. Yiizey piirizLiliik dlcimleri i kere tekrarlanarak bilyali ddvme Gncesi ve sonrasi yiizey
dagiiminin homojenligi de incelenmistir.

Yizey piiriizlilig testlerinin ardindan makro ve mikro sertlik dlcimleri yapilmistir. Makro sertlik dlciimleri BMS Digi-
rock, mikro sertlik lciimleri ise KB 30S cihazlan kullamlarak gerceklestirilmistir. Makro sertlik testleri, herhangi bir
yiizey hazirligi olmadan yapilmistir. Bu sayede, bilyali ddvme isleminden etkilenen yiizeye yakin bdlgenin yiizey hazirlii
neticesinde bozulmasi engellenmistir. ilave olarak, detayli sertlik incelemesinin yapilabilmesi igin mikro sertlik yéntemi
ile yizeyden dlcimler yapilmistir. Ayrica, numuneler kesilerek parlatilmis ve mikro sertlik cinsinden derinlik profilleri
cikaritmigtir.

Bilyali dévme islemi sonrasinda kobalt fazinda herhangi bir kristal yapi dedisikligi olup olmadigini ortaya cikarmak icin

X-ray 1inlari kinnim yontemi kullanitmistir. Panalytical Empyrean XRD cihazi ile yapilan deneylerde anot olarak Cu K
tercih edilmistir. Tarama islemi, kinnim agisi (2 ) 40° ile 70° derece arasinda olacak sekilde ve 0.013”lik adimlarda ya-
pitmis ve sayim dederleri kayit altina alinmigtir. Deneylerde hem kobalt hem de tungsten karbiir fazindan kinnimlar elde
edilmistir. Test sonrasi elde edilen ham veriler Pseudo-Voigt fit fonksiyonu kullanilarak islenmis ve elde edilen doruklarin
kirimim acilari elde edilmistir.

Yorulma testleri yiksek frekansli Zwick Roel 250 kN yorulma cihazi kullanilarak gerceklestirilmistir. Numune geometri-
sine uygun testlerin yapilabilmesi icin 6zel cene ve aparatlar tasarlanarak iretilmistir. Yorulma testlerinde n statik yiik
=1,6 kN, dinamik yiik ise 4,6 kN olarak uygulanmistir. Bilyali ddvme isleminin etkisini ortaya koymak icin islenmis yiizeyler
yiikiin uygulandigi yiizeyin karsisinda kalacak sekilde numuneler yerlestirilmistir. Bu sayede test esnasinda bilyali dvme
ile islenmis yiizeyde ceki gerilmelerinin olusmasi saglanmis ve bilyali ddvme prosesinin etkisi incelenmistir. Yorulma
testleri, taslanmis ve taglama sonrasi bilyali ddvme islemi uygulanmis numuneler kullanilarak iki set halinde gerceklesti-
rilmistir. Her set icin 6 adet yorulma testi yapilmistir.

4. Sonuclar ve Tartismalar (Results And Discussions)

Sinterleme, taslama ve bilyali ddvme islemleri sonrasinda elde edilen yiizey piirizLilik sonuclari Sekil 3 ile verilmistir.
Sinterleme sonucu elde edilen yiiksek yiizey pirizlilik dederleri taslama islemi sayesinde Ra ve Rz icin sirasiyla %79
ve %71 oraninda azaltilarak bilyali dévme islemine hazir hale getirilmistir. Bilyali dévme islemi ile yiiksek basincli hava
kullamlarak malzemeye ydnlendirilen bilyalarin yiizeye carparak cukurlar olusturdugu ve bu cukurlarin malzeme yiizey
piriizlilik degerlerinde artisa neden oldugu bilinmektedir. Bu calisma kapsaminda yapilan dlciimlerde, Ra ve Rz deger-
lerinde taslama sonras! elde edilen yiizey ile karsilastirildiginda sirasiyla %112 ve %83 artisin meydana geldii tespit
edilmistir. Yorulma acisindan bakildiginda yiizey piriizLilik degerlerinin artmasi nedeniyle catlak baslama bélgelerinde
artis olabilecegi ve malzemenin yorulma direncinde diisiisiin yasanabilecedi literatiirde sikca tartisitmistir [13]. Ancak,
bilyali dévme sonrasi elde edilen sertlik artisi sayesinde, yiizey piiriizlilik degerlerindeki artisa ragmen yorulma deger-
lerinde iyilesme elde edilebilmektedir. Bu calismada islenen malzemenin sertlik degerlerinin yiiksek olmasi nedeniyle
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Sekil 3. Sinterleme, taslama ve bilyali dvme islemleri sonrasi (a) R, ve (b) R yiizey piriizliiliik degerleri ((a) R, and (b)
R surface roughness values after sintering, grinding and shot peening processes).

aliminyum veya celik malzemelere nispeten yiizey piriizlilik degerinde daha az artis meydana gelmistir. Bilyali dévme
sonrasi aliminyum Al6061-T651 malzeme yiizey piriizlilik degerinde %780'e kadar artis elde edildii calismalar géz
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dniinde bulunduruldugunda %112'lik artisin daha sinirli oldugu ortaya konmustur [19]. Yiizey pirizlilik degerleri ile
beraber dlciim sonuclari sonrasi elde edilen standart sapma degerleri de incelenmistir. Taslama sonras standart sapma
degerlerinde diisiis elde edilmistir. Ayrica, bilyali dévme dncesi ve sonrasinda elde edilen standart sapma degerleri birbi-
rine yakin elde edilmistir. Bu durum, bilyali ddvme isleminin homojen bir sekilde yapitdigini gésterir niteliktedir.

1
‘\

Sekil 4. Bilyali ddvme islemi sonrasi taramali elektron mikroskobu ile elde edilen yizey morfolojisi (Surface morpho-
logy after shot peening process obtained by scanning electron microscopy).

Bilyali dévme islemi sonrasi taramali elektron mikroskobu ile elde edilen yiizey morfolojisine ait gériintii Sekil 4 ile veril-
mistir. Yizeyde bilya bombardimani sonrasi olusmus cukurlar net bir sekilde goriilmektedir. Ayrica, yizeye yakin yerlerde
farkli biiyiiklikte tungsten karbiir parcaciklarina rastlanmaktadir.

Sekil 5. Sinterleme, taslama ve
bilyali ddvme islemleri sonrasi
makro sertlik (HRC) degerleri

Makro sertlik | HRC

“ (Macro hardness (HRC) values after
ag . . L. .

) sintering, grinding and shot peening
b processes).

| |

Sinterleme Taslama Bilyah Ddvme

Bilyali ddvme islemi dncesi ve sonrasi HRC cinsinde elde edilen makro sertlik degerleri Sekil 5 ile verilmistir. Sinterle-
me ve taslama sonrasi yapilan makro sertlik 8lciimlerinde yaklasik %2'lik bir fark ortaya cikmis olup standart sapma
degerleri goz dniine bulunduruldugunda taslama sonrasi ciddi bir sertlik dedisimi olmadigi sonucuna varitmistir. Bilyals
dévme sonrasi numune yiizeyinden dlciilen makro sertlik artisi yaklasik %5 olarak tespit edilmistir. Herhangi bir yiizey
isleme ihtiyac olmadan dlciimlerin yapilabilmesine olanak sagladigi icin dncelikle makro sertlik yontemi tercih edilmistir.
Ancak, makro sertlik ile elde edilen sonuclarin karsilastirlmasi icin mikro sertlik yéntemi ile ilave dlcimler yapilmistir.
HV10 cinsinden yapilan yiizey mikro sertlik dlcimlerinde sertlik degeri 841 HV olarak elde edilmistir. Daha sonra, bilyali
ddvme isleminden etkilenmis bdlgeyi belirleyebilmek icin numunelerden bir tanesi kesilerek parlatilmis ve derinlik profili
cikarilmistir. HV2 cinsinden elde edilen sertlik profili Sekil 6 ile verilmistir. Derinlik profili g6z dniinde bulunduruldugunda
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Sekil 6. Biyali dovme sonrasi elde edilen mikro sertlik (HV) derinlik profili (Micro hardness (HV) depth profile obtained
after shot peening).

sertlik degerlerinde kademeli bir azalma elde edilmis ve yaklasik 742 HV civarinda sabitlenmistir. Derinlik profili ile elde
edilen datalarin yiizeye ekstrapolasyon yapilmasi sonucu yiizeyde elde edilen sertlik degeri, yizeyden HV10 mikro sertlik
test sonucunda elde edilen dlciim sonucu ile uyumlu oldugdu gozlenmistir. Bilyali dévme sonrasi malzeme yiizeyinde yak-
lastk %13'lik bir mikro sertlik artisi oldugu ortaya cikaritmistir. Yiizeyde yaklasik 841 HV olarak elde edilen mikro sertlik
degeri yizeyden yaklasik 300 pm derinlikte 742 HV degerine ulasmistr.

Bilyali ddvme sonucu elde edilen sertlik artisi nedenlerinin ortaya cikariimasi icin kobalt fazi detayli incelenmistir. Kobalt
fazinda olusabilecek sertlik artisi iki ana mekanizma sonucu ortaya cikmaktadir. Bunlardan ilki bilyali dévme prosesi
sonucu elde edilen plastik deformasyon ve gerinim sertlesmesi sonucu kobalt matrikste sertlik artisi elde edilmesidir.
Bir digeri de farkli allotroplari olan kobalt fazinin yiizey merkezli kiibik kristal yapisindan mekanik deformasyon sonucu
hegzagonal siki paket yapisina doniismesidir [24]. Kristal yapida elde edilen bu degisim sonucu etkin sekme dizgesinde
azalma elde edilerek dislokasyon hareketinde sinirlama ve plastik deformasyon olma limitinde yiikselme sonucu sertlik
artisi elde edilmektedir. Bilyali dévme sonrasi elde edilen yiizey piirizliilik artisi malzeme yiizeyine yakin bdlgede plastik
deformasyon oldugunu ispatlamaktadir. Bu durum, gerinim sertlesmesinin bilyali dvme sonrasi sertlik artisina neden
oldugunu gostermektedir.

Bilyali ddvme islemi sonrasi kobalt fazinda olasi kristal yapi degisikliini ortaya cikarmak icin yapilan ve X-Isinlart kirinim
yontemi kullanilarak elde edilen sayim-kirinim acisi sonuclari Sekil 7 ile verilmistir. WC-Co sertmetaller, toz numuneler-
densinterlenerek dretilmektedir. Proses dncesinde kobalt fazinda yiizey merkezli kristal ve hegzagonal siki paket yapilari
beraber gdzlenirken karistirma ve sinterleme sonrasi cogunlukla yiizey merkezli kristal yapinin elde edildigi bilinmekte-
dir [28]. Bu nedenle, kobalt fazinda olasi kristal yapi degisikligini ortaya cikarmak icin hegzagonal siki paket yapisina ait
doruklarin varligi ve/veya doruklardaki degisiklikler incelenmistir. Oncelikle, bilyali dévme uygulanmamis numune icin
kirmim acisi 40°ile 70° arasinda olacak sekilde test gerceklestirilmistir. Sonuglar incelendidinde, kobaltin yiizey merkezli
kristal yapisinda gdriilen (111) diizlem ailesine ait doruk elde edilmigtir. Beklendigi gibi hegzagonal siki paket yapisina
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ait herhangi bir doruk gézlenmemistir. Bilyali ddvme sonrasi X-Isinlari kirinim testi tim parametreler ayni olacak sekil-
de tekrarlanmistir. Testler sonucunda, bilyali dévme dncesi gézlenen benzer bir doruk yapisi elde edilmis ancak bilyals
dévme islemi sonrasi doruklarda bir miktar kayma tespit edilmistir [29]. Ozellikle kirinim agisi yaklasik 42° oldugunda
hegzagonal siki paket yapisina sahip kobalttan giiclii bir doruk beklenmektedir [30]. Ancak, bilyali ddvme sonrasi ele
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Sekil 7. WC-Co numunelere ait Bilyali Dévme (BD) Gncesi ve sonrasi X- Isinlari kirnim grafigi (X-ray diffraction pattern
of WC-Co samples before and after shot peening).

edilen sonuclarda (100) diizlem ailesine sahip ilgili dorugun gézlenmemesi numunelerde kayda deger bir hegzagonal
siki paket yapisi veya dedisimi olmadigini ortaya cikarmistir. Sonuc olarak bilyali ddvme islemi sonrasi elde edilen sertlik
artisinin gerinim sertlesmesi sonucu elde edildidi ortaya konmugtur.

Malzeme karakterizasyon testlerinin ardindan bilyali dévme ile islenmis ve islenmemis numuneler kullamilarak yorulma
testleri gerceklestirilmistir. Yapilan deneylere gore elde edilen yorulma deney sonuclari Sekil 8 ile verilmistir. Sekilde
barlar icerisindeki cizgi medyan degerini, verilen barlar standart sapma ile belirlenmis yorulma dmiirlerini ve barlarin al-
tinda ve iistiinde géiriilen cizgiler de testler sonucu elde edilen yorulma dmir araligini géstermektedir. Oncelikle, yorulma
testlerinde minimum-maksimum yorulma émiir araliji yiiksek elde edilmistir. Bu durumun en dnemli nedeni sertmetaller
gibi cok sert malzemelerin yorulma testi ile cevrimli yiike maruz kalmasi durumunda yiizeydeki bosluk ve inklizyon gibi
malzeme kusurlarinin catlak baslangic alanlari gibi davranarak erken ve ani kiritmalara yolacmasidir. Bu nedenle sertme-
taller gibi sertlik degeri yilksek malzemelerin yorulma testleri sonuclarinda yiiksek deger aralii beklenebilir. Deneyler
sonucu elde edilen minimum-maksimum yorulma dmiir aralii bilyali ddvme islemi sonrasinda daha fazla elde edilmistir.
Bu durum, bilyali dévme sonrasi artan yiizey piiriizlilik degerleri ve olasi catlak baslama alanlarinin artmasi ile acikla-
nabilir. Ortalama yorulma degerleri g6z oniine alindidinda incelenen sertmetal numunelerde bilyali ddvme islemi sonrasi
%248'lik iyilesme elde edilmistir. Artan yiizey piriizliligine ragmen yorulma dmrindeki artis sertlik miktarindaki iyiles-
menin daha baskin oldudunu gostermektedir. Catlaklarin yizeyden baslayarak ilerledigi goz éniinde bulunduruldugunda

bilyali ddvme sonucu dzellikle yiizeye yakin blgede elde edilen sertlik artisinin yorulma dmrini artirdigi ortaya konmus-
tur. Ozellikle daha az siinek olan ve catlak ilerleme evresinin daha kisa oldugu malzemelerde yorulma mriinin artirimasi

Gevrim sayisi

BD Oncesi BD Sonrasi

Sekil 8. Bilyali Dévme (BD) dncesi ve sonrasi numunelerin yorulma test sonuclari (Fatigue life results of samples
before and after shot peening (SP)).

icin zellikle catlak baslamasinin geciktirilmesi gerekmektedir. Yiizeye yakin bolgede elde edilen bilyali dvme kaynakli
sertlik artisi sayesinde catlak baslangic evresi uzatilarak malzemenin yorulma mriinde artis elde edilmistir.

Yorulma testlerinin ardindan taramali elektron mikroskobu ile detayli mikroyapi incelemeleri gerceklestirilmistir. Bilyali
ddvme yapitmamis ve yapiimis numunelerden yiizeye yakin yerden kesit olarak elde edilen kinitma yiizey goriintisi Sekil 9
ile verilmistir. Bilyali dévme uygulanmis numulerde yapilan incelemelerde, yorulma catlaklarinin farkli noktalardan bas-
ladii ve ilerledii tespit edilmistir. Catlak ilerlemesi sirasinda olusan yiikleme kosullarindaki degisim ve malzeme mik-

Sekil 9. (a) Bilyali Dovme islemi dncesi ve (b) Bilyali Dévme islemi sonrasi yorulma catlaklarini gdsteren kinlma yizey
goriintileri (Fracture surface images (a) before shot peening and (b) after shot peening process showing fatigue
cracks).
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Sekil 10. (a) Bilyali Dovme islemi dncesi ve (b) Bilyali Dévme islemi sonrasi yiizeye yakin kesitten elde edilen kirilma
yiizey goriintiisii (Near-surface fracture surface images (a) before shot peening and (b) after shot peening process).

royap! degiskenliklerinden dolayi catlak ilerlemesi sirasinda catallanmalar gézlenmistir. Kirilma esnasinda hem tanele-
rarasi hem de taneici catlak ilerleme mekanizmalarinin kirilmalara neden oldugu saptanmistir. Bunun yaninda, incelenen
numunelerde siinek malzemelerde gozlenen belirgin yorulma yivciklerine rastlanmamistir. Bilyali dvme uygulanmamis
numunelerde de benzer catlak olusumlari ve ilerleme mekanizmalari ggzlenmistir (Sekil 9).

Kinlma yiizeyindeki tungsten karbiirler incelendiginde bazi parcaciklarin kirildigi tespit edilmistir. Yapilan detayli incele-
melerde farkli mekanizmalar sonucunda parcaciklarin kinldigi anlagitmistir. Gncelikle, bilyali dvme islemi uygulanmis
ve uygulanmamis numunelerden elde edilen yiizeye yakin bélgelerde bazi parcaciklarin yorulma neticesinde kirildig be-
lirlenmistir (Sekil 10). Ayrica, yapilan incelemelerde bazi pargaciklarin bilyali dévme islemi sonucunda kirildigi ortaya
cikaritmistir. Bu kapsamda, bilya ddvme islemi uygulanan alanlarda incelemeler yapilmis ve yiizeydeki bazi parcaciklarin
tekrarli bilya bombardimani neticesinde kinldigi tespit edilmistir. Sekil 11 ile verilen yiizeydeki parcacik griintisinde
de gorildigi gibi bilyali ddvme sonrasi farkli yénlerde catlaklar olusmustur. Bu durum, bilyali dévme islemi sirasinda
rastegele yiizeye carpan bilyalarin olusturdugu yiikleme kosulu neticesindedir. Kiritmalarin yasandigi kesitten yapilan
incelemelerde yiizeye yakin bazi tungsten karbiir parcaciklarin da kinildigr anlasitmistir. Yiksek basincli bilyalarin olus-
turdugu bombardimana maruz kalan yiizeydeki parcaciklar, kendilerine gelen yikleri cevrelerindeki parcaciklara kobalt
matriks {izerinden veya direk temas yoluyla aktarmaktadir. Bu aktarim sirasinda parcacik kiselerine denk gelen kisim-
larda gerilme birikmesi sonucu kiritmalarin olustugu tespit edilmistir. Bu durum sonucu kirilan 6rnek parcacik gdrseli

kirilan tungsten karbiir parcaciklari. Gorintii
Bilyali Dévme yapilmis yiizeyden elde edilmistir.
(Fractured tungsten carbide particles after shot
peening. Image was taken at the shot peened
surface.)

4 -
wr /
e l l Sekil 11. Bilyali Dévme uygulanan yiizeyde

1 um Bilyalt Dévme Sonras
Catlak Goriilen WC |
] pargaciklar

Bilyali Dévme
Sonrasi Kinlan WC
pargaciklan

Sekil 12. Bilyali Dévme islemi sonucu kirilan tungsten-karbiir parcaciklari. Gériintd kiritma yiizeyinden elde edilmistir.
(Fractured tungsten carbide particles after shot peening. Image was taken at the fractured surface.)

Sekil 12 ile verilmistir. Bu mekanizma sonucu kirlan parcaciklarda, kiritma morfolojisi, yiikleme kosullari ve parcacik
geometrisine baglidir. Dolayisiyla, farkliydnlerde benzer catlak olusumlari malzeme icyapi incelemelerinde gorilmistir.
Ozellikle Sekil 12 ile verilen iki adet catlak ve bu catlaklarin baslama ve ilerleme yonleri bu durumu kanitlar niteliktedir.

Cevrimli yiike maruz kalan numunelerde taneici catlak ilerlemesi sonucu tungsten-karbiir parcaciklarin kinildigr orta-
ya cikanilmigtir (Sekil 13). Bilyali dovme yapilmig ve yapilmamis yiizeylere yakin bdlgelerde bu tipte kirilan parcacik-
lar gdzlenmistir. Bu durum, ilgili kintmalarin bilyali dévme islemi sonucunda olusmadigini ortaya koymaktadir. Kirilan
parcaciklarin bazilarinda yivciklere benzer olusumlara rastlanmistir. Bu tiir yivcik benzeri yapilar incelendiginde kirlma
ve farkli yonlerde ilerleme tespit edilmistir. Bu durum, parcaciklarin rastgele konumlanmasi ve farkli morfolojiye sahip
olmalarr nedeniyle catlak ilerlemesi ile olusan kompleks ve dinamik yikleme kosulu ve buna bagli olusan gerilme dagilimi
sonucudur.

Sekil 13. (a) Taneici catlak ilerlemesi sonucu kirilan tungsten karbiir parcaciklari ve (b) kinlan parcacik icerisindeki
yivik benzeri yapi ((a) Fractured tungsten carbide particles due to intergranular crack propagation and (b) striation-Li-
ke features at the fractured particle).

Yapilan detayli karakterizasyon testleri goz niinde bulunduruldugunda literatirde belirtildigi gibi bilyali dévme sonrasi
yiizey pirizliliga ve yiizeye yakin bir bélgede sertlik artisi elde edildii ortaya konmustur. X-isinlart kullanilarak yapilan
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deneylerde kobalt fazinda kayda deger kristal yapi degisikligine rastlanmamistir. Sonu olarak, yorulma testlerinde elde
edilen omiir iyilesmelerini sadlayan ana mekanizmanin gerinim sertlesmesi sonucu gorilen sertlik artisi oldugu belirlen-
mistir. Ozellikle bilyali dévme, lazerli dévme gibi meknanik yiizey islemlerinde sertlik artisinin oldugu literatiirde belirtil-
mistir [18,19]. Yorulma testleri sonucu olusan kirilma yiizeyleri izerine detayli incelemeler gerceklegtirilmistir. Taramali
elektron mikroskobu ile elde edilen goriintiler neticesinde, yorulma sonucu gézlenen kirilmalara neden olan catlaklarin
farkl konumlardan basladigi ve yiikleme kosulu ile mikroyapi dagilimina gére catallanarak ilerleyebildigi tespit edilmis-
tir. Catlak ilerlemesi acisindan yapilan analizlerde hem tanelerarasi hem de taneici catlak ilerlemelerine rastlanmistir.
Ayrica, tungsten karbiir parcaciklarin hem bilyali ddvme sonrasi hem de yorulma sonucu kirildigi ortaya konmustur.

5. Sonuclar (Conclusions)

Bu calismada, kapsaminda asagjida siralanan sonuclar elde edilmistir.

1. Tungsten karbiir - kobalt tozlarindan iretilen sertmetal malzemelerde bilyali dévme islemi sonrasinda yiizey pii-
riizlilik degerlerinde artis elde edilmistir. Ancak, ilgili artisin malzeme yorulma performansinda iyilesme elde edilmesini
engelleyecek boyutta olmadigi belirlenmistir.

2. Bilyali dévme islemi sonrasinda elde edilen numunelerde sertlik artisi oldugu ortaya konmustur. Sertlik artisinin
kobalt malzemede yasanan gerinim sertlesmesi sonucu elde edildigi yapilan deneysel calismalarla tespit edilmistir. Ko-
balt fazinda sertlik artigina neden olacak belirgin bir kristal yapi degisikligi gozlenmemistir.

3. Bilyali ddvme islemi sonras incelenen malzemelerin yorulma dmiirlerinde sertlik artisi neticesinde iyilesme elde
edilmistir. Ortalama 6miirler goz 6niine alindiginda %248 lik bir yorulma émiir artisi tespit edilmistir. Bilyali dévme son-
rasinda yorulma émiir dagiiminda artis gzlenmistir.

4. Yapilanincelemelerde tungsten karbir parcaciklarin hem bilyali dévme islemi nedeniyle hem de kirilma esnasinda
farkli mekanizmalar sonucunda kirildigi anlagilmistir. Kirilma yiizeyleri degerlendirildidinde coklu catlak baslamasi so-
nucunda tanelerarasi ve taneici catlak ilerlemesi nedeniyle kinlmalarin yasandii gézlenmistir. incelenen numunelerde
siinek malzeme yorulma catlak ilerlemesinde gdriilen yorulma yivciklerine rastlanmamis, kirilan tungsten parcaciklarda
dinamik yiikleme kosullari sonucunda farkli yonlerde benzer olusumlar gozlenmistir.
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One Cikanlar

- imalat sanayinde kullanilan sertmetal malzemelerin yorulma performans! incelenmistir.

- Yorulma mriinde iyilesme elde edebilmek icin bilyali ddvme islemi uygulanmistir.

- Bilyali dvme islemi sonrasi elde edilen sertlik artisi sayesinde malzemelerin yorulma performansinda iyilesme elde
edilmistir.

Abstract

Predicting failure by a single universal failure theory covering all material types and loading conditions has not been
demonstrated yet. Therefore, it is very crucial to choose a suitable failure criterion depending on material and appli-
cation. In this study, various failure criteria were questioned for tungsten carbide cobalt (WC-Co) hard metals, used in
cold forging dies. As known for WC-Co hard metals, the ratio of uniaxial tensile and compressive strengths of WC-Co
materials is less than unity and the materials behavior under tensile loading is more close to brittle and defect-controlled.
Considering the underlined nature of this type of materials, failure criteria such as Von Mises, Tresca, Coulomb-Mohr
and Drucker-Prager were investigated to be employed for stress levels obtained by analytical or numerical methods.
Von Mises (maximum distortion energy theory) and Tresca (maximum shear stress theory) failure criteria are widely
employed particularly for ductile materials. Being independent of hydrostatic stresses, which is proven to be not contrib-
uting yielding for ductile materials and easy calculation for known stress state make these methods attractive. On the
other hand, Coulomb-Mohr failure criterion accounts for hydrostatic stresses for failure and difference in yield strength
of materials under tension and compression. Therefore, this criterion is preferred for brittle materials including rock and
granular materials. However, being independent of the intermediate principal stress component and having sharp corners
in yield surface are declared as the two disadvantages of this failure criterion. Drucker-Prager is one of the smooth alter-
natives of Coulomb-Mohr theory. Based on investigations carried out in this study, it was revealed that Coulomb-Mohr and
Drucker Prager failure criteria were more realistic compared to Von Mises and Tresca. However, due to nature of WC-Co
materials, it is very challenging to obtain tensile properties, affecting the degree of approximation.
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Abstract

The analytical formulation introduced for the estimation of the maximum depth of the socket of the bolts that have a shaft
diameter smaller than the diameter of the socket was validated with experimental studies. The maximum socket depth of
a chosen representative bolt calculated by the analytical formulation for weight reduction was verified experimentally.
Bolts with varying socket depths were manufactured through cold forging method and bolt tension tests were carried
out on quasi-static tension test machine. Results showed that experimental predictions were in good agreement with the
results taken from developed analytical model. The critical depth of the socket calculated using the analytical formulation
was 3.2% more secure compared to the experimental results. As a result, the validity of the analytical formulation to
calculate the critical socket depths of bolts with smaller shaft diameter than socket diameter was confirmed by experi-
mental studies.

Keywords: Failure criterion; Structural integrity; Mechanical testing; Experimental validation; Metal forming

1. Introduction

Fasteners are used in many sectors such as automotive, aerospace and defence industry to assemble two or more tech-
nical parts. The mechanical behaviour of fasteners or bolts should be examined in detail due to their usage areas. Bolts
are produced in different sizes, shapes and grades that define their mechanical properties. Under assembly conditions,
the factors to be taken into account when evaluating the strength of a threaded fastener were depicted in Bickford (1998)
and various load types observed on threaded fasteners such as tensile, shear, torsional and combined were examined in
detail.

In addition to loading types, there exist various technical properties of fasteners that have a strong influence on the
failure and fatigue behaviours. The effect of using various socket depths on the failure types of fasteners were analysed
in Tanrikulu et al. (2018). Experimental studies were conducted with cold forged bolt specimens having different socket
depths, and fatigue and torque-tension tests under different loading types were carried out in order to find out the effects
of the critical socket depth in that study. Socket depth was shown to have a significant effect on fastener failure mecha-
nism. As a continuation of the study by Tanrikulu et al. (2018), M8x1.25x50 Fully Threaded bolts (FT) with grades of 10.9
and 8.8 were investigated to determine the effect of the socket depth on weight reduction in Tanrikulu etal. (2019). Finite
Element (FE) simulations and experimental fatigue and torque-tension tests were carried out for the bolts investigated to
find the Maximum Socket Depth (MSD) that is not violating fastener specifications, i.e. the maximum reduction of weight.
Al tests were repeated for the bolts with grades of 10.9 and 8.8 obtained under different heat treatment conditions.

The effect of the washer on both fatigue and torque-tension performance was examined under assembly conditions. The
critical socket depth values determined with numerical and experimental studies were also compared with the analytical
model introduced by Thomala and Kloos (2007) to estimate the MSD.

Fatigue is one of the most common failure mechanisms for bolts. Fatigue occurs in bolt materials as the result of cyclic
loading (Benac, 2007). A bolt fatigue failure follows three steps of damage: (1) crack initiates at a thread root, radius
and/or material defect; (2) cyclic fatigue grows; and (3) finally, sudden failure of the remaining cross section of the
bolt occurs. Since, fasteners are designed to fail from the region of thread, fatigue failures of bolts often occur at the
first-engaged threads, which have the highest stress. The approach of estimating fatigue limits from stress concentra-
tion factors, calculated using thread load distributions obtained from analytical theories, was examined in Patterson
(1990). As the eccentricity level increased during eccentric loading, it was observed that maximum stresses in helix of
the thread root did not change significantly, but there was an increase in the length of helix exposed to high stresses in
Burguete and Patterson (1995). In another study, linear finite element analysis was performed in Lehnhoff and Bunyard
(2000) to determine the stress concentration factors for the threads and bolt head fillet in a bolted connection. 8, 12,
16,20, 24 mm-diameter and grade of 10.9 metric bolts with standard M thread profile were worked on, and the threads
were modelled at both minimum and maximum permissible depths. The fillet between the bolt shaft and the bolt head
connection was modelled at its minimum radius and each bolt was loaded to its proof strength. Thread stress concen-
tration factors were found to be highest in the first engaged thread and decreased in each consecutive threads moving
towards the end of the bolt. The fatigue behaviour of bolts under axial load was examined by taking the fatigue limit of 50
MPa from the component point of view and there were very few results available to designers for limited lifetimes. This
problem was addressed in terms of material point of view using a local approach in Fares et al. (2006). In fatigue tests,
the stabilized local stress at the root of the first thread in contact with the nut was determined by using the finite element
model of the bolt. The Dang Van multiaxial fatigue criterion was also employed to characterize bolt behaviour with these
numerical results. Finally, an analytical model to estimate lifetime for failure risk level using statistical Gauss method
was introduced and local stress state from nominal loading data was determined. It was claimed that the fatigue strength
of mechanical structures was a non-local phenomenon, and the spatial distribution of stresses affected not only the local
value of stresses, but also the fatigue behaviour. Therefore, changing fatigue behaviour due to high stress concentration
and stress gradients were investigated using stress gradient approach in Novoselac et al. (2014b). The effect of stress
gradients on high cycle fatigue was estimated on the M10 bolt by IABG (Hiick, M., Thrainer, L., Schiitz, 1983), FemFat (ECS
Steyr, 2007; Eichlseder, 1989), Stieler (GDR Standard, 1983) and FKM-Guideline (Forschungskuratorium Maschinenbau
(FKM), 2003) methods.

The behaviour of threaded fasteners exposed to combined tension and shear loading has attracted attention of many
researchers. This behaviour of steel fasteners was analysed experimentally and numerically at high loading rates by
Fransplass et al. (2015). The experimental tests were performed with three different angles: 0°, 45° and 90° wherein 0°
corresponds to loading along the axis of the fasteners. A three dimensional finite element model was constructed to sim-
ulate the strength and behaviour characteristics of the threaded steel fasteners. The ultimate load of the threaded steel
fasteners with reasonable accuracy was represented by the proposed finite element model and the loading angles not
covered in the experimental study were used to simulate tests. The behaviour of threaded fasteners at high strain rates
was studied experimentally in Fransplass et al. (2011). A special fixture was used to satisfy uniform test conditions, and
to control the failure location occurred by thread shearing during the tests. Approximately the same trend of an increased
strength with increasing strain-rate was observed as a result of the material tests and the threaded assembly tests. It
was also observed that the grip length, the length of the thread engagement, and the strainrate has an influence on the
failure mode.
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Bolt-nutassemblies are extensively investigated in terms of the failure modes in the literature. Bolt-nut assemblies under
tension have three different failure modes according to the fault location, such as bolt fracture, bolt thread failure and
nut thread failure. The probability of thread failure could be increased if partially threaded bolts are used instead of fully
threaded bolts in the connections Grimsmo et al. (2016). Tensioned bolt-nut assemblies are not expected to fail from
thread region since thread failure is a less ductile failure than bolt fracture (threaded shaft fracture). Therefore, it is
crucial to find the causes of the failure of the thread and the influence of the threaded bolt shaft length within the grip was
examined in Grimsmo et al. (2016).

The numerical simulations based on 3D finite elements model was used to predict the global behaviour of a bolted joint
under tension-shear loading (substrates, bolt, nut and washer) in Dang Hoang et al. (2013). A decoupled model based on
energy model of Cockroft and Latham was used to improve the elasto-plastic model and it was improved model described
the different phases occurring during the global mechanical behaviour of a bolted joint correctly (elastic phase, slippage,
elastic phase of the structure, plasticization and crack initiation, damage). The fatigue damage analysis of M10 bolted
joint made of heat-treatable 42CrMoé steel with grade 10.9 was carried out in Novoselac et al. (2014a) for 0%, 50%,
70%, 90% preload forces of the bolt yield strength force and eccentric forces with variable amplitudes for high reliability.
The dispersion range was used to define the cyclical scatter band of the material with the Gaussian normal distribution,
and the multi-axial stress field in the thread root was obtained by utilising the multi-axial fatigue stress criterion. Fatigue
damage and the location of the fatigue fracture plane were estimated by using the approach of critical plane. The bolt fa-
tigue life is normally calculated under normal loads, but multiaxial loads occur on bolts during the assembly and service.
Anew method of calculating the fatigue damage of bolts was introduced by improving the method of Schneider in Sorg et
al. (2017). The effect of nut geometry, curved spring washer and Teflon tape sealing material on fatigue life of M12 and
M161S0 bolts were analysed in Majzoobi et al. (2005). In this study, numerical simulation of bolt and nut connections and
axial and bending stress distribution in threads are examined by using finite element method. As a result of the experi-
mental studies, the highest fatigue life was obtained for a slotted tapered nut. It was also observed that the use of spring
washers increases the fatigue life provided that the correct tightening torque was applied and the use of Teflon tape as a
filler between bolt and nut threads increased the fatigue life significantly.

High-strength bolts of grade 8.8 were investigated in terms of mechanical performance under tensile load by carrying
out experimental studies in Hu et al. (2016). As a result of tests, two different structural bolt failures were observed:
thread stripping, and necking of threaded bolt shaft. In this study, it was observed that the type of failure occurring in the
form of shear on the thread originates from different tolerance classes defined for the coating process and the use of a
nut having one higher grade than the bolt grade increased the probability of neck failure. Several experimental analyses
were conducted in Hongfei et al. (2019) to investigate the fracture formation of a 42CrMo steel-based bolt including
a metallographic test, a test of mechanical properties, and an energy spectrum analysis. A large number of structural
defects was observed such as sulphur inclusions, band and carbon depletion occurred on the centre of the fracture and
in the bolt matrix. Fatigue strength of the materials were affected due to such defects and fatigue failure was observed on
the bolts. Finite element analysis was examined in two main categories in Hedayat et al. (2017) to ascertain convenient
failure criteria and predict bolt fracture in the case of shear assuming no threads in shear plane: i) Stress/strain analysis
on critical elements of the bolt axis, ii) Description of the initiation and formation of the crack.

An optimization study to investigate the tensile status of bolts and nuts was performed in Pedersen (2013). The fillet
under the head, the thread beginning or the thread root was the region that the maximum tension was observed in the
bolt, and a form optimization was applied to minimize the concentration of stresses. To this end, the under-head fillet
was first optimized and a stress reduction of 25.3% was achieved. Then, the optimized under-head fillet design was

applied to the thread in conjunction with a nut design that distributed the load more evenly along the connected thread,
achieving a 15.8% stress reduction. Finally, the fillet was optimized in the transition region of the shaft and the thread
and a reduction of stress of 34% was achieved. These design improvements, which result in reduced stress on the bolt,
were also found to reduce hardness. Fasteners are expected to fracture at the threaded region under assembly loads. The
150 898-1 (2004) standard prescribes the Ultimate Tensile Strengths (UTS) for bolts that the fracture in the region of the
thread was expected. The structural integrity of bolts was affected mostly by the internal socket depth of bolt head, as the
fracture region of bolts can move from threaded region to under-head region depending on the depth of socket. However,
some specially designed bolts are required to fracture in the under-head region, and these types of bolts must meet the
minimum UTS under tension given in the IS0 898-1 (2004) standard.

The Fracture Cone (FC) formed in the head region was investigated in Thomala and Kloos (2007) in terms of the failure
mechanisms of bolts having greater SHaft Diameter (SHD) than the SOcket Diameter (SOD). To estimate the residual floor
thickness, y_min, representing the height between the end of the socket and under-head, an analytical formulation was
introduced for the bolts with greater SHD than the SOD. The equation given in Eq. (1) was derived by Thomala and Kloos
(2007) to estimate the MSD for bolts that have a SHD greater than the SOD, and is referenced in VDI 2230 standard:

_ 164%-n? (déch—d,zn)z
Ymin 2.x*m.(dgcp+dm) (] )
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....... B Socket
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K

Fig. 1. Cross-section view of the bolt with a SHD larger than the SOD (Kocatiirk et al., 2020).

where A, is the nominal cross-section area of the shaft, d.  is the SHD, d_is the average SOD, x*=,/R _is the strength
ratio where T, is the torsional strength and R _is the tensile strength (see Fig. 1).

Bolts with a SHD less than the SOD are also widely used in industry over the type of bolt investigated in Eq. (1). In the
authors' previous study (Kocatiirk et al., 2020), an analytical formulation was introduced to estimate the MSD for bolts
with a SHD less than the SOD. The developed analytical formulation was used to calculate the MSD for a representative
bolt that satisfies the minimum UTS, the analytical results were validated with numerical simulations. To carry out the
numerical simulations, Simufact.forming finite element analysis software was used. The estimated maximum depth of
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the socket with the developed analytical formulation was compatible with the numerical results. Within the scope of this
study, a bolt with internal socket form was chosen and specimens with various values of socket depth were produced by
the cold forging method. Then, the analytical model developed in Kocatiirk et al. (2020) was validated by tensile tests
performed using the produced bolt specimens.

2. Sample specification

In this study, a representative sample of M8 bolts with a SHD less than the SOD was chosen. The selected bolts were
produced by cold forging with various socket depth values. After forming, heat-treatment was applied to the bolts to
achieve the mechanical properties for 8.8 grade defined in 1S0 898-1 (2004). The specimens were produced by using
23MnB4 material which is widely used low alloyed steelin cold forging. One of the bolts and its cross-sectional view was
givenin Fig. 2.

3. Experimental validation studies of analytical formulation for maximum socket depth estimation

The residual floor thickness between the end of the socket and the bottom of the head, y
(2) developed in Kocatiirk et al. (2020).

» 2
— |Xcos at(m.f2-16.4. —2%+n.t2+2.n.t.f)—cos a?.f+2.cosat.f+cosa’t
L x*“.cosa?-cos a?+1

Ymin = E —R (2)

4.cosadsina

can be estimated by using Eq.

min’

where ais the angle between horizontal x axis and the line formed between end of the socket and tip of the socket,
t=d,, +d , f=d -d_are the parameters to simplify Eq. (2), and Ris the radius of the head. The MSD, s, can be obtained by
subtracting the residual floor thickness, y , from the head height value, k, as given in Eq. (3). The residual floor thick-
ness, socket depth and head height were presented in Fig. 3.

s=k-y (3)

(a) (b)

Fig. 2. (a) Bolt specimen produced by cold forging and (b) cross-section view.

Fig. 3. Cross-section view of the bolt with a SHD smaller than the SOD (Kocatiirk et al., 2020).

Experimental tension tests were carried out to validate the analytical model given in Eq. (2). In experiments, bolt spec-
imens were subjected to tension until their total failure by fracture. Tensile tests were performed on a Zwick Roel ten-
sion-compression testing machine with capacity of 300 kN. The FC height, w, formed in the broken specimens as a result
of tensile tests, is shown in Fig. 4. The w values of the fractured specimens were measured using the profile projection
device. The average of the three different w values obtained by turning each sample 120° was determined as the w value
for a specimen. Dimensional measurements were performed to determine the y value precisely before each specimen
was tested. In order to determine the socket depth at the measurement stage, socket depth values were measured by
using the comparator for N10 head socket form. Then, bolt head height, k, is measured with the caliper, and y values were
determined by subtracting the socket depth value, s, from the head height value.

Fig. 4. Specimen that fractured after tensile tests.
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4. Results and discussion

According to Eq. (3), y,,, value for the selected bolt specimen was estimated as 2.82 mm. y-axis value of p,, y, that is
shown in Fig. 3 was calculated as 2.33 mm and w is evaluated by subtracting the half of radius R from the y value as
w=y-R/2=2.33-(0.63/2)=2.02 mm. The half of the radius value was subtracted from y value, since the specimens frac-
tured from the middle of the radius in experimental studies.

The analytical formulation was validated by conducting numerical analysis for different socket depth values in Kocatiirk
etal. (2020). A detailed statistical study was performed by recording 10 effective stress measurements (Von-Mises)
from two regions on the bolts whase y-values range between 2.10 and 3.45 mm: i) under-head, ii) thread regions. Higher
stress values were observed in the thread region for y-values of 3.10 mm and above. Also, higher stress values were
observed in the under-head region compared to the thread region for y-values values less than 2.45 mm. As a result, the
value oy was determined as 2.78 mm in Kocatiirk et al. (2020) considering numerical analysis.

Table 1. Tensile test results for M8x1.25 8.8 grade bolts.

Test samples y (mm) w (mm) Fracture Load (kN)
1 221 1.68 25.84
2 221 1.67 25.69
3 2.26 1.56 25.65
4 2.26 1.62 25.71
5 2.30 1.60 25.41
0 2.30 1.67 25.75
1 2.35 1.58 25.86
8 2.62 1.97 21.34
9 2.62 1.82 26.93
10 2.0 1.96 30.05
11 2.4 1.77 30.14
12 271 2.06 30.21
13 271 1.95 30.09
14 2.82 1.94 30.09
15 2.86 2.01 30.12
16 2.86 1.96 29.42

formed in head and the tensile stress acting on thread are compared to find the minimum residual floor thickness that
results failure in thread region. In order to obtain the minimum y value, i.e.y_, (R A) value was used. The (R A/) value
for the bolts used in this study was obtained from IS0 898-1 (2004) standard, given as the minimum ultimate tensile load.
According to 130 898-1 (2004), the (R _A,), i.e. the minimum ultimate tensile load for M8x1.25 for 8.8 grade was 29.2 kN.
Therefore, the y . value was obtained as the y value satisfying the fracture load of 29.2 kN. Based on the experimental
fracture loads givenin Fig. 5, the y . value was obtained as 2.73 mm.

Rmred'ASr:h > Rm- AS (4)

where R is the compound of tensile stress and shear stress acting on the head, A, , is the surface area of the FC.
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Fig. 5. Experimental fracture load obtained for different y values. The critical y value, i.e.y . was obtained as 2.73 mm.

min

The analytical formulation proposed in Kocatiirk et al. (2020) estimated y _ value of the chosen bolt specimen as 2.82,
and the numerical studies were determined y . value as 2.78 mm. In this study, the experimental studies revealed the
value ofy__as 2.73 mm. Taking into account the three methods, the analytical model estimation for the MSD was on the
safe side, that is, the value of the MSD estimated by the analytical formulation was greater compared to the numerical
model and the experimental results (Table 2). The difference between the analytical and experimental results was 3.2%.
Therefore, the analytical and experimental results were found to be in good agreement.

Table 2. Obtained y  values from analytical model, numerical model and experiments.

The experimental tensile test results of bolts with different socket depths were introduced in Table 1. As described, each
socket depth of the bolts was measured before and after the actual tensile test to determine the exact y and w values,
as described in Section 3. During tensile tests, load was applied until bolts were fractured and the final fracture load
was recorded. The y values with respect to fracture load was plotted in Fig. 5. In Eq. (4), total stress occurring on the FC

Y., (mm) % difference
Analytical model 2.82
Numerical model 2.78 1.4
Experiments 2.73 3.2
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In addition toy__value, the w values from analytical model and experimental studies were also compared. Since the w
values were obtained experimentally after the tested bolts were fractured, the w values would ensure the FC specified
during the analytical model was correct. The w values with respect to fracture load was presented in Fig. 6. The critical w
value was obtained as 1.94 mm, which was 4.0% safer compared to 2.02 mm of analytical model result. Therefore, the FC
specified during the derivation of the analytical model was correct.

40

38 4 Experimental results|
36 4 Linear fit

34 4

32 4

(R,.A, ) 29.2kN (IS0 8%8-1)

RS R B ¢

T T T
18 19 20 21 22 23
w value (mm)

Fig. 6. Experimental fracture load obtained for different w values. The critical w value was obtained as 1.94 mm.

5. Conclusions

In this study, the analytical formulation, that estimates the MSD for bolts with a SHD less than the SOD, was validated by
conducting experimental studies. The residual floor thickness, y_ , estimated by the analytical formulation was 3.2%
more secure compared to the experimental studies that revealed the y  value as 2.73 mm. Therefore, it was validated
that the developed analytical formulation would be used to estimate the MSD for bolts with a SHD less than the SOD. As a
result, the MSD of the investigated bolt type that satisfies the minimum UTS defined in IS0 898-1 (2004) and provides the
maximum weight reduction can be estimated using the experimentally validated analytical formulation.
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Abstract

In order to obtain flow curves from compression test results of a cold forging material and predict flow curves of the
material at intermediate temperature and strain rate values, a model was developed using Python programming language
in this study. The model consists of two parts: Flow curve determination and flow curve prediction. The compression test
data including force-stroke values was processed to determine the flow curves in the first part, and the flow curve data
constructed for certain temperature and strain rate values of the material was used as input for the machine learning
algorithms to predict flow curve at desired intermediate temperature and strain rate values in the second part. Moreover,
Ludwik material model parameters were estimated by using curve fitting methods in order to define the material model
into the simulation software. Machine learning algorithms and various regression models in Python libraries were tested
to predict the flow curves. The performances of different machine learning and regression models were compared with
respect to the mean squared error and coefficient of determination performance measures. Support vector regression,
k-Nearest Neighbour (kNN) and artificial neural network models were used to predict flow curves of cold forging materi-
alsand kNN regression model was able to find predictions with the lowest error rate. As a result, a model that can process
the compression test data to predict flow curves at intermediate temperature or strain rate values was developed.

Keywords: Metal forming, Flow curve prediction, Machine learning, ANN, Python.

1. Introduction

Metal forming is widely used to produce cold forged fasteners for automotive, construction and machinery industries.
Numerical simulations in metal forming are preferred to predict material flow, crack evolution, forging load, and die
life. In order to be able to simulate the forming process, material characteristics must be integrated into the simulation
program. One of the most preferred methods of this integration is to incorporate Ludwik parameters of the material. The
mathematical formulation of Ludwik model was given in Eq. 1in which o is the true stress, o is the yield stress, K is
the strength coefficient, € is the true plastic strain and n is the strain hardening exponent. Introducing robust material
models of various temperatures and strain rates for a material increases the accuracy of the forming simulation. For this
reason, compression tests were carried out on the raw materials used in production at different deformation rates and
temperatures in order to obtain more realistic simulation results. In this study, a model was developed that processes the
compression test data and converts them into Ludwik material model coefficients that can be integrated into simulation
software. This model also predicts the coefficients at untested temperature and strain rate points using predictive ma-
chine learning libraries of Python.

o=o0a,+Ke". (1)

Machine learning algorithms, especially Artificial Neural Network (ANN), are frequently used in the field of materials
science to predict flow curves. The number of studies on cold forging applications and material flow curve estimations
has increased recently. One of the first studies published in these area was by Osakada and Yang (1991) [1]. In the study,
ANN was used to solve the problems on the expert system and to optimize the final shape of the cold forged product. Also,
the number of forging stages was redesigned according to the results of neural network and the difference was taken into
account by Finite Element Method (FEM) simulation. Mandal et al. (2008) [2] predicted the behaviour of 304L stainless
steel against torsion using ANN. An ANN model based on flow curve estimation for Al-Mg alloys was created by Toros
and Ozturk (2011) [3]. It was aimed to calculate flow curves at temperatures between 25°C and 300°C. The estimated
values were compared with the experimental results. Bingdl and Misiolek (2015) [4] conducted compression tests at
temperatures of 200-400°C and strain rate of 0.01-15s-1. Then, true stress and true strain values at certain temperature
and strain rate points were estimated by using ANN and Gene Expressing Programming (GEP) models and compared with
the experimental results. Both models were found to be successful, however ANN model was slightly more accurate than
GEP model. Flow curves of ZAM100 magnesium alloy sheets were estimated by Mehtedi et al. (2019) [5] for use in hot
forging applications. Within the scope of the study, a multivariable model was created using ANN. Results were tested by
using cross validation and estimating the flow curves that are not included in the datasets. Machine learning algorithms
were applied to phenomenological flow curve estimation by Stendal etal. (2019) [6]. In the study, flow curve estimation
was made using a previously developed phenomenological model and machine learning separately and together. The
obtained data were compared among the methods. Similar studies have been carried out not only for metals but also
for polymers. Tensile stress of TPE Hytrel material mapped for different strain and temperature values by Rodriguez et
al. (2019) [7] using ANN. Mahalle et al. (2019) [8] investigated work hardening behaviour for Inconel 718 alloys using
ANN model that was created according to tensile tests. Kabliman et al. (2019) [9] preferred machine learning and esti-
mated stress-strain curves for aluminium alloys using symbolic regression. Lastly, Kocatiirk et al. (2021) [10] obtained
flow curves at different temperature and strain rate values for the medium carbon steel alloy frequently used in fastener
production. Flow curves were predicted using ANN for intermediate temperature and intermediate strain rate values with
experimentally obtained flow curves.

Asaresult, it was revealed that the ANN model is successful in estimating material flow curves with respect to the studies
inthe literature, but regression-based machine learning models were not used to predict flow curves. In this study, firstly,
the method of obtaining the material flow curves, which will form the inputs of the machine learning models, by process-
ing from the experimental compression test data was automated, and then machine learning models were proposed to
predict the flow curves at intermediate temperature and strain rate values without experimental results.

Constructing Flow Curve of Materials from Compression Test Results

Introducing material data is mandatory in order to perform the necessary numerical simulations and analyses. For this
reason, experimental compression tests results must be processed to get the flow curves of the materials. Experimental
results are usually processed manually in statistical programs which leads to great loss of time.

Within the scope of this study, amodel was developed that converts the Force-Stroke data obtained from the experimen-
tal compression test to the flow curve data of material by using the necessary formulations on Python. Curve fitting oper-
ation was applied to the flow curve by using the curve_fit function of Scipy.Optimize library on Python. The obtained coef-
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ficients of the Ludwik material model can be defined into the analysis program. In addition, the model can perform these
operations by taking the average of multiple compression tests conducted to reduce the error rate in the test results.

Materials and Experimental Setup
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Flow Curve Construction Model

In order to convert manual flow curve construction method into a model, experimental data must be subjected to certain
intermediate regulations in order to apply necessary formulations. These steps are removal of faulty data at the begin-
ning of the test, determination of the proportional limit point, translation of the data, determination of the slope of the

elastic region and the determination of the yield point. The respective engineering stress value was calculated by using
the line equation of the elastic region for each experimental engineering strain value starting from the smallest one and
compared to the corresponding experimental stress value. These process was iterated until the difference between the
experimental stress value and calculated stress value becomes negative. The last calculated engineering strain was

determined as the respective strain value of the yield point searched for.

The operability of the developed program was tested using compression tests of a Stainless Steel (SS) and a Medium
Carbon Alloyed Steel (MCAS) material. Compression tests were carried out at different temperatures and strain rates in
accordance with the ASTM E9 standard [11]. Compression tests were carried out with ZWICK universal tensile/compres-
sion test device for the temperature values of 25-100-200 °C and strain rates of 0.001 and 0.275 s The friction condi-
tion affecting the material flow was minimized by using MoS, based Lubricant for machine compression tables before each
compression test. In general, it is expected that the true stress values decreased as the temperature increased, and the
true stress values increased as the strain rate increased. In other words, increasing the strain rate generally increases
the work hardening rate at smaller strains, which may contribute to a wider initial strain distribution in compression.
However, the work hardening rate decreases with increasing strain rate due to adiabatic heating at larger strains. Exper-
imental flow curves for MCAS material at different strain rates for 100 °C was given in Fig. 1. Yield strength values were
increased as the strain rate increased for 100 °C. Experimental flow curves for MCAS material at different temperatures
forstrainrate 0.001 s was depicted in Fig. 2. One can observe that true stress values were decreased as the temperature

After finding the yield point, the model constructs the flow curve of the material. The obtained flow curve can be curve
fitted according to Ludwik material model and the coefficients can be obtained (Fig. 3).

increased for strain rate 0.001 s™.
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Fig. 3. Flow curve fitting for SS material at 100 °C and 0.001 s”" strain rate.
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Fig. 1. Experimental flow curves for MCAS material at different strain rates for 100 °C.
J P Machine Learning Methods to Predict Flow Curve

LT N It was aimed to predict flow curves for the intermediate temperature and strain rate values with the flow curves created
S - from the force-stroke data by using the developed flow curve construction model. Temperature, strain rate and plastic
e strain parameters were used as independent variables or input variables to predict true stress dependent variable or out-
/ put variable in this study. Machine learning applications such as k-nearest neighbour (kNN), support vector regression
(SVR) and ANN models were chosen to predict flow curves, since ANN is known to be successful to predict continuous

target variable [8] and regression models are generally used in numerical estimations. The predictive performances of

classification, regression and neural network models was analysed in this study.
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SVR was developed by Drucker et al. (1997) [12] and the aim was to determine the line or curve so that the maximum
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Fig. 2. Experimental flow curves for MCAS material at different temperatures for strain rate 0.001 s
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the equational structure of the flow curve. They are specified as linear, polynomial and radial basis function (RBF). The
mathematical formulations of linear, polynomial and RBF were presented in Eq. 2, 3 and 4, respectively. In these equa-
tions, x and y represent the vector of independent and dependent variables, respectively. SVR function included in the
regression part of support vector machines api of scikit-learn library was tested for these kernel functions on Python.
Mean squared error rates (MSE) and determination coefficients (R2) were reported to obtain the optimum function within
the scope of the study.

k(x,y) = xTy. (2)
k(x,y)=(x".y + 1)?. 3)
k(x,y) = exp (=vllx = yl*). (4)

The kNN algorithm, which is one of the supervised learning methods, is a versatile algorithm that can be used both in
classification and regression. In this study, KNeighborsRegressor function of scikit-learn library was used. A simple im-
plementation of kNN regression is to calculate the average of the numerical target of the k nearest neighbours by select-
ing "uniform” option in weights function of KNeighborsRegressor. Another approach uses an inverse distance weighted
average of the k nearest neighbors with “distance” option. Both approaches have been tested and errors rates were
compared in this study.

Input Layer (3) Hidden Layer (n1) Hidden Layer (nz) Output Layer (1)

S ‘/’ ‘\l
'ijlon:\ wNeuron)
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Fig. 4. Schema of an ANN model with two hidden layers.

In general, ANN is a feed forward Multi Layer Perceptron (MLP) application consisting of input, hidden and output layers.
Activation functions are used to switch between layers, and back propagation method is used to optimize the weight pa-
rameters connecting the layers and neurons in the hidden layers, aiming to reduce the error rate between the estimated
value and the actual value of the output parameter. In this study, two different ANN models consisting of one and two
hidden layers are proposed by using the MLPRegressor function in the scikit-learn library. For both ANN models, 3 input
parameters as temperature, strain rate and plastic strain were used and true stress value was determined as output pa-
rameter. The "lbfgs" algorithm, which is considered to perform wellin small data sets, was used as the solution algorithm,
and the hyperbolic tangent function, f (x) = tanh(x), was determined as the activation function. In order to determine the
number of neurons used in the hidden layers and to determine the "random_state" parameter, which significantly affects
the ANN performance, an optimization study was carried out to obtain the predictions with the lowest error. Parameter

optimization of the ANN models was carried out for both materials (MCAS, SS) investigated in this study. For the model
consisting of two hidden layers, the number of neurons in both layers was optimized with respect to the R? value for all
integer values between 1-40 and the "random_state” parameter for integer values between 0-9. For the ANN model with
single hidden layer, the number of neurons was optimized according to the R? value for all integer values between 0-150
and the "random_state" parameter for integer values between 0-9. The parameter setting results of ANN models with
single and two hidden layers were presented in Table 1 for both materials. In Fig. 4, schema of the ANN model with two
hidden layers was depicted in which n, is the number of neurons in the first hidden layer and n, is the number of neurons
in the second hidden layer. This ANN model was represented shortly as (3, n, N, 1). Accordingly, for MCAS material,
the ANN model with a single hidden layer obtained the highest R? value with 136 neurons and random_state=6, i.e. (3,
136, 1), the ANN model with two hidden layers had 32 neurons in the first layer, 23 neurons in the second layer and ran-
dom_state=6, i.e. (3,32, 23, 1). For SS material, the ANN model with a single hidden layer obtained the highest R? value
with 82 neurons and random_state=9, i.e. (3, 82, 1), the ANN model with two hidden layers had 32 neurons in the first
layer, 37 neurons in the second layer and random_state=0, i.e. (3, 32,37, 1).

Result and Discussion

In order to verify the generalization capability of the developed machine learning algorithms, 20% of the data obtained
by the experimental compression tests was determined as test data and remaining data was determined as training data
by using "train_test_split" function of scikit-learn library. In order to measure the performance of the developed machine
learning algorithms; the determination coefficient, R?, and MSE were utilized. As can be seen in Table 1, SVR with the
kernel RBF and the kNN algorithm with both weight can predict the test dataset at lowest error rates and above 0.99
R? values for both material types. The prediction performances of ANN models with single and two hidden layers were
presented in Table 2 for both materials. The test data for both ANN models were estimated very close to each other with
high RZ values for both material types. When the obtained MSE values were considered, the ANN model with two hidden
layers was able to predict the test data with less error rate for both material types. Therefore, while estimating the flow
curve for the intermediate temperature and strain rate values, the ANN model with two hidden layers was used with the
best neuronand “random_state" parameter values found for the material types. Flow curve estimation was performed for
intermediate temperature and strain rate values by using the SVR model with the RBF kernel function and the kNN model
with the “uniform” weight option.

Table 1. Performance of kNN and SVR algorithms on 20% test data.

SS MCAS
Kernel MSE R? MSE R?
RBF 110.200 0.996 101778.000 0.987
o0 Linear 7557229.000 0.731 3950.650 0.486
Polynomial 13563.120 0517 5431.950 0.294
SS MCAS
Weight MSE R? MSE R?
kNN uniform 0.016 0.999 0.012 0.999
distance 0.012 0.999 0.008 0.999
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(a)
Fig. 6. Flow curve prediction for SS material at 150 °C and strain rate 0.275 s with the (a) kNN, (b) ANN models.

Table 2. Performances of ANN models on 20% test data.
SS MCAS y
Model MSE R MSE R L e Ll 28
ANN with 1 Hidden Layer 52766.013 1.000 16777749 0.999 I i HIE
ANN with 2 Hidden Layers 47995.138 0.999 14724192 0.997 ;‘ ’S‘
Within the scope of the study, compression tests were performed for 3 different temperature values (25, 100, 200 °C) and . T T TR T T YT YT
2 different strain rate values (0.001,0.275s™) and the models with optimum parameter settings were trained by using all P e 200 °C, 0.275 5-1 (55) H e 200°C, 0275 541 (55)
H 150 *C (Pred. kNN), 0.275 5-1 (55) : 150 *C (Pred. ANN), 0.275 5-1 (5S)
0.0 0.2 04 06 oe 10 12 14 16 00 0.2 04 06 oe 10 12 14 16
True Plastic Strain True Plastic Strain
(b)

experimental data in order to predict the flow curves at intermediate temperature and strain rate values.

In Fig. 6(a), the estimation results of the kNN model at 0.275 s strain rate and 150 °C for SS material were compared

z g = with the experimental flow curves performed for SS material at 0.275 s strain rate and at 100 and 200 °C. The flow curve
gl ¥ gl & predicted by the kNN model was between the experimental true stress values obtained at 100 and 200 °C. In Fig. 6(b),
i . ;g the estimation results of the ANN model for SS material were compared with the experimental flow curves performed
£l E E| ¢ for SS material at 0.275 s strain rate and at 100 and 200 °C. The flow curve predicted by the ANN model was obtained
between the two experimental curves as expected, that is, the true stress values obtained at 150 °C were found between
== 100 °C, 0.275 5-1 (MCAS) -== 100 °C, 0.275 5-1 (MCAS) the true stress values obtained at 100 and 200 °C. Due to the smaller data size at high strain rates, the ANN model showed
: T e T AR ST s 1 IR S 250 °C P A, 0275 51 HEAD alower performance in prediction than the kNN model. Since the kNN model calculates the average of the points within
S oS o4 63% fes” 15 43 13 o0 02 o4 66 o8 1o 12 1a the determined neighbourhood, it obtained more accurate results at high strain rate values.
True Plastic Strain True Plastic Strain
(a) (b) . -
Fig. 5. Flow curve prediction at for MCAS material at 150 °C and strain rate 0.275 s with the (a) kNN, (b) ANN models. '_‘_,«,v"""“ Z . 3 e
In Fig. 5(a), the prediction results of the kNN model for the MCAS material at a strain rate of 0.275 s and at 150 °C were i i s §
compared with the experimental flow curves of the MCAS at a strain rate of 0.275 s at 100 and 200 °C. The flow curve 5| 2 A
estimated by the kNN model was obtained between the two experimental curves as expected, that is, the true stress H J H §
values obtained at 150 °C were found between the true stress values obtained at 100 and 200 °C. The same consistent H H
results were also observed for the ANN model in Fig. 5(b). In the flow curve predicted with kNN, oscillation in the data H - 100°C, 0.001 5-1 (MCAS) H == 100 *C, 0.001 5-1 (MCAS)
was observed due to the number of neighbours k used in the model. The oscillation can be eliminated by increasing the ; RS0 SRl I3 HCAS iy P 100°75,9.215 ¥l (NCA3)
' 100 *C (Pred. SVR), 0.100 5-1 (MCAS) ' 100 *C (Pred. ANN), 0.100 s-1 (MCAS)
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training data size and the number of neighbours in correlation.
Fig. 7. Flow curve prediction for MCAS material at 100 °C and strain rate 0.100 s with the (a) SVR, (b) ANN models
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In Fig. 7(a), the prediction results of the SVR model for the MCAS material at a strain rate of 0.100 s and at 100 °C were
compared with the experimental flow curves of the MCAS at strain rates of 0.001 and 0.275 s at 100 °C. The flow curve
estimated by the SVR model was obtained close to the experimental flow curve of 0.001 s strain rate. The flow curve
prediction of SVR for the intermediate strain rate values gives more inconsistent results than the predicted flow curves for
the intermediate temperature values. It is assumed that this consistency is due to the fact that the number of strain rate
levels is less than the number of temperature levels in the experimental training data. In Fig. 7(b), the estimation results
of the ANN model were compared with the experimental flow curves performed for MCAS material at the same conditions.
The flow curve predicted by the ANN model was obtained between the two experimental curves as expected and more
harmonious results were found than the SVR model.

Conclusion

In this study, a model was developed that converts the force-stroke data obtained from the experimental compression
tests to true stress-plastic strain flow curve using the necessary formulations on Python programming language. Then,
experimentally obtained flow curves at different temperatures and strain rates were used to train the proposed machine
learning models to make flow curve estimation at intermediate temperature and strain values. Parameter optimization of
these models was carried out using 20% of the experimental data as test data and the remainder as training data. Then,
the estimation performances of the three models with optimum parameters were compared at intermediate temperature
and strain rate values. According to the results, kNN and ANN models obtained similar and favourable results for flow
curve estimation at intermediate temperature value, while ANN model with two hidden layers predicted the flow curve
more reasonable at intermediate strain rate value. As a result, a model that can process the compression test data to
predict flow curves at intermediate temperature or strain rate values was developed.

References

1. K. Osakada, G. Yang, Application of Neural Networks to an Expert System for Cold Forging, Int. J. Mach. Tools Man-
ufact. Vol. 31 (1991) Issue 4.

2. S.Mandal, Pv. Sivaprasad, S. Venugopal, K. P. N. Murthy, Artificial neural network modeling to evaluate and predict
the deformation behavior of stainless steel type AISI 304L during hot torsion, Applied Soft Computing Journal, 9(1)
(2009) 237-244.

3. S.Toros, F. Ozturk, Flow curve prediction of Al-Mg alloys under warm forming conditions at various strain rates by
ANN, Applied Soft Computing Journal, 11(2) (2011) 1891-1898.

4. S.Bingdl, W. Misiolek, Prediction of the true stress of ZE20 magnesium alloy at different temperatures and strain
rates, Strojniski Vestnik/Journal of Mechanical Engineering, 61(10) (2015) 610-617.

5. M.elMehtedi, A. Forcellese, L. Greco, M. Pieralisi, M. Simoncini, Flow curve prediction of ZAM100 magnesium alloy
sheets using artificial neural network-based models, Procedia CIRP 79 (2019) 661-666.

6. J. A Stendal, M. Bambach, M. Eisentraut, I. Sizova, S. WeiB, Applying machine learning to the phenomenological
flow stress modeling of TNM-B1, Metals 9(2) (2019).

7. A.E.Rodriguez-Sanchez, E. Ledesma-0Orozco, S. Ledesma, A. Vidal-Lesso, Application of artificial neural networks
to map the mechanical response of a thermoplastic elastomer, Materials Research Express 6 (2019).

8. G.Mahalle, 0. Salunke, N. Kotkunde, A. K. Gupta, S. K. Singh, Neural network modeling for anisotropic mechanical
properties and work hardening behavior of Inconel 718 alloy at elevated temperatures, Journal of Materials Re-
search and Technology 8(2) (2019) 2130-2140.

9. E Kabliman, A. H. Kolody, M. Kommenda, G. Kronberger, Prediction of stress-strain curves for aluminium alloys
using symbolic regression, AIP Conference Proceedings 2113 (2019).

F. Kocatiirk, M. B. Toparli, B. Tanrikulu, S. Yurtdas, D. Zeren, C. Kilicaslan, Flow curve prediction of cold forging steel
by artificial neural network model, 24th International Conference on Material Forming (2021).

ASTM E9-19, Standard Test Methods of Compression Testing of Metallic Materials at Room Temperature, ASTM
International, West Conshohocken, PA (2019).

H. Drucker, C. J. C. Surges, L. Kaufman, A. Smola, V. Vapnik, Support vector regression machines, Advances in
Neural Information Processing Systems (1997).



OTOMOTIV ENDUSTRISINDE
KULLANILAN SAPLAMALARIN
URETIMINDE KULLANILAN KALIP
SISTEMLERI: SEGMENTLI KALIP
KULLLANIMI ILE OMUR ARTISI ELDE
EDILMESI

Sarper DOGAN

M. Burak TOPARLI
Sezgin YURTDAS
Tayfur YAVUZBARUT




60 | NORM FASTENERS AR-GE MERKEZI YAYINLARI | 2022

5. International Conference on Materials Science, Mechanical and Automotive Engineerings and Technology (IMSMATEC'22)

OTOMOTIV ENDUSTRISINDE KULLANILAN SAPLAMALARIN URETIMiNDE
KULLANILAN KALIP SISTEMLERI: SEGMENTLI KALIP KULLLANIMI ILE OMUR ARTISI
ELDE EDILMESI

Sarper DOGAN - M. Burak TOPARLI - Sezgin YURTDAS - Tayfur YAVUZBARUT

Bu calismada, otomotiv endistrisi basta olmak iizere farkli alanlarda kullanilan saplama tiirii baglanti elemanlari ire-
timinde kullanilan kalip sistemi ele alinmistir. Saplamalar uygulama alanlarina bagli olarak farkli formlarda iretilebil-
mektedir. Yatay preslerde coklu istasyon tasarimi ile Gretimi yapilan flansli altikise saplamalarin sekillenmesi sirasinda
dzellikle plastik deformasyon kaynakli gerinim sertlesmesi nedeniyle son istasyonlarda kaliplara gelen yiikler artmak-
tadir. Ayrica, altikdse ve flang gibi unsurlari olusturan kaliplar yiiksek gerilmelere maruz kalmaktadir. Bu tip faktdrler
g6z 6niine alindiginda dzellikle son istasyonlarda kompleks formlari olusturan kaliplarda erken cevrimde hasar goriile-
bilmektedir. Bu calisma kapsaminda flansli M14 altikdse kafa formuna sahip bir saplama tiirii iiretiminde kafa formunun
olusturulmasinda kullanilan kaliplar incelenmistir. Oncelikle, iiretimden alinan hasarli kaliplar incelenmis ve etkin hasar
mekanizmalari ortaya cikarilmistir. Daha sonra sonlu elemanlar analizi ile meveut durum modellenmis ve karsilastirma
yapilmistir. Kalip omirlerini artirmak icin alternatif kalip tasarimlari gerceklestirilmig ve revize tasarimlarin maruz kaldi-
g1 gerilme seviyeleri sonlu elemanlar yontemi ile belirlenmistir. Yapilan calismalar kapsaminda gerilme birikmesi yasanan
bélgelerdeki hasar ihtimalini azaltmak icin segmentli kalip sistemine gecilmis ve gerilme miktarlarinda ciddi azalmalar
elde edilmistir. Ayrica, soguk sekillendirme kaliplarinda kullanilan malzemeler ve kalip siki gecme oranlari belirlenmistir.
Nihai revize kalip sistemine gdre kalip retimleri yapilmis ve seri iretim kosullarinda denenmistir. Elde edilen sonuclara
gore, kalip dmriinde yaklasik 3 katlk bir artis saglanmistir. Sonuc olarak segmentli kalip tasarimi sayesinde gerilme
birikmeleri énlenerek kalip dmriinde iyilesme sadlanmistrr.
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SOGUK DGVME PROSESINDE KULLANILAN BiR SIVAMA KALIBININ SONLU
ELEMANLAR YONTEMi iLE iNCELENMESi

Sarper DOGAN - Cenk KILICASLAN - Sezgin YURTDAS - M. Burak TOPARLI

Sivama operasyonu; soguk ddvme yontemiile dretilen driinlerde tercih edilen bir sekillendirme metodudur. Sivama islemi,
tnceki istasyonlarda silindirik ve daha biiyiik capa sisirilen veya bu sekilde elde edilen is parcasinin, capindan kiiciik ve
genelde eksenel simetrik olmayan bir forma dolmaya zorlanmasi/ilerletilmesi ile gerceklestirilmektedir. Balanti ele-
mani dretimi diisiinildiginde; sivama islemi, genelde kafa altinda bulunan formlarin olugturulmasinda (kare, alti kise
vb.) kullamilmaktadir. Sivama islemi kalip agisindan diisiinildiginde zorlayici bir operasyondur. Ozellikle malzeme akisi
kaynakli asinma ve sekillenme islemi sirasinda olusan yiikleme kosullari nedeniyle kalibin ince cidarlarinda veya gerilme
birikmesi olabilecek yerlerinde mikro catlak olusumu gdzlenebilmektedir. Sonuc olarak, kaliplar hasara ujramakta ve
kullanilamaz hale gelmektedir. Bu calismada, M14X115 6zel bir civatanin kafa altinda bulunan ve rondela montajinda
kullanilan altr kdse kademe formunun sivama operasyonu detayli olarak incelenmistir. Kalip performansinin artirilmasi
icin dncelikle mevcut durumda kulanilan kaliplar; hem sonlu elemanlar yéntemi ile modellenmis hem de dretim ortamin-
da performans takip edilmistir. Kinilan kaliplar dzerinde yapilan baskin hasar mekanizmasi incelemeleri ve simiilasyon
sonuclari eslestirilerek kalip 8mriindin artintmasi icin yapilmasi gereken tasarim revizyonlari ve olasi kalip malzemesi
degisiklikleri belirlenmistir. Sonlu elemanlar yontemiile alternatif kalip revizyonlari incelenmis ve nihai kalip tasarimi or-
taya cikarilmistir. Revize edilen formun dretiminin ardindan performansin belirlenmesi icin kaliplar denenmistir. Yapilan
iiretim denemelerinde kalip performansinin 3 kat artirildigi ortaya konmustur. Ayrica, kullanilamaz hale gelen kaliplar

asinmadan dolayi kullanilamaz hale geldigi, catlak veya kirilma gibi bir hasar olusmadigi belirlenmistir.
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Abstract

In this article, the abrasive flow machining (AFM) method is used for the surface finishing of tungsten carbide-cobalt
(WC-Co) material. A total of six groups of abrasive flow media with different abrasive particle sizes and concentration
ratios were used. Aluminum oxide was used as an abrasive and a polymer-based carrier was used for the abrasive media.
Tungsten carbide specimens were cut by electrical discharge machining and AFM processes were applied at various
cycle numbers. Surface roughness and material remove rate were measured before and after processing with abrasive
machining, and the variation of surface quality and material remove rate was investigated. The surface roughness values
were decreased to (R )=0.5 ym levels in about 20 cycles.

Keywords: Abrasive flow machining, tungsten carbide, surface finishing, abrasives, surface roughness.

1. Introduction

Despite the new technologies developed in recent years, traditional finishing processes, finishing complex shapes in
hard, high strength, heat resistant alloys, die steels and fasteners have not yet reached the desired speeds and quality.
Abrasive flow machining (AFM) is an uncommon new technique that has the potential to provide high precision and eco-
nomical means to finish inaccessible areas and complex internal and external passages. This method has been applied
in aviation, aircraft, medical, and other precision manufacturing fields, and successful results have been obtained[1].

The AFM technique has been carried out to enhance the floor integrity of the machined workpiece by the use of numerous
machining methods along with milling, turning, grinding, and in particular electric discharge machining (EDM). AFM is
used to do away with deburring, polishing, radius, and recast (white) layer [2],[3]. The Abrasive flow machining method
enables the surface to be polished as the paste under pressure moves over the workpiece surfaces. Thanks to this meth-
od, it has been demonstrated by the studies that the surface roughness values that cannot be obtained with the classical
polishing methods or that take a very long time are reached[4].

The main parameters in the abrasive fluid processing method; fluid parameters are classified as process parameters and
workpiece parameters[4]. Process parameters; the pressure applied, the number of cycles, and the flow rate and volume
of the abrasive paste used. Workpiece parameters; material properties of the workpiece, its geometry, and mechanical
processing (turning, milling, electro-erosion, etc.) method. The fluid parameters are viscosity, temperature, abrasive
grain size, abrasive ratio, and abrasive type. The most important parameters affecting the surface roughness are consid-
ered abrasive parameters [5].

The material to be used in this work is tungsten carbide with 15% Carbon. The composite of tungsten carbide and cobalt
(WC-Co) has special importance in the production of cutting tools, dies, and other special tools and components due
to its very high hardness and excellent resistance to shock and wear. It is possible to process this material with some
conventional methods; however, the high precision required for machining complex shapes cannot be achieved[5],[7].
Therefore, AFM was applied for surface finishing after EDM cutting.

In another study by Jain et al., a theoretical model was determined in which acceptable results could be obtained, close
to the experimental results [8]. In a different study, they determined the parameters that depend on the paste viscosity.
Accordingly, paste viscosity; Itis directly proportional to the abrasive grain size and inversely proportional to the abrasive
ratio and temperature. It has been observed that high viscosity provides higher material removal rate and lower surface
roughness value [9]. Flenther and Fioravanti used polyborosiloxane as the polymeric carrier for the abrasive paste. In
this study, it has been proven that the abrasive ratio is more effective than the abrasive size and polymetric carrier prop-
erties. In different studies using polyborosiloxane, abrasives such as aluminum oxide (AL0,), silicon carbide (SiC), and
garnet were used.[10] A study by Gov and Eyercioglu examined the effects of abrasive types on abrasive flow machining
surfaces [2]. In a study in which the forces acting on the surfaces during the AFM process were measured, the effects of
the abrasive paste parameters on the surface roughness were tested[11].

In this study, AFM application was applied to coarse-grained tungsten carbide alloy with a 15% Carbon ratio using two
different sizes of 180 mesh size and 400 mesh size AL,0, abrasive. An abrasive is produced by mixing the polymer and
AL,0, abrasive at 50%, 60%, and 70% by mass for each mesh size of this abrasive. As a result of this application, the
surface roughness and Material Remove Rate (MRR) values of the material were compared.

2. Materials and Methods

The samples were produced from Tungsten carbide material. The samples were cut with EDM from the same stock ma-
terial as 20x10x5 mm and a total of 36 samples were prepared. Surface measurements and weight measurements were
made from all samples before AFM and are given in Table 1. All technical specifications of the sample material are given
in Table 2.

Table 1. Surface roughness values and weights of samples before AFM.

Spe,l\:lgnen R (ym) | Weight Spe't\:lgnen R (pm) | Weight Spehsll(;nen R (ym) | Weight
1 39 | 138883 | 513 38 | 12,6032 | s25 41| 129724
s2 3,8 13,0023 sl4 42 12,9795 26 4,2 13,1516
$3 36 | 13,609 | si5 40 | 139230 | 27 39 | 12,2252
sh 41 | 130317 | s16 41 | 132266 | 28 40 | 14,2198
s5 37 | 129573 | s17 37 | 129687 | 29 38 | 13,0917
s6 42 | 137179 | s18 38 | 13,7182 | 30 42| 13,6462
s/ 4,0 13,0721 s19 3,9 13,2783 s31 41 13,2332
s8 41 | 131673 | s20 38 | 139637 | 32 38 | 13,0771
$9 39 | 126757 | s 42 | 129919 | 33 38 | 133118
$10 38 | 14159 | 22 42 | 134146 | s34 39 | 13,0329
s11 38 | 12,5368 | s23 41 | 13,0620 | 35 40| 12,9458
s12 39 13,0551 s24 4,0 13,7214 36 41 13,3831
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Table 2. Workpiece Material Properties.

Properties Unit Value
Density glcm? 14
Hardness HV 30 1100
Elastic Modulus kN/mm? 550
WC % 84,55
Co % 15
TIC+TaNbC % 0,45

2.2 Abrasive Flow Machine

In this study, a two-way AFM processing bench was used. The bench consists of four parts the main body, hydraulic unit,
control unit, and cooling unit (Figure 1.). The samples are placed in the pre-prepared dies. These dies are connected
to the flow path of the abrasive fluid of the machine and are compressed by means of four pistons (Figure 2). The AFM
process consists of two main pistons pushing the abrasive fluid through the die with forwarding and backward mavement.
The full forward and backward movement of these pistons is called a cycle. In this experimental study, one cycle takes
1.5 minutes.

Fig. 2. Dies.

2.3 Abrasive media

In this experimental study, a mixture of Alal203 abrasive 180 mesh size and 400 mesh size, hydraulic oil, and the poly-
meric carrier was prepared. In order for the mixture to be homogeneous, 5 cycles were made with a die in AFM. The

properties of the abrasive fluid are given in Table 3.

Table 3. Abrasive Properties.

ALD,
Mesh size 180, 400
Hardness (Mohs) 9
Density (g/cm?) 3.7
Apparent density (g/L) 1800
Viscosity (Pa's, 25°C) 60
Concentration (% wt) 50, 60,70

2.4 Experimental Procedure

Experiments were made on six groups of samples. Six specimens in each experimental group were attached to the abra-
sive fluid machine. 1,5, 10, 20, 60, and 100 cycles were applied to these samples for each abrasive. A total of six surface
measurements were made from each sample, perpendicular to the flow direction and flow direction of the samples. These
measurements were taken using a Mitutoyo SJ 401 surface measuring machine with a cutting length of 0.8 mm (ASTM
D7127). Samples were weighed before and after the experiment using a SHIMADZU AUX220 balance to calculate the MRR.

3. Results and Discussion
3.1 Surface roughness

The surface roughness values of the WC-Co material, on which the AFM process was applied, were made and the mea-
surements were taken. In Figure 3, the concentration ratios of 50%, 60%, and 70% of the abrasive and the surface rough-
ness values of the abrasive flow direction are given for 180 mesh. It is seen that the surface roughness values show a
similar trend here. It is seen that the Ra value of the 60% concentration ratio abrasive drops below 0.50 pm in 20 cycles
and has the lowest surface roughness value.

The surface roughness values taken from the flow direction of 400 mesh, which is another abrasive, are given in figure 4.
The surface roughness of the process applied with 50%, 60%, and 70% concentration ratios in 20 cycles of 70% concen-
tration ratio was measured asR_=0.7 ym.
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Fig. 3. 400 Mesh median flow direction surface roughness.
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Fig. 4. 400 Mesh median flow direction surface roughness.
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In Figure 5 and Figure 6, the graphs of the measured values with 3 repetitions perpendicular to the median flow direction
are given. In Figure 5, the surface roughness value was measured as 0.53 in 20 cycles at a 60% concentration of 180
mesh size abrasive. Measurements perpendicular to the median flow direction and the median flow direction showed
similar trends. Similarly, the surface roughness of 70% concentration ratio in 400 mesh size in 20 cycles was measured
asapproximately R =0.8.
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Fig. 5. 180 Mesh perpendicular to the median flow direction surface roughness.
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Fig. 6. 400 Mesh perpendicular to the median flow direction surface roughness.
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3.2 Material remove rate (MRR)

The material removal rate is given in figure 7 and figure 8. Anonlinear increase in MRR was observed. The MRR accelera-
tion did not increase as the number of cycles increased. This can be explained by the high surface roughness values of the
specimen before AFM. Asmoother surface is formed in the next cycle as the median flow particles flatten the crests on the
material. Thus, it was seen that the number of cycles and MRR did not increase at the same rate.
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Fig. 7. 180 Mesh size MRR.
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Fig. 8. 400 Mesh size MRR.

4, Conclusions

In this study, the effects of processing Tungsten carbide material with abrasive fluid on the surface quality were investi-
gated experimentally. The following conclusions can be drawn from this study.

© The abrasive flow machining (AFM) method can be used as a fast and effective method for polishing WC-Co material.
* The average surface roughness of the samples decreased from 4 to 0.50 in approximately 20 cycles.

* In the AFM process, ALO, 180 mesh gave you better results than 400 mesh size.

* In the median concentration ratio, the 60% concentration ratio is the most effective compared to other ratios.

© 180 mesh with larger grain in MRR values gives you a higher material removal rate. The MRR did not increase at the
same rate depending on the number of cycles.
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Low energy consumption and high efficiency production have become more crucial in recent years since the COVID pan-
demic increases environmental awareness, commodity and energy costs. In this study, a new failure criteria approach
was presented for cold forging dies for the sake of improvement in die performance leading to increase in efficiency
in production, i.e. OEE (Overall Equipment Effectiveness) and decrease in cost. Particular interest was directed to die
inserts and stress rings which are assembled with pre-stressing. Since, the mechanical behaviour of the materials pre-
ferred for die inserts (WC-Co metal ceramic composite) and stress rings (tool steels) deviates under tension and com-
pression, application of different failure criteria was required. In this study, particular interest was directed to WC-Co
hard materials and various failure criteria available in the literature. A standard DIN 6921 M12 hexagonal bolt with flange
was chosen in this scope. After finite element modelling of the cold forging process, die analysis was carried out and
different failure criteria were applied for die insert and stress ring. As a result, die design was modified and new dies were
produced. At the production floor, new dies were employed and performance was monitored. About 80% performance
increase was achieved with the new design leading to significant increase in OEE and decrease in cost of both dies and
overall production.
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FOR MORE SUSTAINABLE COLD FORGING PROCESS: USE OF SAND BLASTING
INSTEAD OF PICKLING AND RINSING

Baybars SARICA - M. Burak TOPARLI - Dogus ZEREN - Umut INCE

Due to increasing environmental awareness and energy costs, alternative production methods have gained importance
for the sake of sustainable manufacturing. Pickling and rinsing are commonly used in cold forging, as initial stages of
traditional metal wire surface cleaning and preparation operations. However, hazardous waste disposal and recycling
issues, significant energy and water consumption and human health risks are some of the main problems of these tradi-
tional methods. Sand blasting can be considered as an alternative and more sustainable method for surface preparation.
In this study, use of sand blasting instead of pickling and rinsing was examined. Process parameters namely blasting time
and blasting rate were investigated for 8.0 mm-thick metal wires. Surface roughness and hardness measurements were
carried out to characterize the effect of process parameters. Polymer-based coating was applied to sand blasted-sur-
faces and surface roughness measurements were repeated. Extrusion tests were conducted for final performance eval-
uations. In addition, a comparison was made between sand blasting and pickling and rinsing with respect to sustainable
manufacturing. It was revealed that sand blasting offered less water and chemical agents usage compared to pickling and
rinsing. Moreover, production efficiency was higher for sand blasting process.
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Abstract

In this study, tools to track service life of forging dies used in the production of fasteners were investigated and their
performance was determined with production trials. First, the use of RFID technology for die tracking was presented
and it was seen that this technology was not suitable for tracking operations of dies in terms of both cost and production
efficiency in mass production conditions. An alternative tracking tool, QR code technology, was also presented. The dot
peen marking method was found to be suitable for printing QR codes on dies, and it was possible to track the die-service
life more cost-effectively and efficiently in the production trials. Since there is no need for assembly and disassembly
operations as for RFID tags, using AR codes provided a serious advantage in labor and warehouse management speed.
Following the determination of the die tracking tool, the cold forging die tracking system was developed by designing
the relevant user interfaces on SAP ERP system and constructing the necessary database connections. By using the
developed system, die service life will be tracked automatically and factors such as machine, raw material and product
type that affect die life will be analyzed in detail.

Keywords: Die tracking tools, RFID, QR code, cold forging, metal forming.

1. Introduction

Fasteners can be produced by methods such as cold forging, warm forging, hot forging and machining. Cold forging
method is preferred by many companies due to its advantages such as surface quality of the final product, mechanical
properties, production with tighter tolerance ranges and energy saving. Fastener production by cold forging is carried
out by horizontal presses having two or more stations. In the first station, the cylindrical raw materialis cut into a certain
length and transferred to the next stations with transfer fingers, gradually obtaining the final product form. Each station
has two die blocks, stationary and punch. Die blocks used in cold forging stations are formed by assembling multiple
dies, ejector pin or punch. Die types used in die blocks can be classified as intermediate dies that can be used more
than once in a product project and special dies used to obtain critical forms of the bolt. Special dies generally used only
one in the project of product, no more than one of the same die. Special dies generally consist of front heading dies or
reduction/extrusion dies. Since dimensions and designs of special dies are complex, production costs are high and supply
processes are longer. For this reason, determining the parameters that affect the service-life of special dies and then
improving these parameters will significantly reduce total use of dies in production. In addition, the correct correlation
of the service-life of special dies with project type and cold forging press ensures more effective management of stocks
and reduces unnecessary inventory costs.

QR code and RFID technologies can be utilized to track cold forging dies. There are many reviews and studies that provide
basic information on RFID tool tracking. Basic information about RFID can be found in studies [1-5]. Performing tracking
process with radio signals without visual reading is the main advantage of RFID applications. Wu et al. (2006)[6] exam-
ined the disadvantages of RFID applications and the issues that need attention in their study. Considering the production
line applications, they stated that the biggest disadvantage is the costs of the preparation processes that must be done
carefully before the assembly of the chips. In addition, the cost of the equipment used to transfer the data arranged with
barcodes to RFID chips was mentioned. Tajima (2007)[7] examined the RFID application in terms of industrial application
and listed the possible risks as follows: Failure to recover the return of investment of RFID, technical risks, simplicity of
using barcodes versus RFID chips and security problems. According to the researches, the cost spent on RFID invest-
ments can be recovered in 2 years at the earliest. As a technical risk, it was observed that the rate of not reading in the
field tests performed at the reading points varied between 20% and 50%.

Large companies use RFID to increase the efficiency of their operations and gain competitive advantage. Through the
use of RFID, itis possible to automate some operations of tool management including search and selection of tools, data
entry operations, machine set-ups, evaluation of the wear level of a tool and life cycle management [8]. The literature on
the application of RFID technology in the management of manufacturing and supply chain were reviewed in the reference
[9]. The level of tool inventories can be reduced significantly with a good planning system exploiting at best the sharing
of tools among machines as stated from [10] and this improvement results also in tool utilization maximization. In [10],
a tool management system architecture with RFID support was proposed and it has been observed that the proposed tool
management system has improved data collection and tool management automation. The potential benefits resulting
from the application of RFID identification tags on machine tools were investigated in the study of [11]. As a results of a
case study carried out on machine tools, a direct comparison between data before and after the application of RFID tags
could be made. A higher accuracy than the manual process with significant potentialin terms of reduced time for informa-
tion sharing and less occurrence of human errors can be guaranteed by RFID-based automatic processes.

Although RFID technology is a good alternative for tool management applications, problems such as low reliability of
reading and high assembly cost of RFID tag arise during the tracking of metal parts. This situation has forced the metal
industry to find an alternative tracking tool, and in recent years, DataMatrix 2D barcode (QR Code) encoded on the metal
surface with dot peen marking method was used to track metal parts. Tracking is carried out by recording the unique ID of
the product and transferring information into the QR code printed on the tool. Readability of QR Code constructed with dot
peen marking method was analyzed by [12]. Data including traceability information is printed on metal product surface
by stamping with carbide needle. Readability analysis were conducted on three types of materials and also different
marking parameters as code size and stamping depth (impact force). A correlation was found between material hardness,
impact force of dot peen and size of QR code which impacts code readability.

In this study, RFID and QR code technologies to track cold forging dies were investigated. Firstly, RFID tracking tool was
analysed and it was observed that RFID technology was not convenient for tracking steel dies. Then, QR code tracking tool
was examined and different QR code printing methods such as laser marking and dot peen marking were investigated.
Dot peen marking methad for QR code printing was preferred since both the printing machine is more affordable and the
codes printed on steel dies were not damaged even under cold forging conditions. Following the determination of the
die tracking tool, the cold forging die tracking system was developed by designing the relevant user interfaces on SAP
ERP system and constructing the necessary database connections. By using the developed system, die service life will
be tracked automatically and factors such as machine, raw material and product type that affect die life will be analyzed
in detail.
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Tracking Methods for Cold Forging Dies
Cold Forging Die Traceability with RFID Technology

RFID technology consists of an RFID tag and RFID reader connected to a computer system. The tag is the part that collects
instant data and then transmits the collected data through radio frequency. Tags usually consist of two parts, a small chip
and an antenna. An antenna is used to receive and transmit information, while a chip is used to store and process informa-
tion. A unique code belonging to the product is stored in the chip embedded in the tag and the product is tracked through
this code. This information is read by an RFID reader when a tag is within the coverage area of the reader. The information
stored in RFID tag is detected by the reader and the relevant transaction updates are performed on the computer system.

Tag selection was the first process of selecting the appropriate RFID hardware to track steel cold forging dies. The follow-
ing criteria were taken into consideration to determine the appropriate RFID tag: Temperature resistance, loss of function
in oil/liquid contact, reading distance and ease of assembly. Two different (dot and dash type) small sized Xerafy XS
series RFID tags [13] were selected in accordance with these features. The tags were positioned parallel to the surface.
The reading/writing temperature range of the selected tags is given as -40 and 150 °C. Tests were carried out in mass
production to determine the temperature values occurring on the die surfaces during cold forging. First, the tag was
placed on a stationary die used in mass production, as shown in Fig. 1. Then, the steady-state temperature occurred on
the die was measured with a thermal camera. The measurement pattern, which starts from the center and continues in
the radial direction until the outer diameter, was shown in Fig. 2(a). Temperature changes along the measurement pattern
were given in Fig. 2(b) and maximum temperature was observed on the surface as 71 °C. Towards the outer diameter, the
surface temperature drops to around 60 °C. These temperature values were within the working range of the tags.

() (b) ()
Fig. 1. RFID tag assembly steps: (a) Opening the assembly slot, (b) placing the tag, and (c) sealing with a liquid gasket.

(a)
55 -
80 - (b)

Max 70,89 Mn: 5065 A4

Fig. 2. Temperatures observed on the die surface used in mass production: (a) Measurement pattern, (b) temperature
changes along the measurement pattern.

After RFID tag assembly studies, experimental tests were carried out under mass production conditions in order to track
cold forging steel dies by using RFID technology. For production trials, a stud of M12x1.25x47.5 measurements and hav-
ing high production quantities was chosen. RFID tag was assembled on stationary front die of the second station. One of
the problems encountered under mass production was that the liquid gasket connection completely lost its ability to bond
and was detached from the surface. Therefore, RFID tags fell into the cold forging machine and disappeared. Another
problem encountered was that RFID tags could not be easily removed from the broken/damaged die. Since the liquid gas-
ket could not be easily removed from the die surface, it must be broken down using intensive labor. During the dismantling
process carried out in this way, the tags were failed and lost their reading/writing ability. After the production of 25,000
fasteners, 3 tags were lost and 5 tags were broken down during disassembly. As a result, it was revealed that the liquid
gasket does not show a stable behavior under cold forging conditions, and so the surface on which the tag will be placed
must be specially prepared or the curing process must be done under certain conditions. This case will both increase
the assembly cost and negatively affect the mass production process of the dies. Since the assembly of the tags on the
dies which entering the die warehouse will take a long time, it will slow down the process and cause productivity losses.
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Cold Forging Die Traceability with QR Code Technology

Higher cost of system hardwares, low reliability of reading on metal object and degradation under environmental damage
can be listed as disadvantages of RFID tag. In order to avoid using stickers or other elements for product labelling, direct
product marking such as ink jet printing, laser marking, electrochemical etching and dot peen marking was addressed
as an alternative traceability tool. Ink jet printing method is not long lasting due to problems such as ink fade and easy
damage. In laser marking system, the material surface is melted with laser printers and the QR code is marked on the

Fig. 3. Portable dot peen marking printer with a stand located in die warehouse.

surface. Although laser marking and electrochemical etching methods are more reliable than ink jet printing, readability
decreases in case of oil and dirt accumulation on the product surface. In addition, these systems are both very expensive
and harmful to the environment and health resulting from toxic vaporization.

Dot peen marking is the technology where data including traceability information is printed on metal product surface by
stamping with carbide needle. This method is more robust on surface damage since data is stamped on product surface.
Alphanumeric text data (letters and numbers) and two-dimensional codes can be print by dot peen marking technology.
There exist two types of dot peen marking printers, desktop and portable. The material to be written in desktop printers
must be placed on the table. The marking head stands on the material and writes the desired text or code on the material.
Portable dot peen marking printer located in die warehouse was shown in Fig. 3. These types of devices meet the energy
required for printing from the battery they have. They can be used portable as well as fixed to the desktop with special
apparatus. After dot peen marker is fixed to the metal surface, marking head creates point holes by deforming the metal
surface with a high-speed impact. A close view of the QR code printed with a dot peen marking printer was given in Fig.
4. The dimensions of the code and depth of the points can be changed by adjusting the software settings on the marker
device, and so the printing process can be performed successfully even on harder materials. AR code between 4x4 and
10x10 mm sizes can be printed with the selected dot peen marker. If the code to be printed is in small scales, the dot strike
intensity must be reduced at a certain rate, otherwise the readability of the code would decrease since the dots would be
too close to each other.

@)

Fig. 5. QR code status on the dies used in mass production: (a) Front die produced 25,000 pieces and (h) 90,000
pieces, (c) extrusion die produced 400,000 pieces and (d) 650,000 pieces.

In order to perform production trials, different die types having high consumption rates were determined. One of the
selected die types was the front stationary die which comes into direct contact with the forged material and it is directly
exposed to oil and coolant in the machine. The other one is the intermediate die that does not come into direct contact with
the forged material. Under these conditions, it was aimed to see the readability of the QR code in production trials. The
codes were printed on the outer ring of the dies as far from the inner We-Co part as possible, since the main deformation
zone is the inner WC-Co part of the die under cold forging conditions. QR code printed dies were tracked according to the
production numbers in mass production conditions and the status of the codes was examined. The surface conditions
after approximately 25,000, 90,000, 400,000 and 650,000 pieces of production were shown in Fig. 5. Compared to front
die, the surface condition of the intermediate die was better as it was not exposed to oil. No wear or deterioration was
detected in the QR codes of both die types and the reading tests were successful.
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Conclusion

Positive results were obtained in printing, production and reading tests performed with QR code. The main advantages of

using AR code compared to RFID technology were as follows:

1. Noconsumables as RFID tags were used to track the cold forging dies. For this reason, there was no need for any
extra consumption and labor cost for the assembly. With a portable dot peen marking printer, the QR code could
be printed on the die surface within seconds. Here, the price of a dot peen marker device should be taken as the
firstinvestment cost.

There was no need to prepare a surface by machining for QR code printing and it was not necessary to use any
binder chemicals as used for RFID tags.

Reading operations were done as quickly and effectively as RFID tags. Since there was no need for an antenna,
there was no need to construct a separate table or mechanism to read the dies.

QR codes printed with dot peen marker were not affected by the cold forging production conditions. Since it is
possible to print more than one code on the front and back surfaces of the dies, the reading process can be guar-
anteed directly.

Since there is no need for assembly and disassembly operations as for RFID tags, using QR codes provided a seri-
ous advantage in labor and warehouse management speed.

References

S.Véronneau, J. Roy, RFID benefits, costs, and possibilities: The economical analysis of RFID deployment in a cruise
corporation global service supply chain, Int. J. Prod. Econ. 122 (2009) 692-702.

A. Sarac, N. Absi, S. Dauzére-Péres, Aliterature review on the impact of RFID technologies on supply chain manage-
ment, Int. J. Prod. Econ. 128 (2010) 77-95.

X. Zhu, S.K. Mukhopadhyay, H. Kurata, A review of RFID technology and its managerial applications in different
industries, J. Eng. Technol. Manag. 29 (2012) 152-167.

S. Fosso Wamba, A. Anand, L. Carter, Aliterature review of RFID-enabled healthcare applications and issues, Int. J.
Inf. Manage. 33 (2013) 875-891.

E.W.T. Ngai, K.K.L. Moon, F.J. Riggins, C.Y. Yi, RFID research: An academic literature review (1995-2005) and future
research directions, Int. J. Prod. Econ. 112 (2008) 510-520.

N.C. Wu, M.A. Nystrom, T.R. Lin, H.C. Yu, Challenges to global RFID adoption, Technovation. 26 (2006) 1317-1323.
M. Tajima, Strategic value of RFID in supply chain management, J. Purch. Supply Manag. 13 (2007) 261-273.

G. Wang, H. Nakajima, Y. Yan, X. Zhang, L. Wang, A methodology of tool lifecycle management and control based on
RFID, in: 2009 IEEE Int. Conf. Ind. Eng. Eng. Manag., IEEE, 2009: pp. 1920-1924.

M. Liukkonen, RFID technology in manufacturing and supply chain, Int. J. Comput. Integr. Manuf. 28 (2015) 861-
880.

N. Ren, J. Zhang, Y. Zhao, Development of RFID-enabled tool management system, Appl. Mech. Mater. 121-126
(2012) 3899-3903.

E. Dovere, S. Cavalieri, S. lerace, An assessment model for the implementation of RFID in tool management, IF-
AC-PapersOnLine. 48 (2015) 1007-1012.

D. Dragicevic, S. Tegeltija, G. Ostojic, S. Stankovski, M. Lazarevic, Reliability of Dot peen marking in product trace-
ability, Int. J. Ind. Eng. Manag. 8 (2017) 71-76.

P.LL. Xerafy Singapore, XS series-The Smallest RFID Tags for the Most Critical Process, (n.d.). https://www.xerafy.
com/xs-series.




APPLICATION OF COLD EXPANSION
MECHANICAL SURFACE TREATMENT
TO COLD FORGING DIES AGAINST LOW
CYCLE FATIGUE

M. Burak TOPARLI
Sarper DOGAN
Sezgin YURTDAS
Tolga AYDIN
Umut INCE




96 | NORM FASTENERS AR-GE MERKEZI YAYINLARI | 2022

6th International Conference on Structural Integrity and Durability September 20 - 23, 2022, Dubrovnik

APPLICATION OF COLD EXPANSION MECHANICAL SURFACE TREATMENT TO COLD
FORGING DIES AGAINST LOW CYCLE FATIGUE

M. Burak Toparli', Sarper Dogan", Sezgin Yurtdas', Tolga Aydin', Umut ince'
Norm Fasteners R&D Center, AOSB 10007. Sok No:1/1, Izmir, Turkey

Cold expansion is one of the mechanical surface treatments applied in mostly aerospace industry for fatigue life improve-
ment. An oversized mandrel is applied to holes so that non-homogenous plastic deformation-induced hardness increase
and compressive residual stress fields are achieved. As proven in the literature, hardness increase and compressive
residual stresses act against structural loads leading to increase in performance [1]. In this study, cold expansion was
applied to cold forging dies to increase service life. Cold forging dies are exposed to complex loading conditions and one
of the main failure mechanisms is low cycle fatigue. In this context, finite element modelling of the cold expansion process
was initially conducted for the sake of tool geometry and process parameters optimization. After finalizing tool geometry
and die form, tools and dies were produced. After process optimization and trials, cold expansion application was con-
ducted to cold forging dies. At the first trial, due to excess heat generated during cold expansion originating from friction,
mandrel and cold forging dies were fractured due to adhesion. Therefore, in order to decrease heat generation, ACrN
based PVD coating was applied to tools to be used as mandrel and MoS,-based dry lubricant was applied to tools and dies
before cold expansion process. At the second trial, cold expansion appli-cation was finished without any failure. After
dimensional control, surface roughness and hardness measurements, processed dies were used at production floor.
To compare, dies without application of cold expansion were also employed. Comparing low cycle fatigue performance,
service life obtained for dies without cold expansion was about 6.000. After cold expansion, service life was increased
to 16.000. Hardness increase after cold expansion was found to be the main reason for fatigue life improvement. Failed
dies were investigated and it was revealed that cracking was observed due to significant radial loads exposed during cold
forging. Main failure mechanism was the same for dies with and without application of cold expansion.
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Cold forging is one of the metal forming methods used in production of high-strength machine parts within narrow geo-
metric tolerances. Additionally, since it is suitable for mass production, it is widely preferred in various engineering ap-
plications such as fastener production. In cold forging, metals are forged at temperatures below their recrystallization
temperatures. Because of that, higher stresses are required to deform the material and this causes extreme tribological
conditions such as high contact pressure, temperature and relative velocities [1]. These conditions, may lead to tool
wear and fatigue, common types of failure modes in cold forging. Surface quality of tools and their performance can be
improved with various coatings and mechanical surface improvement methods. The most common of these coating types
is Titanium Ni-tride (TiN) coating. This type of coating is used in various industrial applications, especially in cold forging
dies, since it reduces wear significantly. One of the mechanical surface improvement methods used to increase fatigue
performance is shot peening method, increasing hardness and introducing beneficial compressive residual stresses into
applied materials.

In this study, performance of piercing punches made of DIN 1.3343 high speed steel during the production of a nut with
the dimensions of M12x1.75 was investigated in detail. In the first stage of the study, shot peening with different param-
eter sets was applied to a group of piercing punches without any coating. In addition, TiN coating was applied to base
punches. Then, performance of only shot peened and Tin coated punches were monitored under mass production condi-
tions. In the second part of the study, TiN coating was applied to a group of shot peened punches and these punches were
tried under mass production conditions. Surface roughness and Vickers hardness values of the investigated punches
were measured before production.

Based on trials, it was revealed that piercing punches failed due to two different damage mechanisms. In the first one,
surface quality of the produced nuts was lowered from piercing punches so that final products did not meet the required
surface expectations. In the second mechanism, after a certain number of production, diameter of the piercing punches
became out of tolerances due to wear, and therefore, punches were accepted to be failed. Base piercing punches without
any surface treatments failed due to first damage mechanism type with 0,008 micron/ part wear rate. However, shot
peened punches failed due to second damage mechanism with 0,005 micron/part wear rate. In addition, TiN coating
decreased the wear rate from 0,008 to 0,0017 micron/ part and did not change the main damage mechanism compared
to base punches. When the effects of TiN coating on shot peening were examined, wear rate was calculated as 0,00026
micron/part. Therefore, it was found that service life of punches were prolonged significantly. For punches treated with
shot peening and TiN coating, it was seen that punches were failed due to first damage mechanism. Based on all trials,
it was concluded that TiN coating on shot peened punches had the highest performance increase compared to base, TiN
coated and shot peened punches. In addition, depending on applied surface treatments, main damage mechanism was
found be changed.
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Ozet

Giiniimiizde giivenlik ve kalici baglanti ihtiyacinin 6n planda oldudu durumlar icin dzel gelistirilmis baglanti elemanlar
mevcuttur. Bunlardan ilk akla gelen “shear bolt" olarak bilinen sadece sikilmaya izin veren baglanti elemanidir. Bu bag-
lanti elemaninda kafa altinda dzel olarak talasli imalat ile inceltilmis bir bdlge yer almakta ve bu sayede civata belli bir
tork degerine ulastiginda kafa kisminda kinlma meydana gelmektedir. Béylece alti kise formda olan ve sadece sikim es-
nasinda kullanilan kisim ortadan kalktig icin coziilemez bir baglanti elde edilmektedir. Shear bolt kullanimi ile ortaya ci-
kan dezavantajlarin basinda sadece sikim esnasinda kullanilan ciddi bir malzeme miktarinin olmasi ve maliyeti artirmas
gelmektedir. Ayrica, kinlma yiizeyinde meydana gelen kaplamasiz alan ve olas korozyon problemleri ve talasli imalattan
gelen ekstra bir maliyet s6z konusudur. Seri imalat kosullarinda kirilan kafa kisminin bertaraf da ekstra maliyet olarak
ortaya cikmaktadir. Bu problemlerin dniine gecmek amaciyla patenti Norm Civata 'ya ait olan Norm One Way (NOW®)
iiriinii gelistirilmistir. Ozel kafa ve soket geometrisi sayesinde yalnizca tek yonde sikim yapilmakta, stkim yapilamamak-
tadir. Bu calismada soket derinligi artisinin civatanin kafa dayanimina olan etkisi, deneysel, analitik ve sonlu elemanlar
yontemleri kullanilarak incelenmistir Sonuc olarak daha giivenli, montaj sirasinda siyirma ihtimalini ortadan kaldiracak
ve ayni zamanda maksimum agirlik azaltimi saglayacak kafa formunu sahip NOW® iiriinii elde edilmistir.

Anahtar Kelimeler: Sojuk dévme, civata, baglanti elemanlar, agirlik azaltma

Abstract

Today, there are specially developed fasteners for situations where the need for security and permanent connection is at
the forefront. The first thing that comes to mind is the "shear bolt", a fastener that only allows tightening. In this fastener,
there is a specially thinned area under the head with machining, and thus, when the bolt reaches a certain torque value,
a break occurs in the head part. Thus, a permanent connection is obtained since the hexagon part used only during tigh-
tening is eliminated. One of the disadvantages that arise with the use of shear bolts is that there is a significant amount
of material used only during tightening and it increases the cost. In addition, uncoated area on the fracture surface ma-
kes possible corrosion problems and an extra cost from machining is another disadvantage. The disposal of the broken
head part during mass production also appears as an extra cost. In order to prevent these problems, the Norm One Way
(NOW®) product, whose patent belongs to Norm Civata, has been developed. Thanks to the special head and socket ge-
ometry, tightening is done only in one direction and disassembly is not possible. In this study, the effect of increasing the
socket depth on the head strength of the bolt was investigated using experimental, analytical and finite element methods.
As a result, NOW® product was obtained which is safer, has a head form that will eliminate the possibility of stripping
during assembly and at the same time provide maximum weight reduction.

Keywords: Cold forging, bolt, fasteners, weight reduction
1. Giris

Giinimiizde otomotiv endiistrisinde CO, emisyonlarinin azaltilmasina yénelik sinirlamalar getirilmesiyle beraber otomo-
tiv endistrisinde adirlik azaltma Gnemli bir konu haline gelmistir. Otomotivdeki en dnemli parcalardan biri olan baglanti
elemanlarinda da agirlik azaltma konusundaki calismalar bu kapsamda oldukca nem kazanmaktadir. Baglanti eleman-
larindaki agirlik azaltma calismalari da genellikle kafa kisminda yojunlasmaktadir. Baglanti elemanlarinda tasarim
calismalarr yapilirken, mekanik performanstan ddin vermeden maksimum agirlik azaltmayi yakalayabilmek icin kritik
soket derinliini belirlemek cok Gnemli bir parametredir. Ayrica soket derinligini belirlerken torklama esnasinda siyirma
problemi gerceklesmemesi acisindan bitle civata arasinda yeterli bir temas alani olmasi gerekmektedir. Patenti Norm
Civata'ya ait olan Norm One Way (NOW®) iiriiniiniin soket derinlii artisiyla birlikte civatanin kafa kisminda tam dayanim
gdsterip gdstermedigini anlayabilmek icin dncelikle Ar-Ge Merkezimizde gelistirilen ve maksimum soket derinlidini he-
saplamak icin kullamilan analitik model kullanilarak kritik soket derinligi hesaplanmistir [Kocatiirk&Toparli, 2020]. Stan-
dart M8 DIN933 civatalara minimum kinlma torku uygulanarak olusan kontakt alani hesaplanmistir ve M8 NOW® iiriinii
ile bu temas alaninin yakalayacak uygun soket derinligi tasarimlari yapilmistir. Analitik model yardimiyla elde edilen kritik
soket derinliklerini dogrulamak amaciyla NOW® iiriinlerine sayisal benzetim yontemleri kullanilarak cekme testleri ger-
ceklestirilmistir. Cekme testi simiilasyonlari farkli soket derinliklerinde gerceklestirilerek kafa altindaki yiiksek gerilme
degerlerinin dis bolgesine gecis yaptigi kritik soket derinlikleri bulunmustur. Sayisal benzetim calismalari sonucunda
analitik model kullamilarak elde edilen kritik soket derinliklerine benzer sonuclar elde edilmistir.

Temas noktalari

Sekil 1. M8x1,25 DIN 933 civata icin torklama testi sonrasi temas alanlarinin belirlenmesi.
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Soket derinlii

(a) (b)

Sekil 2. M8 NOW® iiriiniiniin iic boyutlu modeli; (a) izometrik gériinim, (b) kesit gériintis.

2. Metot ve Yontemler
2.1. Temas Alani Calismalan

Hedef temas alanini belirlemek amaciyla standart bir M8x1,25 DIN 933 (anahtar agzi, SW=13) civata numuneleri kulla-
nilarak deneysel torklama testleri yapitmistir. Testlerde M8x1,25 icin gerekli olan minimum kirilma torku degerine kadar
sikma islemi gerceklestirilmistir. Standart alti kise sikiciyla torklama sonrasi temas alanlarini belirlemek icin civatalarin
kafa kismi basincli kagit ile sarilmistir. Torklama sonrasi bit ile civata kafasindaki temas alanlari Sekil 1'de gériildigi
lizere kirmizi renge donmektedir. Deneysel torklama testleri sonrasinda basincli kagittan stereo mikroskop altinda gé-
riintiiler alinmis ve civatalarin temas alanlari ImageJ gérintii isleme yazilimiyla 6lcilmistir.

NOW crvata

- Oturma ylseyd

Sekil 3. M8 NOW® torklama simiilasyonu modeli.

2.2. Analitik Formiilasyon

Calismada incelenen M8 NOW® iiriiniinin iic boyutlu modeli Sekil 2'de gdsterilmistir. Sekilde kritik olan dlgiler soket
derinligi ve maksimum soket derinlidi ile civatanin kafa altin arasindaki ymin degeridir.

Cekme yonu

Is pargasi

Kafa alt oturma yizeyi

Sekil 4. Cekme testi similasyonu modeli.

Civatanin kafa bélgesinde tam dayanima sahip oldudu maksimum soket derinligini hesaplayabilmek icin Norm Civata Ar-
ge Merkezi tarafindan gelistirilen analitik model kullamtmistir [Kocatiirk&Toparli, 2020]. Bu model ile civata kafasinda
tam dayanimi sagjlayan soket ucu ile kafa alti arasindaki minimum yiikseklik, y_, hesaplanabilmektedir. Civatanin kafa
yiksekliginden ymin degeri cikarildidinda maksimum soket derinlii elde edilebilmektedir.

Fe B Fort Rewis
e e e e (W -
4 200 - "L

Sekil 5. M8 DIN 933 civatalarin ImageJ gériinti isleme yaziimiyla kontak alanlarinin belirlenmesinin sonuclari.
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2.3. Numerik Analizler

Numerik analizlerde torklama modeli Simufact.Forming sonlu elemanlar yaziliminda gerceklestirilmistir. Simiilasyonlar-
da bit (sikici), oturma yiizeyi ve somun rijit olarak modellenmistir. Civata ise elastik-plastik olarak modellenmistir.

. -

(€
Sekil 8. (a) 1,95, (b) 2,45, (c) 2,95 mm soket derinlikleri igin gerceklegtirilmis torklama analizleri.

Simiilasyon ortaminda farkli soket derinliklerindeki riinlere cekme testi yapilarak kritik soket derinligi ve kafadaki tam
dayanim iliskisi belirlenerek tam dayanimi sajlayacak maksimum soket derinlii degeri belirlenmistir. NOW® iiriinii elas-
tik-plastik olarak tanimlanmistir. Kafa altindaki oturma yiizeyi sayesinde civata cekme ydniinde deformasyona maruz
birakitmistir. Civatanin kalitesi 8.8 oldugu icin kafa altindaki gerilmelerin 640 MPa akma degerine ulasip dis dibindeki
gerilmeleri gectigi derinlik, kritik soket derinligi belirlenmistir.

3. Bulgular ve Sonuclar
Deneysel torklama testleri sonrasinda basincli kagittan stereo mikroskop altinda gériintiler alinmis ve civatalarin temas

alanlari ImageJ goriinti isleme yaziimiyla 6lcilmistir (Sekil 5). 3 farkli civatadan alinan Glgiimler sonucunda ortalama
temas alani elde edilmistir.

L
(b)

Sekil 7. Farkli soket derinlikleri icin cekme simiilasyonu sonuglari (a) 2,7 mm soket derinligi, (b) 2,95 mm soket
derinligi.

Sirasiyla 1,95 mm, 2,45 mm ve 2,95 mm nominal soket derinliklerindeki NOW® kafa formlari icin torklama analizleri
gerceklestirilmistir ve bu soket derinliklerine gére sirasiyla 11,45 mm?, 15,35 mm? ve 17,75 mm? temas alanlari elde
edilmistir. Sonuclara gére 1,95 mm soket derinligi ile hedef temas alani saglanamamis olup 2,45 mm ve 2,95 mm soket
derinliginde hedeflenen temas alanina ulasilmistir.

Cekme testi analizlerine 2,70 mm soket derinlidi ile baslanmistir. Sirasiyla 2,75, 2,80, 2,85, 2,90, 2,95 mm soket derinlik-
lerine gre cekme testi analizleri gerceklestirilmistir. Sekil 9'daki cekme testi sonuclarina gre 2,95 mm soket derinligiile
birlikte soket altindaki gerilmeler dis dibinden dnce 640 MPa degerine ulasmistir. Bu durumda hasar mekanizmasi olarak
kafadan kopma olabilecegiicin bu istenen bir durum degildir. Disli baglanti elemanlarinda kinlmalarin dis dibinden olmasi
beklenmektedir. Bu sebeple kritik soket derinligi degeri sonlu elemanlar yéntemine gére 2,90 mm olarak belirlenmistir.

Table 1. Analitik model ve cekme testi simiilasyonlart ile elde edilen kritik soket derinlikleri.

Kafa Yiksekigi y y Maks. Soket Derinligi | Maks. Soket Derinligi

., min Sonlu Elmé"manlar Analitik Sonlu Elemanlar
[mm] Analitik [mm]
[mm] [mm] [mm]

4,2 1,76 1,30 2,b4 2,90
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() (b)

Sekil 8. NOW® {iriinii (a) gorseli (b) cekme testi sonrasi dis dibinden kinlma

Norm Civata Ar-Ge Merkezi tarafindan gelistirilen analitik model kullanilarak yapilan calismada maksimum soket derinligi
2.44 mm olarak hesaplanmistir. Farkli yontemler kullanilarak elde edilen kritik soket derinlikleri Tablo 1'de zetlenmistir.
Elde edilen sonuclar degerlendirildiginde maksimum soket derinligi 2.44 mm olarak belirlenmistir. Soduk sekillendirme
istasyon ve kalip tasarimlar elde edilen bu degere gore olusturulmustur. Uretimler sonucunda iriin sekillendirmesi ile
alakali bir problemle karsilasilmamistir. Uriinler iizerinde yapilan torklama testleri sonucunda styirma gdzlenmemis ve
mekanik cekme testi sonucunda da kinlma dis dibinden oldugu gzlenmistir. Bu sayede, yapilan calismalar dogrulanmis
ve nihai iriin formu dogrulanmistrr.

4. Sonuclar

Bu calisma kapsaminda giivenlik ve kalici baglanti ihtiyaci olan uygulamalarda kullanilabilecek patenti Norm Civata 'ya
ait NOW® iiriinii ele alinmistir. Yapilan torklama testleri ve gériintii isleme ile hedef temas alani belirlenmistir. Bu sayede
montaj sirasinda olasi siyirma probleminin dniine gecilmesi icin gerekli kontak alani ortaya cikanilmistir. Ayrica, tzellikle
otomotiv sektdriiniin beklentisini karsilamak amaciyla maksimum agirlik azaltisi da elde etmek icin Norm Civata tarafin-
da gelistirilen analitik model ve Simufact.Forming sonlu elemanlar yéntemi kullanilarak maksimum soket derinligi elde
edilmistir. Yapilan calismalar dretilen nihai riinler iizerinde testler yapilarak dogrulanmistir. Sonuc olarak, daha giivenli,
montaj sirasinda siyirma ihtimalini ortadan kaldiracak ve ayni zamanda maksimum agirlik azaltisi saglayacak kafa formu
icin calismalar yiiritiilmiis ve bu forma sahip NOW® iriinii elde edilmistir.
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