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RESEARCH ARTICLE / ARASTIRMA MAKALESI

Aksiyomatik Tasarim Yaklasimh Helisel Yay Dizayni1: Vaka Calismasi

Helical Spring Design with Axiomatic Design Approach: Case Study

Mehmet Akif KARTAL ' ', Ahmet FEYZIOGLU 2
!Bandirma Onyedi Eyliil Universitesi, Uzaktan Egitim Uygulama ve Arastirma Merkezi
10200 Bandirma, Balikesir
’Marmara Universitesi, Teknoloji Fakiiltesi, Makine Miihendisligi, Uretim Planlama ve Kontrol Béliimii 34722
Kadikéy, Istanbul

Oz

Aksiyomatik Tasarim yaklagimi, farkli nesnelerle vaka galismasi yapilarak gergeklestiriimektedir. Bu vaka galismasinda ki
gerceklestirilen ana hedef; tasarim asamasinda g6z oniine alinan dayanimi da hesaba katarak yaydaki kiitleyi ve Gzerinde
olusan kesme gerilmelerini en aza indirmektedir. Bu yay problemi; Aksiyomatik Tasarim metodolojisinin bagimsizlik aksiyomu
kullanilarak incelenmektedir. Ayrica, semangularity (anlamsallik) ve reangularity (dogrusallik) kavramlari kullaniimaktadir. Bu
kavramlarla birlesik ve ayrisik ¢6zlimleri bulmak amaciyla tasarim matrisleri olusturuldu. Aksiyomatik tasarimda bir takim
kabul edilebilir tasarim parametreleri degerleri gézlemlenmistir. Bu parametreler uygun toleranslar verilerek kabul edilmistir.
Grafiksel ve sayisal sonuglarin birbiriyle uyumlu olup olmadigini grmek amaciyla kontrol edilmistir. Sonug olarak; tasarim igin
kabul edilebilir 6zellikli, minimum maliyetli, dayanikli ve saglam bir yay tasarimi gerceklestirilerek farkli sinir degerlerindeki
degisimler irdelenmistir.

Anahtar Kelimeler: Aksiyomatik Tasarim, Mekanik Yay, Cok Kriterli Karar Verme Yontemleri

Abstract

The Axiomatic Design approach was carried out by making case studies with different objects. The main goal achieved in this
case study is; to minimize the mass in the spring and the shear stresses that occur on it, taking into account the strength
considered along the design phase. This spring problem; is examined using the independence axiom of the Axiomatic Design
methodology. In addition, the concepts of semangularity and reangularity were used. Design matrices were created to find
unified and separate solutions for these concepts. Some acceptable values of design parameters were observed in the
decoupled design. These parameters have been accepted by giving appropriate tolerances. Graphical and numerical results
were checked to see if they were compatible with each other. In conclusion; For the design, the changes in different limit
values were examined with performing an acceptable, minimum cost, durable and robust spring design.

Keywords: Axiomatic Design, Mechanical Spring, Multi-criteria Decision Making Methods

I. GIRiS

Gliniimiizde iiretim sektoriinde yer alan firmalar {irlin tasarimi asamasinda bir¢ok hedeflerin karsilanmasini
gereklilik olarak gérmektedir. Bircok ¢ok amagli yaklagimlar bu nedenle kullanilmaktadir ve aktif bir sekilde
kullanilmaya devam etmektedir. Uriin tasarimi esnasinda, yeni metotlar karar verme siirecinde yardime1 olmak
icin gelistirilmistir. Suh’un Aksiyomatik Tasarim modeli en ¢ok kabul gérenlerindendir. Ayrica iiriin tasarimi
esnasinda, dayanimin tasarim hesaplarina dahil edilmesi ideal bir ¢oziim olarak kabul edilir. Bu kabullenmelere
karsin birgok girigim, {irlinlin saglamligini arttirmakla beraber {iriin gelistirme ve test asamalarini da etkileyerek
pozitif katkilarda bulunmaktadir. Tasarimcilar tarafindan pargalarin tasarimi gergeklestirilirken; biitiin boyutlara
tolerans degerleri atanmali ve buna ek olarak biitiin girdi ve ¢iktilarin degiskenlikleri dikkate alinmalidir. Atanan
toleranslar, en azindan istatistiksel agidan sistemin girdilerinin varyasyonlaria ragmen beklenen sonuglara yonelik
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calismalart saglamak zorundadir. Genellikle tolerans
degerlerinin atamasini saglayan tasarim miithendisleri
ile Uretimin kontroliinii saglayan iiretim miihendisleri
arasinda tolerans kaynakli bir tir ¢atigmalar
gerceklesmektedir. Bu ¢atigmanin  ¢oziimii  ancak
tasarim  milhendislerinin  atanacak  toleranslar1
optimizasyon probleminde kullanmasiyla
bulunabilmektedir. ~ Uretim  toleranslarna  bagh
kalinarak, diger toleranslarda esneklikler
saglanabilmektedir. Boylelikle sistemin ¢iktisini nasil
etkiledigi anlasilabilmektedir.

Bu c¢alismada, tasarim agamasinda matematiksel
modellemenin saglamlik ve dayanima entegrasyonuyla
birlikte bir yay tasarimi problemi ¢oziilecektir. Bu
problem ¢o6ziimiinde Aksiyomatik Tasarim yaklasimi
yeni belirlenen ¢oklu hedefler ile tamamlayict bir
sekilde formle edilecektir.

1.1. Literatiir Arastirmasi

Aksiyomatik Tasarim; 20. Yiizyilin son ¢eyreginde ilk
zamanlarda {iriin tasarimina yodnelik gelismelerle ilgili
olarak ortaya atilmigtir. Uriinlerin yam sira sistemi,
organizasyonlari, imalat, esnek iiretim sistemlerini,
hiicresel Uretim ve ergonomi gibi bircok alana etki
etmistir ve ¢aligmalar yapilmaya baslamistir [1].
Cochran ve Reynal; imalat sistemlerinin tasarimlarin
gerceklestirmek amaciyla Aksiyomatik Tasarimi
kullanmiglardir. Gergeklestirilen calismada
Aksiyomatik Tasarim iki farkli islevsel gereksinim,
farkli dretim sistemleri icin performans analizini
gergeklestirmek amaciyla kullanilmistir [2]. Suh ve
arkadaglart; endiistriyel anlamda miisteri talepleri
sonucunda alternatif bir iiretim sisteminin tasarimini
Aksiyomatik Tasarim (AD) metodu kullanilarak
gergeklestirmistir [3]. Babic; Suh’ un gelistirdigi
Aksiyomatik Tasarim metodu vasitasiyla Flexible
Manufacturing System (FSM-Esnek Imalat Sistemi-
EIS) tasarimi amaciyla gelistirilen bir zeka sistemini
(FLEXY) igeren ¢aligmalar gergeklestirmistir [4].
Brote ve digerleri hiicresel iiretim ¢aligmalarinda
Aksiyomatik Tasarim metodundan faydalanmistir [5].
Cochran  ve  arkadaslari;  iiretim  konusunda
organizasyon yapisinda yalm yonetim ve degisim
yonetimi  prensiplerini  kullanarak  Aksiyomatik
Tasarim metodu yontemi ile oldukc¢a faydali bir {iretim
sistemi  tasarimi1  hedeflemistir.  Gergeklestirilen
caligmada tretim sistemi kuigik, hareket kabiliyeti
yuksek ve tek merkezden yonetilme gereksinimi
duyulmayan {iretim sistemlerine donistiiriilebilen bir
calisma ortaya koymuslardir [6]. Chen ve digerleri;
hiicresel {iretim performansini iyilestirmek adina bir tiir
simiilasyon aracilif1 ile Aksiyomatik Tasarim metodu
vasitastyla bir tiir karar destek sistemi gelistirmigtir [7].
Werneman ve digerleri; Aksiyomatik Tasarim metodu
aracilifiyla operasyonel gelisim prototipi geligtirmistir
[8]. Cha ve Moon; AD metodu aracilifiyla hava
degisim-dagiim  sistemi  tasarlamiglardir  [9].
Engelhardt; sistem ve iriin gelistirilmesi hususunda
Aksiyomatik Tasarim metodundan faydalanmistir [10].

Suh; Aksiyomatik Tasarim amag¢ ve uygulamalar
igerisinde tasarimi gergeklestiren kisilere mantiksal ve
teoriksel fikir verme siire¢leri sunmustur. Yapilan
calismada  tasarim  hususunda  gerceklestirilen
caligmalara bilimsel anlamda bir yap: tasi olmustur
[11]. Cotoia ve Johnson; gerceklestirdigi arastirmada
sistemlerin belirli bolgelerinde problem olusturan bir
prosesi incelemis ve prosesi AD  metodu
prensiplerinden faydalanarak ¢ézmeye ¢aligmislardir
[12]. Baxter ve digerleri; Aksiyomatik Tasarim metodu
kurallart aracihigi ile tedarik zincirinin birgok
parcalarinin ekonomik degerlerinin ve ulastirilma
siire¢lerinin analizlerinin yorumlanmasini
gerceklestirmigtir [13]. Housmand ve Jamshidnezhad;
Yalin Uretim Sisteminin kavramsal tasarimu ile ilgili
yaptigi c¢alismada Aksiyomatik Tasarim metodunu
kullanmustir [14]. Hwang ve digerleri; AD yonteminin
fonksiyonel ihtiyaglarini karsilastirilarak bu ihtiyag
kriterlerinin ~ bagimsizligimin, tasarim kalitesinin
etkilerinin belirlenmesine yonelik énem kriterlerinin
belirlenmesini incelemis ve c¢aligmalar yiiriitmustiir
[15].

Kim; Aksiyomatik Tasarim metodu aracilig1 ile {iretim
sistemlerinin ~ tasartm1 ve  {irlin  tasariminin
gelistirilmesini amaclamistir. Yapilan ¢alismada yeni
iiriin gelisimi prosesinde tasarimi olumsuz etkileyen
problemleri tasarimin iyilestirilmesi adina belirlemeye
caligmig, bu problemleri en aza indirmek ve
olusabilecek sorunlart ¢6zmeyi hedeflemistir [16].
Durmusoglu ve Kulak; hiicresel {iretim tasarimi igin
aksiyomatik tasarim yonteminden faydalanmis ve bu
alanda gelistirmeleri iceren bir rehber sistem ortaya
¢ikarmiglardir [17].

Pappalardo ve Naddeo; Aksiyomatik Tasarim metodu
araciligi ile hata etkileri analizi hususunda g¢aligmalar
gerceklestirmigtir [18]. Yasar ve digerleri; Bilgi
Yonetimi konusunda Aksiyomatik Tasarim metodunu
kullanmis olup bilgi yonetim sistemi gelistirmigtir [19].
Kulak ve digerleri; hiicresel iiretim sistemi kurulumu
icin cok kapsamli bir yol haritasim1 Aksiyomatik
Tasarim metodu vasitasiyla gerceklestirmistir [20].
Kabadurmus ve Durmusoglu; yalin tretim sistemi
tirlerinden birisi olan kanban (¢ekme) uretim kontrol
sisteminin  tasarimi  i¢in  Aksiyomatik Tasarim
metodundan faydalanmistir [21]. Tarcan; bir grup
diziistii bilgisayar sistemi olusturmus ve segilimini
gerceklestirmek adma Aksiyomatik Tasarimin Bilgi
Aksiyomunu kullanmistir [22].

Thielman ve Ge; mihendislik  sistemlerinin
gelistirilmesi ve iyilestirilmesi konusunda Aksiyomatik
Tasarim metodunu uygulamislardir [23]. Birgiin; yalin
iiretime  gecis  asamalarinda  deger  akisim
haritalandirmak adina AD metodundan faydalanmstir.
Yapilan caligmada endiistriyel fayda saglayan firmalara
iretimin daha verimli ve sistematik calismasini
gerceklestirecek bir rehber sistem olusturmustur [24].
Yilmaz; yaptigi c¢aliymada kent i¢i toplu tasima
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sisteminin  tasarimmin  olusturulmasinda  AD
metodundan faydalanmistir [25]. Ozel ve Ozyériik;
beyaz esya faaliyet gosteren firmalar igin 1s1 rezistansi
tretimi  gergeklestiren tedarikgiler arasindan segim
yapmislardir. Bu se¢imi ger¢eklestirmek adina analitik
hiyerarsi prosesi ve aksiyomatik tasarim metodundan
faydalanmistir  [26].  Ozyigit; yaptigi calismada
belirlenmis degerler 1518inda bir grup kontrol sistemi
belirlemis ve bunlar igerisinden en iyi kontrol sistemi
se¢imini ve tasarimmi  AD metodu kullanarak
gerceklestirmistir [27].

Ozel ve Ozyériik; hiyerarsik tedarikci firma secimine
yonelik yapilan c¢aligmada Aksiyomatik Tasarim
metodundan  faydalanmis  olup, bu  secimi
gerceklestirmek adina bilgi aksiyomunu
kullanmiglardir. Yapilan ¢aligmada bir tiir karar destek
sistemi olusturmuslardir ve tedarikgiler arasinda en az
bilgi igerigine sahip tedarik¢i firmay1 segmeye yonelik
bir sistem olusturmuslardir [28]. Giilen ve Birgiin; Key-

Value Store olarak adlandirilan veri depolama
paradigmas1 modeli i¢in kurumsal bilgi sistemi
alaninda  Aksiyomatik ~ Tasarim  metodundan

faydalanmiglardir [29]. Birgiin ve Kulakli; miisteri
merkezli bilgi yonetimi olusturmak adina Aksiyomatik
Tasarim metodundan faydalanmiglardir [30].

Kanbur ve Birgiin; yeni kariyere ge¢is danismanliginin
gelistirilmesi adma bilimsel anlamda bir yap1 tasi
olusturmak adina kavramsal bir modeli Aksiyomatik
Tasarim metodu araciligi ile incelemislerdir [31]. Cebi
ve digerleri; biitiinlesmis bakim ve onarim sisteminde
Aksiyomatik Tasarim metodunun Bilgi Aksiyomu
aracilifiyla incelemislerdir. Gergeklestirilen ¢aligmada
endiistriyel fayda saglayan gemiler i¢in daha genis
kapsamlt ve daha etkin bakim-onarim sistemi
olusturmuglardir [32]. Urbanic ve digerleri; tersine
milhendislik ydntemiyle Uretilmesi planlanan bir
par¢anin iiretiminde Aksiyomatik Tasarim metodu
kullanmiglardir.  Gergeklestirilen c¢alismada ¢oklu
iretim icin tasarim degiskenlerini belirleyen ve
tasarimi iyilestiren, cok fonksiyonlu, saglikli, giivenilir,
data devsirmek amaciyla olusturulmus bir sistem
tasarimi  gelistirilmislerdir [33]. Celik ve Er;
Aksiyomatik Tasarim metodu vasitasiyla model segim
dizilimini ger¢eklestirmislerdir [34]. Celik ve digerleri;
Aksiyomatik Tasarim ve bulanik TOPSIS sistemi
vasitasiyla deniz tagimaciligt sebekesinde rekabetci ve
yarigmaci sistem kurmay1 hedeflemislerdir [35]. Bang
ve digerleri; Aksiyomatik Tasarim metodu vasitasiyla

parca iretimi asamasinda kullanilan sogutma
stvilarinin  giiglendirilmesinde nanoakiskan materyal
tasariminin yeniden olusturulmasini

gerceklestirmislerdir [36].

Ozbek; Aksiyomatik Tasarim metodu aracihgi ile
plastik enjeksiyon makinelerinin se¢imini incelemigtir
[37]. Yavuz; yaptigi calismada makine ekipman
se¢imine yOnelik arastirmalarii Aksiyomatik Tasarim
aracilig ile tamamlamigtir [38]. Giingor; endiistride

oldukca genis bir alana sahip olan sizdirmaz conta
malzemesinin se¢imine yonelik yaptigi calismada
Aksiyomatik Tasarim metodundan yararlanmistir [39].
Ulutirk ve digerleri; savunma alaninda yaptigi
calismada yenilik¢i iriin  gelisimini  Aksiyomatik
Tasarim metoduna bagli olarak incelemis ve {irlin
gelistirme anlaminda bir sistem tasarimi ortaya
koymustur [40].

Coziimlere gore kiitle ve kayma gerilimi arasinda bir
denge vardir. Yayin kiitlesi bobin sayisi arttikca artar.
Ote yandan kayma gerilmesi bobin sayisi arttik¢a
azalmaktadir. Kisitlamalar1 karsilayan en iyi tasarim
¢oziimii 9 bobinden olusmaktadir. iki metodoloji N =
9'a gore karsilastirildiginda, cok amagh aksiyomatik ve
giirbiiz tasarim ¢oziimil, elde edilen tolerans araligi ile
daha optimal ve saglam ¢6ziim seti vermektedir.
Gelecekteki iyilestirmeler igin aksiyomatik tasarim
yaklagimina farkli metodolojiler entegre edilebilir. Bu
sayede sistem giiriiltii faktorlerine kargi daha saglam ve
dayanikli olacaktir.

Il. MATERYAL VE METOD

2.1. Metodoloji- Coklu Hedef Tasarimi

Gergek hayatta karsilagilan muhendislik
problemlerinde, c¢o6zimler nadiren tek bir amaca
yoneliktir. Optimize edilmesi gereken bircok hedef
mevcuttur. Bunlardan sadece birinin optimize edilmesi
hedefin zayiflamasina yol agabilir [41]. Tiim hedeflerin
kargilandigi bir ¢oziim elde edebilmek icin farkli
kriterleri gbdz oOnilinde tutmak gerekir. Cok amagl
tasarim yaklasimi, her tasarim kriterine dayali bir
Olgiitin  atanmasim1  saglar [42]. Miihendislik
problemlerinde her ¢6ziim bu sekilde degerlendirilir.

2.2. Aksiyomatik Tasarim

Aksiyomatik Tasarim; tasarimi yapan kisilerin koti
tasarimlarda meydana gelen problemlere
odaklanmasini saglamay1 hedefleyen bir yontemdir. Bu
yontemde asil amag; tasarimi gergeklestirecek kisileri
daha yaratic1 hale getirmek, yapilan arastirmalar1 daha
verimli hale getirmek, yapilan deneme-yanilma
oranlarmi en aza g¢ekmek, en iyi dizayna karar
verebilmektir. Dogrulugu ispat edilmeyen veya ispat
edilmeye gerek duyulmayan dogrulugu kabul edilen
Onermelere aksiyom ya da postulat denilmektedir.
Aksiyomatik Tasarim metodunun kokeninde iki temel
aksiyoma dayanmaktadir ve bu aksiyomlar bagimsizlik
ve bilgi aksiyomu olarak bilinmektedir. Bagimsizlik
aksiyomu fonksiyonel ve fiziksel alandaki karar verme
prosesinde 6nem arz etmektedir. Bilgi aksiyomu ise
Uretimsel faaliyetlerde daha ¢ok se¢im amacgh
kullanilmaktadir. Bu tasarim yonteminde, miisteri
ihtiyaglart  fonksiyon  gereksinimlerine  gevrilir
(Functional Requirements-FRs). Daha sonra her bu
fonksiyon gereksinimlerine (FR) uygun bir tasarim
parametresi (Design Parameter-DP) atanir [1]. Bu
atama aksiyomatik tasarim yaklagiminin bagimsizlik
aksiyomuna gore yapilir. Bagimsizlik aksiyomunda;
tasarim parametrelerinin ve fonksiyonel
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gereksinimlerinin, diger fonksiyonel gereksinimleri
etkilemeden karsilik gelen fonksiyonel gereksinimleri

karsilamak igin tasarim parametrelerinin
ayarlanabilecegi sekilde iligkili oldugunu
belirtmektedir. Zikzak ¢izmek; fonksiyon
gereksinimlerini tasarim parametrelerine

doniistiirmede siral1 bir sekilde kullanilan bir sistemdir.
Burada fonksiyon hiyerarsileri kullanilir. Déniisiim en
yiiksek kademeden en alt kademeye dogru ayri ayr
agag¢ fonksiyonunun her kademesinde yapilir. Tasarim
parametreleri ve fonksiyonel gereksinimler arasindaki
etki alanlar1 arasindaki bu degisim herhangi bir
karigiklik yaratmadan veya gereksiz 6geleri azaltarak
gerceklesir.

Bilgi aksiyomunda; en iyi tasarim ve en az bilgi
icerigine sahip bir islevsel ayrisik tasarim oldugunu
bildiren temel aksiyomlardan biridir. Asgari bilgi
demek; iiretim, dagitim ve iriinle ilgili diger islemleri
takip etmenin nispeten daha kolay oldugu anlamina
gelmektedir. Buna ek olarak simetrinin olmasi da bilgi
igerigini azaltabilmektedir. Bu yontemde;
matematiksel hesaplamalar en iyi tasarimi bulmak igin
yapilir. Bu hesaplamalar, yay 6rneginde bir sonraki
boliimlerde sunulacaktir.

2.3. Yay Tasarim Ornegi

Aksiyomatik Tasarim yaklagiminda, probleme yonelik
iic tasarim parametresi ile sikistirma  yayi
tasarlanacaktir.  Probleme yonelik ¢ tasarim
parametresi (DP); tel ¢ap1 (d), bobin ¢ap1 (D), ortalama
ve aktifrulo (Na) sayisidir. Burada 62.3 N ¢alisma yiikii
(P) altinda 12.7 mm sapma (émax) ile 44.45 mm’ lik
serbest uzunlugu (Lf) olmas1 gereken uygulamada bu
yay kullanilmasi planlanmigtir. Tasarim gerilimi (td)
en az 8§96.31 MPa olmalidir ve yayin kat1 uzunlukta izin
verilen maksimum gerilimi (ta) de 1034.21 ‘den daha
az olmamalidir. Yay 15.24 mm ¢aph (D) bir delige
monte edilecek ve yay icin asir1 gerilim dalgalarinin
(fn) siklig1 en az 100 Hertz (Hz) olmasi gerekmektedir.
Inaktif bobin sayisi; Q 2¢ dir. Aym zamanda, uygun
rulo agiklik ve egim agisinin o temin edilmesi istenir.
Yukarida belirtilen diger sartlari saglayan, kiitle ve
isletim yiikii altinda kesilme baskisi en az olacak
sekilde yay tasarlanmalidir. Bu problemi formiile
etmek i¢in, asagida yer alan malzeme 6zellikleri, Goel
ve Singh sabitlerine dayali olarak kullanilmigtir [43].
Bunlar; kayma modiilii G(80.85 GPa); kiitle yogunlugu
p(7888.77 kg/m3); yercekimi sabiti g(9.81 m/s"2) ve
ozgiil agirligt v (77.389kN/m”3) olarak atanmigtir.

Ileride ki hesaplamalarda kullanilan ve Shigley ‘den
alman yay formiilleri [44]:

Yay Indeksi (C)
D
C=7 1)
o
p=U 20 @)

N
Kayma Modiili (G)

E
=2y 3
Bobin Aciklig (cc)

Lo—1L
R = B @
Yay Sabiti (k)
Gd*

k= 8D3N, ®)
Maksimum Sapma (8;,q4x)
Omax = Lf — Ly (6)
Maksimum Yik (Ppax)
Pnax = Kk * Omax 7
Kayma Gerilmesi (T,;q4x)

8DP
Tmax = 7d3 3
Wahl Dizeltme Faktori (K,,)

4D—d 0.615d
w4 —4d " D ©)

Diizeltilmis Maksimum Kayma Gerilmesi (tmax’)
Tmax = Kw Tmax (10)
Yay Kiitlesi (M)
M= N Torpdz, an
Dogal Frekans (fn)

d G
= 3ap2w, |20 (12)
Egim Agisi (o)

— tan-1 (P

@ = tan (nD) (13)

Son olarak; problem agiklamalarindaki kisitlamalar:

8PD°N _ 12.7 (14)
Ga* 7"

d G > 100 15
2nD?N [2p — (15)
LO - LS d

>
N 10 (16)
8PD (4D —d)  0651d\ _ 0o o o
a3 \(4D —4aq) T T p )= 8963LN/mT (A7)
dG(ly —dN) (4D —d)  0.651d

D3N (4D — 4d) D

<1034.21 (18)
N + Q)m?Dd?
WHQmDdp _ g5 (19)
11

D+ (ﬁ) d < 15.24mm (20)
7 = cc (21)

N negatif tamsay1 oldugunda. Buna ek olarak;
d > 127 mm (22)
2d <D < 254mm (22)

Yukaridaki kisitlamalardan kaynakli olarak; ii¢ adet
Fonksiyonel Gereksinimler (FRs) cizilir.
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Bunlar: Kitle (M); Kayma Gerilmesi (Tmax') ve Sapma
(6)“dur.

2.4. Denklemlerin Turetilmesi

Bu bolim icerisinde  matematiksel  modeller
sunulacaktir. Bu modellerle Fonksiyonel
Gereksinimlere (FRs) bagli olarak kesme gerilmesi ve
kitle denklemleri yam1 swa reangularity ve
semangularity iligkileri elde edilmistir.

Yukarida  belirtilen ¢ adet fonksiyonel
gereksinimlerden, iki tanesi oldukca ©Onem arz
etmektedir. Bunlardan ilki yay kitlesidir. Yay kdtlesi
maliyeti dogrudan etkileyen bir faktordiir. ikinci olarak
kayma gerilmesidir. Kayma gerilmesi herhangi bir
kopmaya yol agacak olan biikiilmeden kaynakli olarak
meydana gelebilmektedir. Yukarida belirtilen sapma
ise tolere edilebilmektedir.

Bu iki énemli Fonksiyonel Gereksinimler (FRs): Kitle
(M) ve Kayma Gerilmesidir.

(Tmax');

M= N7 D) (23)
,  _8PD((4D—d) 0651d 24

tmax =203\ (4D—4d) © D (24)

Bu iki fonksiyonel gereksinimler igin, iki adet Tasarim
Parametresi (D P;) ve DP, segildi.
Bunlar; Bobin Capi (D) ve Tel Cap1 (d) “dir.

DP, =D (25)
DP, =d (26)
Aksiyomatik denklem olarak;
M' ) _ [An Alz] X
{Tmax’} T Ay Ay {y] (27)

Yukarida yer alan denklemde sol taraf; boyutsuz
formda fonksiyonel gereksinimleri belirtir. “x” ve “y”

X7 ve “y
sirastyla kablo ¢ap1 ve sargi capmin boyutsuz
formlaridir.

Denklemin sag tarafinda yer alan 2x1 matrisi, boyutsuz
formda tasarim parametrelerini belirtir.

Denklemde yer alan 2x2 matrisi ise tasarim matrisidir,
A; Lineer olmayan fonksiyonel gereksinimler ve
tasarim parametreleri olarak yer alir. A matrisinin Ajj
elemanlari olarak ifade edilebilir;

_OFR; 28
Bu A matrisinin elemanlarini;
Ay =y%z (29)
K',(X,Y)
Ay = Wyi?, 31
K', (XY
Ay = —3xL (32)

y4-

Bu bagintilara ek olarak tasarim parametreleri (DP) ve
fonksiyonel gereksinimler (FRs) arasindaki iligkinin
boyutsuz formlar1 su sekilde hesaplanabilmektedir:

M' = xy? (33)
, x

Tmax = F Ky, (X,Y) (34)

Denklemlerde yer alan “x” ve “y” degerleri

atanmasinin amaci; A tasarim matrisinin bir diagonal
(uncoupled) ya da Ust veya alt Uiggen (deuncoupled)
matrisine indirgenmesidir [45].

Problemde optimum ¢6ziim bulma konusunda yardimei
olmak icin, fonksiyonel parametrelerin bagimsizligin
kuantize edebilmek igin iki temel kavram yer
almaktadir., Bu  kavramlar  reangularity  ve
semangularity olarak adlandirilir. Reangularity, R,
asagida yer alan denklem araciligi ile elde edilir [1].

1/2
(A11415 + Ay Ay)? /

R=|1- (35)
(1‘1112 + A212)- (A12% + A7)

Ek olarak, Semangularity, S,
|A14] | Az, | 36)

B (A + A DV (A% + 4512

Eger R ve S, 1’ ¢ esit ise; tasarim uncoupled tasarimdir.
Uncoupled tasarim ¢6ziimii en iyi ve verimli ¢oziimddir.
Buna ragmen nadiren elde edilebilmektedir. Bu ¢6ziim
icin tasarim matrisine karsilik gelen matris; diagonal
matristir. Eger R, S’ye esit oldugunda ve 1’e esit
olmamak kaydiyla; tasarim yaklagimi decoupled
tasarimdir. Decoupled tasarim yaklasimi da kabul
edilebilir bir ¢oziim tiiriidiir. ilgili tasarim matrisi iist ve
alt tiggen matrisidir [45]. Kiitle dizini ve tasarim
parametrelerinin  (DP) sekli ¢6ziim yaklagimlar
uncoupled ve decoupled tasarim yaklagimlari oldugu
durumlarda alanlari gormek adina kullanilabilmektir
(Sekil 1).

Eger fonksiyonel gereksinimler (FRs) ¢izgileri
(contour) birbirilerine dikey olup, tasarim parametreleri
(DP) eksenine paralel ise, burada bir tur uncoupled
tasarim  yaklagimi  ¢6ziimii  oldugu  anlamina
gelmektedir [1]. Sekil 1 ‘de de goriildiigii gibi bu
problem adina bir ¢6ziim bulunmamaktadir.
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belirli alanlar gérulebilmektedir. Bu alanlar; iki kritik

L .
RN ! fonksiyonel gereksinimlerin (FRs) decoupled tasarim
SR oldugu alanlardir. Goriildiigii gibi, S=1.778 mm ve
B AR R=15.24 mm R ¢apinda d ve D degerlerine yakindir.
9 b o e i |
) I
™ '.v Denklem 27’de Fortran’ da tasarim matrisi (A) ile
' ' H kontrol edildiginde, iki adet decoupled ¢oziim degeri
) verir. Bir sonraki adim olarak; sapma (§) ve aktif
8 " v bobinler sayis1 (N); siras1t ile {iglincii fonksiyonel
b gereksinimler (FRs) ve tasarim parametreleri (DP)
B |Fxdf olarak eklenir.
i z=N 37)
TH 1
' l
i | Sapma (8) ‘nin boyutsuz formu;
' ' x3z
g o ] 8§ =" (38)
Bfo | | vt
| N
¥ i) seklinde hesaplanir.
.
5k . .‘ Aksiyomatik tasarim denklemin karsilik gelen esitlik;
1 3 M’ Ay Ay Agz] (x
d Tmax (= |421 Az Az {3’} (39)
Sekil 1: MATLAB?’ de ¢izilmis kiitle hatlar1 (kg) & Asi Az Azl Mz
MATLAB ‘de eksen olarak kullamlan tasarim BuradaQFquanIa;
parametreleri (DP) ile agisallk ve anlamsallk A = BDPL- (40)
konturlar ¢izildi (¢izgileri olusturuldu) (Sekil 2.). Ay = y? é (41)
Ay, = 2xyz 42
10 u_lu__..__L L L__HLI 12 y (42)
[ m | g e Az = xy? (43)
o ol
| s of | K'\(X,Y)
e 98] ’
S S Ay = W73 (44)
13 E y
K',(XY
| I Ayy = —3x% (45)
o o N & ol ¥
Q -w® Az =0 (46)
7 Qe Qo
N[O os 2
5 Wk ] 3z
A3 =— (47)
. il l A 4x3z (48)
‘: 32 — 7 5
10 d
3
. . = . . X
Sekil 2: Dogrusallik ve Anlamsallik Kontorleri Ags == (49)

Sekil 2’de Reangularity (Dogrusallik) siyah cizgiler ile;
Semangularity (Anlamsallik) kirmizi ¢izgiler ile; D ve
d log- 6l¢eginin ¢izgileri [mm] 6lgiilerde belirtilmistir.
Sekil 1’ de belirtildigi iizere; 2 adet fonksiyonel
gereksinimler (FRs) genel olarak coupled tasarim
yaklagimidir. Bununla beraber gekil 2 ve 3 ‘den tasarim
parametreleri (DP) alaninda S ve R 1 e yaklasirken

Denklem 39°da yer alan tasarim matrisini;

X=5

y=7

7z=9 degerleri ile Fortran’ da ¢dzerek, olasi
decoupled tasarim ¢oziimleri elde edilmistir.
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X X X
[Al={0 X o (50)
X X 0

X sifir olmayan degerler. Boyutsuz x, y, z, degerleri
doniistiirmede DP;

D=12.7 mm

d=1.778 mm

N=9 degerlerini vermektedir.

Eger Denklem 39 daha sembol bir sekilde yazilirsa;

FR, X X X] (bh
{FRz}z 0 X O .{DPZ} (51)
FR3 X X 01 \DP;
Buna ek olarak fonksiyon gereksinimler asagidaki gibi
de yazilabilir:

FRl = ClDPI + CZDPZ + C3DP3 (52)
FR2 = CzDPz (53)
FR3 = ClDPI + C2DP2 (54’)
Tasarim  parametreleri (DP) ve  fonksiyonel

gereksinimler (FRs) arasindaki bagimsizligi Denklem
51; Denklem 52 ve Denklem 53 go6stermektedir.
Denklem 51 de kiitle, tasarim parametrelerinin {i¢
faktorden de etkilendigi belirtilmistir. Sapma, tel ¢ap1
ve bobin ¢aplarmni etkiler. Bununla beraber, aktif rulo
sayist (Denklem 53) bagimmsizdir. Coziim igin
gerceklestirilen analiz aracilifiyla kazanilan bu
bagimsizliklar; tasarim agisindan biiyiik avantajlar
saglamaktadir. Sirastyla FR2, FR3 ve FR1 saglanarak
tasarim gerceklestirilebilmektedir.

III. SONUCLAR VE TARTISMA

Bu ¢alisma i¢in ¢6ziimler; Aksiyomatik Tasarim ve ¢ok
amagli bir tasarim yaklasimi kullanilarak belirlenmistir.

Aksiyomatik ~ Tasarim  ¢aligmasinda; tasarim
parametreleri ve fonksiyonel gereksinimler igin
optimum degerler Tablo 1° de belirtilmistir.

Coziimlemelerde Denklem 50, Denklem 51, Denklem
52 ve Denklem 53’ten yararlanilmistir.

Tablo 1: Aksiyomatik Tasarim yaklagim ¢6ziimii

D d N | Def. Mass | Stres | Freka | Spr. | Spr.
[m [m # | [mm] | [g] S ns Hol Inde
m] m] [MPa | [Hertz | e X
1 1 [m
m]
127 | 177 | 9 | 1168 | 22.22 | 4329 | 3025 146 | 7.14
8 4 6 2 5

Genel olarak; yay indeksi orani 6 ile 12 arasinda
degisim gosterir ve bu kisitlama karsilandi. Frekans
degerinin 100 Hertz’ den fazla olmasi arzulanan bir
degiskendir ve bu kisitlama da karsilandi. Son olarak,
en onemli kisit; yay delik capt D = 15.24 mm ‘den
kiigiik olmalidir.

Uygun toleranslari bulmak adma giicli tasarim
¢oziimleri ile desteklemeler saglandi. Farkli tolerans
araliklar1 her aralik i¢in maksimum ve minimum kiitle
ve kayma gerilmesi degerleri hesaplanarak denemeler

gerceklestirildi. Istenen %95¢lik giivenilirlik nedeni ile;
nominal fonksiyonel gereksinim degerlerinden uygun
sapmay1 saglayan en kii¢iik tolerans araligi hesaplandi.
Nominal tasarim parametreleri ile beraber bu tolerans
araligit Tablo 2’ de verilmistir. Eger bu tasarim
parametrelerin degerleri bu aralikta kalirsa, fonksiyonel
gereksinimleri olusturan degerler giiriiltii faktorii igin
yeterli duyarsizlik gostermektedir.

Tablo 2: Cok amagli Aksiyomatik Tasarim yaklagimi
cozumleri

COK AMACLI TASARIM YAKLASIMI

TD D d N | De | Mas | Stres | Fre Spri | Spri

=0.1| [m [m | # | f S S Q. ng ng
Ty m] m] [m [a] [MP | [He Hol Ind.

=0.02 m] a) rtz] e

[mm [m

Nom | 12. [ 1.7 | 9 | 11. | 22. 432. 302. | 14. 7.1

. 70 8 68 226 | 922 50 656 | 4

Min. 12 | 17 | 9] 11 | 21 447, 303. | 14. 7.1
60 5 94 318 | 883 02 526 [ 9

Max. | 12. | 1.8 | 9 | 11. | 23. 418. 301. | 14. 7.1
80 0 17 133 | 718 98 785 [0

Ayrica, Tablo 3'te ¢ok amacli ve aksiyomatik tasarim
durumlarinin giirbiizliik entegre ¢Oziimleri
karsilastirtlmistir.

Tablo 3: Cok amagli aksiyomatik ve saglam parametre
yaklagimlarimin ¢éziimleri

Cok Amagli Aksiyomatik Tasarim ve Saglam Parametre Yaklagimlari

To= D d N | Def. Ma  Stre = Freq = Spr = Spr
0.5 m m # mm sS SS uenc ing | ing
Ta= m m g MP y Ho  Ind
0.05 a Hertz le ex
Om m

m

No 12. 1.7 9 11.6 22. 432 302.5 14. 7.1
min 7 78 84 22 .92 65 4

6 1 6
al

Min | 12. 17 9 114 19. 454 3188 14. 70
19 27 3 95 .36 66 09 5
2 2 8 4 2

Max 13. 18 9 116 24. 412 2876 15, 7.2
20 28 84 49 .85 79 22 2
8 8 4 8

Tablo 3 Devami - Cok Amagli Saglam Parametre Yaklagimlari Tp = 0.15
Om, T¢=0.050m

D d N | Def. Ma | Stre Freq Spr | Spr

m m # mm sS SS uenc ing | ing

m m g MP y Ho ' Ind

a Hertz le ex
m
m

No 3. 17 9 132 22. 460 | 2832 14 74

min 03 52 08 22 .36 67 93 3

0 6 3 5

al

Min 12, 1.7 9 144 20. 495 | 2816 14 | 73
87 01 78 86 31 05 73 1
7 5 9 2

Max | 13. | 18 9 121 23. 428 2847 15 | 75
18 03 92 58 .78 7 16 7
2 7 5 4
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Ikinci Yaklagim Coziimii To= 0.12 Om, T¢=0.025 Om
D d N | Def. Ma = Stre Freq Spr | Spr

m m # mm ss ss uenc | ing  ing
m m g MP y Ho Ind
a Hertz le ex

m

m

No 13. 19 1 132 36. 352 3083 15 6.7
10 30 3 08 74 .52 87 24 9
6 1 9

Min | 12 19 1 134 35 363 3103 15 6.7
98 05 3 62 83 14 08 7
3 7

Max 13. 19 1 12.9 38. 342 306.4 15. 6.8
23 55 3 54 10 ,46 76 39 2
3 2 2 2
Ugtincii Yaklagim Coziimii To= 0.1 Om, Tg=0.025 Om

D d N De Mass Stre Freq Spr | Spr

m m # f. g SS uenc | ing ing
m m m MP y Ho Ind
m a Hertz e ex
m
m

No 13. 19 1 116 38 326 3202 15 65
03 81 | 3 84 55 .32 15 21 8

min 5 9
al

Min | 13. 20 1 11.9 37. 336 3210 15. 6.6
13 06 3 38 19 .18 98 34 1
2 4 8

Max | 12. 19 1 114 39. 316 3193 15 65
92 5 | 3 3 91 .81 21 08 5
8 6 4

Tablo 3’e gore, ¢cok amagh ve aksiyomatik tasarim
yontemleri entegre oldugunda; bobin ¢api igin tasarim
tolerans1 (T_D) 0.1 mm ve tel ¢ap1i¢in (T_d) 0.025 mm
’dir. Bir diger ifade ile; fonksiyonel gereksinimlerde
eger bobin ¢ap1 (D) 12.6 mm ve 12.8 mm arasinda; tel
capt (d) 1.753 mm ve 1.803 mm arasinda ise burada
hizli bir degisim olmadigidir. Bdylece sistemin
saglamlig1 ve dayanikliligi gelistirilmis olup, giiriiltii
faktorlerine duyarlilikta azalmig olur.

Ayrica, tasarima ¢ok yonliiliik katan bagimsiz aksiyom
tasarimi, karsilandi. Bunlar; bobinin metodolojik
secimi, tel boyutlar1 ve bobin sayisi tarafindan saglanan
en az iretim maliyetleri ile birlikte biitlin avantajh
ozellikleridir.

V. SONUC

Bu calismada, c¢ok amach aksiyomatik tasarim
yaklagimi, mekanik yay tasarimi arastirmasi ile
ormeklendirildi.  Aksiyomatik  Tasarim, saglam
parametre tasarimi ve ¢gok amacli tasarim yaklagimlari,
tasarim agamasinda saglambik ve dayaniklilik
entegrasyonu ile yayin kiitle ve kayma gerilmesinin en
aza indirilmesi ile baglanti kurulmustur.

Aksiyomatik bir tasarim probleminde, eger tam sistem
matrisi liggen bir matris olusturacak sekilde yeniden
siralanabiliyorsa, yiiksek seviyeli birlestirilmis tasarim,
ayristirilmig bir tasarim olarak ele almabilir. Bu,
yiksek diizeyde bir miktar baglanti sergileyen
sistemlerin bazi araliklarda ayristirilabilmesi igin bir

¢Oziim yolunu agiklamaktadir. Bu g¢alismada oldugu
gibi baz1 diizeylerde ayristirilmis az sayida tasarim
alternatifi bulunmaktadir. Daha sonra etkili bir sekilde
ayristirtlmis tasarim igin uygun aralik segilir ve tasarim
¢Oziimii i¢in kullanilabilmektedir.

Giiriiltii  faktorlerine karst  sistem  saglamliginin
gelistirilmesine yonelik bazi tasarim metodolojilerinin
aksiyomatik tasarim yontemine entegre edilmesi
isteniyorsa, iki strateji ile agiklanabilir. Ilk olarak, tiim
FR'lerin uygun DP'ler tarafindan karsilanmasi
kosuluyla, giiriiltii faktorlerine duyarliligi azaltan veya
gozlemlenen gilrilti faktori degisimini azaltan
FR'lerle birlikte bir dizi FR'nin arttirilmasiyla sistem
saglamlign ~ artinhr.  Ikinci  olarak,  giiriiltii
faktorlerindeki  degisiklikleri karsilayan tasarim
parametreleri eklenerek sistem saglamlig: artirilir. Bu
stratejiler, giirtiltii faktorlerine duyarliligi kontrol eden
ve dolayistyla  sistem  tasarimcisinin - sistem
gelistirilirken istenen iligkileri siirdiirmesine yardimci
olan tasarimin dnemli 6zelliklerini vurgulamaktadir.

Aksiyomatik tasarima iliskin bu ¢aligma, aksiyomatik
sistem tasarimina yonelik yontemlerin gelistirilmesinde
basariya ulagmis olsa da sunulan teoremlerin kullanimu,
tasarim araglarina entegre edilmeleri halinde biiyiik
Olciide artacaktir.

Onerilen yontemlerin etkinligini 6lgmek icin, FR
saglamligin1 saglayacak degisken DP'lere sahip bir
sistem tasarlamak gerekir. Diger bir olasilik ise
saglamlik yontemlerini kullanarak ve kullanmadan bir
sistem tasarlamak ve ardindan Taguchi yontemleri gibi
bir parametre optimizasyon yontemiyle ilerlemektir.
Bu nedenle olayin ¢oziimii ¢ok amagli saglam tasarim
metodolojisi kullanilarak incelenmistir. Daha sonra
farkli  metodolojilerin  ¢6ziimleri  birbirleriyle
kargilastirildi. Coziimlere gore kiitle ve kayma gerilimi
arasinda bir denge vardir.

Tablo 4: Yapilan Cok Amagli Aksiyomatik Tasarim
Caligmasi ile Literatiir Calismalarinin Karsilagtiriimasi

D d N Def. Mas = Stres = Freque = Spri Spri
mm mm | # | mm s s ncy ng ng
g MPa Hertz Hole ' Inde
mm X
12.7 1.77 9 116 222 4329 302.5 14.6 7.14
8 84 26 21 56
121 172 9 114 | 199 4543 31886 140 @ 7.05
92 72 3 58 64 6 92
132 182 9 116 | 244 4128 28767 152 @722
08 88 84 94 58 9 2

Yayn kiitlesi bobin sayis1 arttikga artar. Ote yandan
kayma gerilmesi bobin sayisi arttikga azalmaktadir.
Kisitlamalart kargilayan en iyi tasarim ¢ozimii 9
bobinden olugmaktadir. iki metodoloji N = 9'a gére
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karsilastirildiginda, ¢ok amacli aksiyomatik ve giirbiiz
tasarim ¢Oziimii, elde edilen tolerans aralig1 ile daha
optimal ve saglam ¢6ziim seti vermektedir. Gelecekte
yapilacak 1iyilestirmeler icin, farkli metodolojiler
aksiyomatik tasarim yaklasimina entegre edilebilir.
Daha sonra yapilacak ¢aligmalarin katkilartyla, sistem;
giiriiltii faktorlerine karsi daha saglam ve duyarsiz
olacaktir. Yapilan ¢ok amagli aksiyomatik tasarim
caligmasi ile literatlir ¢alismalarinin kargilastirilmasi
Tablo 4’te verilerek ¢aligsmaya aktarilmistir.
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Oz

Gelistirme faaliyetlerinin uzun zaman aldigi savas ugagl projelerinde, projenin hedeflenen siirede bitirilmesi ve proje
dahilinde gergeklestirilecek aktivitelerin kendinden sonra gelen aktiviteleri destekleyecek sekilde ilerleyebilmesi adina proje
basinda yapilan takvimsel ongoriilerin dogrulugu ¢ok onemlidir. Bu tarz blylk olgekli bir proje, ozellikle ilk defa
gerceklestiriliyor ise aktivite siirelerinin gergcege en uygun sekilde tanimlanmasi, aktivitelerin oncullik iliskilerinin
belirlenmesi projenin basarisi adina énemlidir. Bu ¢alismada, tlkemizde ilk defa gergeklestirilen besinci nesil savas ugagi
gelistirme projesi dahilindeki aktiviteler arasinda énciilliik iliskilerinin tanimlanmasi ilk adim olarak gériilmistir. Onciilliik
iliskilerinin tamimlanmasi ile birlikte, gergeklestirilecek aktivitelerin 6nceden 6ngorilemeyecek sebepler ile gecikmesi veya
beklenenden ¢ok daha erken bitmesi gibi durumlar da hesaba katilarak iyimser, kotimser ve olasi siireler tanimlanmigstir.
Program Degerlendirme ve Gozden Gegirme Teknigi (Program Evaluation and Review Technique-PERT) ile proje
aktivitelerinin beklenen sireleri hesaplanmistir. Dogrusal karar modeli ile kritik aktiviteler bulunmus ve projenin beklenen
tamamlanma siiresi elde edilmistir. Bulunan bu siire, gegmiste hayata gegirilen diger besinci nesil savas ugagi projelerinin ilk
ugus ve proje gerceklesme siireleri ile karsilastirilarak, yapilan 6ngoriilerin ne kadar uyumlu oldugu konusunda bir ¢ikarim
yapilmistir. Bununla beraber, misterinin ihtiya¢ tarihini éne ¢ekmesi durumunda farkli sireler icin proje gerceklesme
olasiliklari hesaplanmistir.

Anahtar Kelimeler: Besinci Nesil Savas Ugaklari, PERT, CPM, Proje Y6netimi

Abstract

In fighter jet development projects, where development activities take a long time, the accuracy of the calendar predictions
made at the beginning of the project is very important in order to complete the project within the targeted time and the
activities to be carried out within the project to progress in a way that supports the activities that follow it. Especially if such
a large-scale project is carried out for the first time, defining the activity durations in the most realistic way and defining the
precedence relations of the activities are important for the success of the project. In this study, defining the predecessor
relations among the activities within the fifth-generation fighter jet development project, which was carried out for the first
time in our country, was seen as the first step. Along with the definition of precedence relations, optimistic, pessimistic and
most likely durations were defined by considering situations such as delays of the activities to be carried out due to
unforeseen reasons or ending much earlier than expected. The expected duration of project activities was calculated with
the Program Evaluation and Review Technique (PERT). With the mathematical model based on linear programming, critical
activities were found and the time for the project to be realized was reached. By comparing this time with the first flight
and project realization times of other fifth generation fighter jet projects succeeded in the past, an inference was made
about how compatible the predictions were. In addition, the project realization probabilities have been calculated for
different duration in case the stakeholder’s date of need bring forward.

Keywords: Fifth Generation Fighter Jets, PERT, CPM, Project Management
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Savas Ugagi Projesi Sure Tahmini

I. GIRIS

Askeri sistem geligtirme projeleri, miisterinin, iilke i¢
ve dis tehdit algilamalarma bagli  olarak
gereksinimlerini  belirledigi, belirli bir zaman
diliminde hayata gecirilmesi gereken maliyet etkin
projelerdir. Askeri sistem gelistirme projeleri,
gelistirildigi ilkenin tehdit algilamalarina cevap

verecek sekilde, yeni ve/veya heniiz ispatlanmamis
teknolojilerin kullanildig, birbirleri ile tam bir uyum
icerisinde ¢aligmas1 beklenen birgok alt sistemden
olusan ve buna bagli olarak bir¢ok yiiklenicinin dahil
oldugu takvim ve maliyet anlaminda yiiksek riskli
projelerdir [1]. Genel olarak kavramsal tasarim siireci
ile baslayan askeri sistem gelistirme projeleri, ilgili
askeri sistemin envantere alinarak kullaniciya teslim
edilmesi ile sonuclandirilir. Bazi durumlarda bu
kapsam ilgili sistemin idamesi, bakimlar1 ve
envanterden ¢ikarilmasini da kapsayabilir. Bu siiregte
projenin  kapsamina, ihtiyag duyulan sistemin
karmagikligina, sistemin operasyonel konseptine ve
miigterinin gereksinimlerine gore birgok farkli aktivite
siral1 ve paralel sekilde ilerletilmelidir.

Gilinimiizde operasyonel olarak kullanilan ve
gelistirme siiregleri devam eden savas ucaklari,
llkelerin askeri operasyon Kkabiliyetlerini ciddi
anlamda arttiran en 6nemli unsur olmustur. Bu tarz
projelerin  basarili olarak gerceklestirilmesi iilke
havacilik endiistrisinin ilerletilmesine, genel anlamda
temel bilimlerde ve teknolojilerde gelisimin de 6niinii

agmasi acisindan Onemlidir. Ancak savas ucagi
gelistirme  projelerinde 6n  gdriilemeyen farkli
problemler ile karsilasilmis ve c¢ofu problem

gelistirme siirecinin uzamasina sebep olmustur [2].

Bu noktada aktivitelerin baslama zamanlarinin,
aktivite sdrelerinin ve onceliklerinin, aktivitelerde
yasanacak gecikmelerin genel proje takvimini nasil
etkileyecegi gibi bilgilerin olabildigince erken
asamalarda bilinmesi ve belirlenmesi savas ucagi
gelistirme projelerinin basarili olmasi i¢in 6nemlidir.
Ayrica savas ucagi gelistirme projelerinde ¢ok yeni
veya hi¢ kullanilmamis teknoloji ve c¢oziimler ile
ilerleniyor olmasi belirtilen cevaplara olan ihtiyact
arttirmaktadir. Projenin bir savas ucgagi olmasi ile
birlikte havacilik endiistrisinin kendine has kati
kurallarmin da proje lizerinde ek bir baski olusturmasi
planlama siireclerinin 6nemini arttirmaktadir.

Bir savas ugagi gelistirme projesini, 6zellikle sektorde
gerceklestirilecek ilk savas ugagi projesi ise, sadece
bir savas ugagi gelistirme projesi olarak gérmek yanlis
olacaktir. Sektoriin bir savas ucagmi gelistirebilecek
alt yapilar1 edinmesi, test ve tiretim tesislerini hayata
gecirmesi de projenin basarisi i¢in Onemlidir. Bu
sebeple proje dahilinde hangi testlerin hangi

zamanlarda yapilacaginin  bilinmesi, kullanilacak
altyapilarin belirlenmesi, eksik altyapilarin ingasi, alt
seviye dretim ve test planlarinin yapilabilmesi
konusunda da sektore destek saglayacaktir.

Bu ¢alismada Tiirk Savunma Sanayisine hizmet veren
bir sirketin gelistirmekte oldugu besinci nesil savas
ucagi projesinde proje ger¢eklesme siiresinin tahmin
edilmesi ve yukarida anlatilan {iretim ve test planlama
faaliyetlerine katkida bulunacak bir proje yodnetimi
konusu ele alinmistir.  Projenin  ilk  defa
gerceklestiriliyor olmasi, tretim ve Ozellikle test
siireclerindeki olas1 aksakliklarin belirlenememesi
sire anlaminda gecikmelere sebebiyet verebilir. Bu
sebeple kotlimser siire tanimi yapilmas: projenin
basarisina  katki saglayacaktir. Ayrica projenin
ilerleyen siireglerde yapilabilecek fazla mesai
uygulamalar1 ile tretim ve test teknolojilerindeki
gelismelerin de iyimser anlamda etkileri olacagindan
iyimser siire tanimlamasi da O6nem arz etmektedir.
Iyimser ve kotiimser anlamda proje aktivitelerine
zaman atamasi yapmak ve bu tanimlardan bir sonug
cikarabilmek adina proje yonetimi ve planlama igin
PERT teknigi kullanilmig ve analizler
gerceklestirilmigtir.  Ayrica elde edilen sonuglarin
karsilagtirmali analizini gergeklestirmek amaci ile bu
siireler iicgensel bulanik siireler olarak ele alinarak
bulanik proje stiresi ve kritik yol, Alfa kesme yontemi
ile hesaplanmis ve daha sonra Alanlarin Merkezi
Yontemi kullanilarak durulastirilmistir. Elde edilen
sonuclar karsilastirilarak analizleri ger¢eklestirilmistir.
Uygulama sonucunda elde edilen proje gerceklesme
siiresi, gecmiste hayata gegirilen diger besinci nesil
savas ucagl projelerinin ger¢eklesme stireleri ile
karsilastirilarak, yapilan dngoriilerin ne kadar uyumlu
oldugu konusunda bir ¢ikarim yapilmistir.

Yapilan bu c¢alisma ile bir savas ucagi gelistirme
projesi kapsaminda uygulanmasi1 gereken belli bash
yonetsel, Uretim ve test aktiviteleri ile bu aktiviteler
arasindaki onciilliik iligkileri anlaminda literatiire bir
referans kazandirmak en Onemli amagtir. Bununla
beraber yapilan siire Ongoriileri de ilerleyen
zamanlarda hayata gecirilecek benzer projeler igin bir
ilk referans olarak kullanilabilir. Calismada proje
siirelerinin ~ belirlenmesinde =~ PERT  tekniginin
kullanilmasinin temel amaci proje siireglerini daha iyi
planlamak ve proje zaman g¢izelgesini daha dogru bir
sekilde tahmin etmektir. Bunun yaninda PERT,
belirsizlikleri ve muhtemel gecikmeleri dikkate alarak
projenin zaman ¢izelgesini daha giivenilir bir sekilde
olusturmak ig¢in kullanilmistir. Bu, projenin daha
giivenilir bir zaman ¢izelgesine sahip olmasina katki
saglar. Ayrica PERT teknigi, farkli senaryolar
degerlendirme yetenegi sunar. Bu, olasi risklerin ve
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degiskenlerin dikkate alinarak cesitli

degerlendirmelerin yapilabilmesine olanak tanir.

Caligmanin  ikinci bolimiinde kullanilan ¢6ziim
yontemlerinin farkli sektdr ve projeler ile ilgili
literatiir ~arastirmasma yer verilmistir.  Uciincii
boliimde bu c¢alismada kullanilan veriler ve yontemler
ile ilgili bilgilere, dordinct bolimde uygulanan
yontem sonucu ¢iktilara ve son bolimde ise
¢alismanin sonucu ile ilgili degerlendirme ve gelecek
calismalar icin Onerilere yer verilmistir.

1.1. Literatiir Arastirmasi

Literatiirde birgok farkli konuda ve bircok farkli
sektorde Proje yoOnetimi konusunda uygulamalar
yapan ¢aligmalar bulunmaktadir.

Aksoy vd. [3], otomotiv sektdriine montaj ekipmanlart
Ureten bir firmada, proje teslim surelerinde ve
maliyetlerde olusan sapmalarin sebeplerini belirlemek
ve olasi sapmalar1 en aza indirmek admna aktivite
stirelerini ve biit¢eyi ayn1 anda takip edebilen bir proje
yonetim araci ortaya koymayi1 hedeflemislerdir. Farida
ve Anenda [4], Endonezya’da 114 giin igerisinde
hayata gecirilmesi gereken bir asfaltlama projesinde,
kritik yollarin bulunmast ve olasiik kavrami
kullanilarak ~ optimum  tamamlama  siiresinin
belirlenebilmesi adina PERT yontemi kullanilmistir.
Farkli senaryolarin ortaya ¢ikarildigt uygulamada
optimal  sonuca  ulasilarak  proje  basariyla
sonuglandirilmigtir.  Bintang vd. [5], kapali devre
televizyon projesini zamaninda ve biitge dahilinde
tamamlamak adina proje basinda yapilan ¢izelgeleme,
planlama ve maliyet 6ngdrileri gibi aktiviteleri ele
almiglardir. Budiawati ve Sarno [6], kablosuz cihaz
tedariki yapan bir firmanin, garanti siiresi boyunca
iiriinleri i¢in verdigi degisim, onarim ve geri 6deme
siireclerinin zaman ve maliyet agisindan etkinligini
tartismis ve PERT metodu kullanilarak stirelerde ve
maliyetlerde iyilesmeler elde etmislerdir. Agyei [7],
bu calismada Gana’da yapilan bir insaat projesinin
tamamlanma siresinin ve proje maliyetinin tahmini
icin PERT metodu kullanmistir. Ayrica projenin
hizlandirilmas1  durumunda  olusacak  maliyet
degisimleri de ele almustir. Kutlu [8], ¢alismasinda bir
hastane ingaati projesi kapsaminda olusabilecek
problemlerin tanimlanmasi ve alternatif ¢6ziimlerin
arastirilmas1 adma kritik faaliyetlerin  bulunmasi,
projenin gecikmesine sebep olabilecek farkli kritik
yollarin arastirtlmasinit ele almigtir. Karahan ve Ezin
[9], ¢alismalarinda 52 haftada bitmesi ongoriilen bir
ingaat projesinin gerceklesme siiresinin kisaltilmasina
ve biitgenin olabildigince minimize edilmesi adina bir
calisma gerceklestirmislerdir. Coskun ve Ekmekei
[10], ¢alismalarinda bir yol ve kavsak insaati projesine
gelen teklifin maliyet ve siire agisindan irdelenerek
proje  sonunda  gergeklesen = maliyetler  ile
karsilastirilmasini konu almislardir. Bu sirada projenin
maliyet sapmalarinin  6nceden belirlenmis  smir

degerlere uyumunu irdelemislerdir. Daniel ve Gabriela
[11], calismalarinda bir projenin gerceklesmesi igin
gereken proje adimlarinin  belirlenmesi, Avrupa
fonlartyla gergeklesen projeler igin 6zel olarak
tasarlanmis bir projeyi hayata gegirilmesi ve siire
minimizasyonu yapmay1 amaglamislardir. Ashadi vd.
[12], Indonesian Sunda Strait kopriisii calismalarinda
proje siiresi tahmini i¢cin PERT ve PERT’in farkli bir
yorumu olan M-PERT yontemlerini kullanarak ¢ikan
sonuclarin simiilasyonlar sonucu ¢ikan sonuglar ile
karsilagtirilmasina yer vermislerdir. Ahmad vd. [13],
calismalarinda proje takvimi olusturma siirecini PERT
metodu ve Gantt Semasi ile entegre edecek bir teknik
iizerine yogunlagsmislar ve 6zellikle iiretim planlamasi
i¢in 1yi bir yontem olarak tavsiye etmislerdir. Ahmed
vd. [14], triin gelistirme projelerinde risk yonetimini
destekleyen tekniklerin bir incelemesini sunmay1
amaglamadiklari ¢aligmalarinda PERT yoOnteminin
proje siiresini tahminine katkis1 sebebiyle kritik yol
yontemi ile birlikte kullanilmasi durumunda proje
yonetimine katkisini degerlendirmislerdir.

Yapilan bu c¢aligmalarin  yaninda askeri alanda
gerceklestirilen  proje  yOnetimi  ¢aligmalart  da
incelenmistir ancak  kisith  sayida calismanin
literatiirde yer aldigi gézlemlenmistir. Sadow [15],
herhangi bir siire hesabinin yapilmadigi bu ¢aligmada
askeri bir ucak gelistirme projesinde PERT
yonteminin nasil kullanildigi, farkli aglarla yonetilen
ve bircok farkli adimm oldugu biiyiik bir projede
PERT entegrasyonunun nasil organize edildigi ile
ilgili bir ¢alisma gergeklestirmistir. Desticioglu [16],
calismasinda savunma sanayisi alaninda ¢aligmalar
yiiriiten bir sirketin ilk defa gelistirdigi bir proje
kapsamindaki genel planlama siirecini ele almus,
aktivite surelerinin ilk kez hayata gegirilecek bir
projede tahmininin zor olmasi sebebiyle PERT
yontemini kullanmistir ancak daha dnce baska tilkeler
tarafindan  gerceklestirilmis benzer projeler ile
kargilagtirma yapilmamuistir.

Literatlir aragtirmas1 sirasinda aragtirmacilarin birgok
farkli sektoér icin proje planlamasi c¢aligmalarina
katildig1 gortilmiistiir. Ancak bu aragtirma sonucunda
savunma sanayisi ve askeri havacilik alaninda yapilan
calismalarin ¢ok kisith oldugu belirlenmistir. Bu
nedenle savas ugagi gelistirme projesi kapsaminda,
aktivitelerin planlanmasi, aktiviteler arasi onciilliik
iligkilerinin ve kritik aktivitelerin belirlenmesi ile
projenin gercgeklestirilme siiresinin 6ngoriilmesi adina
bu g¢alisma ortaya konulmustur. Ayrica genel olarak
yapilan c¢aligsmalar incelendiginde benzer projeler ile
bir kargilastirma yapilmamasi da bu c¢alismanin
yapilmasinda bir ¢ikis noktasidir ve bulunan
sonuclarin yakinsadigi ve ayristigi noktalar {izerine
yorum yapilarak literatiire katki saglanmaya
caligilmugtir.
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Savas Ugagi Projesi Sure Tahmini

MATERYAL VE YONTEM

Bu c¢aligmada Tiirk Savunma Sanayisine hizmet veren
bir sirketin ilk defa gelistirmekte oldugu savas ugagi
projesinin indirgenmis aktiviteleri ve bu aktivitelerin
onciilliik iligkileri tizerinden proje gergeklesme siiresi
tahmin edilmeye ¢aligilmistir.

Caligmada ilk olarak, projenin ilk blogu igin
olusturulan ve on binlerce farkli aktiviteden olusan
detay takviminin incelenmesi gerceklestirilmistir. Bu
takvim adimlari, alaninda uzman bir ekip tarafindan
63 adimlik genel bir aktivite listesine indirgenmistir.
Bu aktiviteler yonetsel, analiz, test, tiretim gibi farkli
disiplinleri igermekte olup savas ucagi gelistirilmesi
icin yapilmasi zorunlu aktiviteler olarak belirlenmistir.

Genel aktivitelerin belirlenmesinden sonra,
gerceklestirilmesi  gereken aktiviteler arasindaki
onciillik  iligkileri  tanmimlanmis  ve  Onciillitk
iligkilerinin tanimlanmasi ile birlikte,
gergeklestirilecek aktivitelerin onceden
belirlenemeyen  sebepler ile gecikmesi veya

beklenenden ¢ok daha erken bitmesi gibi olgular da
hesaba katilarak iyimser, kotiimser ve olasi siireler
tammmlanmigtir. Her aktivite icin belirlenen iyimser,
kotiimser ve olasi siireler bir araya getirilerek, iki
farkli ¢6ziim yontemi ile proje aktivitelerinin siireleri
hesaplanmigtir. Bu noktadan sonra aktiviteler arasi
onciilliik iligkileri de g6z 6niinde bulundurularak proje
serimi  olusturulmus ve bu serim iizerinden
matematiksel model olusturularak kritik aktiviteler ve
beklenen proje gergeklesme siiresi elde edilmistir.
Bulunan bu siire, gegmiste hayata gecirilen diger
besinci nesil savag ucagi projelerinin gergeklesme
siireleri ile karsilagtirilarak, yapilan Ongoriilerin ne
kadar uyumlu oldugu konusunda bir ¢ikarim
yapilmistir. Bu karsilagtirma proje baslangicindan ilk
ucusa kadar gegen siire ve ilk ugustan envantere girige
kadar gecen sure olarak iki parametre (zerinden
yapilmistir. Bununla beraber, ihtiyag
tarihini 6ne ¢ekmesi durumunda farkli siireler igin
proje gerceklesme olasiliklart hesaplanmistir. Bulunan
siirenin diinyadaki benzer ugaklarin gelistirme siireleri
ile ne kadar ortiistiigli irdelenmistir. Ayrica bu siirenin
proje  basart  orani
hesaplanmigtir. Caligma kapsaminda gergeklestirilen
uygulamanin adimlart Sekil 1°de verilmistir.

miigterinin

kisaltilmast  durumunda

2.1. Verilerin Toplanmasi

Savas ucagi gelistirme projeleri tasarim, iiretim, test
ve dogrulama aktiviteleri gibi bir¢ok farkli disiplinden
aktivitenin bir arada yiiriitiildigii projelerdir. Projenin
geneline bakildiginda gerceklestirilen aktivitelerin
sayis1 yiizbinleri bulmaktadir. Ancak bdyle bir aktivite
sayist iizerinden caligma gergeklestirmek ve ongorii
yapmak c¢ok anlamli olmayacag: igin, savas ugagi

VERILERIN TOPLANMASI

e .

‘ PROJE ADIMLARININ VE PROJE SERIMININ

SURELERIN - ONCOLLOK iLiSKILERININ
BELIRLENMESI TANIMLANMASI HAZIRLANMASI
| — UYGULAMA
‘ . -H
BEKLENEN SURELERININ PROJE SERIMINE UYGUN <
v MATEMATIKSEL
VEVAIN.’NS — “A‘]"IEMITII!SELMDDEL —4 MODELIN COZOMU
HESAPLANMASI
[ |
PROJE GERCEKLESME
SURELERININ iKi FARKLI
KRITIK AKTIVITELERIN
e gOzim YONTEMI iLE
BELIRLENMESI VE
KARSILASTIRILMASI
SONUGLAR
DIGER PROJELER ILE o 51

KARSILASTIRILMASI

Sekil 1. Calisma adimlar:

projesinde c¢alisan konusunda uzman kisiler ile
goriisiilerek indirgenmis aktiviteler belirlenmistir. Bu
aktiviteler belirlendikten sonra her bir aktivite igin
iyimser, kotlimser ve olasi siireler ile her bir aktivite
i¢in Onciil aktiviteler belirlenmistir.

Her bir aktivitenin olast siiresi ve diger aktiviteler ile
olan onciilliik iligkisi g6z 6niinde bulundurularak proje
serimi hazirlanmistir.

2.2. Proje Yonetimi icin Dogrusal Programlama
Modeli

Proje serimi lizerinden farkli yollarla kritik aktivitelere
ve kritik yol siiresine ulagilabilir. Ancak bu durum
daha az aktivitenin olusturdugu serimler i¢in gecerli
iken birgok aktiviteden olusan karmasik serimlerde,
kritik  aktivitelerin  ve  kritik  yol  siresinin
bulunabilmesi  i¢in  dogrusal  programlamadan
yararlanilabilir. Bu sayede herhangi bir bilgisayar
programu ile kritik aktivitelere ve kritik yola ait siireye
kolayca ulasabiliriz.

Caligmada matematiksel modelin olusturulmasinda
kritik yol analizi igin 6nerilen matematiksel model
kullanilmistir. Dogrusal programlama ile kritik yol
analizinde kullanilan matematiksel modele ait karar

degiskeni  ve  parametreler  asagidaki  gibi
tanimlanmaktadir:

Karar degiskeni

X;j j olayinin baslama zamani j=1,..n

Parametreler

t;j (i,)) faaliyetinin suresi
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Matematiksel modelin genel hali ise asagida verildigi
gibidir:

Enk z =x, —x; 1)
xj = x; +t;; V(j,1) ¢ i,j' nin 6nciili 2
ijO j=1,...7’l (3)

Kiritik yol analizinde kullanilan matematiksel modelde
Esitlik (1) ile verilen amag¢ fonksiyonu projenin
tamamlanma suresinin en kigtklenmesidir. Esitlik (2)
ile verilen kisitlar her bir onciilliik iligkisi i¢in bir
gdrevin tamamlanmadan diger gdrevin
baglamayacagmi garanti etmektedir. Esitlik (3) ile
verilen kisitlar ise karar degiskenlerinin negatif
olmamasini saglamaktadir.

2.3. Program Degerlendirme ve Gozden Gegirme
Teknigi

PERT, herhangi bir sebeple projede gecikmelere sebep
olabilecek aktiviteleri belirlemek icin aktivitelerin
gergeklesme siirelerindeki belirsizligi, iyimser (ta),
olas1 (tp) ve kotimser (t;) seklinde tamimlanmis
tahminler (zerinden hesaplamak icin kullanan bir
yontemdir [4]. Bu tahminler sonucunda proje
gergeklesme olasihigt i¢in gereken beklenen siire (te),
varyans (c2) ve standart sapma (S) degerlerine ulasilir
[17].

te = ta+46tb+tc (4)
ot = i) ©
5= ©)
Oproje = i ekritik Aktiviteler Of @)
Sproje = Oproje (8)

Ayrica PERT ile projenin hedeflenen bir siirede (tq)
tamamlanmas1 olasiligi ile ilgili bir hesaplama da
yapilabilir. Bu sebeple Z’ye ihtiya¢ duyulur.

tg—t
Z:d e
S

©)

2.4. Bulanik Kritik Yol Metodu

Problem parametrelerinin belirsiz olmasi durumunda
bu degerleri bulanik sayilar olarak ele almak ve buna
uygun ¢oziim yontemleri kullanarak ¢dzmek uygun
olacaktir. Buna gore bu galismada proje aktivitelerine
ait belirlenen iyimser, olabilir ve koétumser streler
iicgensel bulanik sayilar olarak ele alinmig ve bulanik

kritik yol metodu ile ¢6ziimii gerceklestirilmistir.
Bunun i¢in Chen (2006) tarafindan onerilen bulanik
kritik yol metodu kullanilmig ve sonuglar elde
edilmigtir [18]. Bunun i¢in ilk olarak Alfa kesme
yontemi kullanilarak bulanik proje toplam siiresi ve
kritik yolu hesaplanmigtir. Sonrasinda net deger
doniisiimii i¢in Durulagtirma yontemlerinden Alanlarin
merkezi yontemi kullanilmistir. Alfa kesme aralik
degerleri ae [0,1] araliginda 0’dan 1’¢ dogru 0,1
artirimlarla yapilmis ve her bir deger icin siireler ve
kritik yol belirlenmistir. Net deger doniisiimiiyle elde
edilen proje toplam siresi ve kritik yolunun alfa kesim
seviyesi belirlenmistir. Bu yontemde kullanilan
esitlikler asagida anlatilmaktadir.

Uggen sayili bulanik bir kiime T;; = (a,m, b) olarak
tanimlanir ise, Alfa kesme yontemi ile elde edilecek
yeni bulanik sayilar kiimesi asagida verilen Esitlik
(10) ile tanimlanir [19]. Tam iyelikli kiime elemani
“m” ile gosterilirken, “a” en kiiciik olas1 degeri, “b”
ise en biiyiik olas1 degeri tanimlar.

(Tij)q = la% b%] = [(m — a)a+a,(m — b)a+ b],a € [0,1] (10)

Her alfa kesme degeri i¢in proje siiresi farklilagmakta
olup bu sebeple proje toplam siresinde de
degisiklikler olacaktir ve her bir belirsiz proje adimi
“D” igin lyelik islevi tanimi uD((Tl- j)a) > a seklinde
tanimlanir [18].

Esitlik (11) tyelik
fonksiyonlar1 kullanilarak, net say1 doniisiimii yapilir

ile bulanik degerler ve
ve bu islem durulastirma olarak tanimlanir. pc(z)
uyelik derecesini, z her bir aktivitenin bulanik siiresini

ve z * ise durulanan ¢ikarim degerini gosterir.

« _ 2hc(z)xz

T Zue®@ (11)
1. UYGULAMA
Proje adimlarinin, aktivite siirelerinin ve onciilliik
iliskilerinin ~ belirlenmesi  i¢in  Tiirk Savunma

Sanayisine hizmet veren bir sirketin gelistirdigi
besinci nesil savag ugagi projesinde uygulanacak ana
plan incelenmistir. Yiizbinlerce farkli aktiviteden
olusan bu plan alaninda uzman kisilerin yorumlarina
ve gorlslerine de basvurularak 63  aktiviteye
indirgenmistir. Ayni ekip ile her aktivite igin iyimser,
olast ve kotiimser aktivite siireleri belirlenmis ve
aktiviteler aras1 onciilliik iliskileri kurulmustur. Ilgili
bilgiler Tablo 1°de verilmistir. Belirlenen aktiviteler
ve onciilliik iligkisine gbre proje serimi hazirlanmistir
ve Sekil 2’de verilmistir.
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Tablo 1. Aktiviteler ve diger bilgiler

= ¢ LD
y s 38 &L B
s ¢ s KV e Qneul Es 3% Ew
. 5L @ L # Aktiviteler Z@ z> BZ¢
Aktivite . Oncl 2T 2R ES —3 = V=
# Aktivite Aktiviteler E > m; < = ® 9 @
=2 2 X3 Tam Bo
12 %) " y
Stati
1 Konsept ) 4 6 8 2 Yukleme % ! 2 3
Belirleme Testleri
Farkli Alt Sistem
2 Alternatiflerin 1 6 8 12 28 Entegrasyonu % ! 2 8
Analizi Elektrik
3 Sézlesme 5 1 2 4 29 Sistem[ 28 1 2 3
Imzasi Testleri
Planform Yakiat Sistemi
4 Secimi 8 ! 8 6 30 Testleri 29 ! 2 3
Ucak Seviyesi Hidrolik
5 Teknik 4 6 6 8 31 Sistem 30 2 3 4
Cizimler Testleri
Rizgar Tineli Mekanik
6 Testleri 5 8 2 u 32 Sistem 31 3 6 8
Malzeme Testleri
! Testleri 8 ° 12 15 33 Radar Sistemi 28 6 6 9
8 Detay 6 14 18 24 Testleri
Analizler Iletisim
Alt Sistem 34 Sistemleri 33 3 4 6
9 Tedarik 1 3 6 9 Testleri
Anlagmalari Elektro-Optik
10 Hammadde 78 9 12 18 35 Testleri 28 4 6 8
Tedariki ' Ugus Kontrol
Teknik 36 Sistemleri 28 4 6 8
11 Cizimlerin 8,9 4 6 9 Testleri
Yayimlanmasi Inis Takimi
Montaj 37 Testleri 32 2 4 °
12 Ekipmanlarini 11 4 6 8 Silah Sistemi
n Tedariki 38 Testleri 32 2 3 4
Alt Seviye Motor
13 Komponent 10 2 3 4 39 Testleri 24 6 6 °
Er?tlmlerl 40 Kus Carpmas 7.15 1 5 5
14 alite 13 1 1 2 Testlerl
Kontrol Iklimlendirme
15 On Govde 12 14 2 3 4 4l Testleri 39 2 3 4
Montaji ' Tk
On Orta Enerjilendirm
16 Govde 15 2 3 4 e Oncesi
Montaji 42 Emniyet 30 ! ! 2
Orta Govde Degerlendirm
17 Montaji 16 8 4 5 e Kurulu
Ana Govde Entegre Ugak
18 Fuselage 17 2 3 4 43 Sistemleri 36,37,42 6 9 10
Montajt Testleri
Kanat Entegre
19 Birimlerinin 18 1 1 2 Aviyonik 34, 35, 38,
Montaj: 44 Sistem 41,43 6 o 10
20 f\/[rka Govde 19 3 4 5 Testlerl
ontajt Ilk Motor
21 Gpvdg _ 20 1 1 1 (__Iah§t1_rma
Birlesimi 45 Oncesi 24 1 1 1
Inis Takim Emniyet
22 s1a 21 1 1 1 Degerlendirm
Montaj1
e Kurulu
23 Suabilizalor 55 1 1 1 Kizil-Otesi
ot 46 Gorinirlak 45 1 2 3
24 glr?tteorras onu 23 ! ! ! Teztleril i
grasy 47 Radar Izi 46 3 6 8
Montaj Hatt: Testleri
% Testleri 24 ! 2 8 48 Ylldmr.n 47 1 2 3
Testleri
Tam Boy Yerde
26 Yorulma 25 84 96 120 49 Titresim 45 1 1 2
Testleri Testleri
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L2 b 53
Aktivite - . Oncil 2T 33 EZ
# Aktivite Aktiviteler E s 2 < 2%
= 4 =) =
> — Y S
n =) (%)
Yagmur
50 Testleri % 1 1 2
Agirlik Ve
51 Balans 28 1 1 2
Testleri
ik Ugus
Oncesi
52 Emniyet gg’ g?‘ 49, 1 2 2
Degerlendirm '
e Kurulu
53 Taksi Testleri 52 1 1 2
Sensor
54 Kalibrasyon 53 1 2 2
Ucus Testleri
Giivenli Ugus
55 Testleri 54 2 8 4
Cevresel
56 Kosullar Ugus 55 1 2 3
Testleri
Ucak
57 Sistemleri 56 4 4 6
Ugus Testleri
Performans
%8 Ucus Testleri 57 4 6 8
Yiik Ugus
59 Testleri 27,58 6 8 10
Aviyonik
60 Sistemler 57 8 8 12
Ucus Testleri
Silah
61 Sistemleri 59, 60 18 24 24
Ugus Testleri
Diisiik
62 Gortnarluk 61 4 4 5
Testleri
63 Kabul Ugus 55 6> 3 3 4
Testleri

PERT ile proje genelinde ve her bir aktivite icin
aktivite gerceklesme siiresi anlaminda tahminler
yapilabilir. Tablo 1’de verilen siireler gbz Oniinde
bulundurularak aktivite siirelerinin beklenen degerleri
ve varyanslar hesaplanmigtir ve ilgili degerler Tablo
2’de verilmistir.

Sekil 2’de verilen serim iizerinden matematiksel
model olusturulmus ve modelin ¢6ziimii CPLEX 1BM
ILOG 20.1.0 programi ile gerceklestirilmigtir.
Coztimler Intel Core 2 Duo 2.0 GHz CPU ozelliginde
bilgisayarda elde edilmistir. Beklenen proje
tamamlanma siiresi 202,17 olarak bulunmus ve proje
kritik aktiviteleri elde edilmigtir. Kritik ve kritik
olmayan aktiviteler Tablo 2’de gri (kritik aktiviteler)
ve beyaz (kritik olmayan aktiviteler) renk kodlart ile
belirtilmistir.

Tablo 2. Proje aktivitelerinin beklenen sire / varyans

degerleri
Beklenen Varyans
Sire (A
Aktivite - ()
Aktivite
# t,+4t, +t, t,— t,1?
b=t o=

Malzeme

12,00 1,00

Testleri

Alt Sistem
9 Tedarik
Anlagmalari

6,00 1,00

Teknik
11 Cizimlerin 6,17 0,69
Yayinlanmas
1
Montaj
12 Ekipmanlari 6,00 0,44

nin Tedariki

Tam Boy
26 Yorulma
Testleri

98,00 36,00
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Beklenen Varyans Beklenen Varyans
Sare (A Sure (A
Aktivite - A) Aktivite y A)
Aktivite Aktivite
# t,+4t, +t, t,—t, # t,+4t, +t,. t,.—t,
o [ et [tk
Tam Boy
Statik
27 Yiikleme 2,00 0,11
Testleri

Radar
Sistemi
Testleri

Yerde

Titresim 1,17 0,03
Testleri
Yagmur

Testleri

1,17 0,03

Agirlik Ve
Balans
Testleri

1,17 0,03

Tletisim
Sistemleri
Testleri

Elektro-
Optik
Testleri

Ugus Kontrol
Sistemleri
Testleri

Silah Sistemi
Testleri

Motor
Testleri

Aviyonik

Kus

Carpmasi
Testleri

60

Sistemler
Ugus Testleri

8,67

0,44

iklimlendirm
e Testleri

ik
Enerjilendir
me Oncesi
Emniyet
Degerlendir
me Kurulu

117

Kritik Aktiviteler

Kritik Olmayan
Aktiviteler

edilen analizini

Elde
gergeklestirmek amaci ile bulanik kritik yol metodu ile
sonuglar elde edilmistir. Alfa kesme yontemi ile [0,1]
araliginda farkli a degerleri i¢in elde edilen sonuglar
ve bulanik siireli proje tamamlanma siirelerinin
durulagtirma yontemi ile elde edilen veriler Tablo 3’te
sunulmustur.

sonuglarin  kargilagtirmali
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Sekil 2. Proje serimi

Tablo 3. Bulanik kritik yol metodu ile elde edilen

kritik yollar aynidir ve PERT yonteminde bulunan

sonuclar kritik yola karsilik gelmektedir. Her iki yontem ile
elde edilen sonuglar incelendiginde ayni kritik yol elde
Durulastirma . .. . .. .. ..
Proje yontemi ile elde edilmesi ile blthktej E)rOJenm gergeklesme siirelerinin
A Gergeklesme edilen siire z* = cok yakin oldugu goriilmektedir.
Suresi Yuc(z)+z
Y 1e(2) Miisterinin ihtiya¢ tarihini One almasi veya proje
0,0 202,5 siresinin uzamas1 gibi bir durumda projenin
01 202,45 gerceklesme olasiliginin nasil degisecegini bulmak
0,2 2024 icin farkli giiven diizeylerine (0,99-0,50) ait sonuclar
0,3 202,35 hesaplanmis ve Tablo 4 ile verilmistir. Ayrica bu
0.4 202,3 farkli giiven diizeylerine gore grafiksel gdsterimi ise
05 202,25 202,15 Sekil 3’te verilmistir.
0,6 202,2
0,7 202,15 ot o <
08 202.1 Yapilan oOngoriileri diger besinci nesil savas ucgagi
0.9 202,05 projeleri ile karsilastirmak admna diinyada mevcut
1.0 202 durumda operasyonel olarak kullanilan ve besinci

Tablo 3’te elde edilen siireler incelendiginde proje
gergeklesme siiresi 202,15 olarak elde edilmis ve bu
deger alfa kesim araliginda 0,7 degerine karsilik
gelmektedir. Ayrica her bir a degerinde elde edilen

nesil olarak kabul edilebilecek tek ugak olan Amerika
Birlesik Devletleri’nin  gelistirdigi F-22 ve F-35
ucaklari ile Rusya Federasyonu’nun gelistirdigi SU-57
savas ucaklar incelenmistir.
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Tablo 4. Siireye bagl proje gergeklesme olasiliklar

Proje gergeklesme

0,
Siiresi (Ay) Olasilik (%)

202 50,00
203 60,21
204 69,77
205 78,13
206 84,98
207 90,22
208 93,98
209 96,50
210 98,08
211 99,01
212 99,52
213 99,78
214 99,91

100,00

90,00

80,00

70,00

$ 6000

% 50,00

3 40,00

30,00

20,00

10,00

200 205 210 215
PROJE GERCEKLESME SURESI
(cUN)

Sekil 3. Siireye bagli proje ger¢eklesme olasiliklari

ABD hava kuvvetleri ilerleyen surecte F-15 ve F-16
savas ucaklarmin yerini alacak ve diinyadaki tehdit
algilamalarma cevap verebilmesi amaciyla Onceligi
hava istiinliigli saglayabilecek bir savas ugagi
gelistirilmesi i¢in konsept belirleme ¢aligmalarina
1983 yilinda baglamustir. 2 yilin ardindan 1985 yilinda
konsept gelistirme faaliyetlerini bitirerek F-22
projesini baslatti. Ik ucusunu Eylil 1997 yilinda
yapan F-22 savas ugagi, Aralik 2005 yilinda ABD
hava kuvvetlerine teslim edilerek envantere girmistir.
F-22 projesi Konsept belirleme ¢alismalari ile baglayip
envantere giris ile son bularak toplamda yaklasik 22
yil stirmiistiir [20].

ABD hava kuvvetleri 1993 yilinda devam eden Cok
Rollii Aver Ugagt ve Gelismis Savas Ugagi projelerini
iptal ederek Ortak Gelismis Saldir1 Teknolojisi
programini baslatti. Bu projede amag¢ yeni bir ucak
gelistirmek degil, olgun teknolojileri daha da

gelistirmek ve gelismis taarruz savasi konseptlerini
gostermekti. Bu kapsamda ortaya ¢ikarilan F-35 savas
ucagl ilk ugusunu Aralik 2006’da yapmis olmasina
ragmen Temmuz 2015 yilinda envantere girebilmistir.
F-35 projesi 1993 yilinda baslatilan JAST program
dahil edilerek toplamda yaklasik 22 yil siirmigtiir
[21].

Rusya Federasyonu’nun gelistirdigi SU-57 savas ugagi
ile ilgili ilk ¢aligmalar 1980’lerin sonunda Sovyetler
donemine dayanmaktadir ancak siyasi gelismeler bu
projenin 2000’lere kadar baglatilamamasina sebep
olmustur. 2003 yilinda baslatilan proje kapsaminda
Ocak 2010 yilinda ilk ugus yapilmig ve ilk ucak Aralik
2020 yilinda envantere girmistir. SU-57 projesi 2003-
2020 yillari arasinda toplam 18 yil stirmiigtiir [22].

Diinyada gerceklestirilmis diger projelerin ilk ugus
icin ihtiya¢c duydugu siirelerden F-22’nin 165 aylik
suresini kottimser (tc), SU-57°nin 84 aylik siiresini
iyimser (t.) ve F-35’in 155 aylik siiresini olas1 (t) slire
olarak kabul eder ve Esitlik (4) kullanirsa te degerine
yaklasik 145 ay olarak ulagiriz. Bu siire Tablo 5’te
goriilecegi tizere Tirkiye’de gelistirilen savas ucagi
projesi ile ilgili olarak 146 ay olarak 6ngdriilmiistiir.

Ayni sekilde ilk ugustan envantere giris icin gegen
siire icin ilgili hesaplamalar tekrarlandiginda ise 102
aylik bir te degerine ulasilir. Tablo 5’te de goriilecegi
iizere Tiirk savas ucagi projesinde bu siire 56 ay olarak
gorece daha kisa bir siire olarak tahmin edilmektedir.

Tablo 5. Savas ugag projelerinde siireler

te (F- Tirk
N F- F- SU-  22/F- Savas
AKTIVITELER 22 3 57 35/SU-  Ugag
57) Ongorii
Proje
Baglangicindan 165 155 84 145 146 Ay
Ilk Ugusa Kadar Ay Ay Ay Ay
Gegen Siire
[k Ugustan
Envantere 99 90 131 102 56 Ay
Girise Kadar Ay Ay Ay Ay
Gecen Sire

Tiirkiye’de gelistirilen besinci nesil savas ucagi
projesi incelendiginde, proje gerceklesme siiresi 202
ay  olarak  bulunmustur.  Kritik  aktiviteler
incelendiginde ise genellikle iretim ve test
aktivitelerinin proje siresi tzerinde yiksek etkisinin
oldugu gorilmiistiir. Boyle biiyikk kapsamli ve bazi
teknolojilerin ilk defa kullanilacagi bir projede test
streclerinde tahmin edilemeyecek hatalarin alinmasi
ve bu sireclerde beklenen sirelerin  {zerine
¢ikilabilecegi siirelerin kisaltilmaya caligilmasi her ne
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kadar miimkiin goriilse de riskleri attiracagi
goriilmiistiir. Daha 6nce de bahsedildigi gibi sektorde
bu tarz bir proje daha once gerceklestirilmedigi icin
kurulacak alt yapilarin ve ilk defa gergeklestirilecek
aktivitelerin de proje siiresi Uzerinde sonucu belirsiz
etkileri olacaktir.

Konsept belirleme ¢alismalarina 2011 tarihinde
baslanan Tiirk savas ugagi projesinde; ilk ugus icin
yaklasik 12 yil, ilk ugus sonrasi envantere giris i¢in ise
56 aylik bir stire dngoriilmektedir. Bu ongoriilere gore
ilk ugusun 2023 y1li icerisinde yapilmas: beklenmekte
olup, envantere giris i¢in ise 2027 yili hedef
gosterilmektedir.

Diinyada diger tlilkeler tarafindan gergeklestirilmis
projeler ile karsilastirildiginda Tiirkiye’de gelistirilen
savas ugagi projesinin 146 aylik bir siire igerisinde
ucurulmasi 6ngoriisii, ABD ve Rusya Federasyonun
geemiste hayata gecirdigi birgok savas ugagi projesi
oldugu da g6z Oniinde bulunduruldugunda, Tiirk
Savunma Sanayisi icin gayet iyimser ve zorlu bir
hedeftir.

Diger projelerin ilk ugus sonrasi genel dogrulama
faaliyetlerini ve envantere  giris stirecini
inceledigimizde diger projelerde 91 ayhk bir te
degerine ulasilmakta olup, Tirk savas ugagi
projesinde bu siire 56 ay olarak gorece daha kisa bir
stire olarak tahmin edilmektedir. Bu siirenin diger
projelerden ¢ok daha kisa olmasmna Tiirk Savunma
Sanayisinin, savas u¢agl gelistirme stratejisinde
kullandig1 bloklandirma bakis agisi etkili olmustur.
Blok yaklagim; projenin tiim ihtiyag ve isterlerinin tek
seferde karsilanmas1 yerine birden fazla fazda,
peyderpey ihtiya¢g ve isterlerin yerine getirilmesini
amaglar. Bu strateji oOzellikle ilk defa gelistirilen
projelerde ¢okca kullanillan ve basar1 getiren bir
stratejidir.

IV. SONUC VE ONERILER

Savas ucagi gelistirme projeleri sadece bir tasarim,
Uretim veya test aktivitesi olarak goriilmemelidir. Bu
tarz projelerde birbirleri ile etkilesimli, birbirleri ile
baglantili ve oOnciil ardil iligkileri olan birgok
aktivitenin belirli bir takvim ve plan cercevesinde
ilerletilmesi gerekmektedir. Hatta proje ile direkt
olarak ilgisi olmayan alt yapilarin ingasi, o
altyapilarda kullanilacak olan ekipmanlarin tedariki ve
yillar sonra yapilmasi planlanan testler i¢in ig giicii ve
bilgi birikimin planlanmasi gibi ¢ok farkli konularin
da projeyi destekler nitelikte gergeklestirilebilmesi
icin proje yonetimi gok 6nemlidir.

Bu ¢aligmada, Tirkiye’nin gelistirdigi ilk savas ucagi
projesi  kapsaminda  gergeklestirilmesi  gereken

aktiviteler ilizerinden yapilan silire Ongoriilerinin
muadil projelerin gerceklesme siireleri ile uyumu
irdelenmis uyumlar ve uyumsuzluklar {izerine
degerlendirmeler yapilmustir.

Tiirk Savunma Sanayisi tarafindan gelistirilmekte olan
besinci nesil savas ugagmin tasarim, iretim ve test
faaliyetlerini kapsayan, proje baslangicindan ilk ugusa
kadar 6ngoriilen siirenin daha once gergeklestirilmis
savas ugag1 projeleri ile uyumlu oldugu goriilmiistiir.
ABD ve Rusya Federasyonu gibi daha once bircok
proje gelistirmis {iilkeler ile uyumlu takvim tahmini
yapilabilmesi Tirk Savunma Sanayisi igin bir risk
olarak goriilse de gelisen {iretim, tasarim ve analiz
metotlarinin ge¢mise gore daha etkin olmasi bu
noktada pozitif etki yaratmistir.

ik ucus sonrasi gerceklestirilen aktivitelerde de ayni
etki pozitif olarak siirelerin kisaltilmasinda etkili olsa
da asil biiylik etki blok yaklasimi ile operasyonel
kabiliyetlerin  peyderpey arttirilarak ilk etapta
miigterinin isteklerine en etkin ve en hizli ¢6ziimii
sunma stratejisidir.

Bu ¢alismada herhangi bir kaynak kisit1 olmadan proje

gerceklesme  sliresi  hesaplanmuistir. Gelecek
calismalarda maliyet, kaynak kisidi vb. durumlarda
modellere entegre edilebilir, farkli noktalarda

optimizasyonlar yapilabilir

KAYNAKLAR

[1] Korkmaz, G. (2022). Gelecek Ongoriileri ve
Alinan Dersler Cercevesinde Savunma Tedarik
Projeleri. Savunma Bilimleri Dergisi, 1(41), 163-
204.

Ercan Ersahin, N. (2019). Sivas ucagi gelistirme
programlarmni olumsuz etkileyen faktorlerin 6nem
derecelerinin  belirlenmesi (Master's  thesis,
Basketnt Universitesi Fen Bilimleri Enstitiisii).
Aksoy, A., Akansel, M., Atalay, C., Camlibel, A.
M., Yasar, D., Keseroglu, D., & Vanlioglu, S.
(2019). Proje Yonetiminde Zaman ve Maliyet
Odakli Biitiinlesik Planlama Yaklagimi ve Bir
Uygulama. Journal of Entrepreneurship and
Innovation Management, 8(1), 1-20.

Farida, Y., & Anenda, L. P. (2022). Network
Planning Analysis on Road Construction Projects
by CV. X Using Evaluation Review Technique
(PERT)-Critical Path Method (CPM) and
Crashing  Method. International  Journal of
Integrated Engineering, 14(4), 377-390.

Bintang, M. R., Sungkono, K. R., & Sarno, R.
(2019). Time and cost optimization in feasibility
test of CCTV project using CPM and PERT.
In 2019 International Conference on Information

(2]

(3]

[4]

[5]

21



Int. J. Adv. Eng. Pure Sci. 2024, 36(1): <I1-22>

Savas Ugag Projesi Siire Tahmini

and Communications Technology (ICOIACT) (pp.
678-683). IEEE.

[6] Budiawati, G. I., & Sarno, R. (2019). Time and
cost optimization of business process RMA using
PERT and goal programming. TELKOMNIKA
(Telecommunication Computing Electronics and
Control), 17(2), 781-787.

[71 Agyei, W. (2015). Project planning and
scheduling using PERT and CPM techniques with
linear programming: case study. International
journal of scientific & technology research, 4(8),
222-2217.

[8] Temiz Kutlu, N. (2001). Proje planlama teknikleri
ve PERT tekniginin insaat sektdriinde
uygulanmasi tizerine bir ¢aligma.

[9] Karahan, M., & Ezin, Y. (2014). PERT-CPM
Teknigiyle Bir Insaatin Yapim Siiresi ve
Maliyetlerinin Optimizasyonu. Bartin University
Journal of Faculty of Economics &
Administrative  Sciences/Bartin  Universitesi
Iktisadi ve Idari Bilimler Fakiiltesi Dergisi, 5(10).

[10]Coskun, O., & Ekmekei, 1. (2012). Bir insaat
projesinin evreleri ile zaman ve maliyet analizinin
proje yonetim teknikleri
incelenmesi. Istanbul ticaret
bilimleri dergisi, 10(20), 39-53.

[11] Daniel, D. P., & Gabriela, N. (2013). Estimating
the Duration of a Project Using PERT
Technique. Ovidius University Annals, Series
Economic Sciences, 13(2).

[12] Ashadi, R. F., Husin, A. E., & Guntorojati, I.
(2022). Infrastructure Construction Projects
Scheduling Using Manual-Program Evaluation
and Review Technique (M-PERT) Method,
Jurnal Teknik Sipil, 29(2), 125-132.

[13]Ahmad, S. H., Bon, A. T., Rasi, R. Z. R. M., Kek,
S. L., Raja, P., & Pahat, B. Project Management
Scheduling through Integrated PERT and Gantt
Chart.

[14] Ahmed, A., Kayis, B., & Amornsawadwatana, S.
(2007). A review of techniques for risk
management in projects. Benchmarking: An
International Journal, 14(1), 22-36.

[15] Sadow, R. M. (1964). How PERT was used in
managing the X-20 (Dyna-Soar) program. IEEE
Transactions on Engineering Management, (4),
138-154.

[16] Desticioglu, B. (2022). Project planning with
CPM and PERT methods: Example of defence
industry. Journal of Naval Sciences and
Engineering, 18(2), 363-385.

[17]Alharkan, 1. M. (2005). Algorithms for
sequencing and scheduling. Industrial
Engineering Department, King Saud University,
Riyadh, Saudi Arabia.

vasitastyla
tiniversitesi  fen

[18] Chen, S. P. (2007). Analysis of critical paths in a
project  network  with  fuzzy  activity
times. European  Journal  of  Operational
Research, 183(1), 442-459.

[19] Elizabeth, S., & Sujatha, L. (2013). Critical path
problem under fuzzy environment. International
Journal of Computer Applications, 75(1), 7-11.

[20]Jenkins, D. R. (2001). Lockheed secret projects:
Inside the skunk works. Zenith Imprint.

[21] Steidle, C. E. (1997). The joint strike fighter

program. Johns  Hopkins ~ APL  Technical
Digest, 18(1), 7.
[22] Butowski, P. (2021). Su-57 Felon, Key

Publishing.

22



Int. J. Adv. Eng. Pure Sci. 2024, 36(1): <23-32>
DOI: 10.7240/jeps. 1351569

RESEARCH ARTICLE / ARASTIRMA MAKALESI

Determination of Subcontractor Selection Criteria from the View of
Occupational Health and Safety in the Construction Industry

Sefa CEKUC ', Giirkan Emre GURCANLI 2 | Firat Dogu AKIN 3" /Ozge AKBOGA KALE *

[stanbul Teknik Universitesi, Insaat Miihendisligi Fakiiltesi, Insaat Miihendisligi Béliimii, Istanbul, T tirkiye
2[stanbul Teknik Universitesi, inwat Miihendisligi Fakiiltesi, fn§aat Miihendisligi Béliimii, Istanbul, T tirkiye
3[stanbul Teknik Universitesi, Insaat Miihendisligi Fakiiltesi, Insaat Miihendisligi Boliimii, Istanbul, Tiirkiye

Izmir Demokrasi Universitesi, Miihendislik Fakiiltesi, Insaat Miihendisligi Boliimii, Izmir, Tiirkiye

Abstract

Construction industry is characterized by labor-intensive workforces, subcontractor-based production, diverse activities, and
related hazards. Given the commonality of contingent forms of contracting, the majority of construction work is carried out
by subcontractors. Unlike main contractors, subcontractors are typically smaller or medium-sized companies. Their
awareness, practice, and compliance with health and safety legislation can be problematic. Furthermore, establishing and
implementing a safety management system for a specific project requires coordination and management of multiple
subcontractors. In this paper, a model has been created for selecting the most suitable subcontractor through an evaluation
of their occupational health and safety (OHS) management implementation. The selection criteria have been determined
based on a literature review focused on OHS, followed by the development of a questionnaire that assesses the importance
of the criteria with the support of five occupational safety experts. Three shopping mall projects were chosen for
implementation based on expert evaluations using scores calculated through the Analytical Hierarchy Process. Importance
rates for each criterion were calculated, allowing for the identification of the most significant subcontractor selection criteria.
Fifteen on-site subcontractors were evaluated using the proposed method. The research suggests that in the absence of
qualification-based selection criteria for subcontractors, unskilled personnel could be selected. Consequently, this could
impede the safety oversight mechanism, the execution of OHS measures, as well as the mitigation and/or prevention of
potential risks, while jeopardizing compliance with the applicable legislation throughout the project. Therefore, it is
imperative to choose only competent subcontractors to guarantee the welfare of workers.

Keywords: Construction Industry, Subcontractor Selection, Occupational Health and Safety, Analytical Hierarchy Process

1. INTRODUCTION

The construction industry in Turkey has acquired noteworthy experience and the capacity to execute intricate
projects in various domains and regions globally. Although there have been positive developments in various areas,
the industrial sector still has inadequate labour rights and poor levels of occupational safety and health. There have
been some new legislative measures and on-site practices implemented in the industry. However, work-related
accidents in construction have caused significant issues in several countries [1-3]. Occupational accidents,
particularly those resulting in fatalities, continue to rise. The rate of fatal occupational injuries in Turkey is
considerably higher in comparison to other European countries [4-6]. Technical term abbreviations, if any, have
been explained accordingly.

According to Social Security Institution (SSI) statistics, in 2021, a total of 511,084 accidents occurred in all sectors,
resulting in 3,123 individuals receiving incapacity benefits and 1,382 fatalities [7]. Out of these, 967 individuals
from the construction sector received incapacity benefits, and 386 lost their lives due to occupational accidents.
The language used is formal with a balanced approach and precise word choice to maintain objectivity. The text
adheres to conventional academic structure, citation style, and grammatical correctness, with logical progression
in sentence structuring. In other words, the construction industry accounts for a significant number of occupational
accidents resulting in fatalities, with 31% and 28% of all accidents attributed to this sector (Table 1). These
statistics suggest that current safety measures may be inadequate in reducing the overall incidence of such
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accidents. In other words, the construction industry accounts for a significant number of occupational accidents
resulting in fatalities, with 31% and 28% of all accidents attributed to this sector (Table 1).

Table 1: Occupational Accident Statistics for Turkey, 1992-2021

Total accidents

Fatality

All industries Construction Industry All industries Construction Industry

Year Frequency  Frequency % Frequency  Frequency %

1992 139414 22863 16.40 1776 559 31.48
1993 109563 17535 16.00 1516 464 30.61
1994 92087 13991 1519 1191 421 35.35
1995 87960 12809 1456 798 348 43.61
1996 86807 11784 13.57 1296 555 42.82
1997 98318 14703 14.95 1282 437 34.09
1998 91895 12355 13.44 1094 380 34.73
1999 77955 10278 13.18 1165 407 34.94
2000 74847 7845 10.48 1167 379 32.48
2001 72367 8459 11.69 1002 341 34.03
2002 72344 7982 11.03 872 319 36.58
2003 76668 8198 10.69 810 274 33.83
2004 83830 8106 9.67 841 263 31.27
2005 73923 6480 8.77 1072 290 27.05
2006 79027 7143 9.04 1592 397 24.94
2007 80602 7615 9.45 1043 359 34.42
2008 72963 5574 7.64 865 297 34.34
2009 64316 7924 12.32 1171 170 14.52
2010 62903 7102 11.29 1444 507 35.11
2011 69227 8543 12.34 1700 597 35.12
2012 74871 10002 13.36 744 285 38.31
2013 191389 26967 14.09 1360 542 39.85
2014 221366 29699 13.42 1626 501 30.81
2015 241547 33361 13.81 1252 473 37.78
2016 286068 44552 15.57 1405 496 35.30
2017 359653 62802 17.46 1633 587 35.95
2018 430985 77157 17.90 1541 591 38.35
2019 422463 47701 11.29 1147 368 32.08
2020 384262 44304 11.53 1231 347 28.19
2021 511084 58107 11.37 1382 386 27.93

It is notable that subcontracting is a widespread practice
in the construction industry, observed globally
including in Turkey. Ninety-nine percent of Hong
Kong's housing sector relies on subcontracting, with
only one percent being direct employment. According
to a report, many countries, including Japan and the
United Kingdom, rely heavily on subcontracting [8].
Turkey is among the countries where the use of
subcontractors is widespread due to the specificity of
the sector [9]. Subcontractors are a crucial aspect of a
successful project, and selecting the appropriate
subcontractor is key to achieving that success.
However, research indicates that choosing the right
subcontractor can significantly enhance project success
[10]. Subcontractors are a crucial aspect of a successful
project, and selecting the appropriate subcontractor is
key to achieving that success. Despite the importance

24

of this selection process, it is often overlooked or
undervalue.

Subcontractor legislation in Turkey is generally
determined by legal regulations such as the Turkish
Commercial Code, General Specifications for
Construction Works, Occupational Health and Safety
Law. The Turkish Commercial Code contains general
provisions on labour relations and regulates
commercial law. The General Specification for
Construction Works, which determines the general
conditions applied in construction projects, includes the
relations and contractual provisions between the
subcontractor and the main contractor. The
Occupational Health and Safety Law regulates
occupational health and safety standards in the
construction industry and sets out the rules that
subcontractors must comply with. The Turkish Code of
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Obligations regulates contracts and the obligations
arising from these contracts, and contracts between the
subcontractor and the main contractor are handled
within the framework of this law. In addition, the Code
of Ethics on Contractor-Subcontractor Relations set by
the Turkish Employers' Association of Construction
Industries (INTES) and the Turkish Contractors
Association (TMB) sets out the standards of ethical
behaviour in the sector. Within the framework of this
legislation, construction companies operating in
Turkey are obliged to comply with these regulations
and fulfil their obligations in their subcontractor
relations.

As working with subcontractors offers several benefits,
owners typically prefer to do so. Eccles (1981) outlines
advantages of subcontracting such as reducing the
management burden, solving complex problems more
easily, risk-sharing, and lowering material costs [11].
Costantino et al. (2001) outlined the benefits of
employing subcontractors, which include reduced
responsibility for the owner/main contractor, decreased
overheads and costs for construction and equipment,
market flexibility, decreased construction time, and
improved quality of labour work [12]. Winch (1998)
suggests that although safety regulations can be
challenging to implement, especially when dealing
with subcontractor workers, they face a lower risk of
fatality than those employed by major contractors [13].
Working with subcontractors has several advantages,
but it can make it challenging to maintain proper
occupational health and safety (OHS) practices at the
construction site [14]. This is because employers often
prioritize criteria such as cost, quality, and experience
when selecting subcontractors, instead of giving
adequate importance to OHS. Factors such as
Communication and Coordination, OHS Training,
Contractual Arrangements, Monitoring and
Enforcement, Risk Assessment, Penalties for Non-
Compliance can be listed as problems that may be
encountered in terms of occupational safety when
working with subcontractors [15].

As subcontractors carry out the majority of the work,
the selection process should prioritize OHS to ensure
that owners make it one of their main concerns. The
research aims to introduce a method to aid employers
in subcontractor selection with a focus on Occupational
Health and Safety (OHS) evaluation. The study
presents a subcontractor selection approach using
Analytic Hierarchy Process (AHP) to lessen
occupational accidents.

2. MATERIAL AND METHODOLOGY

Since the purpose of this study is to furnish employers
with a method for selecting subcontractors based on
Occupational Health and Safety standards, the initial
stage involved the identification of the top 20 most
commonly experienced criteria. The Analytical
Hierarchy Process (AHP) was utilised to ascertain the
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significance of these criteria. Analytical Hierarchy
Process (AHP) is a mathematical technique employed
by decision-makers to assess criteria and make
informed decisions in complex processes [16].
Introduced by Myers and Alpert in 1968 and later
developed by Thomas Saaty in 1977, AHP is a
methodology based on individuals' intuition that solves
issues relating to multiple variables. It is applied across
several industries today [17-18].

The Analytical Hierarchy Process (AHP) is a
mathematical theory that allows users to measure both
quantifiable and non-physical criteria. The AHP
process is based on the modelling of the human brain in
terms of experience and knowledge, thus enabling its
application in decision theory [16]. Researchers have
long been concerned with evaluating physical and
psychological events related to decision-making.
Physical evaluations rely on objective measurements,
whereas psychological evaluations involve subjective
assessments based on concepts like ideas, beliefs, and
feelings. AHP (Analytic Hierarchy Process) is a theory
that bridges the gap between these two worlds [17].
Pairwise comparison is the basis of AHP, with a
predetermined decision scale and percentage of
importance guiding the final outcome.

The data analyse procedure involves the following
steps. First the pairwise comparison matrix which is
called matrix A is extracted from the data collected
from the interviews. The principal right eigenvector of
the matrix A is computed as ‘w’[19].

If aix . aj = a;j is not confirmed for all k, j, and i the
Eigenvector method is selected [20].

If the matrix is incompatible and in case of incomplete
consistency, pair comparisons matrix cannot be used
normalizing column to get Wi.

For a positive and reversed matrix, Eigenvector
technique can be used which in it:
et=(1,1,...,1)
W=l Ak e
= Moo 0T gk ¢

1)

To reach a convergence among the set of answers in to
successive repetition of this process, calculation should
be repeated several times in order to take a decision
when facing an incompatible matrix. Then, the
following formula is applied to transform the raw data
into meaningful absolute values and normalized weight
W = (W1, W2, Wa,..., Wn):

AW=NAmax W, Amax>n

e @)
A={a;j} with a;=1/ ajj @)
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A: pair wise comparison

w: normalized weight vector

Amax - maximum eigen value of matrix A

aiji: numerical comparison between the values i and j
The decision scale utilised in this investigation can be
found in Table 2.

Prior to assessing the hierarchy, it is crucial to establish
a goal and then outline the primary and secondary
categories to facilitate decision-making. Subsequently,
relationships are established and pairwise comparisons
are conducted in accordance with the hierarchy table.
Decision makers evaluate the criteria and determine
their relative importance.

Table 2. The Scale of Importance.

Intensity of  Definition
Importance
1 Equal Importance

3 Moderate Importance

5 Strong Importance

7 Very Strong or Demonstrated Importance
9 Extreme Importance

2

46,8 Intermediate Values

Once the pairwise comparison matrices have been
completed, the same criteria are assigned an importance
degree of 1. Each value in each column is then divided
by the sum of its own column. This process is repeated
for each component of the comparison matrix. An
average of each row is taken to obtain a priority vector,
which indicates the percentage of importance for each

criterion. Despite the consistency of the AHP method,
it is still necessary to measure its consistency. To assess
the consistency of the approach, one should evaluate
the Consistency Rate (CR) by multiplying the
comparison matrix and priority vector. In order to
validate the results of the AHP, the consistency ratio
(CR) is calculated using the formula, CR = CI/RI in
which the consistency index (Cl) is, in turn, measured
through the following formula:

] = Amax =1 @)
n—1

After obtaining a new vector, each of its components is
divided by the components of the priority vector. The
resulting values are then averaged to calculate the A
value, which is later used to calculate the Consistency
Indicator (Cl). The calculated CI values are then
divided by the Random Indicators (R1) according to the
number of criteria (n). To ensure necessary
contingency, the CR value must be less than 0.1.

A hierarchical model was devised to assess 20 criteria,
obtained as a result of literature review and expert
opinions, achieved through AHP. The model comprises
three principal categories: Training, OHS Management
and Planning. The OHS Management has two sub-
categories: Site Operation Management and General
Management. The selection criteria are displayed in
Table 3.

Table 3. Frequency of Criteria Presence in Literature.

No  Criteria #1 #2 #3 #4 #5 #6 #7 #8 #9 #10 Frequency
1 Fall Prevention and Trainings V Vv VvV VvV IV VSV VYV 100%
2 Construction  Machinery -  Equipment Inspection, v v ¢ V vV v V Vv v < 100%
Maintenance
3 Material Loading / Unloading / Lifting Trainings V VvV Vv Vv VIV VYV 100%
4 First aid training v vV VvV vV VvV VYV VY 0%
5 Emergency Action Plan v V Vv Vv Vv VvV VY 0%
6 Personal Protective Equipment VNN AN ARV v v v 90%
7 OHS Monitoring and Inspection System v V VvV VvV VIV VYV 0%
8 Planning of Site Traffic vy v v vV vV v v v 90%
9 Job Description, Duties and Responsibilities of OHS v v v vV vV Vv Vv v 90%
Personnel
10  Standards related to scaffolding, installation, maintenance, v v v v Vv V v v v 90%
inspection
11  OHS Management System vV v v v Vv Vv Vv v 8%
12 Machinery - Equipment Use Trainings v v v vV vV Vv Vv Vv 8%
13 Trainings Related to Electrical Installation v v v v v v 8%
14 Health Screening v v v v v vV v 8%
15  Construction Method v v v v Vv 70%
16  OHS Registration and Reporting J vV v Vv v v T10%
17  The Participation of OHS Policies in Management J v J vV v 60%
18  Site Planning and Planning of Social Units v V v v v 50%
19  OHS Budget v v v 40%
20  Arranging the entrance to the job site v V4 v v 40%
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A survey was administered to nine occupational safety
experts, all actively working engineers with at least 5
years of experience. They also have at least one
certificate related to occupational health and safety. All
respondents provided feedback, and the results were
accepted. Of those, 5 meet the 0.1 consistency threshold
and the remainder were excluded. The number of
respondents required for the AHP depends on the
complexity of the problem, the availability of data, and
the desired level of accuracy and reliability. There is no
definitive answer to this question, but some general
guidelines can be followed. According to Saaty (1980),
the minimum number of respondents should be at least
three, and preferably more than five [21]. However, this
number may vary depending on the nature and scope of
the problem, and the degree of consensus among the
respondents. Some studies have suggested using larger
sample sizes, such as 10, 15, or 20, to increase the
validity and robustness of the results. However, larger
sample sizes also increase the complexity and cost of
the data collection and analysis and may introduce
more inconsistency and noise in the judgments.
Therefore, a trade-off between quality and quantity
should be considered when choosing the number of
respondents for the AHP.

The Superdecision Packaged Program was utilized to
apply the Analytic Hierarchy Process (AHP) Method.
Survey responses were fed into the program to generate
pairwise comparisons. Five significance levels were
obtained for each criterion and their geometric mean
was used to determine the level of significance. An
evaluation method was developed by occupational
safety specialists through generating a success scale
categorized as “successful”, “adequate”, “average”,
“below the average”, and “unsuccessful”. Finally, a
case study was conducted to assess five subcontractors
at three shopping malls.

3. QUESTIONNAIRE AND CASE STUDY

The data used in the AHP method were obtained from
three successive questionnaire studies. Pairwise
comparison questionnaires were sent to nine seasoned
OHS experts. Only five experts were considered
qualified as four of them had a consistency rate below
0.1. Table 4 shows that all CRs, except the three CR
values of two experts, are below 0.1. A consistency
ratio of just over 0.1 is generally an acceptable level,
but this value depends entirely on acceptability. A
lower consistency ratio may raise concerns about the
reliability of decisions, in which case the decision
matrix should be revised [22].

In the second phase of the study, a distinct survey was
conducted by sending questionnaires to three OHS
specialists actively involved in three distinct shopping
mall projects located in Turkey. All of the respondents
who expressed opinions are Class A occupational
safety specialists with 4, 6 and 7 years of experience in
large-scale construction projects, respectively. The first
mall flaunts a capital budget of 100 million euros and
occupies a construction area of 180,000 square meters,
while the second has a capital budget of 60 million
euros, covering an area of 120,000 square meters. The
final project, with a capital budget of 25 million euros,
encompasses a construction area of 45,000 square
metres. Fifteen subcontractor companies were selected
based on their specialty in areas such as rough works,
electrical works, and mechanical works. The
companies were then rated by a Specialist on a scale of
100. In the third section, Table 6 was sent to the
Specialist, along with pairwise comparison surveys. By
averaging these surveys, a success scale was
determined.

Table 4: CR Values According to Specialist.

Main Headings #1 #2 #3 #4 #5

Training 0.055 0.02 0.098 0.015 0.109
Site Operation Management 0.071 0.085 0.112 0.0833 0.097
General Management - 0.099 - 0.043 0.099
Planning 0.022 0.029 0.135 0.028 0.026

Upon analysis of Table 5, it becomes apparent that
these rankings offer the owner insights into appropriate
actions to be taken against subcontractors regarding
OHS. Table 5 clarifies that "Successful" means the
subcontractor has fulfilled OHS obligations and is
deemed suitable for OHS standard selection, while
"Capable" denotes that the subcontractor has fulfilled
its obligations but ought to improve OHS performance.
An  "average" subcontractor may have some
deficiencies, therefore it is imperative to assess their
experience before choosing and signing a construction
contract. The term "below average" indicates that the
subcontractor poses significant risks to occupational
health and safety, hence the selection process should be
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approached with caution and it may be more sensible to
consider another subcontractor. "Unsuccessful” refers
to the subcontractor being unsuitable for further
consideration due to their insufficient performance and
problematic conduct, which is unacceptable.

Table 5: OHS Success Point Evaluation Scale Survey
When a firm evaluated in compliance with Scores

OHS on the scale of 100, how much point

the firm should take?

Successful

Capable

Average

Below Average

Unsuccessful
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After conducting a questionnaire study, we developed
a hierarchy model for the SuperDecision programme by
categorising criteria. The model comprises main
headings and subheadings, which are illustrated in
Figure 1. Using the SuperDecision programme, we
calculated the weights of criteria by comparing the
pairwise matrices according to the hierarchy model.
Using the SuperDecision programme, we calculated the
weights of criteria by comparing the pairwise matrices
according to the hierarchy model. Using the
SuperDecision programme, we calculated the weights
of criteria by comparing the pairwise matrices
according to the hierarchy model. The programme then
presented the weights and order of importance, as
shown in Table 6. The total of average criterion
weights is 4. Each criterion weight is normalised
(divided by 4). The most important criterion is the first
one with a weight of 9.35%, followed by the fourth
criterion at 8.23%, and the fifth criterion at 7.30%. As
demonstrated in Table 6, the first 7 criteria represent
half of the total importance level.

Respondents to whom the pairwise comparison
questionnaires were sent were also asked about the
minimum scores that a subcontractor should receive in
order to be "Successful", "Capable", "Average",
"Below Average” and "Unsuccessful". The
guestionnaire was completed by an OHS Specialist and
the findings are displayed in Table 7. To determine the

performance of five primary subcontractors across
three shopping malls based on OHS standards, we
calculate the average of expert values. OHS
assessments based on value ranges are used, including
"successful,” "capable," and others. These ranges are
defined as follows: 86-100: Successful, 74-85:
Capable, 58-73: Average, 42-57: Below Average, and
0-41: Unsuccessful.

After assessing the three shopping centres, success
points are assigned based on the evaluation scores
given by OHS specialists who work on site and the
normalized criteria weights in Table 6. This process is
applied to all criteria and each subcontractor, with
points being calculated by multiplying the scores on a
scale of 100. The review of subcontractors is conducted
based on success points, and the findings are outlined
in Table 8. The 5 subcontractors to be taken into
consideration in this assessment are identified as Rough
Construction, Mechanical Works, Electrical Works,
Fine Works and Facade Works subcontractors with
high work volumes and number of workers. The initial
shopping mall receives the least favourable score in the
category of facade works. When compared to the two
other malls, this shopping mall also records the poorest
score for rough works, which is the category in which
on-site accidents take place.

DETERMINATION OF THE PRIORITIES OF OHS
CRITERIA

/

l

i

2- Material Loading /

TRAINING OHS MANAGEMENT PLANNING
\4 v v v
1-Fall Prevention and SITE OPERATION GENERAL 16- Planning of Site
Trainings MANAGEMENT MANAGEMENT Traffic
v A4

6- Construction Machinery
— Equipment Inspection,
Maintenance

Unloading / Lifting
Trainings

11- OHS Monitoring and| 17-Construction Method

Inspection System

3- First aid training 7- Emergency Action

12- Job Description, Duties
and Responsibilities of OHS
Personnel

18- Site Planning and
Planning of Social Units

Plan
4- Machinery — 8- Personal Protective
Equipment Use .
.. Equipment
Trainings

13- OHS Management
System

19- Arranging the
Entrance to the Job Site

9- Standards Related to
Scaffolding, Installation
Maintenance, Inspection

5- Trainings Related to
Electrical Installation

14-OHS registration and

Reporting 20- OHS Budget

10- Health Screening

15- The Participation of
OHS Policies in
Management

Figure 1. System of Hierarchy Model of SuperDecision Program
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Table 6: Weights and Order of Importance and Importance Rate of Criteria

Criteria Weight

Order of Importance Importance Rate

- N ™ < Lo - ™ < Lo
s % = = z = EEE L 8 2
—_ — — o o — — — — — o © b=
(&3 (5] (<5 (<5 (<5 <5 (<5 (<5 (<5 5] [«5) P = o
g ¢ 2 2 2 2 s frr 22 £ 23
()] L Ll L 1] [ < I I Y R 1 I 11| < oo
#1 0,5826 0,3777 0,5055 0,3159 0,089 0,3741 1 2 2 4 11 0,093 9,35%
#2 0,168 0,0837 0,1401 0,2238 0,1523 0,1536 7 16 15 9 8 0,0384 8,23%
#3 0,0372 0,0793 0,0362 0,0425 0,0573 0,0505 20 17 19 20 17 10,0126 7,30%
#4 0,0621 0,0935 0,1632 0,2958 0,0342 0,1298 18 1512 5 18 10,0325 6,54%
#5 0,1501 0,3657 0,1551 0,122 0,6673 0,292 10 4 13 15 1 0,073 6,42%
#6 0,3059 0,2834 0,5956 0,3935 0,0666 0,329 5 6 1 1 15 0,0823 6,08%
#7 0,0839 0,0486 0,0367 0,0915 0,4199 0,1361 17 19 18 18 3 0,034 590%
#8 0,187 0,1831 0,1412 0,1365 0,0271 0,1349 6 10 14 13 20 10,0337 5,84%
#9 0,338 0,4446 0,1927 0,2665 0,0666 0,2617 4 1 11 7 15 0,0654 5,02%
#10  0,0853 0,0403 0,0339 0,112 0,4199 0,1383 16 20 20 16 3 0,0346 4,85%
#11  0,4286 0,2763 0,2 0,1854 0,0888 0,2358 3 7 6 10 12 0,059 4,33%
#12  0,1429 0,168 0,2 0,1405 0,1662 0,1635 12 116 12 7 00409 4,09%
#13  0,1429 0,1214 0,2 0,2447 0,5071 0,2432 12 126 8 2 00608 392%
#14  0,1429 0,2284 0,2 0,1065 0,1053 0,1566 12 8 6 17 10 10,0392 3,84%
#15  0,1429 0,206 0,2 0,3228 0,1326 0,2009 12 9 6 3 9 00502 355%
#16  0,0608 0,0614 0,3685 0,0672 0,4129 0,1941 19 183 19 5 0,0485 3,46%
#17  0,1446 0,3736 0,1063 0,172 0,0703 0,1734 11 3 16 11 13 0,0434 3,40%
#18  0,1571 0,1109 0,2409 0,1299 0,0703 0,1418 8 145 14 13 10,0355 3,37%
#19  0,1571 0,1141 0,2412 0,3595 0,4129 0,257 8 134 2 5 00643 324%
#20  0,4804 0,34 0,0431 0,2714 0,0337 0,2337 2 5 17 6 19 0,0584 126%
Table 7: OHS Success Point Evaluation Scale Survey Results
Expert #1 #2  #3 #4 #5 Av.
Successful 85 90 81 85 90 86
Capable 70 80 71 70 80 74
Average 50 60 51 60 70 58
Below the Average 30 40 31 50 60 42
Unsuccessful 0 30 0 40 50 24
Table 8: Scores of shopping malls According to OHS Experts
Rough Mechanical  Electrical Fine Works  Facade Works
Construction ~ Works Works
First Shopping Mall 44 71 70 45 30
Second Shopping Mall 54 87 78 72 93
Third Shopping Mall 65 69 69 68 63

The findings demonstrate the significance of the
suggested method of choosing subcontractors. "Fall
Prevention and Trainings" was the most important
criterion with 9.35%. The 2nd most important criterion
is "Construction Machinery — Equipment Inspection,
Maintenance" with an importance level of 8.23% and
the 3rd most important criterion is "Trainings related to
Electrical Installation" with an importance level of
7.30%. There are 9 criteria with an importance level
above 5%. The sum of the importance of the first 5
criteria is 37.84%, the sum of the importance of the first
7 criteria is 50%, the sum of the importance of the first
10 criteria is 65.54%, and the sum of the importance of
the first 15 criteria is 85.26%.

To comply with current health and safety legislation
and implement safety management on site,
subcontractors must fulfil twenty requirements before
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tendering, allowing the prime contractor to pick the
most suitable candidate. Nevertheless, the field study
discloses that the majority of subcontractor firms (12
out of 15) were incapable of fulfilling the "successful™
and "competent" criteria. The professionals at these
three construction sites also noted that had this
selection method been applied before the
commencement of projects, not only safety concerns
but also project management practices would have been
enhanced.

IV. DISCUSSION AND CONCLUSION

Construction is a collaboration of businesses spanning
various sectors, working together to complete a project
within a specified timeframe. Each project presents
unique challenges as a result of its individual
characteristics. Multiple objectives are anticipated to be
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met simultaneously, including timely delivery to the
owner, adhering to budget constraints, achieving
desired standards of quality, and ensuring the absence
of any workplace incidents. Every subcontractor that
enters this intense environment must be carefully
selected. If we consider the construction process as a
machine, the gears in every part must run smoothly.
Any issues within a single part of the machine can
result in problems throughout the entire system, just as
issues with a subcontractor can cause problems for not
only themselves but also for other subcontractors.
Thus, subcontracting is noted for its adverse health and
safety (H&S) influence in construction [23].
Loosemore and Andonakis (2007) also mentioned that
subcontracting has also created many management
problems for principal contractors which have been
widely recognised as contributing to inefficiencies in
the industry, because of the complex contractual
relationships which can confuse responsibilities for
OHS management and reporting [15]. To avoid such
problems, it is imperative that subcontractors are
thoroughly evaluated and selected during the bidding
process.

This study presents a method for assessing
subcontractors' compliance with occupational health
and safety standards, both during the selection process
and throughout the project. Subcontractors can be
evaluated based on these criteria during selection, and
their performance can be regularly assessed for
continuous improvement following globally recognised
standards. The aim of this study was to create a
projection for Turkey by examining three shopping
centre construction projects from different provinces,
which were selected as examples. A hierarchy model
was created by dividing 20 criteria found through
literature review into main and sub-headings, and
"Binary Comparison Questionnaires"” were formulated
based on this model for OHS experts. AHP was applied
in the study. The hierarchy was constructed using the
Superdecision program. Participants' responses were
entered in the program to generate paired comparison
tables.

The study found that due to wunique project
characteristics, OHS practices are not amenable to
standardization. A management system ought to be put
in place at the outset of a project, taking into account its
particular characteristics. Throughout the
implementation, this system should be closely
monitored and controlled. Interestingly, this matter has
also been highlighted by Oztas and Okmen (2005) and
Chinyio and Akintoye (2007) [24-25].

When carrying out bidding processes, it is necessary to
enquire  whether the subcontractor employs
occupational safety personnel, assess the staff's OHS
competencies, and ascertain if a management-approved
job description exists. Additionally, Cift¢ioglu (2013)
emphasizes the significance of selecting the most
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appropriate subcontractor for the subcontracting works
during the bidding process [26]. An OHS organization
lacking systematic management will not yield effective
outcomes [27]. Marzok et al. (2013) also took into
account safety consciousness on the job site while
identifying the most important factors that influence the
selection of sub-contractors [28].

The initial aspect to consider when assessing a
subcontractor is the presence of an OHS management
system. Ross (2002) identified that an OHS
management provided the basis for improved OHS
performance appraisal of a construction project [29].
The subcontractor employees must operate under an
OHS Management System to ensure adequate comfort
levels and minimize the risks to an acceptable degree.
This system of management ought to oversee the
processes of follow-up, audit, reporting, evaluation,
and improvement while also being sustainable and
meeting various needs.

Following the transfer of work to the subcontractor, a
Health and Safety Recording and Archiving System
must be implemented by the Employer's subcontractor
and its subcontractors [30]. All relevant data and
documents, including training records, meeting
minutes, practice reports, accident documentation,
signed personnel documents, employment records, and
health reports, must be entered into this recording and
archiving system.

In addition, both the company and its subcontractors
must maintain accident records, utilizing them to
investigate causes and prepare detailed reports. Based
on the report findings, it is necessary to implement
measures against the identified risk factors that led to
the accident. These reports must be archived by the
company and factored into the development of a by
learning from the past, the occurrence of accidents
could be prevented [31]. These records serve as
invaluable tools for investigating the root causes of
accidents and preparing detailed reports. The
systematic documentation of accidents enables
organizations to identify patterns, trends, and areas of
concern, facilitating informed decision-making and the
implementation of preventive measures. By
consistently analysing accident records, both the
company and subcontractors can proactively address
safety issues, continuously improve safety protocols,
and mitigate the risk of future incidents. This
commitment to thorough record-keeping not only
enhances overall safety performance but also
demonstrates a proactive approach to ensuring.

OHS awareness should be promoted at all levels within
the construction hierarchy. Thus, the selected company
should not restrict training solely to on-site personnel
but implement a dedicated OHS Training Program for
management. The increased OHS knowledge at the
main level of sanction power, the management, will
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enhance the efficacy of OHS Practices. Implementing a
dedicated Occupational Health and Safety (OHS)
Training Program for management is essential for
fostering a culture of safety within a company. By
extending training beyond on-site personnel to include
managerial staff, organizations can leverage leadership
influence to prioritize safety [32]. This approach not
only ensures compliance with legal requirements but
also equips managers with the knowledge and skills
needed for effective risk management, decision-
making, and emergency preparedness. Furthermore,
OHS training for management contributes to improved
communication, employee morale, and productivity, as
well as a commitment to continuous improvement.
Integrating safety into the daily operations and
decision-making processes of management establishes
a foundation for a robust safety culture, ultimately
creating a safer and healthier work environment for all
employees [33].

It is preferable for the subcontractor to carry out the
work in-house, rather than outsourcing to other
subcontractors, as the long chain of subcontractors can
lead to weakened and lengthened inspection and
control mechanisms in all areas. If the subcontractor
intends to engage other subcontractors in the work, they
must select their own subcontractors while considering
OHS. Therefore, the employer should specify the
criteria and training determined when selecting its own
subcontractor for the other subcontractors to follow.
When assessing the employer's preferred company,
they must specify that all established criteria shall apply
to subcontractors. In construction, occupational health
and safety also incurs a cost. Budgeting for OHS should
be a priority during the project planning stage,
accounting for project characteristics, risk assessment,
personnel, and other relevant factors. This aligns with
Cingillioglu's findings [34]. Manu et al. (2013)
suggests to restrict the layers of subcontractors on
projects and to work with a regular chain of
subcontractors [23].

When selecting a subcontracting company, it's crucial
to take into account whether the proposal includes OHS
expenses. In Turkey, these expenses aren't usually
discussed during the proposal phase and are typically
classified under general expenses. Subcontractors may
cut costs in other areas in order to accommodate for
unforeseen overhead expenses such as project
extensions and additional personnel. When planning
the OHS budget for the subcontractor company, it is
important to avoid aiming to save money at the end of
the work. Mayhew et al. (1997) specifically indicated
that a large building contractor, using dozens if not
hundreds of subcontractors, will find it extremely
difficult to put an effective OHS control system in
place, especially when competition in the tendering
process makes cost minimisation the overriding criteria
for survival [35].
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The findings indicate that if selection criteria for
qualified subcontractors is not conducted, unqualified
subcontractors may end up being chosen. This, in turn,
will have a direct impact on the safety management
process, implementation of health and safety measures,
risk mitigation and/or abatement and ensuring
compliance with current legislation throughout the
project. Therefore, it is crucial to select only qualified
subcontractors to ensure the safety of workers and
compliance with all legal requirements. The paper's
approach illuminates how prime contractors can
incorporate safety management into construction
management  practices on-site  with  qualified
subcontractors.
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Abstract

Although the spark plasma sintering (SPS) method is a very advantageous technque in many aspects, the inability to clearly
read the temperature formed on the material during sintering and heterogeneous temperature distributions are the biggest
problems of this process. Therefore, it is a common situation that samples taken from different regions of the produced
material have different densities and mechanical properties. In this study, the temperature distributions, current density
and joule heating effect of the entire setup consisting of the alumina (Al,O3) sample to be sintered, inconel electrodes,
graphite dies, punches and spacers, as well as the critical regions in this setup, are modeled by using finite element
software. According to the results, the temperature is maximum at the centre of the Al,03 sample and the temperature
gradient along its radius is 22.4°C. The temperature difference between the inner wall of the hole which is opened in the
graphite mold to measure the sintering temperature and the centre of the Al,03 sample is around 40°C. In addition, during
the SPS process, Al,Os is not heated directly by the joule effect and the temperature gradient in the sample occurs due to
mold surface radiation.

Keywords: Finite Element Analysis, Spark Plasma Sintering, Alumina, Powder Metallurgy

1. INTRODUCTION

Although the production of materials from powder by the traditional sintering method (moulding/pressure and
sintering processes are done separately) has been known for many years, the most important progress in this
regard began with the development of technologies in which molding-pressure and heating processes are
performed simultaneously [1]. In the powder metallurgy process, simultaneous application of temperature and
pressure offers great advantages for sintering various materials. Spark plasma sintering (SPS) and Hot pressing
(HP) are the best examples of processes where temperature and pressure are applied simultaneously [2]. In fact,
SPS and HP processes are similar to each other. But the main difference is the mechanisms involved in
generating heat and transmitting it to the material to be sintered. An external heating source is used in the HP
process. However, in the SPS process, a direct current is provided to pass through the sample to be sintered
and/or the conductive (usually graphite) die. This direct current is pulsed and controllable. In this way, the direct
current, which has a pulsed character, creates an electric field during the SPS process and the powders are heated
up both internally and externally [2-5]. The heat is generated directly in the material to be sintered or in the
molds, and in very short periods of time, the temperature of the sample can be equalized to the sintering
temperature values. Thanks to this high heating rate, the microstructure of the material (eg grain size) can be
easily kept under control [5-10].

A typical SPS machine consists of a DC pulse generator, electrodes, uniaxial press, vacuum chamber, and some
measuring components. Thanks to the spark plasma, DC pulse discharge, Joule heating and the diffusion effect
of an electric field are created. In addition, simultaneous pressure application creates plastic flow in the material.
The sintering temperature is kept under control by adjusting the pulse duration, ramp rate, voltage and pulse
current before or during the process. In the first stage of the process, the gases are removed and a vacuum
environment is created. Then, pressure and resistance heating are applied respectively and cooling process is
carried out in the last step. When a discharge of the spark occurs during the process at the contact point of the
particles of the material or in the space between the particles, the temperature in these areas can rise to thousands
of degrees celsius momentarily. Thus, melting and evaporation occur on the surface region of the particles and
sintering necks are come into existence between the particles. In addition, the concurrent application of current
and pressure causes an increase in the rate of heating. This decreases both the sintering temperature and time,
allowing consolidation without excessive grain growth. In addition to these advantages, there is no need to use
binders in the SPS process and does not require a pre-compression process. The material powder to be sintered is
directly filled into a graphite mold and a material with high theoretical density values with superior mechanical
properties can be produced [11,12].

However, in addition to all these advantages, heterogeneous temperature distribution in the SPS process is a very
common problem. Since the sintering temperature is read from the graphite die surface, it is significant to know
how the temperature is distributed throughout the sintered material section.
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Figure 1. (a) assembly of system, (b) meshes and (c) boundary conditions.

Because the temperature distribution during sintering
has a significant impact on the mechanical properties,
homogeneity and microstructure of the produced
material. For example, Sahin et al. [13] produced B4C-
based ceramic materials with the SPS method and
determined that there were density differences
between the edges and centers of the samples they
produced. One way to predict the temperature
distribution across the material cross section during
sintering is through finite element analysis (FEA).
Therefore, in this study, finite element modeling
(FEM) of the SPS technique was made to understand
the temperature distributions along the cross section of
the mold and sintered material in the production of
monolithic alumina by SPS method.

I1. MATERIALS AND METHODS

2.1. Definition of geometry

In this study, the simulation of the heating process of
an Al,O; sample during the SPS process was
performed using Thermal-Electric module of the
ANSYS® software. The technical drawing of the
assembly consisting of graphite dies, punches, spacers,
electrodes and the material to be sintered is given in
Figure 1 (a). Dimensional values of these parts were
given in Table 1. As can be understood from the
system, Al,O3; powder is placed in the mold cavity of
the graphite mold.

Table 1. Dimensions of the SPS system.
Dimensions (mm)
Part Diameter Height
Specimen 50 5
Punch 50 35
Die 100 50
Spacer 100 50
Inconel 150 30

There were two graphite punches above and below the
Al,O3 powder. At both ends of the system were
Inconel (a kind of nickel-chromium alloy) electrodes
in contact with a liquid at constant temperature.
Graphite spacers were placed between the electrodes
and the punches. In addition, a hole having a diameter
of 2 mm and a depth of 20 mm was drilled in the

middle of the graphite mold so that the temperature
could be read during sintering.

2.2. Mesh and Boundary conditions

In this study, the simulation of SPS process of the
Al>,O3 sample was performed using Thermal-Electric
module of the ANSYS® software. The assembly
created after the solid modeling drawings was
transferred to Ansys Workbench finite element
analysis (FEA) software. Different mesh sizes and
shapes were tried to achieve mesh independence and
accordingly 3D tetrahedral (in inconel, graphite molds
and spacers) and hexahedral (in punch and sample)
were used. The total mesh nodes and elements
numbers were 186172 and 116720, respectively. After
the meshing process, the finite element model of the
system is given in Figure 1 (b). It was assumed that
radiative heat transfer occurred between the
atmosphere of the SPS chamber and the surfaces.

On the other hand, convectional heat transfer on the
vertical walls was ignored. Additionally, the contact
resistance between the interfaces of the constituents
was neglected. The applied boundary conditions are
schematically summed up in Figure 1 (c).
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Figure 2. Graphs of experimental results showing the
measured temperature, displacement, and applied
electric current during the SPS process of Al;Os.

To calculate the temperature distribution during the
process of SPS, 4500A pulsed electrical current
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Table 2. Temperature dependent material properties (T=Kelvin).

Material Inconel [14,15] Graphite [15-17] Al203 [14,15]
Thermal conductivity 82.85—0.06 X T +2.58 x 107° x —126
(W/m-K) 10.03 +0.0157 x T T2 39500 x T
Electric resistivity 982x1077+1.6x1077x 214Xx1075—-134%x1078x T+ 8.7 x 10° x T—482

(Q'm) T 442 x 10712 x T2 :
Density (kg/m?) 8430 1904 — 0.01414 X T 3899

directly applied to the system. Because in the
experimental study using a 20000A capacity SPS
device (SPS Syntex Inc., 7.40 MK-VII),
approximately 4500A electric current was applied to
reach the sintering temperature of Al,Os (see Figure
2). The sintering temperature (approximately 1300°C)
was the temperature at which shrinkage was
completed.

2.3. Material Properties

Thermoelectric analyzes are directly related to
electrical and thermal properties. The change in the
properties of the material in this case is a function of
temperature. Therefore, the formulas regarding the
physical properties of the materials in the assembly
are presented in Table 2. In addition, all graphite
elements in this study were assumed to be isotropic,
that is, all physical properties were the same in all
directions.

I11. RESULTS AND DISCUSSION

3.1. Temperature distribution analyses

Figure 3 shows the temperature contours for the
system consisting of inconel electrodes, graphite dies,
and Al;O3 sample during the spark plasma sintering
process.

Type: Temperature
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Figure 3. Temperature distribution inside the all
components of system.
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This figure is given as a partial cross-sectional view in
order to determine the temperature distributions inside
the all components of the system. As can be
understood, under the defined boundary conditions,
the maximum temperature of the system was 1292.9
°C. This maximum temperature point was at the centre
of the upper graphite punch. Under the next heading,
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by explaining the joule heating and current density
phenomena, it will be understood why the maximum
temperature is in the graphite punch. as a matter of
fact, when the counter is examined in detail, it can be
understood that the centre of the sintered Al.O;
sample is almost at the maximum temperature value. It
is also seen that the temperature distribution is highest
in the central regions of all system parts.

The distribution of temperature along the diameter of
the alumina sample is seen in the Figure 4 (a) and (b).
The maximum temperature on the sample was about
1288.6 °C. Additionally, the center of the sample was
at the maximum temperature value. As seen in the
Figure 4 (b), the minimum temperature was 1260.2 °C
and it was at the edges of the Al,O3 sample close to
the graphite die. Temperature gradient (AT) on the
specimen was 22.4 °C. Also, there was no important
temperature difference across the sample height.
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Figure 4. Temperature distribution along the diameter
of the Al,O3 sample as (a) contours and (b) graph.
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When the temperature gradient between the inner wall
of mold hole and the centre of sample is examined, it
can be figured out that the temperature on the inner
wall of mold hole which is opened to measure the
sintering temperature is 1250.3 °C (see Figure 5 (a)
and (b)). The mentioned temperature gradient is more
clearly understood in the graph given in Figure 5 (b).
The temperature gradient from the inner wall of the
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mold hole to the center of the sample is 38.3 °C. This
means that there is a difference of about 40 °C in
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Figure 5. Temperature distribution from the inner
wall of the die hole to the center of the Al,O3 as (a)
contours and (b) graph.

between the actual temperature at the center of the
sample and the sintering temperature read from the
SPS device. This difference has great importance.
Because during spark plasma sintering, the
temperature measured from this inner wall of the hole
is considered as the sintering temperature.

During experimental procedures, an optical pyrometer
is usually placed outside the SPS chamber, and thanks
to this pyrometer, the sintering temperature data on the
wall surface of the hole opened in the graphite mold is
read through a window on the chamber wall.
Therefore, it is important to know that temperature

I
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Figure 6. Temperature distribution from the outermost
wall of the die to the center of Al,Os as (a) contours
and (b) graph.

difference between the observed sintering temperature
and the actual temperature during the sintering of
Al,0O3 using the SPS method is about 40°C. The
temperature difference from the outer wall of the mold
to the center of the sample during SPS process of
Al>O3 is given in Figure 6 (a) and (b). Clearly, in this
case the temperature difference (AT) is approximately
122.3 °C. Moreover, there is a temperature difference
of around 94 °C in between the outer (on the sintered
sample side) and inner wall of the graphite die. These
significant temperature differences are caused by heat
flow from the outermost wall of the graphite die to the
spark plasma chamber or carbon belt.

Figure 7. Total current density in the all components of system.
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Figure 8. (a) Joule heating and (b) total heat flux distributions in the all components of system.

3.2. Current density, joule heating and total heat
flux analyses

Figure 7 shows the total current density (A/m?) on the
Inconel electrodes, graphite die, spacer, punches, and
Al,O3 sample. It is immediately obvious that the
electric current does not exhibit a uniform distribution.
Since alumina is an electrically non-conductive
material, no electric current flows through the Al,O3
sample. An almost identical situation was shown in
the study by Sakkaki et al [15]. The electric current
density was maximum (5.96x108 A/m?) in the graphite
punch. Therefore, this explains why the maximum
temperature (1292.9 °C) occurs in the graphite punch.

On the other hand, as seen in Figure 8 (a), joule
heating was at the maximum level (0.1624 W/mm?3) in
the graphite punch. This situation, together with those
mentioned above, explains why graphite punch failure
often occurs during SPS process of non-conductive
ceramic material. If an electrically conductive material
were produced with the SPS process, the maximum
joule heat and maximum current density would most
likely occur in the sample. Additionally, another high
joule heat region is formed in the graphite die-edge
region of AlO; sample. In this case, as expected,
there was no direct joule heating during SPS process
of the alumina sample. Instead, the heat generated in
the punches and graphite die was quickly and
efficiently transferred to the alumina sample by
conduction. In fact, it is reported that this phenomenon
creates less thermal gradient in the material during the
SPS process of non-conductive materials compared to
conductive ones [15,18]. In addition, it can be easily
understood from Figure 8 (b) that there is an intense
heat flux from the graphite die surface to the chamber
due to radiation. Therefore, heat loss occurred due to
surface radiation of the graphite die. This phenomenon
cooled the edge region of the Al,O; sample and a
temperature gradient was formed.

IV. CONCLUSIONS

In this study, FEM study was performed to better
understand the temperature distributions during the
production of AlOs; with the SPS technique. As a
result, when the defined boundary conditions and
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4500A electric current were applied to the system, the
following important results were obtained.

e The maximum temperature occurring in the Al,Os
sample is at the center of the sample and is 1288.6
°C.

The temperature gradient across the Al,O3 sample
is 22.4 °C.

There is a difference of around 40 °C between the
center Al,O3; sample and inner wall of the die hole.
The temperature difference from the outermost
surface of the graphite die to the center of the
Al,O3 sample is approximately 122°C.

Total current density and joule heating effect are
maximum in graphite punches.

During spark plasma sintering, Al,O3 is heated not
directly by the Joule effect but by thermal
conduction. The temperature in the Al,O3; sample
increases due to heat conduction from the graphite
die and punches.

Heat loss occurs at the edges of the sample due to
mold surface radiation, resulting in a temperature
gradient in the Al,O3 sample.
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Abstract

Iris segmentation is a crucial step in iris recognition systems. Iris segmentation in visible wavelength and unconstrained
environments is more challenging than segmenting iris images in ideal environments. This paper proposes a new iris
segmentation method that exploits the color of human eyes to segment the iris region more accurately. While most of the
current iris segmentation methods ignore the color of the iris or deal with grayscale eye images directly, the proposed method
takes benefits from iris color to simplify the iris segmentation step. In the first step, we estimate the expected iris center using
Haar-like features. The iris color is detected and accordingly, a color-convenient segmentation algorithm is applied to find the
iris region. Dealing separately with each iris color set significantly decreases the false segmentation errors and enhances the
performance of the iris recognition system. The results of testing the proposed algorithm on the UBIRIS database
demonstrate the robustness of our algorithm against different noise factors and non-ideal conditions.

Keywords: Iris Segmentation, Visible Wavelength Iris Images, Color-based Iris Segmentation, Eye Color Classification,
Unconstrained Iris Recognition

I. INTRODUCTION

With the increasing attention to iris biometrics, the need for an accurate and fast recognition system has
increased [1]. The human iris has many features which make it a highly reliable biometric. Examples of these
features are the constancy of iris patterns over the years, the high complexity and randomness patterns, and the
exceptional amount of entropy, enabling the avoidance of false match and false reject errors [2]. As a result, iris
recognition has a wide use range from border authentication systems [3], to forensics applications [4], to ATM
systems [5].

A classical iris recognition system commonly consists of four main steps: iris region segmentation, iris region
normalization, features encoding from the normalized iris image, and iris code matching [6]. The first step (iris
region segmentation) is considered the most critical of these four steps. In this stage, researchers confront
numerous noise elements, especially within dynamic and non-ideal contexts. Moreover, making an error in this
step by adding non-iris pixels to the real iris region or by removing some iris pixels from the real iris region,
significantly affects/degrades the resulted iris template and consequently leads to false accept or false reject
errors [7].

Iris recognition systems are categorized as constrained and unconstrained depending on the applicable
circumstances. Some research mentions it as cooperative and non-cooperative [8]. When working with noisy iris
images acquired in non-cooperative environments and under non-ideal imaging conditions, the iris identification
methods proposed to deal with cooperative environments may not operate well. This is because iris images may
include more difficult-to-separate noise factors in unconstrained environments that cannot be handled using
traditional iris segmentation algorithms. Examples of such factors are specular reflections, luminance, high
occlusions by eyelashes and eyelids, eyeglasses, and focusing problems. Fig. 1 gives two sample iris images. The
first one was captured in visible wavelength and under an unconstrained environment, and the second image was
captured in ideal conditions (constrained environment) with Near-infrared cameras (NIR).

In the iris segmentation step, the iris’s inner and outer circular or uncircular boundaries are localized, and the
regions that belong to other factors and cover or degrade the iris region should be removed. The upper and lower
eyelashes, the eyelids, the eye pupil, and the iris regions that are affected by specular reflections are examples of
these factors that should be detected and isolated from the iris region [13]. In the second step, the segmented iris
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region is converted/normalized to a rectangular region
to simplify the process of feature extraction. The third
step called feature encoding or feature extraction is
carried out on the segmented and normalized iris
region by applying a convenient filter or feature
extraction technique to produce the first version of the
iris biometric template. Normally, the output of this
step is two identical size arrays called iris
template/code and iris mask. The iris code represents
the unique features of the considered person, and the
mask array is used to enhance the hamming distance
results by excluding the non-iris pixels. In the fourth
and last step, the extracted iris code is compared with
one (verification) or more (identification) different iris
codes to determine if they belong to the same person
or not. The comparing process is usually done by
calculating the Hamming Distance (HD) between the
two compared iris codes [15]. Of the four steps of iris
recognition, the second step which is iris segmentation
is the hardest and most studied step in literature. This
is because this step processes directly the noisy iris
image that may be affected by many real-world noise
sources and dynamic environments. Moreover, all
other iris recognition steps rely on its result.
Consequently, if any error occurs in the segmentation
step, it will directly affect the feature extraction step
and cause degradation in the iris code [14].

0
Figure 1: Two iris images. (a) from the UBIRIS
database, and (b) from the CASIA database.

Since the first automated iris recognition was
proposed in 1997 [7], many algorithms have been
developed in this field where most of them focus on
cooperative systems under controlled conditions.
Recently, there has been increasing research attention
to non-cooperative and unconstrained iris recognition
systems that can work in non-ideal conditions. By
reviewing the related work in iris recognition, we
noted that most of the current iris segmentation
methods ignore the color of the iris and prefer to deal
with grayscale eye images directly [9,10,11]. Our
main motivation in this work is that many false iris
segmentation cases occur due to the wide color ranges
of human iris regions and trying to deal with these
heterogeneous colored irises using one methodology.
Based on these observations, a new fast segmentation
method that utilizes the iris color to boost the
robustness and efficiency of the iris segmentation step
is proposed. We believe that exploiting the color of
the iris can significantly contribute to enhancing and
simplifying the segmentation step, especially in
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unconstrained environments. The main contributions

of this study are summarized as follows:

1. A novel color-based iris segmentation algorithm for
images captured in unconstrained environments is
proposed. It first detects the color of the iris/eye and
then deals with each eye class independently using
different parameters.

2. A fast new method to estimate the pupil and iris
centers using a Haar-like feature is proposed. It can
quickly and efficiently search for the candidate
center of the iris and significantly reduces the region
of interest for the next steps in the segmentation
process.

3.A new method to detect the color of the iris is
proposed using the K-means clustering algorithm.
4.More convenient methods for unconstrained
environments to find and isolate non-iris regions
such as eyelashes, eyelids, and specular reflections

are proposed and utilized.

To the best of our knowledge, this paper is the first
research that detects the iris color and utilizes it in the
iris segmentation step. Our experimental results
confirm the significance of classifying irises based on
their colors where it enables the detection of complex
and challenging noise regions that cannot be detected
by most of the existing segmentation methods.

This paper is organized as follows: Section 2 provides

a brief overview of research on iris segmentation in

unconstrained environments. A detailed description of

the proposed color-based segmentation method is
given in Section 3. In Section 4, we present and
discuss the results of our experimental study. Section

5 concludes the paper and gives some future work

directions.

Il. RELATED WORK

This section provides a brief overview of the literature
on iris segmentation in unconstrained and non-
cooperative environments. Over the past two decades,
many algorithms have been proposed to deal with iris
segmentation in non-ideal environments where most
of which are developed by enhancing the traditional
iris segmentation algorithms or adding more pre-
processing steps before segmentation  starts.
Segmentation methods can be classified into many
categories using different criteria such as if the model
is boundary-based or pixel-based [9] if the model
starts by searching for iris, pupil, or sclera [10], and
depending on the primary segmentation operator or
approach [10].

One of the first methods used in iris segmentation is
the integrodifferential operator. It was proposed by
Daugman in his fully proposed iris recognition system
[11]. This operator obtains excellent results in ideal
conditions where its performance significantly
degrades in noisy environments. In [12], the authors
proposed an enhancement version of the
integrodifferential operator of the former model to
perform  more  efficiently in  unconstrained

environments. A multi-step  clustering-based
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segmentation mechanism was proposed in [13] to
obtain better results in noisy environments. In [14],
the Hough transform was combined with the
integrodifferential operator to overcome the problems
of both methods and achieve better results. The
authors in [15] focused on minimizing the execution
time of the integrodifferential operator by utilizing the
average square shrinking method.

Circular Hough Transform (CHT) is one of the most
popular methods used in iris segmentation in noisy
environments [16]. Usually, it is used after applying a
suitable edge detection method. Although CHT
performs very well in unconstrained environments, it
does have a high computational cost and assumes that
the iris is circular [17]. In literature, many researchers
have been working to address these two problems [18-
20] using several approaches. One technique is to
reduce the search region of the iris to decrease the
computational time of CHT [10]. One problem with
this model is dealing with the off-angle scenarios that
generate uncircular iris borders. In another interesting
research [42], the authors used a new color
segmentation method to exclude the affected regions
by visible light from the iris region. After that, the iris
and pupil are localized by applying two circular edge
detection.

To deal with the uncircular borders of the iris, the
active contour is a common technique proposed to
segment iris regions. For example, in [21], the outer
and inner boundaries of the iris are estimated using a
technique called geodesic active contours. In another
work [22], an adaptive iris segmentation method was
proposed using an updated geodesic active contours
model. In literature, many other iris segmentation
methods were presented by using different versions of
the active contours model [23], [24]. The main
problem of active contours algorithms is the high
sensitivity to noise which reduces their performance in
unconstrained environments.

As with many other image processing and computer
vision applications, deep learning and Convolutional
Neural Networks (CNNs) [25, 39, 40, 41, 43, 44] have
been effectively used in the iris segmentation step.
IrisParseNet [26] is one of the first attempts to propose
a deep learning-based framework to solve the iris
segmentation problem. The correlations between the
iris, sclera, and pupil were utilized to boost the iris
segmentation process. In [27], the authors proposed a
general deep learning method for all steps of iris
recognition (including iris segmentation) by designing
a fully convolutional neural network. The DeeplrisNet
[28] is another deep learning-based model that uses
highly deep architecture to detect the iris region
accurately.

As discussed in the previous section, all the current
iris segmentation methods deal with all types and
classes of the iris using one methodology which
causes many errors in the segmentation step because
of the wide possible color ranges of the human iris. At
the same time, most of the proposed iris segmentation
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methods require a long execution time, which makes it
slows down the execution in real-time scenarios.

I1l. PROPOSED METHODOLOGY

This section describes the steps of our proposed color-
based segmentation algorithm. As described in Section
2, common iris segmentation methodologies are
designed to either deal with grayscale iris images
directly or convert the colored iris image to grayscale
image first then apply the remaining segmentation
steps. In both situations, the color of the iris is
ignored, and no more benefits are gained from the
different available color spaces. One of the most
common sources of segmentation errors is the high
color variations of human irises. Most of the current
iris segmentation algorithms that deal with
unconstrained iris images are designed to work for
normal and common human irises and they face some
difficulties when dealing with very high or very low
color intensities in the iris region. Figure 2 shows two
samples of iris images from the UBIRIS v1 database
[32] that have a high difference in color information.
In dark color iris, it becomes very difficult to
determine and remove the dark color noise factors
such as pupil and eyelashes, whereas in light color iris,
it is difficult to detect and remove specular reflections
that may occur in a visible wavelength environment.

Figure 2: Two sample iris images from the UBIRIS
v1 database with light and dark colors.

The proposed segmentation algorithm is designed to
exploit the color information of the iris to achieve
more robust and accurate segmentation with low
execution time. The segmentation process begins with
the estimation and detection of the color of the eye or
iris, and then different segmentation and noise
removal techniques are applied according to the
detected iris color. Figure 3 shows the block diagram
of the proposed segmentation algorithm.

The essential point consists of determining the iris
color and dealing with each iris color/type more
specifically to accurately find the iris region pixels
and remove the non-iris pixels. The process starts by
searching for the expected iris region in the image
then; the pupil of the eye is localized by applying the
circular Hough transform on the output image of the
previous step. Estimating the expected iris region is an
essential step to eliminate a large portion of non-iris
regions which helps in avoiding errors that occur in
non-iris regions as well as reducing the searching time
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Figure 3: The block diagram of the proposed color-based iris segmentation algorithm.
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Figure 5: Determine the estimated iris centers for four sample images using our proposed Haar-like feature
method.

of the next steps. After removing the pupil region, the
color of the iris is detected using the k-means
algorithm. Based on the color of the iris, several color-
specific techniques are applied to accurately classify
iris pixels and remove the non-iris regions. The color-
specific techniques enable higher accuracy of pixel
classification and eliminate the noise sources with
minimal computations. In the following subsections,
we explain the steps of the proposed algorithm in
detail.

3.1 Iris Region Estimation

Searching for the iris region can face two types of
errors which are errors inside the iris region (such as
pupil, luminance, and eyelashes), and errors outside
the iris region (such as eyelashes, eyebrows, and glass
frame). Dealing directly with the entire eye image
exposes the segmentation algorithm to both error
types. Therefore, many segmentation algorithms
employ different pre-segmentation methods to delete
the skin and sclera regions such as the k-means
algorithm and thresholding techniques [10] [29]. In
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this paper, a new method inspired by Haar-like
features is proposed to quickly search for the expected
iris center [30]. Haar-like features are widely used in
many object recognition algorithms such as the well-
known Viola-Jones face detection algorithm. The key
advantage of Haar-like features over other techniques
is its low computational cost since it can be calculated
in constant time regardless of the used feature size. To
find the estimated center of the iris, a Haar-like feature
is applied to the iris image as shown in Fig. 4. The
selected feature measures the difference in intensity
between the iris region and regions around the iris
from the two sides. This feature is selected based on
observing that the iris region is often darker than its
two sides which usually represent the sclera region.
Another advantage of using this feature is that it is
relatively insensitive to iris size and iris location.

The Haar-like feature is moved over the input iris
image, and it is calculated by subtracting the sum of
the pixels that lie within the white rectangles from the
sum of pixels in the black rectangle. We assume that
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Figure 7: Distribution of the colors of iris images in the RGB color space. Clusters 1, 2, 3, 4, and 5 represent the
light brown, blue, brown, dark brown, and hazel irises.

the location where the Haar-like feature obtains the
maximum value represents the expected iris center.
Figure 4.c shows the resulting image after applying
this step on a sample iris image. As expected, the
feature obtains small values in the image edges and
large values around the center of the image while
moving over the iris. Note that this step is used to only
decrease the search space for the next steps and the
obtained iris center may not be exactly the real iris
center. Figure 5 shows the detected iris center of some
sample images from the UBIRIS database.

3.2. Pupil Region Isolation

Detecting and removing the pupil region in non-
cooperative environments is not a simple task as in
controlled environments. This is because of the low
contrast between the color intensities of the pupil
region and the iris region, mostly in dark-colored eyes
(see Fig. 3). Therefore, removing the pupil region in
those environments needs more effort and specific
handling. To address this issue, we used our
previously proposed pupil isolating method [10], [6],
which primarily employs the Canny edge detection
and the circular Hough transform. This method is
characterized by its high speed and low influence on
other error factors in unconstrained environments. The
following steps summarize this method: The iris
image is enhanced by applying image-adjusting
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techniques to increase the contrast between the iris

and pupil regions.

1. The pupil searching area is minimized by
restricting the search region to only a small square.
The center of this square is equal to the expected
iris center obtained from the previous step.

2. The Canny edge detection is applied [31] to obtain
the binary edge image.

3. The circular Hough transform is applied to localize
the pupil region.

3.3. Iris Color Detection

Detecting the iris color is a crucial step of our
proposed segmentation algorithm since the remaining
steps will be significantly affected by the obtained
result from this step. By analyzing the iris images of
the UBIRIS v1 database [32], we classified irises into
five classes according to their colors. In the real world,
there are more than five iris color types, but since our
experimental results are conducted using the UBIRIS
database only five iris colors are considered. The five
classified colors are blue, mixed blue/green, and red
(hazel), light brown, brown, and dark brown.

Fig. 6 shows one sample image from each of the five
color classes. As seen in the figure, the blue irises
have the highest intensity values since they are closer
to the white color. Hazel irises usually consist of two
colors as described in the previous section. The other
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Figure 8: Segmented iris images using the proposed color-based algorithm.

three iris types in the UBIRIS database are the three
different levels of brown color. We divided them into
three types since the intensity difference between them
is very high. To understand the overall perspective of
iris colors, we experimented to view the average color
of each iris image in the UBIRIS v1 database. The 241
considered iris pictures for 241 persons are selected
from the UBIRIS v1 database [32]. The irises are
manually segmented, and all non-iris regions are
removed, then we computed the average intensity of
each iris for the three-color components of RGB color
space which are red, green, and blue. After that, the
iris images are classified into five clusters using the K-
mean algorithm. Fig. 7 shows the distribution of iris
image colors in the RGB color space.

By examining Figure 7, we can see that there is a wide
variation in the color intensity levels of the considered
irises. Intuitively, dealing with each color level
separately in the segmentation process is much better
than dealing with all these high ranges of colors as one
class. Furthermore, dealing with each class differently
enables us to solve the problems of each class without
affecting on results of other classes which addresses
the shortcomings of many existing segmentation
algorithms. It is important here to remember that the
proposed algorithm is scalable which means that we
can simply extend it to be able to handle other types of
irises such as green, red, and violet irises.

Table 1 Low and high threshold values for the five
considered color classes.

Color erIc?vC; Brown b[r)c?\l/’\ll(n Blue Hazel
L 75 52 5 85 80
R H 150 140 74 175 170
G L 43 30 4 80 55
H 120 95 65 178 143
L 22 20 1 65 35
B H 115 95 48 195 140
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3.4. Iris Region Localization

Our iris region segmentation uses the RGB three color
components to accurately characterize the pixels of the
iris region from the other eye and noise pixels. For
each color component, we calculated the minimum
and maximum thresholds that can characterize the five
different color classes. The limits of each color
component are calculated by performing a preliminary
experiment using the method presented in [5]. The
difference in our proposed algorithm is that we
estimate the minimum and maximum thresholds for
each color class separately. To do this, a total of 241
iris images for different 241 human eyes are used. By
addressing each color independently, the algorithm
becomes able to precisely find the iris pixels and
exclude the non-iris pixels without struggling with the
segmentation issues that appear in other segmentation
algorithms [29]. The irises are manually segmented,
and all non-iris regions are removed, then we
computed the histogram of intensities for each color
class using the three-color components of RGB color
space. The thresholds are computed using 1.5a, such
that a denotes the standard deviation of the intensity’s
histogram for each color component. The lower and
upper thresholds of each color class are given in Table
1. A pixel is classified as an iris pixel if its red, green,
and blue intensity values fall within the range
determined by the minimum and maximum thresholds
of each color component for this color class.

The results of applying this step on a sample set of iris
images obtained from the previous step are shown in
Figure 8. By examining the segmented images in this
figure, it is noted that the proposed segmentation
algorithm can efficiently find and recognize iris pixels
from different color levels and accurately isolate the
sclera, eyelashes, and specular reflection pixels.
Although the proposed algorithm can isolate most of
the non-iris and noise regions without any extra effort,
there are still small regions that require to be removed
in some situations such as lower and upper eyelashes.
These situations occur normally when the iris color is
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dark as in brown and dark brown images where it
becomes more difficult to separate the small regions
of eyelashes from the iris region. For that reason,
another step of noise cleaning is required to
completely remove all non-iris regions from the iris
region.

3.5. Non-Iris Pixels Removal
As described in the previous step, for some dark irises,
the upper and lower eyelashes still need handling to be
completely removed. In unconstrained environments,
determining and removing the eyelash regions that
cover some parts of the iris is one of the most critical
and hard tasks since it occurs very often. The
proposed segmentation algorithm utilizes our
previously proposed eyelash removal technique to
delete the remaining non-iris pixels from the obtained
image in the previous step [10]. This technique is
especially proposed to robustly deal with eyelashes in
unconstrained and visible wavelength environments,
and as a result, it was applied in many other
segmentation methods [29], [33]. The efficiency of
this technique is due to the detection of eyelashes from
the sclera region rather than the iris region as other
algorithms do. Consequently, it can successfully
isolate the eyelashes since the intensity difference
between the sclera region and eyelashes region is very
high and provides much better results than trying to
isolate them from inside the iris region. The following
steps summarize how the eyelash removal technique
works:

1. Two rectangles in the sclera region are localized
from the two sides of the iris region.

2. The horizontal Canny edge detection is applied on
the two rectangle images to discover the edges
between the sclera and eyelashes/eyelids, and
then the resulting edge images are enhanced by
morphological operations to delete the small noise
points.

3. Locate the edge points on each side that represent
eyelashes/eyelids and draw the arc that connects
these two points to represent the eyelid location.
To draw this arc its radius and center are
calculated as explained in [4]. For the upper
eyelid, all points after this arc are considered
noise points that may belong to the upper
eyelashes or eyelids.

In some rare cases, we get some blocks inside the iris
region that are considered noise or non-iris regions
where they are part of the iris region in real. To handle
such cases, we conduct another adaptive process to
correct the classification of these blocks by using
again the iris color. This process simply checks if the
considered iris has a dark or light color. If it has a dark
color like brown or dark brown and these blocks have
large intensity values, then these blocks are considered
specular reflections. Conversely, if the iris has a light
color like the blue and these blocks have large
intensity values, then these blocks are considered as
parts of the iris region.
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IV. RESULTS AND DISCUSSION
In this section, we give a brief description of the
UBIRIS database that we used to test our
segmentation algorithm, and then present the obtained
results of comparing our color-based segmentation
algorithm with other methodologies.

4.1. UBIRIS iris database

The UBIRIS [32] database is one of the most popular
databases for iris recognition in visible wavelength
and unconstrained environments. It is a publicly
available database with 1877 images taken from 241
persons. It simulates the unconstrained imaging
conditions by providing different types of noise
factors such as eyelid and eyelash iris obstruction,
specular reflections, contrast, and different focus
levels. The images of UBIRIS can be classified into
different classes based on three parameters focus,
reflections, and the visibility of the iris using three
scale levels which are good, average, and bad. To
investigate the performance of our algorithm, we
considered all the 1877 images of the UBIRIS vl
database that have 800/600 resolution. Figure 1 and
Figure 6 give some examples of the images of this
database. As shown from these figures, UBIRIS v1
includes a diverse set of irises with different features
and colors which makes it suitable for training and
testing our proposed algorithm.

4.2. Results

The proposed segmentation algorithm is implemented
using MATLAB software. As we described in the
previous section, the iris region is estimated first using
Haar-like features then the pupil is localized and
removed. After that, the color of the iris is detected
using the k-means algorithm, and accordingly, a set of
different thresholding techniques are applied to
determine the pixels of each iris type. Finally, a set of
robust techniques is conducted to clean the remaining
non-iris pixels.

Figure 9 shows a sample of segmented iris images
after applying our iris segmentation algorithm. The
first row represents the original iris images; the second
row shows the images after removing the pupil and
upper eyelids regions and marking them with black
pixels. In the third row of the figure, we give the
binary images after detecting the color of the iris and
classify its pixels accordingly. The segmented images
confirm the high efficiency of our proposed
methodology in both determining the iris regions and
isolating the noise regions especially those that occur
as a result of specular reflections and upper eyelashes.
While our algorithm can accurately isolate the
specular  reflection  regions, many proposed
segmentation algorithms fail or face some difficulties
in dealing with such challenging tasks especially when
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Figure 9: A sample set of segmented irises using the proposed color-based algorithm where the third row
represents the binary image of the segmented iris region.

Table 2: Performance summary of the proposed segmentation algorithm concerning other methods.

Methos Tested Iris - pupl a%‘z%'?fés Time )
Daugman [10] UBIRIS v1 95.22 95.22 - 3.20
Wildes [14] UBIRIS v1 98.60 96.60 95.32 231
Sahmoud et al. [4] UBIRIS v1 98.12 96.52 96.12 1.90
Fast Multi-Models [5] 600 96.75 96.25 96.75 1.12
Fourier spectral [35] UBIRIS v1 98.49 94.47 - -
Proposed Algorithm UBIRIS v1 98.92 98.01 98.76 1.64

working under visible wavelength environments. The
results show that our algorithm can detect all types of
specular reflections and shadows that most other
algorithms fail to detect. We found that even in the
binary truth table images that are used in testing the
performance of segmentation methods or training the
models to deal with iris segmentation, there are some
undetected regions for shadow and specular
reflections that our proposed algorithm can detect.

Table 2 summarizes the results of our comparative
study to investigate the segmentation performance
between the proposed algorithm and other previously
proposed algorithms. To assess the performance of
algorithms in detail, four performance metrics are
considered to measure the efficiency of algorithms,
iris segmentation accuracy, pupil isolation accuracy,
eyelashes and eyelids isolation accuracy, and average
execution time in seconds. For the iris, pupil, and
eyelashes the accuracy is obtained by visual inspection
of each iris image as done in [10], [35]. A correct
segmentation is considered when the detected iris,
pupil, and eyelid borders fall exactly into the real
borders of these objects. While some researchers use
the ground truth of manually segmented iris images to

compare their proposed segmentation algorithms, we
prefer not to use it for two reasons. First, there is no
full ground truth available for the UBIRIS v1 database
and second, most of the available ground truth binary
images ignore some noise factors such as specular
reflections and shadows which causes unfair
comparison. The average segmentation time is
obtained by considering the mean processing time of
100 iris images. All the algorithms except the Fourier
spectral algorithm were implemented and tested in
Matlab where implementations are not perfectly
optimized for fast execution speed. Since there is no
available public code for the Fourier spectral method,
we report the result presented in [34].

From the results of Table 2, it is observed that the
proposed segmentation algorithm performs better than
most of the other compared algorithms even in the
presence of noise factors under non-ideal conditions.
It obtained the best segmentation accuracy in the
pupil, eyelashes, and eyelids, the second-best results
regarding time, and the third-best results for the iris.
Wildes’ method [7] achieved the best results with a
slightly better result than the proposed algorithm, but
it faces some difficulties in dealing with eyelashes and
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pupil regions where its performance decreases to 95.3
and 96.6 respectively. Moreover, it spends 40% more
time on average than the proposed algorithm. On the
other hand, Daugman’s algorithm [3] which was
originally developed for cooperative environments
was significantly affected by existing noise factors in
the UBIRIS database and obtained around 4.8%
percentage of false segmentation. One reason for this
is the low image quality of noisy images which is
considered insufficient for the integrodifferential
operator to work efficiently. Sahmoud et al. [10]
algorithm  performs well in iris and pupil
segmentation, but it is observed that it fails in some
complex eyelashes and shadow situations. Moreover,
both Sahmoud et al. [10] algorithm and Wildes’ [7]
algorithm assume that the iris is circular which causes
some inaccurate results in the off-angle iris images.
The fast multi-model method [29] needs both training
and testing sets; therefore, we tested it under 600
images only. It achieved acceptable results, but it is
still not as good as other algorithms since it
concentrates on execution speed more than
segmentation accuracy. For mPA metrics results, our
proposed algorithm obtained the second-best results
whereas the DFCN algorithm achieved the best
results. One reason for this is the high efficiency of the
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deep learning approach used in DFCN which is one of
our future work points.

Figure 10: A sample set of binary images that
represent the segmented irises using the proposed
color-based algorithm.

Note that the iris color can be also important in soft
biometrics where the color and the size of the eye are
included in the features for human identification and
verification processes. Fig. 10 shows the binary
images for a set of segmented irises using the
proposed color-based algorithm. The binary images
clearly demonstrate the ability of the proposed

47

algorithm to deal with diffident levels of eyelids and
eyelash occlusions. Furthermore, the specular
reflections and shadows are accurately isolated from
the iris regions. According to our results, most
UBIRIS iris images are exposed to specular reflections
from the right sides of the irises more than the left
sides.

Regarding the execution time of the compared
algorithms, we observed that the fast multi-models
method [29] is the fastest. This result is reasonable
since it utilizes a multi-thresholding mechanism to
detect iris pixels in different color spaces. The
proposed method’s computation time is the second-
best one followed by Sahmoud et al. method. Note
that the implementation of these algorithms is not
optimized well to have low computation time, we
believe that with more code optimization and by
implementing our method using C++ the computation
time can be significantly enhanced. On the other hand,
the proposed algorithm sometimes fails in segmenting
iris images in special cases. Fig. 11 shows some
examples of failed or non-accurate classified iris
images. The main issue of the proposed algorithm is
when we have two high and low-intensity colors in the
same iris as shown in Fig. 11. In this case, the
proposed algorithm may exclude some iris regions and
consider them as specular reflections or noise. In
addition, our algorithm may face some difficulties
when handling images of individuals with glasses
especially when the glasses frame includes diverse
colors that interfere with the iris colors.

The high speed of the proposed algorithm compared to
other algorithms enables it to be used efficiently in
real-time or online applications without affecting the
segmentation efficiency. Dealing with each iris color
level separately can enhance the segmentation results
(as shown in Table 2) and reduce the iris regions that
are excluded falsely during noise-cleaning techniques.
Moreover, the proposed algorithm can be used as a
first processing step for other medical or eye-tracking
algorithms.

V. CONCLUSION

In this paper, we proposed a new robust iris
segmentation algorithm that utilizes the color
information of human eyes to enhance the iris
segmentation step in unconstrained and non-
cooperative environments. While most of the current
iris segmentation methods ignore the iris color, the
proposed algorithm benefits from it and uses it to deal
with each color separately more specifically during
segmentation. In the first step, the expected iris center
is estimated using Haar-like features, and then the iris
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color is detected by using k-means clustering.
Accordingly, a color-convenient segmentation
algorithm is applied to classify the pixels of the
candidate region into iris and non-iris pixels. To
remove the other noise factors such as eyelids,
eyelashes, luminance, and shadows, several robust
noise removal techniques are applied. Our
experimental results on the UBIRIS database
demonstrated the robustness of our algorithm against
different noise factors and non-ideal conditions.
Moreover, the results prove the efficiency of dealing
with each iris color set separately which significantly
decreases the false segmentation errors and enhances
the performance of the iris recognition system. The
results confirmed the efficiency of the proposed
approach compared to other state-of-the-art algorithms
from different approaches. In addition, the proposed
algorithm showed promising results regarding the
execution time since the results showed that the
proposed method is faster than other approaches by
23% on average while still obtaining competitive
accuracy results.

In future work, we are planning to extend our work
by including other iris colors that do not exist in the
UBIRIS database such as green and red iris colors. In
addition, optimizing the code of our algorithm and
merging it with current CNN algorithms is another
planned research work [38].
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Abstract

This study investigates the microstructural evolution and mechanical behavior of severe cold-rolled B-type Ti-29Nb-13Ta-
4.6Zr (TNTZ) alloys under systematic solution heat treatments (ST) at 1063°K for durations ranging from 5 to 60 minutes.
This comprehensive analysis provides valuable insights into the microstructural and mechanical characteristics of TNTZ alloys
under varying solution heat treatment durations, offering a foundational understanding for optimizing their application in
engineering contexts. Microstructural analysis reveals that both solution-treated (ST) and cold-rolled (CR) samples exhibit a
predominant single body-centered cubic (BCC) B phase, while cold-rolled and solution-treated (CST-Q) samples display a
combination of B and martensite orthorhombic a" phases. ST samples demonstrate equiaxed grains with an average diameter
of ~72 um, albeit with limited clarity. In contrast, CST-Q samples treated for over 10 minutes exhibit finer equiaxed grains
within the 7-14 um range. Hardness values increase with prolonged solution heat treatment, reaching approximately ~183 HV
for ST and ~234 HV for CR. Moreover, hardness continues to rise with increasing treatment duration, reaching ~204 HV for
CST10Q, ~229 HV for CST30Q, and ~242 HV for CST60Q. Mechanical properties, including tensile strength, yield strength,
and elongation, vary across samples. ST shows values of ~710 MPa, ~610 MPa, and ~25%, CR with ~1305 MPa, ~395 MPa,
and ~17.5%, CST5Q with ~1042 MPa, ~440 MPa, and 17.5%, CST10Q with ~1010 MPa, ~650 MPa, and 21%, and CST60Q
with ~930 MPa, ~660 MPa, and ~21%. Fracture surfaces of all samples exhibit dimple structures and microvoid nucleation,
indicative of ductile failure.

Keywords: Titanium alloys, Thermomechanical processing, Heat treatments, Mechanical properties.

I. INTRODUCTION

Titanium (Ti) alloys find extensive application in the aircraft and bioimplant sectors owing to their superior
resistance against corrosion and high specific strength.[1-5] Beta (B)-type Ti alloys having body centered cubic
(BCC) structure are considered the most versatile group due to their remarkable combination of strength,
toughness, and resistance to fatigue.[4] The B-type metastable Ti alloys have been advanced to enhance the
mechanical behaviors of B-type Ti alloys, including great strength, low and moderated Young’s modulus, and large
ductility.[6] Recent research studies have provided evidence to support the idea that metastable alloys hold great
promise for marine applications due to their exceptional cold formability and relatively favorable resistance to
corrosion. These advantageous properties not only enhance their long-term durability in marine environments but
also offer significant advantages in terms of processing, thanks to their ease of shaping and forming.[7] Over the
past decade, there has been a significant increase in the widespread adoption of B-type metastable Ti alloys due to
their ability to simultaneously exhibit all these properties.[8] Furthermore, the heat-treatable characteristics of
metastable alloys have significantly increased their utilization in a wide array of applications.[9]
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The Ti-29Ta-13Nb-4.6Zr (TNTZ) alloys having
sensitive the [ stability balance which -classified
metastable leads to heat treatability and martensite
transformations to improve static and cyclic strength,
ductility, and rigidity.[10-14] Metastable phases
comprise  hexagonal close-packed (HCP) «/,
orthorhombic a" and hexagonal ® phase. Solution
treatment at 1063°K following by aging processes at
temperatures below 400°C lead to longer fatigue life
and high strength by controlling of these precipitates
and martensites.[12,13] Heat treatment is commonly
employed to achieve high strength in B-type metastable
Tialloys. [14,15] The strengthening process utilized for
B-type metastable Ti alloys involves the steps of
solution treatment (ST) and aging treatment (AT).[15]
This processes have been utilized to optimize the
microstructure and phase structure, leading to
improved mechanical properties.[8] The application of
ST and AT for B-type metastable Ti alloys can be
carried out at different temperatures and durations,
depending on the specific chemical composition of the
alloys and the desired properties to be achieved.[16]
Furthermore, severe deformed microstructure having
high dislocation density leads phase transition due to
the diffusion rate. The ST for B-type metastable Ti
alloys can be conducted either in the o/p region below
the B transition temperature (TP) or in the B region at
temperatures above the TP.[17] The main objectives of
the ST are indeed to dissolve the alloying elements into
the B phase, create B phase solid solution, and achieve
a supersaturated B solid solution at room temperature.
These goals are accomplished by heating the material
to the B phase region, holding it at this temperature for
a suitable duration, and then rapidly quenching it to
room temperature.[18]

p

This study researches into unexplored territories by
investigating the profound impact of ST on both the
microstructure and mechanical properties of TNTZ
alloy under the rigors of severe cold rolling. What sets
this research apart is the meticulous examination of
phase construction, microstructural control, and
mechanical properties in the context of severely
deformed TNTZ. This alloy exhibits exceptional
characteristics, marked by high stored energy and
distortion owing to an unprecedentedly high dislocation
density. The groundbreaking aspect of this study lies in

unraveling the intricate interplay between severe
deformation and the resulting microstructural and
mechanical transformations in TNTZ, shedding new
light on materials science and engineering.

I1. MATERIALS AND METHODS

2.1. Materials Preparation

The present study utilized TNTZ bars having a
diameter of 25 mm. The chemical composition of
TNTZ is given in Table 1.

Table 1. Chemical composition (mass %) of the hot-
forged Ti-29Nb-13Ta-4.6Zr

Ti Nb Ta Zr Fe C N (o] H

Bal | 28.6 | 123 | 475 | 0.22 | 0.02 | 0.01 | 0.09 | 0.04

Figure 1 shows the sample preparation in this study.
The TNTZ bars underwent a solution treatment at
1063°K for 60 minutes under vacuum conditions.
Subsequently, they were quenched in iced water. The
solution-treated TNTZ sample is henceforth referred to
as the ST samples. The ST samples were subjected to
severe cold rolling with a reduction rate of exceeding
90% to increase the density of dislocations. The cold
rolled ST samples are henceforth referred to as the CR
samples. The CR samples were subjected to solution
treatment (ST) at 1063°K for various durations of 5, 10,
30, and 60 minutes under vacuum atmosphere. Then
they are quenched in the iced water. Hereafter, these
samples referred as CST-Q. The CST-Q samples were
denoted as CST5Q, CST10Q, CST30Q, and CST60Q,
respectively.

Solution Treatment (ST)
1063 K, 60 min

Solution Treatment (ST)
for 5,110,\30,\60}min

1023K
P Transus

IO

Figure 1. Schematic drawing of the TNTZ sample
preparation.

Cold Rolling
(CR)

quenching
(way)

20 mm

over 90%
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2.2. Microstructural Characterization

The microstructures of the samples were examined
using the metallurgical optic microscopy (OM) and X-
Ray Diffraction (XRD) analysis. The specimens were
prepared metallographically for the microstructural
examination that their surfaces were wet grinded using
the water resistant emery papers of #320- #2500 and
then buff polished with the diamond solution having
particles of 1 um. In the end, they were etched in an
etching HF solution with a composition of 5% HF and
95% H,0.

The microstructures of the samples, polished mirror
like and then etched, were examined using an optical
microscope integrated with a digital camera with image
analysis techniques (NIS-Elements Version 4.3). The
average grain diameters of the samples were calculated
according to ASTM E112.

The phase constructions of the samples having a wet
polished surface were characterized by X-ray
diffraction (XRD, Bruker Discovery D8) with a Cu-Ka.
radiation at 40 kV and 40 mA. Diffraction patterns were
acquired using a continuous scanning mode with a scan
step of 0.02 degrees per second spanning the 26 range
of 30° to 80°.

2.3. Mechanical Tests

The Vickers hardness measurements of all samples
were conducted utilizing the Vickers micro hardness
instrument (HVS-1000), with a load of 1000g for a
dwell time of 10 seconds. The average hardness value
was calculated using 10 individual measurements.

Tensile testing of the TNTZ specimens was conducted
using a tensile machine (Instron-type) with a 25 kN
capacity. Prior to the test, the surfaces of the TNTZ
samples were wet polished using emery papers with a
grid of up to #2500. Three samples with identical
dimensions were prepared for each condition for the
tensile testing.

Scanning electron microscopy (SEM) was used to
analyze the fracture surfaces of the samples after the
tensile testing by a Zeiss EVO LS 10 SEM, equipped
with a field emission cathode (FEG), operating at an
accelerating voltage of 7.5 Kv.

I11. RESULTS AND DISCUSSION

3.1. XRD Results

The microstructure of the ST sample consists of a single
BCC (B) structure as reported in the previous
study.[19,20] Figure 2 presents the XRD profiles of
various TNTZ alloys, including CR, CST5Q, CST10Q,
CST30Q, and CST60Q. The relative intensities and
widths of all primary and secondary peaks, calculated
by OriginLab form the profiles of CR and CST-Q
samples in Table 2. The CR samples also exhibits a
single B phase, which is consistent with previous
studies. [13,21] While ST samples has a strong texture
of B(110) [13,21], CR reveals a dominant ((200)
orientation in its microstructure.

Table 2. Relative intensities of § peaks in XRD
profiles of the CR and CST-Q samples

Peaks  [Sample |Angle |Intensity |FWHM 'anet|:rt1|s\i/tey
B(110) 38.541 |6665.575 [0.947 |0.272
B(200) [CR 55.507 |14112.47 [1.275 |0.577
B(211) 69.688 [3690.023 [1.089 |0.151
B(110) 38.541 [5027.88  [1.072 |0.247
B(200) 55.743  |208.97 0.148  |0.010
B211) |CST5Q [69.863 |10548.86 [0.894 |0.518
0"(022) 55,382 [1719,313  [1,043  |0,225
a"(113) 70,049 [2858,273 [0,418 |0,225
B(110) 38.541 |18803.8  [0.437 |0.746
B(200) 55.743 [415.898  [0.204  |0.016
B(211) |CST10Q [69.903 |3397.879 [1.792 |0.135
a"(022) 55,382 [1719,313  [0,979  |0,062
a"(113) 70,049 [849,157  [0,007 |0,103
B(110) 38.541 [16757.47 [0.333  |0.752
200 55.743 |987.407  [0.244  |0.044
p(211) |CST30Q [69.834 [2985.02  [0.526  [0.134
a"(022) 55,382 |1438,585 [0,600  |0,070
a"(113) 70,049 |115,983  [0,005 |0,070
B(110) 38.5413 [17761.49 [0.358 |0.788
B(200) 55.743  [452.841  [0.230  |0.020
B(211) |CST60Q [69.834 |2029.061 [0.592  |0.045
a"(022) 55,236 |1247,846 [1,162 |0,103
a"(113) 70,049 |1046,033 16,969 |0,051
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Figure 2. XRD profiles of the CR, CST5Q,
CST10Q, CST30Q, and CST60Q sample

The results indicate a more intense B(200) peak on the
surface during cold rolling [7], but this changes after
solution treatment of CR, suggesting a change in
textures due to solution treatment. Additionally, as
consistent with a previous study [21], the TNTZ alloys
shows stress-induced orthorhombic " martensite
transformation due to the their delicate B stability.[21]

The XRD profiles of the CST-Q samples provide
evidence of the presence of martensite phase (a")
formed within the  matrix. The XRD patterns show
the main peaks of the B phase, including (110), (200),
and (211). After solution treatment of CR, the
microstructure displays firstly a texture of $(211) for
CST5Q. Furthermore, the f(110) peak exhibits a strong
intensity as the treatment time increases from 10 to 60
minutes, while the relative intensity decreases.

The XRD line profile shown in Fig. 2, where the (200)
and a"(022) peaks, as well as the f(211) and a"(113)
peaks, are distinctly observed for the solution-treated
CST-Q alloys. While the initial solution treatment did
not lead martensite transformation but second treatment
of the severe cold rolled TNTZ microstructure shows
a""-martensitic transformation. It is considered that such
transformation is very depending on the severe cold
rolling having high dislocation density.[22]
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3.2. Optical Micrograph

Figure 3 depicts the optical micrographs of ST and CR
samples. The ST sample reveals an equiaxed coarse
grains surrounding geometrical defined larger
misoriented grain boundaries. Also ST grains do not
show any secondary phases. The optical micrographs
of CR show that the grain boundaries are not clearly
visible due to severe cold rolling with a reduction ratio
exceeding 90%. The microstructure exhibits a strong
contrasts due to a high dislocation density along the
rolling direction, making it impossible to distinguish
the grain boundaries.

The optical micrographs of CST5Q, where no grain
boundaries are observed, as shown in Figure 4. The
microstructures of CST-Q samples shows the well-
defined grains surrounding distinguishable from 10 to
60 minutes due to the increased quenching time
providing sufficient duration for recrystallization.

Figure 3. Optical micrographs of ST and CR at 20X
and 50X

A result of the prolonged treatment time, allowing for
further grain growth. Furthermore, the secondary o
shown in the XRD profiles of the CST-Q samples does
not distinguishable in the newly recrystallized grains in
the optical. This results indicates. The formation of the
a" passes is too small to detect by Optical microscope
and scanning electron microscope was reported another
martensite phase hexagonal m phase in TNTZ.[12]
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CST10Q

CST30Q

Figure 4. Optical micrographs of the cold rolled TNTZ subjected to solution treatment at various durations:
CST5Q, CST10Q, CST30Q, and CST60Q.

Figure 5 provides an overview of the grain diameter
values measured using the ImageJ application from
optical micrographs of the ST, CR, CST5Q, CST10Q,
CST30Q, and CST60Q. The ST sample reveals an
equiaxed coarse grains having a diameter of ~72 pm.
While CST5Q samples show a grain with an average
diameter of around ~7 pm, the further increased
treatment time increased the grain diameter to
CST30Q (~12 pm) and CST60Q (~14 um),
respectively.
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Figure 5. Average grain size of ST, CR, CST5Q,
CST10Q, CST30Q, and CST60Q

3.3. Hardness Test

Figure 6 illustrates the average hardness (HV) values
of the ST, CR, and CST-Q samples. The hardness of
CR surpasses that of ST (~183HV), with average
hardness values of ~234 HV respectively. The
hardness values of TNTZ improved with rising the

intensity and networks of dislocations by severe
distortion of the cold rolling.[12,20]

Upon solution treatment followed by ice-water
quenching after severe cold rolling, the hardness of
CST5Q experiences a significant decrease to ~196
HV, dislocation recovery and partial
recrystallization.[23] The solution treatment after cold
rolling leads to a gradual increase in the hardness
values of TNTZ with an increase in the duration of the
solution treatment due to the martensite phases.[24]
The HV values are, ~204 HV for CST10Q, ~229 HV
for CST30Q, and ~242 HV for CST60Q, respectively.

300 -

ST CR  CST5Q CST10Q CST30Q CST60Q

Figure 6. Average Vickers hardness values of the
ST, CR, and CST-Q samples
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3.4. Tensile Strength

Figure 7 depict the stress-strain curves obtained from
tensile tests of all TNTZ samples. Each stress-strain
curve exhibits a distinct shape. According to the curves
in the elastic regions of the stress-strain curves, the CR
and CST-Q samples show similar elasticity. It is
considered that the CR samples have both  and o"
phases which it was reported about the stress induced
martensite transformation.[12]
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— C5T60Q
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Figure 7. Stress-strain curves of the ST, CR,
CSTQ samples after tensile tests.

Figure 8 shows the mechanical properties measured by
tensile tests of all TNTZ samples. While the ST
samples show lowest UTS and YS values (~710 and
~610 MPa) and largest elongation% (~25%) until
rupture, the CR samples shows highest UTS (~1305
MPa) and lowest (17,5%). The highest difference
between YS and UTS indicated the strain hardening
for the CR sample.[13]
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Figure 8. Mechanical properties measured by

tensile tests of the ST, CR, CST5Q, CST10Q,
CST30Q, and CST60Q.
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The stress-strain curves of CST-Q samples indicates
CST-Q samples have higher elasticity comparing those
of ST and CR due to the martensite phase. CST10Q
samples exhibits an highest YS of ~670 MPa and an
UTS of ~1129 MPa among CST-Q samples. On the
other hand, the CST5Q samples shows the lowest YS
of ~440 MPa but a high UTS of ~1042 MPa. Such
large differences between YS and UTS caused by
strain hardening due to the high dislocation and
martensite phase. Furthermore, while CST30Q has a
UTS of ~1010 MPa and a YS of ~650MPa, the
CST60Q has a UTS of ~930 MPa and a YS of
~660MPa. They show the largest elongation of ~21%
among the CST-Q samples.

The SEM fractography observations of the tensile
tested samples in Figure 9 and Figure 10 indicates that
all fractures exhibit ductile behavior. The CR
fractographs show smaller dimples than those of CST-
Q samples and micro voids on the surface of the
fracture. The various sizes of dimples and void
nucleations are observed on the CST5Q fracture due to
the undefined grain boundaries in the middle of
recovery and starting recrystallization proses.[25]
Similarly, with increasing solution treatment duration,
the dimples in CST-Q appear to be more uniform, and
the tearing ridges are wider and shorter. After solution
treatment at 30 minutes, tearing ridges are observed in
both CST-Q, and they become more pronounced with
an increase in solution treatment time to 60 minutes.

At high magnification, voids and deep fractures are
visible. The elongated parts in the fractographs
indicate ductile fracture, and the elongation percentage
under these  experimental  conditions  was
approximately 16-40%. This suggests that the
fractures mainly consist of ductile fracture.
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Figure 9. SEM images of the fracture surfaces of the CR and CST-5Q samples

CST10Q CST30Q

CST60Q

Figure 10. SEM images of the fracture surfaces of the CST-10Q, CST30Q, and CST60Q samples.
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IV. CONCLUSION

In this study, the microstructural features and
mechanical behaviors of the severe cold rolled B-type
Ti-29Nb-13Ta-4.6Zr (TNTZ) alloys subjected to ST
at 1063°K for systematical increasing duration as 5, 10,
30, and 60 minutes. The following conclusions were
obtained:

1. The microstructure of ST and CR samples
consists of a single BCC (B) phase. The
microstructure of CST-Q samples have § and
martensite orthorhombic o" passes. While the
microstructure of ST have an equiaxed grains
having 72 um., the grains has not been shown
clearly. Also, the microstructures of CST-Q at
over 10 min show equiaxed grains having
diameters 7-14 pm.

2. The hardness values of ST and CR are ~183HV
and ~234 HV, respectively. In addition, the HV
values are, ~204 HV for CST10Q, ~229 HV for
CST30Q, and ~242 HV for CST60Q,
respectively.

3. The tensile, yield strengths and elongation(%)
values of the TNTZ samples are are ~710 MPa,
~610 MPa, 25% for ST; ~1305 MPa, ~395 MPa,
17,5% for CR; ~1042 MPa, ~ 440 MPa, and
17,5% for CST5Q, ~1010 MPa, ~ 650 MPa, 21%
for CST10Q, for CST30Q,; and ~930 MPa, ~
660 MPa, 21% for CST60Q.

4. In the scanning electron microscopy (SEM)
images observed subsequent to the application of
tensile tests, a dimple structure and micro-voids
are discernible throughout the entirety of the
fractured sufaces
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Abstract

A complete circuit model of Surface Acoustic Wave (SAW) devices with straight interdigital transducers is presented. This
equivalent circuit can be implemented in LTspice and contains variable design characteristics that can be easily changed to
see their effect on the electrical response of the final SAW device design. Later a two port Surface Acoustic Wave device with
13-finger-IDT electrodes is fabricated and its electrical characterization is examined using a vector network analyzer. The test
results are then compared with the equivalent circuits’ simulation output results for the verification. The results show an
acceptable agreement between the experimental and simulation results for a wide frequency range. This paper offers an
easy method to create an equivalent LTSpice model to determine the electrical response of a SAW device before fabrication.
The model can also be used to simulate the behaviour of the circuits containing SAW devices using LTSPICE tool.

Keywords: SAW Device, LT Spice model, SAW Filter, Equivalent Model.

I. INTRODUCTION

Surface acoustic wave devices have found their applications in many fields of science and technology [1-4]. Since
it is imperative to optimize the design parameters before fabrication, having a model to simulate the design
accurately offers numerous advantages. Modeling the device opens the path to examining electrical behavior and
clarifies whether the design satisfies the expectations. The models in the literature works fine around the resonance
frequency and it is difficult to use them with circuit simulation softwares like LTSpice [5, 6]. As a result, it is of a
great importance to have a model that is completely electrical and has the capacity to be implemented in electrical
simulation programs [7]. Another important point to note is that the equivalent circuit must be able to explain the
performance of the device in a wide frequency range [8]. Three important approaches were reported to model the
piezo electric based devices: 1-Mason equivalent circuit model, 2-Butterworth Van-Dyke equivalent circuit model.
3- frequency response approach. Other methods employ finite element modeling techniques, which prove
beneficial for simulating both sensors and actuators [9,10].

1.1. Mason equivalent circuit model
Most of the equivalent circuit methods for modeling the SAW devices are based on the equivalent circuit theory
of Mason [11] where each finger of an IDT device is modeled as a 3-port network [12] shown in Figure 1.

Acoustic Port1 Finger pair Acoustic Port 2

Electrical port 3

Figure 1. Three port network representation of a finger pair in an IDT
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Each finger pair is considered as a 3-port unit that
receives and propagates acoustic wave from acoustic
ports and is connected to the source through the
electrical port. For each IDT pair, these 3-port networks
are connected to each other, and the connection is in
series configuration acoustically and in parallel
configuration electrically. A resistance terminates the
last two fingers of the IDT from both left and right
sides. This resistance (Z,) represents the piezoelectric
material resistivity to the acoustic wave and the fact that
the produced acoustic wave propagates out of or into
the IDT from left and right.

The value of that resistor [13] can be determined by (1).

1

%o = foega M
Here, fo, Cs and k shows operation frequency,
capacitance per length of the piezoelectric material and
wave number respectively. When a number of finger
pairs are connected to each other, the resulting network
is shown in figure 2.

Direction of Acqustic Wave Propagation

Direction of Acoustic Wave Propagation

V+

Figure 2. The 3-port networks connected to each
other. Acoustic ports are connected in cascade and
electrically each block is parallel to the other.

The equivalent circuit of each unit (finger pair) is given
by Mason solving for the boundary conditions of each
port. Basically, it must be possible to find the
admittance matrix of each port however the two-
dimensional nature of the problem complicates the
calculations, and two approximations are suggested. In
the first approximation the electric field is applied in
the direction of acoustic wave propagation called the
“in line” model and in the next approximation, the
electric field is applied perpendicular to the acoustic
ports and the direction of acoustic wave propagation
called the “crossed field” model. Real electric field and
the approximations [14] are shown in figure 3.

60

(b)

(c)

Figure 3. a) Field patterns in a saw device, side view.
b) Crossed field approximation. c) In-line
approximation

Considering the cross-filed approximation, one can
solve [15] the resulting two port linear network of a
finger in figure 4, where V*and Vrepresents
transmitted and reflected voltages for input and output
sides. I; and I,are the input and output currents.

L I

vt
o—of L .
V;
Acoustic Port 1 one finger Acoustic Port 2
o 0 73
Vi e— > E—

Figure 4. Two port representation of a finger with its
voltages and currents.

The expressions (2)-(4) are written according to the
network theorem for the two-port networks (figure 4).
Here, Z, shows the corresponding impedance (note
that, port-1 and port-2 are identical). V*and
V~represents transmitted and reflected voltages. ‘I’
shows the current and the indices ‘1’ and ‘2’ represents
input and output parameters respectively in all
equations. Si1, S12, Sz1 and Sz, show the ‘s parameters’
for the two-port network.

Vi =V + Vo (22)
V, =V + Vs (2b)
L = %(Vf -V (3a)
R (3)
Using network theorem:

- +
ol =[5 sallir] @

If the ports of the network are assumed to be perfectly
matched, then §;; = S,, = 0.
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Assuming no attenuation between the ports and only
taking the phase change between ports into
consideration S;, = S,; = e /¥ where k, | and j
represents wave number, the distance between two
adjacent fingers and the square root of minus one
respectively.

asaresult, S = [e_ojkl e_ékl and

Vo =e Ky, (5)
Vb= e IkyF (6)
Since we know that V, = V;* + V, (2b) then:

V, = e Myt +elKys @)
Use expressions (2a) and (3a),

V, = Vicoskl — jZ,1,sinkl (8)
From equation (3b), I,Z, = V5 — V5,

L,Zy =V, — Vy=e Ikt — eikly -

Use equations (2a) and (3a),

I,Zy = I, Zycoskl — jV,sinkl 9)

The matrix is then formed as:

coskl

—jZysinkl
] = |—jsinkl

Vi

[ |
coskl I

I

0

By arranging the matrix to connect voltage and current
variables, ([Z] matrix),

[Vl]_ [—jcotkl jesckl [11]
=<y

v, —jcsckl  jeotkl] |1,
VA VA
Where [Z] = |1 12]
1=z, z,

Having this Z matrix, we can design a 2-port network
with 3 impedances to represent the system. Later when
the values of the impedances are calculated and the 2-
port network approximation is done, the third port can
be added to the system.

The simplest two-port network has three impedances in
the form of a T network shown in figure 5. Using
network theory and the Z matrix, the value of the
network elements are calculated as follows:

when V, is open circuited (I, = 0) according to the Z

matrix:
Vi =211, (10)

Vo =251 (11)

6l

|

Figure 5. The simplest 2port network with T
configuration representing 1-finger model. Here Z1, Z,
and Z; represents the impedances in the 1-finger
model.

According to figure 5:

Vi =(Z+2Z) (12)
Zyw=2,+7, (13)
—j Zycotkl =7, + Z, (14)
V, = Z,1, (15)
Then according to (11):

Zy =Zy = —jZycsckl (16)
Putting it into (13) then:

Z, = jZycsckl — jZycotkl = jZytan kl/z a7

Because of the symmetry of the system Z; = Z;.

Now that the two-port network is completed by
combining two T-models and a third port is inserted
into the system as an electrical port (Figure 6).

'Rulam#;

Port 1
Acoustic}

Port 2
Acoustic

0ZISIU[—

11 g }Tco

-C0

Port 3
Electrical

Figure 6. Mason equivalent circuit for each finger pair
as a 3-port network. For In-Line approximation -CO is
involved, for crossed-field model, it is short-circuited.

The model developed includes both “in-line” and
“Cross-field” approximations in figure7 [12,14].
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The only difference between the “in-line” and
“crossed-field” model is that in the “crossed field”
model —CO0 is short circuited.

With k = 27” and [ =§ we can define the following
quantities, which were used on the model (Figure 6) (A,
w, Wy shows wavelength, design frequency and the
frequency of excitation signal respectively).

_klw_rtw

Cs
a ,ROZZO,C0:7

2w, Ew_o
C,is the capacitance per length of the piezoelectric
material.

For the ease of calculations, in-line model model was
not preferred, we worked with the crossed field model.
To come up with an equivalent circuit for the
mathematical functions in the model, “Foster” method
[16] was used. This approach involves creating a
frequency versus impedance function by leveraging the
positions and characteristics of zeros and poles in a
network to formulate a circuit model. The objective is
to design a circuit model that emulates the behavior of
a SAW device. The equivalent circuit contains lumped
(L, C) elements, which makes it perfect to use this
model in an LTspice simulation.

1.2. Oscillator model (butterworth van-

dyke)

Considering the fact that the region of interest for a
SAW device is around the resonance frequency,
Parker. Montress. el [17] provided an equivalent circuit
for the resonance behavior of the SAW device based on
the mechanical behavior of the piezo electric material.
This circuit perfectly describes the performance of a
SAW device around resonance region. The mentioned
equivalent circuit can be used only around resonance
frequency and it could be used in a circuit to examine
the oscillatory behavior of the circuit. Since SAW
devices act as an LC tank, they are used in oscillator
circuits as frequency determiner and such equivalent
circuits make it easy to analyze the circuits using
simulation software. Figure 7 shows the equivalent
circuit for the resonance.

R1

C1

INPUT . OUTPUT

Figure 7. SAW device equivalent circuit
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The values of the lumped elements can be easily
calculated from experimental data to design an
equivalent circuit.

The input admittance (Y;) [18] is:

__ jw?C1R1Co—(wCo)(w?L1C1—1)+wCq
- RiwCq+j(w2L1C1—1)

Y; (18)
Here, R;,C: and L; are the model parameters
representing mechanical motion and Co shows the static
parameter. The whole structure models the behavior of
a 1-port SAW device around the resonant region. The
frequency variable is depicted by w.

The equivalent circuit shows two resonances. At the
series resonance f; , the magnitude of Y; is max. This
gives us an equation where the imaginary part of the
denominator is zero:

1 1

fs =5 L0y (19)
Putting this into the Y; will result:
Yi(ws) = o+ jsCo (20)

Given the input admittance at the series resonance
frequency(w;) the resistance value of the equivalent
circuit becomes:

_ 1
Re(Y;(ws))

Ry (21)
Similarly, C, can be separated from the imaginary part
of the input admittance at the resonance frequency.
1 .

Co = ;fslmag(yi (ws)) (22)
At the parallel resonance (w, :the parallel resonance
frequency) , the input impedance of the circuit is
maximum so the admittance is minimum. Setting the
real part of the numerator in input admittance equation,
to zero helps in finding the capacitance C,,.

2
€ = Co(wBLyCy— 1) = Cy (? - ) 23)

The value of the inductor L, from (11) is now easy.

Though the circuit gives a decent estimation of the
behavior of a SAW device at resonance frequency it
best suits the simulation of a SAW device in an
oscillator circuit and is not designed to give any
information about the number of fingers, length of the
fingers and other design parameters.



SAW Device Model

Int. ). Adv. Eng. Pure Sci. 2024, 36(1): <59-69>

1.3. Impulse response method

Instead of analyzing fingers using network models, the
impulse response method works with the frequency
response of the fingers due to their sizes [19-20]. Figure
8 shows that each gap between two fingers creates a
half wave cycle and they add up together and create a
whole wave that travels through the delay line to get to
the receiver IDT.

P

Electrical Port

™

Figure 8. Geometry and impulse response

We know that the frequency response of this device
is the Fourier transform of the impulse response :

H(w) = [*7 h(t)e /@ dt (24)

In other words, the desired frequency response can be
used to find the corresponding impulse response and
design the fingers accordingly by using the inverse
Fourier transform:

h(t) = - [*7 H(w)e “* dt (25)

taking h(t) to be a sinusoidal function for simplifying
the calculations, when an electrical impulse is given to
the system, the amplitude of each half cycle is

3
multiplied by f,>where f; is the instantaneous
frequency [20]. So far, the impulse response is: h(t) =
3

ff sinf. Here 8 is the angle representing phase of the
propagating wave at time t,

0(t) = 2n [, fi(v)de (26)

Where t = ;—C and v is the speed of wave in piezoelectric
media. When there are N fingers involved then,

=fo -

The amplitude h(t) must be multiplied by a constant of
the per finger capacitance C; and the electromechanical
coupling k:

0 = wytand f; 27)

3
h(t) = 4k\/CTSf02 sinwyt, (28)
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for 0<t <X
fo

Performing the Fourier transform to get the frequency
response, results in:

. .wN
H(w) = 2k [C/N"==e 210, (29)
X = Nrn(w-wq)
wWo

Once frequency response is determined, radiation
conductance G,(w) and acoustic susceptance B, (w)
are found respectively:

sin?x
X

Gal®) = 8K2C N2 = G, (30)

Go(sin2X—-2X)
2X2

By (w) = @31

Having the acoustic conductance and susceptance can
help finding the total admittance [21] of the IDT:

Y, = Go +jC2rfCr + By) (32)

Cris the total capacitance which is the multiple of the
number of finger pairs times the length of the fingers

times the per length capacitance:
Cr = Np X Cs X W, (33)

These relations can give the optimum length for the
fingers to achieve the impedance matching between the
IDT and input resistance [22]:

()
2Ny Csfy

where Ri, shows the input resistance to be matched

1
Rin

(ak2Np)
(ak2Np)? 4m2’

Wo = (34)

II. BACKGROUND

LTspice is widely accessible and more importantly
flexible in running AC analysis for lumped-element
circuits with high precision and speed. Furthermore, the
program allows the user to create blocks out of
repeating parts, which perfectly suits circuits
containing huge number of repeating parts. This in fact
makes it a lot easier to draw the circuit and run analysis.
At the end of each analysis, it is possible to save the
data and later transfer them to any other program for
further examination. All these and the user-friendly
interface make LTspice a suitable option for the
simulation.

A complete sender/receiver IDT pair simulation that
clearly compares analytical and experimental results on
a free access platform has not been available. This
paper provides a full two IDT sender/receiver analysis
where the number of finger pairs, length of fingers and
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piezoelectric substrate are taken into consideration. We
put the equivalent network of mathematical functions
(jZytana and —jZ,cscar) into blocks and those blocks
are easily called from the directory of the simulation
file by the names TANEQ and CSCEQ. The equivalent
circuits are shown in figure 9 and figure 10 [23]. These
equivalent LC networks are calculated using “foster”
method which was discussed in introduction section.

TANEQ

.param L1=1.28906*Z0/w0
.param L2=0.167101*Z0/w0

.param L3=0,108281*Z0/w0

.param C1=0.775758/(Z0*w0)
.param C2=0.664935/(Z0*w0)
.param C3=0.369408/(Z0*w0)

c1 c2 c3
if if It
c1 c2 c3
D L {c1y {c2y {c3y oD
L1 L2 L3
AL AL
{L1} {L2} {L3}

Figure 9. Equivalent circuit for jZ,tana

CSCEQ

.param C1=-1.551516/(20*w0)
.param C2=-1.32987/(Z0*w0)
.param C3=-0.738816/(Z0*w0)
_param €0=3.15077/(20*w0)
.param C6=0.681985/(20*w0)
.param C5=1.25031/(20*w0)
.param C4=1.50037/(20*w0)
c1 Q a c4 G 6 a
et
D {C1} {2} {3y {co} {c4} {cs} {C6}
L6 L5 L4 L3 L2 L

.param L1=-0.64453*20/w0
.param L2=-0.0835505*20/w0
.param L3=-0.0541405*Z0/w0
.param L6=0.0407308*20/w0
.param L5=0.0499876*20/w0
.param L4=0.166626*Z0/w0

{1} {2} {13} {L4} {15} {L6}

Figure 10. Equivalent circuit for —jZ,csca

The blocks are useful to model the periodic fingers in
the SAW devices. Mason model allows to model this
periodicity by using each finger pair as a building
block. The Mason equivalent circuit allows us to
approximate the behavior of an IDT sender/Receiver
pair within an acceptable margin. This model assumes
that the finger overlap is constant; the width of every
finger and the distance between neighboring fingers is

constant and % as shown in figure1l. With this in mind,

the center frequency of each device becomes f, =
%where v is the wave speed in the piezoelectric

material. The model also assumes that the metallization
between fingers and spaces is 50%.

v
Electrical Port
A
B a1
<+ >

One period

Figure 11. One period, one finger pair
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2.1. Finger pairs

Every finger pair as shown in figure 11 is considered
one period. The implementation of a finger pair in
LTspice is demonstrated in figure 12. According to the
Masons model, these fingers are acoustically in series
connection and electrically parallel to each other. A 1:1
transformer shows the conversion from electrical
energy to mechanical acoustical energy for each finger.
Transformers are not defined in the LTspice as
independent elements; however, inductors can be
programmed to act as a transformer. To add to the
overall Mason’s model, we added a resistor to the
electrical input/output port of every finger of the both
sender and receiver IDT to represent the ohmic losses
due to the flow of current in the metal parts of the
fingers. Since LTspice does not assume any resistance
for the wires, this addition takes care of sudden spikes
on the frequency response graph of the simulation
result that does not appear in the actual network
analyzer readings. The added resistances also help in
stabilizing the phase, which resembles the experimental
models more with the added resistance.

TANEQ TANEQ

—iIN OUTi—o—ilN OUT'—{

H

L1l L3_C4 L2 L4 c3

14 1u(cs/2 re M 1li{cs/2 R7
Re 01

Figure 12. A finger pair in LTspice

TANEQ TANEQ

IN OUT}—"-{IN OUT}*

ouT IN
CSCEQ

I11. THE COMPLETE MODEL,

FABRICATION AND TEST
A complete equivalent system includes a sender and
receiver IDT pair that are connected to each other. The
mechanical output of the transmitter IDT is directly
connected to the mechanical input of the receiver IDT
block. The transmitter IDT model gives a voltage (Vs
Figure 13) representing the mechanical response of the
IDT. Similarly, receiver IDT has input voltage source
(V+, Figure 13) depending on the mechanical vibrations
coming from transmitter IDT (these vibrations are
modeled using Vt voltage). The V.-Vt relationship is a
function of the frequency of the system, capacitance per
length and coupling factor of the piezoelectric material.
Krairojananan and Redwoodthan el [24] offers such
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function for the receiver (detector) IDT shown on
figure 13 that shows a satisfactory compatibility with
the experimental data. This function is easily
implemented in LTspice using the dependent voltage
source.

Sender IDT

Electrical input port

Electrical output port

Figure 13. Two port SAW Device IDT

0.5
(35)

2 t4m

Vo=V, {29 (@0Co20)

The electrical ports of all receiver IDT fingers are
connected at the end and grounded with a 50-ohm
resistance that acts like the ports of a network analyzer
to provide a node for LTspice to plot the output voltage
from that node. Receiver IDTs have the same
configuration as the sender IDTSs that are terminated by
intrinsic impedances and LTspice allows copying the
design. Based on the number of finger pairs in the
design the corresponding circuit could be created and
LTspice performs the AC analysis.

3.1. The simulation and fabrication

parameters

The model is tested through the LT spice simulations
and the results are verified by the experimental data. A
system containing transmitter and receiver IDTs with
13 pairs of fingers on each was used. The IDTs were
grown on a LiNbO3 y-z cut substrate material because
of its relatively better electromechanical coupling
capability. The design wavelength is A=100 um that
results in the operation frequency around 39.9 MHz.
The length of each finger is about 27X (2748.22um) to
ensure that the generated wave is flat enough. The
distance between two IDTs was chosen as 1.2 mm, to
have a reasonable attenuation (Table-1).

Table 1. Simulation and fabrication parameters

Parameter Value

Saw Speed(m/s) 3990 m/s
Wavelength (pum) 100
Frequency(MHz) 39.9
Aperture size (mm) 2.75
Metallization Factor 50%

Delay Line Length (mm) 1.2

Number of Fingers 13

Substrate Material lithium niobate y-z cut

Receiver
IDT

Cs (capacitance per length) for Lithium Niobate is
obtained using tensile dielectric constants described by
Engen el [25]. In this method, a parameter containing
both capacitance per length and dielectric constants of
the material is related to the metallization factor of the
design. For the metallization factor of 0.5 in our design,
the parameter is 20. Putting it into the relation defined
in [25]:

20=—5

- 0.5(1+sr?—03)

(36)

2
H €11 €
With g, = |22 s

€33 €33

37)

Here, &,is relative permittivity and ¢;; are relative
permittivity in different directions in the material. The
values of dielectric constants are provided by R. S. Weis
and T. K. Gaylord el [26]. One must be careful in
selecting the correct value of the dielectric constant
with respect to the nature of the wave propagated in the
medium as lithium niobate has shear and tensile
dielectric constants. Since our device is propagating
Rayleigh waves, then tensile dielectric constants are
used which results in the capacitance per length of 512
pf/m. The simulation was performed between 20-
60MHz interval with 400 points per decade.

3.2. Fabrication

Several piezo electric substrates are used to fabricate
SAW devices such as ST-Quartz, Lithium Niobate and
Lithium tantalite. Depending on the application of the
sensor, whether it is designed to produce Rayleigh
wave or shear-horizontal waves, different cuts of the
materials are used. Among those Lithium niobate offers
a good electromechanical coupling and fair price.
Higher electromechanical coupling means that the
piezoelectric material is more responsive to the
electrical signal and this makes working with lithium
niobate easier.

The parameters have selected to meet the same device
properties as in the LTspice model for fair comparison.
Since the SAW velocity on LiNbO3 substrate is about
3990 m/s, the finger-finger distance of an IDT electrode
is selected as 100 pm to have a resonance frequency
around 39.90 MHz. The design wavelength is 100 pm,
which defines the aperture length and the width of each
IDT electrode fingers. The fingers’ width is 25 pm that
corresponds to 50% metallization ratio (Fig. 11). The
aperture length is used as 50-wavelengths to generate
plane waves. The distance between the transmitter and
receiver IDT electrodes is 1.2 mm, providing a
mechanical-wave attenuation around 12 dB (Fig. 16a).
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The fabrication of the SAW device uses a six-step
process (Figure 14). The LiNbO3 wafer is meticulously
washed with acetone and later with distilled water and
methanol to clean the surface then the wafer is placed
into ultrasonic washing bath device for 10 minutes to
be sure the surface cleanness. In the second step chrome
is deposited on the surface using DC sputtering device
for 30 minutes at 500 mA current to have 200 nm
chromium film on the substrate. After depositing
chrome on the surface of the lithium niobate wafer, the
photoresist AZ5214E is placed on the wafer and then
the wafer is spun for 45 seconds with the speed of 4000
rom and the acceleration of 1500 rpm/sec. The
photoresist thickness is 1 um. The wafer is baked for
50 seconds at 105 °C before UV exposure. The wafer is
put the developer solution after 7 seconds UV
exposure; the exposed parts separate and leave the
chrome on the surface. Then, the wafer is put inside the
chromium etch solution (Cr0l1), to etch away the
chromium that exposed to UV light. After this step, the
electrodes are ready, however on top of them there are
still some photoresist materials that should also be
washed away with acetone. The fabricated SAW device
can be seen in Figure 15.

The fabricated device is then connected to the network
analyzer to examine its frequency response. Before
connecting the device to a network analyzer, the
network analyzer is calibrated around the center
frequency.

(a)

Figure 14. Fabrication steps: a) Clean the substrate. b)
Chromium sputtering, c) photoresist layer, d)
Lithography, e) Developer, f) Acetone rinse

Figure 15. a.Fabricated 2-port SAW device, b.
magnified view of the electrode fingers.
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3.3. Stability Analysis

The stability of a specific parameter in a Surface
Acoustic Wave (SAW) device becomes critical if the
device is not explicitly designed to sense some physical
or chemical quantity. Usually, it is essential to maintain
stability in the resonance frequency under diverse
environmental conditions, including variations in
temperature, pressure, chemical exposure, and
mechanical stress.

0 T -

10 /‘\\i s ‘i\
& 20 1t | / AN
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5 o L
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@ 40 /
3 v
L — Y
g I
= 60T
2 | eeeeeeeseeseeeeeees 25°C
E 70 —_— — —40<%c
@ —_— — — =80 %
2 so0r
-

Q0

-100

25 3 3.5 4 45 5 x107
Frequency Hz

Figure 16. The temperature stability analysis of the
fabricated device.

Temperature stability is typically a critical factor, as
piezoelectric materials often exhibit variations in their
electrical response with fluctuating temperature
conditions. In this study, the temperature stability for
the fabricated SAW device was analyzed by measuring
its frequency response (s21 parameter) under three
different temperature conditions. The SAW device is
placed within a oven (Despatch LCC1-16-3 HEPA)
while connected to a vector network analyzer (Copper
Mountain, Indianapolis, USA), capturing the frequency
response in the vicinity of the resonance region. The
frequency response is recorded following a 30-minute
period to ensure a consistent temperature. Three
frequency responses have provided for 25°C, 40°C and
80°C temperatures values.

V. RESULTS AND DISCUSSION

The S21 parameter was measured under various
temperature conditions using a vector network analyzer
(Copper Mountain, Indianapolis, USA). An analysis of
temperature stability revealed that the resonance
frequency slightly decreased with rising temperatures
(Figure 16). Additionally, there was a negligible
increase in the attenuation value. Specifically, the
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resonance frequencies were observed at 39.915 MHz,
39.886 MHz, and 39.835 MHz at temperatures of 25°C,
40°C, and 80°C, respectively. The observed frequency
shift between 25°C and 80°C is 0.2%, which
corresponds to temperature coefficient of frequency
value (TCF) of -36.4 ppm/°C (38).

TCF (%57) = fA—TTiX‘g x 106

(38)

Wwhere f. and f,; are the resonance frequencies
measured at 25 °C and 25 °C+AT, respectively. The
temperature difference 1s given by AT. The value that
is experimentally found aligns closely with findings in
the literature [27,28].

The frequency response result from the LTSpice model
is represented in Figure 17, here the resonance peak can
be clearly seen at 38.405 MHz in the magnitude
response. The phase change around the resonance
frequency also shows the resonance at the same
frequency.

Another result involves a comparison of the frequency
responses between the fabricated device and the
LTspice model, both sharing identical design
parameters. The frequency responses of the
manufactured SAW device and the LTSpice model are
illustrated in Figure 18a, revealing resonance peaks at
39.915 MHz and 38.405 MHz, respectively.
Furthermore, the phase responses are agreed and the
phase change around the resonance frequency shows
the resonance at the same frequency (Figure 18b).

The experiments and the Ltspice model have the same
magnitude peaks at the resonance frequency and the
phase change occurs in the resonance frequency for
both results.

LTspice provides easy to use environment to test the
electronic circuits before the production of prototypes.
The results shows that the Ltspice model for the SAW
device has the same behavior and it allows complete
simulation of the circuits with SAW devices.

. W o

Figure 17. Output readings of the sender/Receiver
IDT pair from simulation.
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VI. CONCLUSION

In this study, a complete model simulation of a 13-
finger pair transmitter/Receiver IDT was run on
LTspice and compared with the fabricated device. The
results show a conspicuous agreement between the
simulated LTspice model and experimental data. As a
result, the model can be used to accurately predict the
response of a design before fabrication to achieve the
optimum desired performance. The capability to
simulate any SAW device in a circuit (such as an
oscillator) using the LTspice model is also
demonstrated in the study.

Simulation vs Experimental Results

Experimental Results
Equivalent Circuit 1

Logarithmic Magnitude S21-Pout/Pin

4 45
Frequency Hz

(a)

Simulation vs Experimental Results
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(b)
Figure 18. a) Log Mag comparison of experimental

and simulation results b) Phase comparison of
experimental and simulation results
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2024 Aliiminyum Alasiminin Doviilmesinde Ortaya Cikan Katlanma
Hatasinin lyilestirilmesi I¢cin Tasarim Gelistirilmesi ve Simiilasyonu

Design Development and Simulation to Improve the Folding Defect in the Forging of 2024
Aluminum Alloy
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Oz

Al 2024 alasimlar1 hafif malzemeler olduklar1 igin ¢esitli endiistrilerde kullanilmaktadir. Sicak dovme islemi, bu malzemeleri
olusturmak igin yaygin olarak kullanilan yontemlerden biridir. Bu ¢alismada Al 2024 alagimlarinin sicak dévme islemiyle
elde edilen spesifik bilesenlerinde meydana gelen dovme kusurlari incelenmistir. Ayrica, dévme kusurlarinin {istesinden
gelmek igin alternatif bir tasarim Onerisinde bulunmaktadir. Bununla birlikte, Al 2024 alagiminin sicak dévme isleminin
sonlu elemanlar modellemesi ve simiilasyonunu igermektedir. Al 2024'{n belirlenen sicakliktaki malzeme tepkisini
modellemek igin ¢ekme numunesi hazirlanmis ve dovme sicakliginda test edilmistir. Yapilan sonlu elemanlar simiilasyonu,
dovme bilesenlerde gerilme konsantrasyonu nedeniyle yiizey kusurunun meydana geldigini gostermistir. Bu kusur, deneysel
caligmalarda da gozlemlenmis ve dogrulanmistir. Bu ¢aligmada dnerilen kusurun olustugu bolgeye destek eklenmesini igeren
alternatif tasarim, yiizey kusurunun azaltilmasinda etkili olmustur. Solidworks ve Simufact Forming yazilimlar: kullanilarak
gelistirilen ve simiile edilen alternatif tasarim calismasi, bu destek yapisinin bindirme kusurunun goézlemlendigi alandaki
gerilim konsantrasyonunu dnemli 6l¢iide azalttiini gostermistir.

Anahtar Kelimeler: 2024 Aliiminyum, Sicak Dévme, Tasarim, Sonlu Elemanlar Analizi, Katlanma Hatas1

Abstract

Al 2024 alloys are used in various industries due to their lightweight properties. Hot forging process is one of the commonly
used methods to fabricate these materials. This study investigates the forging defects occurring in specific components
produced by hot forging of Al 2024 alloys. Additionally, it proposes an alternative design to overcome these forging defects.
Furthermore, it encompasses the finite element modeling and simulation of the hot forging process of Al 2024 alloy. Tensile
specimens were prepared to model the material response of Al 2024 at the determined temperature and tested at forging
temperature. The finite element simulation revealed that surface defects occur in forged components due to stress
concentration. This defect was observed and verified in experimental studies as well. The alternative design proposed in this
study, involving the addition of support to the region where the defect occurs, proved to be effective in reducing surface
defects. The alternative design, developed and simulated using Solidworks and Simufact Forming software, demonstrated a
significant reduction in stress concentration in the area where the defect was observed.

Keywords: 2024 Aluminum, Hot forging, Design, Finite Element Analysis, Overlap defect

I. GIRiS

Havacilik ve otomotiv endistrilerinde, dévme pargalarin kullanimi yaygimn olarak tercih edilmektedir. Bu
pargalar yiiksek verimlilik, diisiik maliyet ve iyi performans avantajlar1 saglamaktadir. Aliiminyum alagimlari,
ozellikle yiiksek mukavemetli yapisal uygulamalarda 6nemli bir rol oynamaktadir. Dévme yontemiyle
sekillendirilen aliiminyum alasimlari, havacilik, otomotiv ve savunma endiistrileri gibi bircok
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sektorde hafifligi sebebiyle 6ne ¢ikan ve tercih edilen
alagimlardir. Ancak, dévme islemi sirasinda hatasiz ve
yliksek geometrik dogruluk, iyi bir ylizey kalitesi ve
hedeflenen mikroyap:1 &zelliklerinin  saglanmasi
gerekmektedir, ¢ilinkii iyi montaj ve servis performansi
bu faktorlere baghidir. Aliiminyum alagimlar arasinda,
2xxx serisi alagimlar ozellikle dikkat ¢ekmektedir. Bu
alagimlar, bakirin ana alagim katkist olarak bulundugu
yiiksek mukavemetli alagimlardir ve genellikle
havacilik endiistrisinde yaygin olarak
kullanilmaktadir. Ozellikle, 2024 alasimi, en yliksek
mukavemetli 2xxx alagimlarindan biridir. 2xxx serisi
alagimlar, genellikle iyi islenebilirlik saglarlar ancak
diger 1s1l iglem gorebilen aliiminyum alagimlarina gore
daha az sekillendirilebilme 06zelligine sahiptirler.
Ayrica, diger aliiminyum alagimlarina kiyasla
korozyon direnci biraz daha disiiktir. Bununla
birlikte, birgcok 2xxx alagimi yiiksek sicaklik
mukavemetine sahiptir, bu da yiiksek sicaklikta
uygulamalarda avantaj saglar. Bu o6zellikler, dovme
islemi i¢in se¢im yaparken dikkate almmalidir[1].
Dovme sureci, bir malzeme pargasinin sabit bir alt
kalip iizerine yerlestirilip, hareketli iist kalip
tarafindan baski uygulanarak gekil verildigi bir
islemdir. Ancak, karmasik deformasyonlar nedeniyle
dévme isleminde bazi sekillendirme kusurlari ortaya
¢ikabilir. Bu kusurlardan biri olan katlanma, malzeme
akisindaki bozulmalardan kaynaklanir ve parcanin
ylzey kalitesi, mekanik ozellikleri ve islevselligi
iizerinde olumsuz etkilere yol agabilir. Dévme islemi
sirasinda malzeme akiginin homojen olmamasi,
deformasyon sicakligmin diisik olmasi ve dovme
parametrelerinin uygun sekilde ayarlanmamasi gibi
faktorler, katlanma kusurunun ortaya ¢ikmasina
katkida bulunabilir. Bu kusur, iiriiniin geometrisine,
hammadde sekline, siirtinmeye ve dovme sicakligina
baglidir [2], [3], [4]. Dovulebilirlik, hammaddelerin
sicakligindaki degisikliklere karst ¢ok hassastir.
Deformasyon sicakliginin diisiik olmasi durumunda,
yeniden kristallesme tamamen gergeklesmez ve
istenmeyen mikroyapisal dagilim meydana gelebilir.
Ek olarak, homojen olmayan yapilardaki biiyiik
taneler, dovme parcada zayif mekanik 6zelliklere yol
acabilir. Ozellikle dévme sirasinda deformasyon
hizindaki degisim, dévme parganin mukavemetini de
arttirmaktadir[5]. Cesitli arastirmacilar, dovme islemi
sirasinda ortaya g¢ikan katlanma kusurunu 6nlemek

icin ¢esitli caligmalar gelistirmiglerdir.  Ancak,
katlanma ~ kusurunun  Onlenmesi  ve  ddvme
operasyonlarinin  iyilestirilmesi i¢in daha fazla

aragtirmaya ihtiya¢ vardir. Hawryluk ve Jakubik,
calismalarinda sonlu elemanlar analiz programi
kullanarak hammadde konumunun dévme kusurlar
iizerindeki etkisini arastirmig ve farkli pozisyonlarla
deneyler yaparak dovme kusurlarini 6nlemistir[6].
Prasad ve Panigrahi de benzer sekilde sicak dévme
islemi sirasinda ortaya c¢ikan kusurlari incelemek i¢in
bir aragtirma yiriitmiislerdir. Calismada, 0Ozellikle
deneysel  g¢alismalar ve  sayisal  modelleme
kullanmislardir. Ayrica, dovme islemlerinde billetin
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dogru konumlandirilmasiin ve malzemenin diizgiin
akiginin kritik énemde oldugunu vurgulamiglardir[7].
Petrov, yaptigi bir c¢alismada, katlama kusurunun
lrliniin ~ geometrisine ve inceledigi aliiminyum
tirlindeki dovme parametrelerine bagli  degisimi
incelemistir[8]. Wang, dovme islemindeki katlama
kusurunu sonlu elemanlar analizi ile inceleyip,
homojen olmayan malzeme akigimni yorumlamistir[9],
[10]. Dovme islemin sirasinda yaygm sekilde
meydana gelen katlanma, Orin kalitesini ve
mukavemetini olumsuz etkileyip, dovme parcalarin
kullanilamaz hale gelmesine sebep olabilmektedir. Bu
nedenle d6vme operasyonlarinda katlanma problemini
kapsamli sekilde anlamak ve etkili bir sekilde 6nlemek

icin siirekli olarak arastirma ve iyilestirme
¢alismalarina katki sunma zorunlulugu kaginilmazdir.
Bu c¢alismada kullanilan  yontemler, doévme

islemlerinde ortaya ¢ikan katlanma kusurunu anlamak
ve oOnlemek igin belirli bir boslugu doldurmayi
hedeflemektedir. Literatiirde benzer c¢aligmalarin
varligl, ancak dovme isleminde katlanma kusurunun
onlenmesi konusunda daha fazla arastirmaya ihtiyag
oldugunu gostermektedir. Bu nedenle, bu calisma,
doévme islemlerinde katlanma kusurunu Onleme
konusunda daha derinlemesine bir anlayis gelistirmeyi
amaclamaktadir. Bu g¢alismada, dovme iglemi
sirasinda ortaya cikan katlanmay1 dnlemek i¢in sonlu
elemanlar analizi kullanilarak simiilasyon calismalar1
yapilmistir.  Simiilasyon calismalarina dayanarak,
katlanma bolgesinde homojen olmayan malzeme akisi
ve yiiksek dovme gerilimleri tespit edilmistir.
Malzeme akisinin katlama bolgesindeki keskin
geometriden kaynaklandigt goriilmiistiir. Homojen
malzeme akigimi saglamak igin kalip tasarimi
degistirilip, keskin koseye destek (feder) eklenmistir.
Tasarim degisikliginin etkilerinin incelenmesi igin
farkli  parametrelerde  simiilasyon  ¢aligmalari
gerceklestirilip, elde edilen sonuglar gergek kosullarda
yapilan denemeler ile karsilastirtlip analiz edilmistir.
Ayrica eklenen destegin parca iizerindeki etkisi Von-
mises gerilme analizi ile incelenmis ve sonuclar
karsilastirildiginda destek bolgesindeki gerilmelerin
o6nemli oranda azaldig1 gorilmistiir.

Il. MATERYAL VE METOD

Simiilasyon i¢in kullanilan deneysel degiskenler Tablo
I’de sunulmustur. Ilk olarak kalibin doldurma
durumuna yani parganin doviilebilirlik durumunu ve
sekillendirme i¢in en uygun dovme sicakligini
belirlemek i¢in ii¢ farkli dovme sicakligi segilmistir.
Literatiirde Al 2024 alagimlarina yakin malzemeler
icin ortalama 370-430 °C dovme sicakliklar
onerildiginden bu sicaklik araliginda parametreler
secilmistir[11]. Analizlerdeki kurs (strok) durumuna
gore katlanmayr kapsamli bir sekilde gdsterebilmek
icin ii¢ farkli kurs mesafesinde sonuglar paylagilmistir.
Destekli ve desteksiz tasarirma uygun kaliplar
iiretilerek, dovme siirecinde denenmistir ve bu iki
farkli  tasarrmin  simiilasyonlar1  gerceklestirilip,
aralarindaki farkliliklar ortaya konulmustur.
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Tablo 1. Deneysel Parametreler

Dovme Tasarim Kurs(strok)
Sicakligi(°C) mesafesi (mm)
375 Destekli Tasarim 15
400 Desteksiz Tasarim 20
425 - 28
Simiilasyondan almmacak verilerle seri imalat
kosullarinda  yapilacak  deneylerde  Oncelikle

hammadde ve kalip 1sitilmistir. Aliiminyumun ergime
noktas1 diisiik oldugu i¢in sicaklik daha hassas 1sitma
saglayan indiiksiyonlu bobin firmlarinda yapilmistir.
Kalip sicakligimnin kontrolii i¢in kalibin baglandigi
plakalara termoregiilatéor diizenegi kurulmustur.
Numune iiretiminde kullanilan Al 2024 alagiml
hammadde indiiksiyonlu firinda sirasiyla deney
planindaki 375-425°C arasindaki farkli sicakliklara
1s1tilmig, hammadde sicaklik araligini sabit tutmak icin
firn ¢ikisindaki sensorler yardimiyla otomatik olarak
Olclilmiistiir. ~ Hammaddeler robot ile kaliba
yerlestirildikten sonra DELLAVIA-Tarvisio marka
1250 Ton Vidali (Friksiyon) preste dovilmiistiir.
Vidali presin sematik gdsterimi  Sekil 1'de
gosterilmigtir. Temel sicak dovme adimlari, istenilen
seklin elde edilmesi icin firinda 1sitilan hammaddenin
(yeniden kristallesme sicakliginin {izerinde) kaliba
yerlestirilip presin ezmesi ile olusur. Metal yapiy1
sekillendirmek i¢in yiiksek basing uygulanir. Sekil

[ []

———

Ust Kalip F%"' 7~

—

R

____________________

verilen pargalar sicak kalip setinden iticiler yardimi ile
cikartir. Bu islem adimlari, kaliplarin sicakligin
yiikseltir ve kaliplarin sicakligini  diisiirmek icin
yaglayicilar kullanilir bu islemde kalipta termal
yiikklemeye neden olur. Asint yaglama, kalip ve
hammadde sicakliginin fazla olmasi iiriinlerde dovme
hatasmna yol ac¢maktadir. D&évme  prosesinde
yaglamanin dogru yapilmasi gerekmektedir. Yaglama
siirecinin dévme operasyonunda metal akigini kontrol
edebilmesi, kalip siirtinmesini azaltmasi ve kalibin
dolmasina yardimci olmasi, doviilen par¢anin kaliptan
cikarilmast ve dovme yiklerini azaltmak gibi
avantajlart bulunmaktadir[12]. Dolayisiyla yaglama
siirecinin istenen sekilde ayarlanmamasi ¢ok degisken
dovme problemlerine sebebiyet verebilmektedir.
Doévme islemlerinde su bazli akigkanlar, yag bazl
akigkanlar ve katilar ti¢ ana yaglayic1 gruptur [13]. Su
bazli grafit, aliminyum dévmede yaglayict olarak en
yaygin yaglayicidir. Numune iiretiminde su bazli
grafit yaglayict (SUMIDERA® W 50) kullanilmugtir.
Ancak grafit siyah bir renge sahip oldugu igin

dovmeden kolayca temizlenemez. Yaglayici
uygulamasi kaliplar preste monte edilirken ve
dovmeden hemen o6nce kaliplara  yaglayici

piskiirtillerek yapilmistir. Kaliplarin yaglanmasinda
genellikle basmgli hava veya havasiz piiskiirtme
sistemi kullanilmaktadir[12].

d -
Alt Kahp

=L AHammadde

e

Sekil 1. Vidali (Friksiyon) pres ve dévme kaliplari

2024 Aliminyum alasimi, yiiksek mukavemeti ve
yorulmaya karst direnci nedeniyle en iyi bilinen
yiksek mukavemetli aliiminyum alasimlarindan
biridir [1]. Tablo 2'de Al 2024 aliiminyum alagimu i¢in
kimyasal bilesim degerleri verilmistir.

Tablo 2. EN AW 2024 alagim profilinin kimyasal
bilesimi [14]

Cu Al Fe Mg Mn Cr Zn Ti-Zi Diger Si
5 | @ < © o
e ¥ 8w g 9 4 g 8 8 un
LY 0 S & o 6 5 5 o ©
= ™ X — o
Aliiminyum alasimlarmin doéviilmesinde kullanilan

kalip malzemeleri dovmede uygulanan kuvvetler ve
iretilen pargalarin karmagsikligi disinda; kaliplarin
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tokluklarin1 gelistirmek igin daha diisiik sertlik
seviyeleri tercih edilir. Sicak is takim g¢elik
serilerinden olan DIN 1.2343 ve 1.2344, DIN 1.2606
veya bu takim celiklerinin tescilli varyantlari,
aliminyum dévme surecinde genellikle 44 ile 50 HRC
sertlik degerleri aralifinda yaygin olarak kullanilir
[15]. Numune iiretiminde 47 HRC sertlik degerinde
1.2344  ¢elik malzemeden iiretilmis dovme kalibi
kullanilmistir. Dévme isleminde kaliplarin 1sitilmasi
¢ok oOnemlidir. Sekil 1'de gosterildigi iizere,
hammadde kaliba konumlandirilir kalip ve hammadde
arasindaki 1s1 iletimi nedeniyle kaliplar isitilmazsa,
enerjinin  korunumu  kuralindan dolayr ddvme
hammaddesi ¢ok hizli sogur. Kaliplarin isitilmasi,
metal plastisite seviyesini ve akig 0Ozelliklerini
basartyla yiikseltebilir, metal akiginin homojenligini
iyilestirebilir, kalibin sogumasini ve malzeme
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lizerindeki dovme basincim azaltir [12]. Kalip
sicakligr termoregiilator sistemi ile yaklasik 200°C
sicakliga 1sitilip, sabit birakilmistir. Kalip sicakliklari,
termal kamera ile Sekil 2’°de gosterildigi tizere kontrol
edilmistir.

a|dues"

Sekil 2. Termal kamera ile kaliplarin sicakliklarinin
6lgllmesi

Dovme kaliplarinda sicaklik kontrolii, yag kanallari
aracilifiyla gergeklestirilen termoregulator sistemleri
ile saglanmaktadir. Bu sistemler, biiyiik 6l¢ekli dovme
islemlerinde kullanilmakta olup malzeme akigini
kolaylastirmak ve istenilen dévme seklini elde etmek
icin kritik Oneme sahiptir. Yag kanallari, dovme
kalibinin igine entegre edilerek bir serpantin veya
labirent yapistyla diizenlenir, bu sayede 1s1 homojen
bir sekilde dagitilir. Isitma sistemi, yag kanallarina
baglanarak kalibin i¢ ylizeyini sicaklik
kontroliinii saglar. Sistemi uygun sicaklikta tutmak
icin bir 1sitma veya sogutma sistemindeki sogutucu
akist gibi bir kontrol sinyalini degistirerek caligir.
Kontrol birimi araciligiyla islem sirasinda sicaklik
degisimleri sensorler araciligiyla izlenir. Sekil 3’de
deneylerde  kullanilan  termoregiilatér  sistemi
sunulmustur.

1sitarak

Sekil 3. Termoregulatdr sistemi ve yaglama kanallar

Dovme islemi sonrasi destekli ve desteksiz tasarim
icin X-Ray analizleri YXLON marka CT cihazinda
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gerceklestirilmistir. ASTM E8/E8M—09 standardina
uygun olarak hazirlanmis ¢ekme numunelerinin
Instron 5569 cihazinda testleri gerceklestirilmistir.
Cekme testleri lG¢ kere tekrarlanmak (izere
gerceklestirilmigti. Dovme isleminin  modellenmesi
ve simulasyonu, sonlu elemanlar analizi yazilimi olan
Simufact Forming’de gergeklestirilmistir. Katlanma
gorilen bolgenin incelenmesi igin destekli ve
desteksiz tasarimlara Orgii (mesh) tanimlamasi
yapilmistir ve her iki simiilasyon modeli i¢in aym
mesh degerleri kullanilmigtir. Hexahedral orgii
modeli, Simufact Forming gibi 3D islemler igin
kullanilan bir orgiileme yontemidir. Genel olarak,
hexahedral Ogeler, en iyi dogruluga ve tetrahedral
Ogelere kiyasla daha az sayida 6geye sahiptir. Ancak,
her geometri hexahedral o6geler kullanilarak
Orglilenemez. Analizlerde pargalarin hassasiyetini
artirmak i¢cin Hexahedral tipi O6rgii model eleman:
tercih edilmistir. Bu tipte kullanilan elemanlarla, daha
az eleman kullanilarak ayni sonuglarin elde edilmesi
saglanmistir. Eleman sayisindaki bu azalma ile analiz
stiresini ve sonrasindaki islem siiresi de belirgin bir
sekilde azaltilmistir. Ayrica, calismada kullanilan
dovme kalibi, 1s1 iletkenligi olan rijit malzeme olarak
tanimlanmigtir.  Siirtlinme  geriliminin  biyikliga,
deformasyon modelini, sicaklik artisi1 ve metal
sekillendirmede olusan toplam kuvveti etkilemektedir
[12]. Hammadde malzemesi ve dovme Kkalibi
arasindaki siirtiinme modeli olarak Coulomb siirtiinme
modeli tanimlanmistir. Programin malzeme veri
tabanindan kaliplara ait 1s1l iletkenlik ve siirtiinme gibi
Ozellikleri almmustir.  Sabit  siirtinme  modeli
kullanilarak analizler gergeklestirilmigtir. Simiilasyon
calismalarinda kullanilan is parcasi 40x20x80 mm ve
mesh degerleri Sekil 4’de gosterilmistir. Element
boyutu 1 mm, toplamda 76 element kullanilarak
simiilasyon ¢aligmast gerceklestirilmistir. Calismada
kullanilan aliiminyum alasim malzemesinin fiziksel ve
mekanik ozellikleri sirasiyla Tablo 3 ve Tablo 4’de
sunulmustur.

Element boyutu (mm) 1

Element sayisi 76

Sekil 4. Simulasyon hammadde 6zellikleri
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Tablo 3. EN AW 2024 Fiziksel Ozellikler [14]

Fiziksel Ozellikler Deger
Yogunluk 2.78 (g/cmd)
Erime Sicakligi 502 (°C)
Is1il Genlesme 23 x (10 /°K)
Elastiklik Modiilii 724 (GPa)
Termal Kapasite 151 (W/m.k)

Tablo 4. EN AW 2024 Mekanik Ozellikler [10]
Deger

Mekanik Ozellikler

315- 390 (MPa)
415- 480 (MPa)

Akma Mukavemeti

Cekme Mukavemeti

Uzama %5 - %10
I1l. BULGULAR
31 Simulasyon Girdi Parametrelerinin
Belirlenmesi
Doviilen  numunelere  proses  parametrelerinin

tutarliligt ve simiilasyon c¢alismalarinda kullanilan
parametrelerin kontrolii i¢in ¢ekme testi yapilmuistir.
Test sonuglart Sekil 5 ve Tablo 5°de gosterilmistir. Al
2024 alagimimin doviilmiis haldeki akma dayanimi
ortalama 315,3 MPa iken, ¢ekme dayanimi ortalama
406 MPa civarindadir. Ortalama 125 HB sertlik
degerine sahip olan bu malzemenin yilizde uzama

Kapali kalip dévme i¢in aliiminyum dévme islemi
sirasinda kaliplarin sicakligi 150 °C ila 260 °C olarak
Onerilmektedir [1]. Bu nedenle, analiz sirasinda
kaliplarin baslangi¢ sicakligi 200 °C olarak kabul
edilmistir. Hammadde sicakliklar1 375°C, 400°C,
425°C olarak almmis ve bu sicaklik degerleri ile
simiilasyon deneyleri yapilmistir. Farkli sicaklik
araliklar ile yapilan deneme sonucunda Sekil 6’da
gortildiigii tizere 425°C ile yapilan denemede malzeme

kaliba daha iyi yayilmistir. D&vme sicakliginin
artmastyla malzemenin akist kolaylagarak
deformasyon direnci azalmistir. Doviilebilirlik

acisindan elde edilen bu sonuca gore simiilasyon
denemelerinde hammadde sicakligit 425°C olarak
ayarlanmigtir. Proses parametrelerinin nihai 0rinin
mukavemeti lizerinde biiyiik etkisi vardir, bu nedenle
yuksek mukavemetli dévme drinlerinde mekanik
Ozelliklerin  hassasiyetle saglanmasi igin proses
parametreleri belirlenmis olan araliklarda
sabitlenmelidir [8]. Ozellikle ddvme sicakligi ve kalip
sicakligimin bu durumu etkileyen 6nemli parametreler
oldugunu séylemek miimkiindiir.

Kapali kalip dévme i¢in aliiminyum doévme islemi
sirasinda kaliplarin sicakligi 150 °C ila 260 °C olarak
Onerilmektedir [1]. Bu nedenle, analiz sirasinda
kaliplarin baslangi¢ sicakligit 200 °C olarak kabul
edilmigtir. Hammadde sicakliklar1 375°C, 400°C,
425°C olarak almmis ve bu sicaklik degerleri ile
simiilasyon deneyleri yapilmistir. Farkli sicaklik
araliklart ile yapilan deneme sonucunda Sekil 6’da
goriildiigi tizere 425°C ile yapilan denemede malzeme

degerleri ortalama 6 mm olarak 6lgiilmistiir. kaliba daha iyi yayllrplstlr. Doévme  sicakliginin
artmastyla malzemenin akist kolaylasarak
Tablo 5. Cekme numunesi sonuglar deformasyon direnci azalmistir.
Deger Uzama Akma Cekme Sertlik
(mm) Dayanimi(MPa) Dayanimi(MPa) (HB)

Testl. 5.6 312 397 120

Test2. 6.23 324 420 125

Test3. 6.6 310 402 130

Ort. 6.1 315.3 406.3 125.0
Test 1. Test 2. Test 3.
400 I . I o
o ~ 400+ _—— 400 | "
™ g < - — "
& S~ & P nﬁj / -
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Sekil 5. Cekme numunesi sonug grafikleri
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Déviilebilirlik acgisindan elde edilen bu sonuca goére
simiilasyon denemelerinde hammadde sicakligi 425°C
olarak ayarlanmigtir. Proses parametrelerinin nihai
iirtinlin mukavemeti iizerinde biiyiik etkisi vardir, bu
nedenle yiksek mukavemetli dévme drinlerinde
mekanik &zelliklerin hassasiyetle saglanmasi igin
proses parametreleri belirlenmis olan araliklarda
sabitlenmelidir [8]. Ozellikle dovme sicakligi ve kalip
sicakliginin bu durumu etkileyen 6nemli parametreler
oldugunu séylemek miimkiindiir.

Sekil 6. Dovme sicakliginin doviilebilirlige etkisinin
simiilasyon sonuglar1

3.2 Tasarimda Destegin (Feder) Parcada Olusan
Gerilmeye ve Doviilebilirlige Etkisinin
Similasyonu

Calismanin bu boliimiinde dévme isleminde katlanma
hatasinin simiilasyon sonuglart analiz edilmis ve
katlanmanin giderilmesi i¢in yapilan tasarimin sonucu
degerlendirilmistir. Numune pargada katlanma
problemi goriilmiistiir.  Sicak ddvme siirecinde
karsilagilan 6nemli bir problem olan katlanma, dévme
islemi esnasinda doviilen malzemenin istenmeyen
sekilde ikiye ayrilmasi veya kirilmasi anlamina gelir.

Dovilen  malzemenin  belirli  bdlgelerinin  fazla
deformasyona veya gerilme birikmesine maruz
kalmasi sonucunda olusur.
Dovme siirecinde sikga  karsilagilan  katlanma
kusurunun temel nedenleri ¢esitli  faktorlere
dayanmaktadir. Bu faktorlerden ilki, hammadde
profilinin etkisidir. Do6vme siirecinde kullanilan

hammadde, deformasyon oranini minimumda tutacak
sekilde seg¢ilmelidir; zira yiiksek deformasyon, dévme
esnasinda kusurlara yol acabilir. Hammadde profili,
dovme igin belirlenen geometriye uygun olarak
secilmeli ve asirt deformasyonun meydana geldigi
bolgelere 6zel dikkat gdsterilmelidir. ikinci etken iiriin
tasarimidir; keskin koselerin kullanilmasi, homojen
malzeme akisini engelleyebileceginden tasarimda bu
tiir unsurlardan kaginilmalidir. Bununla birlikte, kalip
ve elemanlarinin se¢imi de tasarimin bagarisin
etkileyen &nemli unsurlardir. Ugiincii olarak, proses
parametrelerinin etkisi géz ardi edilmemelidir. Dévme
islemi i¢in uygun parametrelerin  belirlenmesi,
malzemenin alagimi ve Uirlin geometrisine baglidir.
Uygun olmayan proses parametreleri, g¢esitli siireg
problemlerine sebep olabilir; bu nedenle dévme
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sirecinde metalin uygun sicakliga erismesi ve
homojen bir sekilde 1sinmasi son derece 6nemlidir[1].
Dovmede keskin koseleri diizgiin bir sekilde baglamak
icin genellikle radyus kullanilir, radyus veya
yuvarlatilmig koseler ani agilt baglanti yerine diizgiin
kademeli baglantiya yardimci olur. Olusabilecek stres
konsantrasyonlari sonucu meydana gelebilecek catlak
ve kirtlma riskini minimize eder. Kose ve i¢ kose
yarigaplarinin se¢imi ayni zamanda tane akisini, kalip
asinmasini ve islemede ¢ikarilacak malzeme miktarini
etkiler [1]. Bu yiizden kaliplarinin iglenmesi esnasinda
keskin koselerin dikkatlice islenmesi gerekebilir.
Doévme  siirecinde  kaliplarin = bakim  ihtiyacin
artirabilir. Desteksiz tasarimda ve yuvarlatilmis
koselerin normale nazaran daha keskin oldugu
durumda iiretim siirecinde incelenen dévme drneginde
olusan katlanma Sekil 7'de sunulmustur. Uretilen
parcanin kusurlu oldugu net bir sekilde goriilmektedir.
Karsilagilan bu durumu farkli bir malzeme/alagim
veya yontem kullanmaksizin iyilestirebilmek icin
tasarimda degisiklige gidilmesi zorunlu olmaktadir.

Sekil 7. Katlanma Kusuru (Desteksiz Tasarim)

Dovme 6rneginde, katlanmanin goriildiigii alandaki iki
koseyi birlestirmek i¢in yarigap kullanilmistir. Kose
yarigaplari, plastik deformasyon sirasinda malzeme
akigim rahatlatmak ve yiiksek ddvme gerilmelerini
azaltmak icin miimkiin oldugunca biiyiik segcilir.
Kiiciik yaricap kullaniminda, gerilmeler yiiksek
olacagindan katlanmanin meydana gelmesi daha
olasidir[16]. Incelenen drnekte parganin fonksiyonunu
etkilemeden kullanilabilecek maksimum yarigap
degerleri  kullanilmigtir.  Simufact sonlu analiz
programi ile yapilan simiilasyon sonuglarinda Sekil
8'de farkli kurs mesafesi seviyelerinde katlanma
olusumu goriilmektedir. Analiz edilen numunenin
gerilim degerlerinde beklendigi gibi, kirmizi renk
malzemede olugan en yiiksek gerilme degerini, mavi
renk ise en disik degeri temsil etmektedir.
Simiilasyon  sonuglar1  incelendiginde katlanma
bolgesinde gerilim degerlerinin  yiiksek oldugu
goriilmektedir. Uygun olmayan kalip tasarimi,
malzemenin istenmeyen akismma ve dolayisiyla
geometrik kusurlara yol agmaktadir. Sekil 8
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incelendiginde katlanma olusumu net sekilde goriilmektedir. Katlama bdlgesinde yarigap geometrisi olusmadan
malzeme kalip disina akip, yarigap geometrisi homojen malzeme akisini bozmakta ve katlanmaya neden
olmaktadir. Sekil 8'de yapilan analiz sonuglarinda keskin kdsede kullanilan yaricap degerinin malzemenin
akisini bozdugu ve katlanmaya neden oldugu tespit edilmistir. Katlama bolgesindeki malzeme akigim
rahatlatmak ve gerilmeleri azaltmak i¢in katlama bdlgesine destek eklenmistir. Simiilasyon sonug¢larinda destekli
bolgedeki gerilmelerin azaldigi ve katlanmanin giderildigi gorilmiistiir.

Kurs (Strok) Mesafesi (mm)
15 mm 20 mm 28 mm
Katlanma Katlanma
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Sekil 8. Tasarimdaki Destek durumuna bagl katlanma olusumunu gdsteren simiilasyon goriintiileri

Similasyon parametreleri ile gercek ortamda yapilan
deneme ayni sonucu vermis ve iretilen numune
parcanin gorsel kontroliinde katlanmanin giderildigi
gorilmiistiir. (Sekil 9)

Sekil 9. Destekli Tasarim( Destek Bolgesi)
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3.3 Numune parcalarinin muayenesi

Uriinlerin {iretimi sirasinda olusabilecek katlanma,
catlama, eksik doldurma gibi dévme kusurlart iiriiniin
kullanilacag: yere gore biiyiik maddi kayiplara neden
olabilirr. Bu kayb1 onlemek icin belirli zaman
araliklarinda tahribatsiz test yontemleri veya tahribatl
test yontemleri kullanilarak arizali alanlar 6nceden
tespit edilebilmektedir. Bu ¢aligmada ornekler X-ray
inceleme yontemi ile kontrol edilmistir.

X-ray muayenesi yontemi tahribatsiz inceleme
yontemlerinden biri olup, parcalarin hacimsel olarak
incelendigi, kusurlarin tipinin, yerinin ve boyutunun
belirlenebildigi bir yontemdir. X-ray cihazi ile yapilan
kontrollerin  sonuglarinin  goriintiilerinde katlanma
problemi olan numune Sekil 10.(a)’da, tasarim
degisikligi sonrasi problem giderilerek katlanma
kusurunun olmadigi numune ise Sekil 10.(b)
gorselinde kirmizi halkalar igerisinde goriilmektedir.
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(b)

Sekil 10. X-RAY gorseli, (a) Desteksiz tasarim, (b)
Destekli tasarim

3.4 Destegin Tasarim Uzerindeki Mekanik

Etkisinin incelenmesi

Bu c¢aligmada kullanilan numune bir otomotiv
bilesenidir. Bu nedenle ilgili sartnamelerde yer alan
mekanik ve fiziksel testlere tabi tutulmaktadir. Bu
¢aligmada, numunenin  mekanik  6zelliklerinin
belirlenmesi amaciyla Von-Mises gerilme analizi
kullanilmistir. Von-Mises gerilim degeri, belirli bir
kuvvetin uygulandigr malzemedeki gerilme direncini

belirlemek igin kullanilan, malzemenin deformasyon
prensiplerine dayanarak elde edilen bir degerdir. Bu
analiz, numunenin mekanik dayanikliligini belirlemek
ve tasarim degisikliklerinin etkisini incelemek icin
gergeklestirilmistir[17].Analizde, numunenin fiziksel

calisma yoniine paralel olarak 20N  kuvvet
uygulanmistir.
Analiz, SOLIDWORKS  programi  kullanilarak

gerceklestirilmis ve en yiliksek gerilme degerlerinin
desteksiz keskin koselerde oldugu tespit edilmistir.
Sekil 11'de goriilen analiz sonuglarina gore, desteksiz
keskin koselerde yaklasik olarak 97,5 MPa bir gerilme
olusmustur. Bu analizde destek eklenmesi durumunda,
olusan gerilmenin yaklagik %30 oraninda azalarak
ilgili bolgede 70,5 MPa civarinda bir gerilme meydana
gelmistir. Bu sonuglar, numunenin seri imalat
kosullarindaki gercek performansini desteklemekte ve
tasarim siirecini dogrulamaktadir. Von-Mises gerilme
analizi, numunenin  mekanik  dayanikliligim
degerlendirmek ve tasarim degisikliklerinin etkisini
incelemek i¢in dnemli bir arag olarak kullanilmistir.

von Mises (N/mm*2 (MPa))
97,532
! 65,240
73149
_ 60958
g e
L 16576
24385
12,19
0,003

+ Akma mukavemeti: 325,000

' Y

Sekil 11. Von Mises simiilasyon sonucu, (a) Desteksiz tasarim, (b) Destekli tasarim

V. SONUC

Normal sartlarda aliiminyum alagimlar arasindan Al
2024 malzeme yiiksek mukavemeti nedeniyle plastik
deformasyonu zor olan malzemelerin arasindadir.
Deneylerin gerceklestirildigi par¢a normal sartlarda
dokim yodntemiyle dretilmektedir. Ancak dékim
sonrast malzemenin mukavemeti yeterli seviyelere
ulasamamaktadir. Dokiim yoOntemi yerine dévme
operasyonu  kullanilmasi ekstra ~ mukavemet
kazandirmaktadir. Bu arastirma dévme siirecinde
olusan katlanma kusurunun analizini ve giderilmesini
amaglamistir. Caligma, Oncelikle simiilasyon girdi
parametrelerinin belirlenmesi iizerine odaklanmis ve
dovme islemi ig¢in uygun proses parametrelerinin
belirlenmesine  yonelik 6nemli bulgular ortaya
koymustur. Hammadde sicakliinin  artmasiyla
malzemenin akisinin kolaylagsmasi ve deformasyon
direncinin azalmasi gibi faktorler, dovme islemi igin
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optimum sicaklik araliginin belirlenmesine katki
saglamistir. Daha sonra, destek kullaniminin tasarim
Uzerindeki mekanik etkisinin incelenmesiyle katlanma
kusurunun giderilmesi amaciyla yapilan g¢aligmalar
sunulmustur. Destek eklenmesinin, keskin koselerde
olusan gerilmeleri azalttigi ve katlanma kusurunu
Onledigi gozlemlenmistir. Bu tasarim degisikligi,
dovme siirecindeki keskin kdselerin yarattig1 gerilme
konsantrasyonlarin1  azaltarak  iiriin ~ kalitesini
artirmistir.

Son olarak, numunelerin muayenesi ve mekanik
Ozelliklerinin belirlenmesi i¢in yapilan analizlerle
ilgili bulgular sunulmustur. X-ray muayenesi ile
belirlenen katlanma kusurlarinin, destek eklenmesiyle

giderildigi  gbzlemlenmistir. Von-Mises gerilme
analizi ise desteksiz keskin kdoselerdeki gerilme
degerlerini azaltarak numunenin mekanik

dayanikliligini artirmigtir. Bu ¢aligmanin literatiire
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dnemli bir katki sagladig1 diisiiniilmektedir. Ozellikle
dévme sirecinde katlanma kusurunun analizi ve
giderilmesi iizerine yapilan detayli c¢aligmalar,
endiistrideki tiretim siireclerinin iyilestirilmesine ve
kalitenin artirlmasia katkida bulunabilir. Ayrica,
destek kullaniminin dévme tasariminda énemli bir rol
oynadig@i ve mekanik analizlerin tasarim sirecindeki
kararlar1 destekleyici bir arag oldugu vurgulanmustir.
Bu bulgular, dévme sireci ve benzeri (retim
siireclerinde tasarim ve iiretim kalitesinin artirilmasi
icin degerli bir rehber saglayabilir.
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Mikroyapi Gelisiminin Temellerini Gercek Zamanh Olarak Incelemek icin
Mikroskop ve Katilastirma Ekipmani Tasarim

Microscope and Solidification Equipment Design to Study in Real Time the Fundamentals of
Microstructure Evolution
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Oz

Katilasma mikroyapisi, dokiim, eklemeli imalat ve kaynak yoluyla tretilen malzemelerde malzeme 6zelliklerini belirleyen en 6nemli
parametrelerden biridir. Mikroyapiyi kontrol etmek ve optimize etmek icin dncelikle mikroyapi evrim dinamiklerinin anlasiimasi
gerekir. islem sonrasi (post-mortem) calismalarla mikroyapiy1 anlamak icin bircok girisimde bulunulmasina ragmen, biyiime hizi
gibi mikroyapiyi belirleyen bir parametre degistiginde ne olacagini anlamak igin gercek zamanli arastirmalar gereklidir. Gergek
zamanliinceleme, 6zellikle hiz, kompozisyon, sicaklik gradyani vb. gibi katilagsma parametrelerinin islem sirasinda degistigi d 6kiim,
katmanli imalat ve kaynak gibi endistriyel uygulamalarda katilasma mikroyapisinin ve dolayisiyla malzeme o6zelliklerinin
belirlenmesi igin cok 6nemlidir.

Bu ¢alismada, katilasma dinamiklerini ve mikroyapi gelisimini gergek zamanli olarak incelemek amaciyla 6zel bir mikroskop ve
katilasma diizenekleri tasarlanmig ve imal edilmistir. Yonlu katilasma deney diizenekleri ile birlikte mikroskopi sisteminin detaylari
sunulmaktadir. Sicaklik gradyani 6lgiimleri, tipik kontrol parametreleri ve mikroyapilar dahil olmak tzere bu teknigin 6rnek giktilari
raporlanmistir. Bu 6zel Uretim ekipmanin, metalik sistemlerde dahi katilasma dinamiklerini ve mikroyapi gelisimini i¢ boyutlu
olarak anlamanin ve boylelikle malzeme 6zelliklerini belirlemenin yolunu agtigi gosterilmistir.

Anahtar Kelimeler: Katilasma, Mikroyapi Evrimi, Mikroskopi, Fiziksel Metaluriji, Tek Yonlii Katilasma

Abstract

Solidification microstructure is the decisive parameter in determination of all kinds of properties in materials produced by casting,
additive manufacturing, and welding. In order to control and optimize the microstructure, first, the microstructure evolution
dynamics has to be understood. Although there have been many attempts to understand microstructure with post-mortem
studies, real-time investigation is necessary to apprehend what happens when a microstructure decisive parameter such as
growth velocity changes. Real-time investigation is especially important for determination of microstructure in industrial
applications such as casting, additive manufacturing, and welding, where the solidification parameters such as velocity,
composition, temperature gradient etc. change during the process.

In this work, in order to investigate solidification dynamics and microstructure evolution in real time, a special microscope and
solidification setups were designed, and get manufactured. The details of the microscopy system are given along with the
directional solidification setups. Example outputs of this technique including temperature gradient measurements, typical setting
parameters, and microstructures are reported. It is shown that this unique equipment opens the way to understand the
solidification dynamics and microstructure evolution even in metallic systems in three dimensions, and hence the material
properties.
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I. GIRIS

Katilagma mikroyapisi, dokiim, eklemeli imalat ve
kaynak ile dretilen malzemelerin &zelliklerini
belirleyen en Onemli parametrelerden  biridir.

Metallerin ¢ogu, alagim olusturulduktan hemen sonra
siirekli dokiim veya kiilge dokiim ile iiretildiginden,
nihai gekli plastik deformasyon veya isleme gibi diger
imalat teknikleriyle {iretilen parcalar i¢in bile,
katilasma mikroyapisinin parmak izleri son iriin
ozellikleri lizerinde 6nemli rol oynar. Bu nedenlerden
otiirti, katilagma mikroyapisinin temellerini anlamak ve
hangi kosullar altinda nasil mikroyapilar olusacagini
bilmek ¢ok 6nemlidir.

Katilagma mikroyapisini belirleyen en 6nemli faktor ise
kati/sivi arayiizeyinin dinamikleridir. Daha spesifik
olmak gerekirse, kati/sivi arayiizeyinde olusan
dinamiklerin katida biraktigt izlere katilagma
mikroyapisi denir. Katilasma dinamikleri ¢ok degisken
oldugundan ve lokal dalgalanmalardan c¢ok fazla
etkilendiginden, bu dinamikleri anlamak ve neye gore
degistigini belirlemek icin ger¢ek zamanli deneyler
yapilmas1 gerekmektedir. Klasik yontem olarak bilinen,
tim prosesler bittikten sonra, numune Kkesilip
metalografik hazirliktan gectikten sonra elde edilen
mikroyapi, katilagma dinamikleri konusunda pek bilgi
vermez. Daha spesifik olmak gerekirse, tiim prosesler
bittikten sonra elde edilen mikroyapi, birbirinden farkl
olusum mekanizmalarindan herhangi birinin etkinligi
ile olusmus olabilir Bu nedenle; katilagma
mekanizmalarin1 anlayabilmek igin gergek zamanl
deneylere ihtiyag vardir. Gergek zamanli yapilan
deneyler bir film iken, metalografik hazirlik sonrasi
elde edilen ve sadece katilagsma ile olusmus (kat1 hal
doniisiimlerinden gegmemis) mikroyapi, o filmden elde
edilmis bir goriintiidiir sadece; Oncesi ve sonrasi
hakkinda bilgi vermez. Ayn1 zamanda, klasik yontem
ile, biylime hiz1 gibi mikroyapiyr 6nemli sekilde
etkileyen bir parametrenin katilagma dinamiklerini
nasil etkiledigi anlasilamaz. Bu nedenlerden o&tiird,
mikroyap1 gelisimini ger¢ek zamanli incelemek bir
zorunluluktur.

Mikroyapi gelisimini gergek zamanl olarak incelemek
icin c¢esitli yontemler kullanilmaktadir. Kronolojik
olarak, ilk gercek zamanli deneyler 151k (optik)
mikroskoplart kullanilarak 20. yiizyilin ortalarinda
yapilmistir [1-3]. Zamanla, optik ¢oziiniirlik pek
degismese de, 151k kaynaklariin LED’e ¢evrilmesi ve
farkli yontemlerin ortaya c¢ikarilmasiyla elde edilen
goriintii kalitesi ve cesitliligi onemli dl¢lide artmistir
[4]. Bu deneylerde genellikle, metal gibi katilasan,
kristal yapiya sahip, metal analog sistemler olarak
bilinen transparan organik malzemeler kullanilmigtir
[2, 5-9]. Transparanlik ozelliklerinden dolay,
numunenin kalinligi boyunca kati/sivi arayiizeyinin
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nasil evrildigi, biiyiime dinamikleri ve katilasma
parametrelerinde yapilan degisikliklere alagimin nasil
tepki verdigi gortilebilmektedir. Katilagmanin temel
prensipleri, malzemenin organik veya metal olmasina
gore degismediginden, organik malzemeler bu
prensipleri anlamak amaciyla elliyi askin senedir
kullanilmaktadir. Fakat, organik malzemeler, yiiksek
enerjili X-151n1 ve elektron demeti gibi i1ginlar ile
degrede oldugundan, bu alagimlarin kimyasal
kompozisyonlari, dokulari, kristalografik yonelimleri
vb. Ozellikleri belirlenememektedir. Elde edilen
¢ozinirlik ve gdzlemlenebilirlik agilarindan organik
malzemeler katilasma dinamiklerini ¢alismak i¢in gok
elverigli olsa da ileri karakterizasyon yontemleri
uygulanamadigindan, bu tiir ¢alismalarda metallerin
kullanilmasi bir zorunluluktur.

Temel olarak tahribatsiz muayenede kullanilan X-151m1
teknikleri, teknolojinin gelismesiyle, metallerde
mikroyap1 gelisimini gercek zamanli incelemek igin
kullanilmaya baslanmistir. 2000°lerin basindan itibaren
X-151n1 ile gergek zamanli gozlemler katilagsma icin de
kullanilmaya baglanmigtir [10] fakat laboratuvar
ortaminda X-151m1 ile elde edilen goriintiilerin
¢Oziiniirliigii oldukga kisithidir [11]. Coziiniirliikteki bu
sinirdan  dolayi, sadece dendrit gibi, Otektik
mikroyapilara kiyasla ¢ok daha biiyiik olan yapilar bu
yontem ile incelenebilmektedir. X-15mm1 kaynagi
senkrotron oldugunda ise, ¢Oziiniirliik ¢cok daha iyi
degerlere ulagabilmektedir [12]. X-1g1n1 tomografisi
veya mikro-tomografi olarak bilinen bu yontemde dahi,
oldukca yavas hizlarda (<1 pm/s) biiyiitiilen ii¢ fazli
otektik mikroyapisinin detaylar1 goriilememektedir.
Senkrotron kullanimi ile gelinen en son nokta
nanotomografidir [13]. Bu yontem ile, diisiik hizlarda
katilagtirilmis G¢ fazli 6tektikler ayristirilabilmekte ve
araylizey dinamiklerinin detaylari net bir sekilde
goriilebilmektedir. Bu yontemin en bilylik avantaji
goreceli olarak li¢ boyutlu (3B) olan numunelerin
incelenebilmesidir. Baglica dezavantaji ise X-1simninin
numuneden gegmesi gerektiginden, numune ¢apinin
oldukga kii¢iik, 30 pm seviyelerinde, tutulmak zorunda
olmasidir. Bir diger 6nemli dezavantaji ise, bu yetiye
sahip senkrotronlarin diinyada sadece birka¢ tane
olmasi1 ve bu nedenle kullanilabilirliklerinin ¢ok diisiik
olmasidir. Maalesef, ulkemizde senkrotron
bulunmamaktadir. Son olarak, X-igin1 temel olarak
metalik numunelerde kullanilmakta ve organik
numunelerde (yiiksek enerjiden dolayr molekiiller
degrede oldugu icin) kullanilamamaktadir. Bu
nedenlerden 6tiirli, Mikroyap1 Evrim Laboratuvarinda
(MEL), katilasma dinamiklerini ger¢cek zamanl
incelemek ic¢in optik mikroskop kullanilmistir. Bu
yontem halihazirda ¢ogunlugu Amerika ve Avrupa’da
bulunan bir¢ok {iniversitede ve aragtirma merkezinde
kullanilmaktadir [6, 7, 14-30]. Bu yontemin yaygin
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olarak kullanilma sebepleri ise (i) Optik mikroskop ve
katilagsma sisteminin diger yontemlerden ¢ok daha ucuz
ve kolay erisilebilir olmasi, (i) Numune eninin X-1g1n1
nanotomografisine gore onlarca kat daha biiyiik olmasi
ve boylelikle istatiksel olarak gegerli gozlemlerin ve
Ol¢timlerin yapilabilmesi (iii) Elde edilen ¢6ziiniirligiin
X-1s51m1 mikro-tomografiden ¢ok daha iyi ve
nanotomografi seviyelerinde olmasit ve (iv) Hem
organik hem de metalik numunelerin incelebilmesidir.
Optik  mikroskop sistemlerinin, gergek zamanl
deneylerin yapilabildigi nanotomografi sistemlerine
gore tek dezavantaji, metalik alasimlarda numunenin
sadece tek bir ylizeyi goriilebildiginden, mikroyap1
hakkinda 3B bilgi elde edilememesidir. Bu nedenle,
numunenin sadece bir yiizeyine bakip numunenin
geneli konusunda sadece yorum yapilabilmektedir.
MEL’de kullanilan sistem, tam da bu dezavantaji
ortadan kaldirmak i¢in tasarlanmigs ve basariyla
dretilmistir. Detaylart Materyal ve Yontem kisminda
verilen bu sistemde, yukarida siralanan avantajlara ek
olarak, katilagsma dinamikleri hem alttan hem de {istten
incelenebildiginden, metal numunelerde dahi gergek
zamanlt olarak mikroyapt hakkinda 3B bilgiye
ulasilabilmektedir. “Cift tarafli mikroskopi sistemi”
olarak adlandirdigimiz bu sistem kullanilarak hem

metalik hem de organik alagimlarin katilagsma
dinamikleri ger¢ek zamanli olarak incelenebilmektedir.
Boylelikle, mikroyapt gelisiminin temelleri gergek
zamanlt olarak aragtirilabilmekte ve bu sayede
anlagilabilmektedir. Bu anlayisin  gelismesiyle,
mikroyapmin kontrol edilebilirligi artmakta ve
boylelikle istenilen Ozelliklere sahip malzeme
iretiminin Oniindeki en biiyiik engellerden biri olan
mikroyapt heterojenligi sorununun ortadan kalkmasi
icin 6nemli adimlar atilmig olmaktadir.

II. MATERYAL VE YONTEM

Katilasma dinamiklerini ger¢ek zamanli incelemek i¢in
¢ift tarafli mikroskopi sistemi (Sekil 1) olarak
adlandirdigimiz optik mikroskop, Bridgman-tipi tek
yonlii katilagma (Sekil 2) ve donen tek yonlii katilagma
(Sekil 3) ekipmanlart kullanilmistir.  Cift tarafli
mikroskopi sistemi ve katilasma ekipmanlariin tiimi
0zel olarak tasarlanmig ve tiretilmistir. Sistem, goreceli
olarak karmasik oldugundan, oncelikle tek yonli
katilasma ekipmani asagida detayli olarak anlatilmigtir.
Bu boliimiin sonunda da donen tek yonlii katilasma
ekipmaninin, tek yonli katilagma ekipmanindan

farklart belirtilmistir.

Sekil 1. Bridgman-tipi tek yonlii katilasma ekipmani igeren ¢ift tarafli mikroskopi sistemi
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Sekil 2. Bridgman-tipi tek yonlii katilasma ekipmani (sistemin goriilebilmesi agisindan iist bakir bloklar
kaldirilmistir)

Sekil 3. Bridgman-tipi donen tek yonlii katilasma ekipmani (a) Ustten goriiniis (sistemin goriilebilmesi agisindan iist
bakir bloklar kaldirilmistir), (b) Yandan goriiniis

Tek yonli katilagsma ekipmani diisiik erime noktali
alagimlarin yonlii katilagma deneyleri icin kullanilir. Bu
deney diizenegi, kati/s1v1 araylizeyinin numunenin her
iki tarafindan gdzlemlenmesini saglamak i¢in ¢ift
tarafli mikroskopi sistemi iizerine monte edilir. Tim
sistem, alt1 ana parc¢adan olusur:
1. Tek yonli katilagma tinitesi (bakir bloklar,
wsiticilar, PT-100'Ier ve su dolasimi igin

tiipler)

2. Tek yonlii katilasma motoru ve kontrol
tinitesi

3. Dolasim pompasi

4. Sicaklik kontrol tinitesi

5. Cift tarafli mikroskop

6. Diger parcalar
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Her bir sistemin detay1 agsagidaki kisimlarda
aciklanmustir.

2.1 Tek Yonlii Katilasma Unitesi
Tek yonlii katilagma tinitesi, mikroyapi evrimini gercek
zamanli analiz edebilmek i¢in 6zel olarak tasarlanmis
ve TUretilmistir. Tasarim asamasinda, Amerika ve
Avrupa’da kullanilan birgok tek yonli katilagsma
ekipmaninda belirlenen dezavantajlarin  ortadan
kaldirilmasmna &zen gosterilmistir. Unite, su ana
pargalardan olusur:

1. Alt ve iist yalitkan plakalar

2. Bakir bloklar
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2.1.1  Alt ve iist yalitkan plakalar

Bu plakalarin temel olarak iki fonksiyonu vardi. Biri,
bakir bloklarin sicakliklarini mikroskop tablasina
iletmemek. Digeri ise, sistem bilesenlerinin monte
edilebilecegi bir baz olugturmak. Alt plaka, tiim sistem
parcalar1 ile birlikte mikroskop tablasi {izerine
yerlestirilir. Mikroskop tablasinin 1sidan etkilenmemesi
icin yalitkan plakanin kalinligi, uygulanacak sicakliga
gore secilmeli ve belli bir kalinligin {izerinde
tutulmalidir. Alt plaka fenol fiberden yapilirken, iist
plaka PEEK'ten iretilmistir. Alt plakada, sistem
parcalarint  mikroskop tablasinda sabitlemek ve
iinitenin, mikroskop tablasiyla birlikte X ve Y yonlere
hareket etmesini saglamak igin alti vidalama yeri
bulunur. Ust plaka, alt plakanin {izerine, alt plakaya
sabitlenmis dort silindir ile konumlandirilir. Kullanilan
numune kalmligmma bagli olarak, bakir bloklar
arasindaki mesafeyi artirmak/azaltmak igin, bu
silindirlerin uzunluklari ayarlanabilmektedir.

Yalitkan plakalarda, soguk bakir bloklar sabit bir
konuma sahiptir. Sicak bakir bloklar ise, istenilen
sicaklik gradyant degerine gore farkli mesafelere
yerlestirilir. Ust ve alt sicak bakir bloklar1 tam olarak
ayn1 mesafeye yerlestirebilmek ve ayn1 zamanda sicak
ve soguk bakir bloklarin arasindaki mesafeyi tam
olarak belirleyebilmek igin mesafe ayarlayicilar
kullanilir (Sekil 4). Sicak ve soguk bakir bloklarin
arasindaki mesafenin degisimi ile farkli adiabatik bolge
uzunluklarina sahip olunabilmektedir. Adiabatik
bolgenin uzunlugu, deneylerde istenen sicaklik
gradyanina bagli olarak ayarlanabilir. Su anda, bu
mesafeyi ayarlamak icin kullanilabilen dort mesafe
ayarlayict bulunmaktadir. Mesafe ayarlayicilar Sekil
4'te gosterildigi gibi 5, 10, 15 ve 20 mm genisligine
sahiptirler.

T~ '1‘{“"_
“E%;Ai 1
ﬂiilrv

Sekil 4. Sicak ve soguk bloklar arasinda kalan
adiabatik bolgenin uzunlugunu belirlemek i¢in
kullanilan mesafe ayarlayicilar.

2.1.2  Bakir bloklar
Sicak ve soguk bloklar olmak {izere iki set bakir blok
bulunmaktadir. Her sette iist ve alt bloklar bulunur.
Numune tutucu ve numune, {ist ve alt bakir bloklar
arasinda sandvi¢ edilir. Sicak ve soguk bloklarin
sicakliklar1 belirlenerek bu bloklar arasinda sicaklik
gradyani olusturulur. Alt bloklar, alt yalitkan plakaya
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sabitlenmigtir; iist bloklar ise st yalitkan plakaya
sabitlenir. Sicak bloklarn  konumu (yukarida
aciklandig1 gibi) ayarlanabilir ve bu sayede sicak ve
soguk bolgeler arasinda farkli mesafeler olusturularak
farkl1 sicaklik gradyanlar elde edilebilir.

Sicak bloklar, Sekil 5’de gosterilen ince direngli
isiticilar (solda) veya fisek rezistanslar (sagda) ile
wsitilir. Ince direngli 1siticilar daha ince bakir bloklarin
iretilmesini saglarken, fisek rezistanslar daha yiiksek
sicakliklara ve daha hizli bir sekilde 1sitabilmeyi saglar.
Optimize edilmek istenilen ozellige ve kullanilacak
alagima gore 1sitic1 se¢imi yapilmalidir. Bakir blok
sicakliklari, oda sicakligindan 150 °C’ye kadar
cikabilmekte ve bdylelikle erime sicakliklart 50 ila 80
°C arasinda olan malzemelerin katilagsma dinamikleri
incelenebilmektedir. Fisek rezistans ve farkli bir
izolasyon malzemesi kullanilarak  bakir  blok
sicakliklarinin 250 °C’ye ¢ikarilmasi ve boylelikle,
erime sicakliklar1 150 “C’ye kadar olan alagimlarin da
gercek zamanli incelenmesi planlanmaktadir. Sicak
bloklarin sicakliklari, 0.1 °C’lik farklar1 6l¢ebilmek
amaciyla yiiksek hassasiyete sahip PT100'ler tarafindan
Ol¢iiliir ve sicaklik kontrol iinitesi tarafindan kontrol
edilir. Bu nedenle, isiticilarin ve PT100’lerin
konumlarma, kurulum, montaj ve demontaj sirasinda
ekstra Ozen gosterilmelidir. PT100'ler, sicak bakir
bloklar igerisine 1s1 iletken macun ile birlikte
yerlestirilir ve yalitkan plakalara yiliksek sicakliga
dayanikli Kevlar bantlar kullanilarak sabitlenir.
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Sekil 5. Sicak bakir bloklart 1sitmak i¢in kullanilan

wsiticilar. Solda: ince direngli 1sitict, sagda: fisek
rezistans.
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Soguk bloklarmn igine, su dongiisii i¢in "U" seklinde
bosluklar acilmigtir ve bakir blogun sag tarafina bu
bosluklara agilan bakir borular vidalanmistir. Bu
borular, silikon tiipler ile su dolagim pompasina
baglanir. Her soguk blogun bir su girisi ve bir su ¢ikisi
vardir. Soguk bloklarin borulari, su sizintisini 6nlemek
icin Teflon bant ile sarilmali, ardindan silikon tiip,
kelepgelerle sikica sabitlenmelidir.
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2.2 Tek Yonlii Katilastirma Motoru
Yiiksek ¢oziiniirliiklii bir motor, numune tutucu ve
numuneyi tek yonli olarak hareket ettirmek icin
kullanilmaktadir. Motorun ucu, lineer bir sekilde
0.0035 — 750 um/s araligindaki hizlarda hareket
edebilmektedir ve seyahat araligi 50 mm’dir. Bu
sayede, hem termodinamik olarak lokal denge
kosullarinda hem de hizli katilagma kosullarinda
deneyler yapilabilmektedir. Tek yonlii katilagtirma
motoru, bir adaptor kullanilarak alt plakaya sabitlenir.
Daha sonra motor, numune tutucuya vidalar ve &zel
iiretilmis adaptorler kullanilarak baglanir.

2.3 Dolasim Pompasi

Dolasim pompast, soguk bloklarin sicakligini istenilen
bir sicaklikta sabit tutmak i¢in kullanilir. Dolasim
pompast kullanilarak, soguk bloklarm "U" seklindeki
bosluklarinda sabit bir sicaklikta bulunan sivi
dolastirtlir. Su ana kadar yapilan deneylerde dolagim
pompasi icerisinde su kullanilmustir. Silikon yagi,
alkoller vb. sivilar kullanilarak -90 ila 200 °C
araligindaki sicakliklara ulasmak da miimkiindiir.
Dolasim pompasinda da sicaklik 0.1 “C’lik hassasiyette
ayarlanabilmektedir.

2.4 Sicakhk Kontrol Unitesi

Sicaklik kontrol {iinitesi, sicak bloklarn sicakligini
kontrol etmek igin kullanilir. Ust ve alt blok sicakliklart
ayr1 ayri olarak Proportional-Integral-Derivative (PID)
olarak bilinen kontrol cihazlariyla kontrol edilir. Bu
sayede, list ve alt bakir bloklarin sicakliklari da farkli
belirlenerek tek yonlii katilasma ekseni olan Z
eksenindeki sicaklik gradyanina ek olarak numunenin
kalinligina tekabiil eden Y ekseni boyunca da sicaklik
gradyani olusturmak miimkiindiir. PID sicaklik kontrol
tinitesine girdi saglamak i¢in PT100’ler kullanilirken,
PT100’den elde edilen girdi ile erisilmek istenen
sicaklik arasindaki farka gore, kontrol {initesi 1siticilara
gii¢ yollamaktadir. PID parametreleri kontrol edilerek
istenilen sicakliga ne kadar siirede ve nasil ulasilacagi
kontrol edilebilmektedir.

2.5 Cift Tarafli Mikroskop
Cift tarafli mikroskop, metal alagimlarinda katilasma
dinamiklerini ger¢ek zamanli goézlemlemek i¢in 6zel
olarak tasarlanmig ve iiretilmis bir mikroskopi
sistemidir. Bir dik (upright) ve bir ¢evrik (inverted)
mikroskoptan ve mikrometre ¢oziiniirliigiinde hareket
edebilen bir tabladan olusur. Bu yenilik¢i kurulum ve
tek yonli katilasma eckipmanlart sayesinde, metal
numuneler, her iki taraftan da ger¢ek zamanli olarak
gozlemlenebilmektedir. Yiiksek ¢oziiniirliiklii tabla, tek
seferde 1 um kadar kiigiik mesafeler dahi
gidebilmektedir. Bu sayede, panoramik veya mozaik
olarak bilinen, bir¢ok ufak goriintiiyii birlestirerek elde
edilen biiyilk goriintiller olusturarak numunenin
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timiiniin mikroyapist gozlemlenebilmektedir.
Panoramik goriintiiler, kati/s1v1 araylizeyini ve numune
katilagma  gecmisini  gdzlemlemek  i¢in  bir
zorunluluktur. Dik ve ¢evrik mikroskoplarin her ikisi de
7 lense sahiptir ve lens biiylitmeleri 2.5 ila 100 kat
arasinda  degigsmektedir.  Her  bir  deneyde,
gozlemlenecek bolge ve o bolgedeki ilgi alanina bagl
olarak uygun lens ve bilylitme orani segilir. Numune,
dogrudan mikroskop tablasinin iizerinde olmadigt igin,
bir baska deyisle bakir bloklar arasina yerlestirildigi
icin, numuneye odaklanabilmek i¢in  farkli
yiiksekliklere sahip halka adaptorler iiretilmigtir. Sekil
6’da gosterilen bu adaptdrlerin uzunluklari sirasiyla 10,
15, 20 ve 30 mm’dir. Mikrometre/saniye
mertebelerindeki hizlarda biiyiitiilen tipik bir Stektik
mikroyapinin incelenmesi icin 10x lens ve 25 (10+15)
mm halka adaptorler kullanilmaktadir. Lenslerin
calisma uzaklifi olduk¢a yiiksek olmasina ragmen,
ornegin 10x lens i¢in 11 mm, yalitkan plaka ve bakir
blogun kalinligindan dolay1 halka adaptor kullanimi bir
zorunluluktur.
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Sekil 6. Lenslerin pozisyonunu artirmak i¢in
kullanilan halkalar. 10, 15, 20 ve 30 mm
yiiksekliklerde 2 set halka bulunmaktadir.

2.6 Diger Parcalar
2.6.1 Numune ve numune tutucu
Numune, yaklasik olarak 300 pm kalinliginda olan iki
adet diiz dikdortgen cam lamel ve bu lamelleri ayirmak
icin Mylar ayira¢ kullanilarak iiretilmektedir (Sekil 7
(a)). Mylar ayira¢ ve lameller arasinda kalan bosluga
alastm  malzemesi  doldurulur.  Istenen alagim
kalinligina bagli olarak Mylar ayiracinin kalinligi
secilir. Laboratuvarda kullanilan Mylar ayirag kalinlik
degerleri 6, 13, 23, 50, 100, 250, 500 pm’dir. Farkli
kalinliklarda numunelerin incelenmesi hem iki boyutlu
hem de ¢ Dboyutlu mikroyapt evriminin
gbzlemlenmesini ve karakterize edilmesini
saglamaktadir. Mikroyapilardan istatiksel Ol¢timler
alabilmek icin genis taneler olusturmak gerekmektedir.
Bu nedenle, genellikle, ayiragta tane segici olarak
kullanilmak tizere ince bir kanal kesilir. Ince kanalda,
kanalin darligindan dolayi, sadece birka¢ tane
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bulunabilir ve katilasma bu ince kanaldan baslatilir
(Sekil 7 (b)). Tanelerin biiylime dinamikleri, kristal
yonelimlerine gore degisiklik gosterdiginden, tane
secici bolgesinde bulunan ve kristal yonelimi sicaklik
gradyaniyla en ¢ok uyusan tane veya taneler, diger
taneleri elerler. Bu sayede, katilagan tane sayisi1 onemli
Olgiide azaltulir. Kati/sivi araylizeyi, tane segici
bolgenin sonuna geldiginde, genellikle sadece bir veya
birka¢ tane kalmistir. Burada taneler, Sekil 7 (b)’de
gosterilen ana bolgenin tamamini kaplayacak sekilde
enine dogru yayilirlar. Bdoylelikle, ana bdlge olarak
isimlendirilen bdlgede istatistiki ol¢limler yapmaya
elverisli genis taneler elde edilir Cam lameller,

(a)

—> Ust cam lamel
—> Mylar ayirag

—  Alt cam lamel

aralarina ayira¢ yerlestirildikten sonra, yapistiric
kullanilarak birbirine yapistirili. Numune camlari
hazirlandiktan sonra, istenen alasim ile doldurulur ve
numune tutucuya sabitlenir. Numuneyi iginde
barindiran tutucu, alt sicak ve soguk bakir bloklarin
iizerine yerlestirilir (Sekil 2). Daha sonra iist sicak ve
soguk bloklar numunenin iizerine konularak numune
ist ve alt bakir bloklar arasinda sandvi¢ edilir.
Tutucunun islevi, numuneyi saglam bir sekilde tutmak
ve numunenin sadece sicaklik gradyan ekseninde (Z
yoniinde) hareket etmesini saglamaktir. Numune
tutucu, motora birkag adaptdr ile sabitlenir.

(b)
G Ana
bolge

Tane
} segici
bolge

Sekil 7. Numunenin sematik gdsterimi (a) Numuneyi olusturan pargalar, (b) Tane segici ve ana bolge (ok biiylime
yoniinii gostermektedir), G: sicaklik gradyani.

2.6.2 Kapak

Mikroskop tablasi ve lensler ¢ok yiiksek 1s1ya dayanikli
olmadigindan, katilastirilan malzemeler diisikk erime
noktasina sahip alagimlardan segilir. Erime sicakliklart
diisiik oldugundan, oda sicakliginda olan ufak bir
degisiklik veya mikroskop g¢evresinde olan minik bir
hareket bile termal dalgalanmalara sebebiyet
vermektedir. Termal dalgalanmalar mikroyapiy1 6nemli
olgiide etkilediginden, bu dalgalanmalari miimkiin
oldugunda minimize etmek gerekmektedir. Bu amacla
pleksiglastan yapilmig bir kapak bakir bloklari ve
yalitkan plakay1 kapsayacak sekilde tasarlanmis ve
iretilmistir. Bu kapak kullanimi sayesinde, iinitenin
istiinde olugsabilecek termal dalgalanmalar Onemli
Olclide azaltilmaktadir. Alt kisimda ise, lenslerin etrafi
cam ylinii gibi yalitkan malzemelerle gevrilerek termal
dalgalanmalar minimize edilir.

2.6.3  Optik masa
Cift tarafli mikroskopi ve katilasma sistemlerinin diiz
bir zeminde olmasi gerektigi i¢in ve yeryiiziinde
meydana gelen titresimlerden etkilenmemesi igin,
mikroskoplar ve katilagma ekipmanlar1 optik masa
iizerine yerlestirilmisgtir. Optik masa, basingli hava
girisi sayesinde, kalibre edildikten sonra, diizlemselligi
bozuldugunda hizlica eski halini alabilmektedir. Bu
sayede, sistemin diizlemselliginden emin olunmaktadr.

Donen tek yonlii katilasma ekipmaninin, tek yonlii
katilasma ekipmanindan en 6nemli farki, numune, Z
eksenindeki tek yonlii hareketin yami sira XY
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diizleminde dondiiriilebilmektedir. Bu donme hareketi
icin ek bir motor bulunmaktadir. Ayrica, genellikle
numuneler dikdortgen seklinde degil, daireseldir. Sekil
3’de gosterilen disli sisteminden dolay1 bakir bloklarin
tasarimi da oldukga farklidir fakat islevleri tamamen
aynidir. Donen tek yonli katilagma ekipmani ile
yapilan deneylerde amag, sabit sicaklik grandyani
icerisinde  numune  dondiiriilerek  kristal/kristal
arayiizey yoniinii siirekli bir sekilde degistirmektir. Bu
sayede, mikroyapinin farkli acilarda nasil biiytidiigii
incelenmekte, kristal/kristal —arayiizey enerjinin
fonksiyonu [22] ve kristaller arasindaki denge sekli
belirlenebilmektedir [17, 30].

III. BULGULAR VE TARTISMA

Her bir parcast 6zel olarak tasarlanmig cift tarafli
mikroskopi sistemi basariyla ¢alismistir. Bunun en
onemli gostergesi, numunenin ayni bdlgesini mikron
¢oziiniirlikle gorebilmektir. Dik (upright) mikroskop
olan iist ve cevrik (inverted) mikroskop olan alt
mikroskoplarin numunedeki ayni bolgeyi gortintiiledigi
Sekil 8’de gosterilmektedir. Her iki mikroskop ve 10x
lens kullanilarak elde edilen 100 pm’lik grid
gorintiileri Sekil 9°da sunulmustur. Gorsellerde ayni
yerin gbzlemlendigini gosterebilmek igin 6zellikle
gridin kosesine odaklanilmigtir. Bu goriintiilerden
goriildiigii iizere mikrometre mertebesinde ayni yer {ist
ve alt mikroskoplar ile goriintiilebilmektedir.
Mikroskoplar farkli oldugundan, kullanilan kamera
sistemi, c-mount ve lens biiyiitmeleri birebir ayn1 olsa
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da goriintiilerde ufak da olsa farkli piksel/mikrometre
oranlar1 elde edilmektedir. Daha spesifik olunmak
gerekirse 10x biylitmede piksel/um oram iist
mikroskopta 1.908 iken bu deger alt mikroskopta

1.894’tiir. Bir bagka deyisle, iist ve alt mikroskoptan
elde edilen goriintiilerin alanlari arasinda % 0.1’den az
olan ¢ok ufak bir fark bulunmaktadir.

Sekil 8. Dik (iist) ve cevrik (alt) mikroskoplarin numunedeki ayni bdlgeyi goriintiiledigini gosteren fotograf.

(2)

(b)

Sekil 9. Sirasiyla (a) iist ve (b) alt mikr(;skoptan 10x lens ile alinan 100 pm’lik grid goériintiisi.

Lenslerin yukarida gosterildigi iizere tamamen ayni
yeri gosterdiginden emin olunduktan sonra deneyler
baglatilir. Tek yonlii katilagma ve donen tek yonlii
katilasma ekipmanlar1 kullanilarak numunenin ayni
bolgesinde bulunan mikroyapinin ist ve alt
mikroskoptan elde edilen goriintilleri Sekil 10’da
gosterilmektedir. Kristal/kristal araylizey enerjileri
izotropik olan tanelerde, tek yonlii katilasma ekipmani
kullanilarak elde edilen mikroyap1 goriintiilerinde kati
fazlar arasindaki sinir sicaklik gradyanina paralelken,
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donen tek yonlii katilagma ekipmaninda elde edilen
sinirlar, numunenin dénme hareketinden dolay1
daireseldir.  Sekil 10’da  sunulan  goriintiilerde
mikroyap1 tamamen iki boyutlu oldugundan, iist ve alt
mikroskoptan elde edilen mikroyapilar neredeyse
tamamen aynidir. Fakat {i¢ boyutlu olusumlar
oldugunda, st ve alt mikroyap1 farkliliklar gosterir.
Cift tarafli mikroskopi sistemi sayesinde, bu farkliliklar
ve mikroyap1 gelisim dinamikleri, {i¢c boyutlu ve
metalik numunelerde bile gozlemlenebilmektedir.
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Ust Goriintii

(b) l

il |

Alt Goriintii

—_—
50 pm

Sekil 10. Cift tarafli mikroskopi sistemi ile elde edilen numunenin iist ve alt mikroyapilari (a) Tek yonlii ve (b)
donen tek yonlii katilagsma ekipmanlariyla elde edilen goriintiiler.

Sicaklik — mesafe oOlgiimleri, katilagma dinamigini
anlamayr amaglayan c¢alismalar icin ¢ok kritiktir.
Ciinkii, sabit bir alasim kompozisyonunda, mikroyapiy1
belirleyen en 6nemli etmen soguma hizidir (C).
Soguma hiz1 ise, temel olarak iki etmenden olusur:
sicaklik gradyani (G) ve katilasma/biiyiime hizi (V).
Aralarindaki baglanti, birimleriyle beraber, Esitlik
(1)’de verilmistir:

¢(3)=0Gm)xv (7)

Soguma hizin1 belirleyen bu iki ayr faktoriin,
mikroyap1 iizerinde farkli etkileri bulunmaktadir. Bu
nedenle, iki etmenin ayr1 ayr1 kontrol edilebildigi
Bridgman-tipi tek yonlii katilasma ekipmanlari
mikroyap1 gelisimini incelemek i¢in kullanilabilecek
en iyi sistemlerdir. Sicaklik gradyani degeri, tek yonlii
katilasma ekipmaninda bir termokuplun herhangi bir
ortamda aldig1 sicaklik Olgiim degeri degildir. Bu
Olgtimii dogru yapabilmek icin, deney yapilacak
malzemede ve hatta kompozisyonda olan alagimin
icerisine daldirilmig termokupllardan Sl¢lim alinmasi
gerekir. Ciinkii ancak bu deger malzemenin hissettigi
degerdir ve malzemenin hissettigi deger mikroyapiy1
belirleyen etmendir. Bir baska deyisle, organik alasim
ile deney yapilacaksa, termokupl organik malzemeye,

)
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metalik alasim ile yapilacaksa, metalik malzemeye
daldirilarak sicaklik dl¢timleri yapilmalidir.

Sicak ve soguk bakir bloklar arasindaki mesafe
degistirilerek ~ farkli  sicaklik  gradyanlar1 elde
edilebilmektedir. Benzer sekilde, sicak ve soguk
bloklarin  sicakliklart  degistirilerek de gradyan
degistirilebilir. Bakir bloklarin arasindaki mesafe
sirasiyla 5, 10 ve 15 mm yapilarak hem sicak bloktan
soguk bloga hem de soguk bloktan sicak bloga giderken
alman sicaklik — mesafe Olglimleri Sekil 11°de
gosterilmektedir. Sicaklik dlgiimleri, yine 6zel olarak
tasarlanmig ve irettirilmis sicaklik okuyucu ile elde
edilmektedir. Bu sicaklik okuyucusu bilgisayara
baglidir ve sicaklik okuma siklig1 kullanici tarafindan
belirlenmektedir. Elde edilen sicaklik degerleri ve
Olciimiin yapildig1 zaman, bilgisayara otomatik olarak
aktarilmaktadir. Sekil 11°de gosterilen grafiklerde
okuma siklig1 1 saniye olarak belirlenmistir. Burada
belirtmek gerekir ki bu grafiklerde c¢izgi grafik
kullanilmamis, sadece veri noktalar1 kullanilmustir.
Buna ragmen, grafigin siirekli olmasinin sebebi alinan
verilerin sikligidir. Sicaklik — mesafe Gl¢iimlerinden
goriildiigii lizere, bakir bloklar arasindaki mesafe
sabitken, adiabatik bolge ve etrafinda, belli bir Z
degerinde (Z katilasma eksenidir), sicaktan soguga
giderken elde edilen sicaklik degeri, soguktan sicaga
giderken elde edilen degerden farklidir. Bir baska



Int. J. Adv. Eng. Pure Sci. 2024, 36(1): <79-92>

Mikroyapi Gelisimi

deyisle, sicaklik — mesafe degerlerinde bir histerezis
goriilmektedir (Bakir bloklar arasindaki mesafe
sabitken mavi ve kirmizi 6l¢timler arasindaki fark). Bu
histerezisin  genigligi, numunenin hareket hizina
baghdir. Calismalarimizda kullandigimiz hiz degerleri
genellikle 10 pm/s degerinden az oldugundan, sicaklik
Ol¢iimleri i¢in numune hareket hizt 10 pum/s olarak

120

secilmistir. 10 pm/s’de elde edilen sicaklik — mesafe
grafiginden de goriildiigi lizere, elde edilen histerezis
oldukca ufaktir ve yok sayilabilir. Bakir bloklar
arasindaki mesafe degismesine ragmen benzer
sicakliklarda benzer histerezis olmasi da bir diger
onemli gozlemdir.

100

80

60

Sicaklik (°C)

40
20
15

20 25

30

+5mm - Sicak — Soguk
5 mm - Soguk — Sicak
410 mm - Sicak — Soguk
410 mm - Soguk — Sicak
® 15 mm - Sicak — Soguk

® 15 mm - Soguk — Sicak

35

40 45

Mesafe, Z (mm)

Sekil 11. Tek yonlii katilasma ekipmanindan adiabatik bolge genisligi 5, 10, 15 mm oldugunda alinan sicaklik -
mesafe ol¢iimleri. Sicak ve soguk kisma giderken alinan dlgliimlerde histerezis goriilmektedir.

Gradyan  Olgiimlerinin,  kati/sivi  araylizeyinin
bulundugu sicaklikta yapilmasi gerekir. Bu ¢aligsmanin
amact  mikroskopi  sisteminin ve  katilagma
ekipmanlarinin  yetilerini anlatmak oldugundan,
herhangi bir alagim sec¢ilmemis ve gradyan olc¢limleri
ormek olarak 50 °C i¢in yapilmistir. Herhangi bir
sicakliktaki gradyani belirlemek i¢in farkli sicaklik
araliklarindaki olglimlere dogrusal fitler yapilmali ve
en yiiksek determinasyon katsayist (R?) elde edilen
sicaklik gradyan degeri en iyi deger olarak kabul
edilmelidir. Ornegin, 50 °C deki gradyan &l¢iimii igin,
40-60 °C, 45 - 55 °C, 48 — 53 °C gibi, ortas1 50 "C’ye
tekabiil eden araliklarda bulunan verilere dogrusal fitler
yapilabilir. Fakat aralik ¢ok dar olursa, 6rnegin 49.5 —
50.5 °C gibi, istatistiki olarak ¢ok fazla veri elde
edilemediginden fit yanlis bilgiler verebilir. Optimum
aralik verilerek sicaklik gradyani belirlenmelidir. 40 —
60 °C araliginda sicakligin mesafeye gore nasil
degistigi gosteren Olciimler ve bu dlclim degerlerine
dogrusal fit uygulanarak elde edilmis fonksiyonlar ve

R? degerleri Sekil 12’de gosterilmektedir. Veri
noktalarmin {st kisminda verilen fonksiyonlar,
soguktan sicaga giderken elde edilen verilere

uygulanan fitin fonksiyonu iken, alt kisminda verilen
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fonksiyonlar, sicaktan soguga giderken elde edilen
verilere  uygulanan fitin = fonksiyonudur. Bu
fonksiyonlarda egim, yani x degerinin basindaki
katsayinin mutlak degeri, sicaklik gradyanidir. Sicaktan
soguga giderken sirastyla 5, 10 ve 15 mm araliklar igin
elde edilen gradyan degerleri 10.618, 7.776 ve
6.294°diir. Bir baska deyisle, bakir bloklar arasindaki
mesafe arttikga, beklendigi {izere sabit bir sicaklikta
elde edilen sicaklik gradyani diismektedir. R?
degerlerine bakildiginda, bakir bloklar arasindaki
mesafe arttikga, R? degerinin diistiigii goriilmektedir.
Dogrusal fitin ¢ok 1iyi uymadigr grafikten de
anlasilmaktadir. Boyle bir durumda, daha dar bir
sicaklik araliinda daha yiiksek bir R? degeri elde
edilmelidir.

Soguktan sicaga giderken de benzer bir tablo vardir,
sirastyla 5, 10 ve 15 mm araliklar i¢in elde edilen
gradyan degerleri 10.276, 7.9519 ve 7.2295°dir. Burada
dikkat edilmesi gereken husus, sicaktan soguga ve
sogukta sicaga dogru gidiste elde edilen gradyanlarin
farkli olmasidir. Bir baska deyisle, belli bir sicaklikta,
katilasma ve erime sirasinda elde edilen gradyanlar
farkli olabilmektedir. Bu husus, 0Ozellikle erime
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calismalarimin ivme kazandig1 su giinlerde kayda deger

ve dikkat edilmesi gereken bir bulgudur.
65

=-7.2295x + 256.55 =-7.9519x + 307.39
Rz=0.9981 R?=0.9952

60
55 \\
40

Sicaklik (°C)

'S
(&

y = -10.276x + 418.19 ¢ 5mm - Soguk — Sicak
R2=0.9989 A 10 mm - Sicak — Soguk
A 10 mm - Soguk — Sicak
® 15 mm - Sicak — Soguk
® 15mm - Soguk — Sicak

¢ 5mm - Sicak — Soguk

y =-7.776x + 309.3

= 6 294x +236.89 y =-10.618x + 439.77
R?=0.9941 R?=0.9962 R?=0.9991
35
25 27 29 31 33 35 37 39 41
Mesafe, Z (mm)

Sekil 12. Tek yonlii katilasma ekipmanindan adiabatik bolge genisligi 5, 10, 15 mm oldugunda 50 °C i¢in alinan
sicaklik gradyani dl¢timleri.

Tek yonli katilasma sistemleri kullanilarak farkli
otektik alagim sistemleri katilagtirilmistir. Kullanilan
sistemler ve parametreler Tablo 1’de sunulmustur.
Farkli alagim sistemlerinden elde edilen mikroyapi
goriintiileri Sekil 13°de gosterilmektedir. Burada, metal

numunelerde mikroskoplardan gelen 151§1in numuneden
yansimas1 sonucu elde edilen goriintii kullanilirken,
organik numunelerde, numune igerisinden gegerek
diger  mikroskobun  lensine  gelen  gOriintii
kullanilmaktadir.

Tablo 1. Farkli alagim sistemlerinde kullanilan kompozisyon, bu kompozisyonun 6tektik sicakligt (Tsekix), tek yonli
katilagma deneylerinde kullanilan sicak ve soguk bakir bloklarin sicaklik degerleri (Tscak ve Tsoguk) ve bakir bloklar

arasindaki mesafe degeri.

Alasim Kompozisyon (at%) Totektik Taicak Tsoguk Mesafe (mm)
. . 142 °C 25°C 5mm
In-Bi-SnE1 35.94% In, 39.34% Bi, 24.72% Sn 76.4 °C - .
133°C 25°C 10 mm
. . 5mm
In-Bi-SnE2 60.2% In, 20.7% Bi, 19.1% Sn 59 °C 95 °C 28 °C
10 mm
In - Bi 77.78% In, 22.22% Bi 72.7°C 110 °C 25°C 10 mm
AMPD — SCN 97.4% SCN, 2.6% AMPD 525 °C 90 °C 20 °C 5mm
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(a)

(b)

(d)

Sekil 13. Farkli alagim sistemlerinde elde edilen goriintiiler. Metalik (a) In — Bi, (b) In — Bi — Sn E2, (¢) In — Bi— Sn
E1 ve (d) Organik AMPD — SCN sistemi.

Temel olarak yatay ve dikey olmak {izere iki tip tek
yonli katilagma ekipmani kullanilmaktadir. Dikey
cihazlarda, alasimi1 olusturan elementlerden agir
olanlar, yer ¢ekiminden dolayi, sivinin alt kisimlarinda
birikmektedir. Siv1 igerisinde olusan bu kompozisyonel
gradyan, katilasma ile olusan mikroyapida da
farkliliklara sebep olur. Bir baska deyisle, 6rnegin,
otektik kompozisyona sahip bir alagim katilagtirmak
isterken, biiyiime boyunca 6nce hipodtektik, sonra
otektik ve numunenin en sonunda da hiperotektik
alagim katilagtirilmig olur. Yatay sistemlerde de yer
¢ekimi etkisi olabilir. Fakat kullanilan numune
kalinliklart mikrometre mertebesindeyken numunenin
biliylime eksenindeki boyutu santimetre mertebesinde
oldugundan, yatay sistemlerde g¢okelme etkisi yok
denecek kadar azdir. Katilagma sisteminin yatay
olmasinin en Onemli avantajlarindan biri budur.
Sividaki kompozisyonu ve bdylelikle mikroyapiy1
degistiren bir diger etmen de sividaki 1s1
farkliliklarindan ~ dolayr  olugsan  termosolutal
konveksiyondur. Burada kullanilan numune kalinliklari
genellikle olduk¢a ince (< 50 um) oldugundan,
Rayleigh—Bénard konveksiyonunun olup olmayacagini
belirleyen Rayleigh sayis1 hesabinda kullanilan
yiikseklik degeri oldukga kiiciiktiir. Bu nedenle ince
numunelerde konveksiyon goriilmemektedir. Sonug
olarak, yatak ekipman ve ince numune kullanilarak,
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stvida  olusabilecek ~ kompozisyonel
minimuma indirilmistir.

degisimler

IV. SONUC

Bu caligmada, katilasma dinamikleri ve mikroyapi
evrimini ger¢cek zamanli olarak incelemek i¢in 6zel bir
mikroskop ve katilagma diizenekleri tasarlanmis ve
iretilmistir. Mikroskopi sistemi ve yonlii katilagma
diizenekleri hakkinda kapsamli bir genel bakis
sunulmaktadir. Ayrica, bu teknikle elde edilen 6rnek
sonuglar, sicaklik gradyam1  Olglimleri, tipik
parametreler ve mikroyapilar dahil olmak {izere
raporlanmistir. Calisma, bu 0&zel olarak iretilmis
ekipmanin kullaniminin, katilasma dinamikleri ve
mikroyapi evriminin, {i¢ boyutlu metal sistemlerde bile,
derinlemesine anlasilmasi i¢in bir yol actig1
gostermigtir. Bu sayede, dokiim, katmanli {iretim ve
kaynak gibi yontemlerle iiretilen malzemelerin tim
ozelliklerini belirleyen mikroyapi evrimi konusunda
onemli adimlar atilmaktadir. Bu ekipman kullanilarak
biiyiilk  oranda  otektik  biiylime  dinamikleri
arastirlmistir. Oniimiizdeki dénemlerde, ayni temel
prensiplere sahip ekipmanlar tasarlanip iretilerek
peritektik bilyiime ve erime Tizerine c¢alismalar
yapilmasi planlanmaktadir.
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TESEKKUR

Mikroyap: goriintiilerini alan Samira Mohagheghi ve
Didem Kaplan’a tesekkiir ederim. Samira Mohagheghi,
donen tek yonlii katilagma ekipmaninin kurulumuna da
onemli katkilar yapmistir. Kendisine tesekkiirii bir borg

bilirim. Sicaklik gradyan dl¢limleri
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Abstract

Purpose: The purpose of this study is to develop a mission-based flight priority system that decides which aircraft would
match with which airborne operation, and determines a sequence of take-off for those airplane-operation peers. Both peers
and take-off orders are specified by minimizing total operation cost which includes fuel cost, waiting cost and penalty cost
for missed missions. The aim of this system is to create a cost effective, fast and efficient decision-making tool for allocating
operation-aircraft assignments and determining the sequence of take-off, especially in emergency cases.

Methodology: An integer programming model that minimizes the total cost are formulated. Four scenarios are designed to
assess the performance of the system. The system, which includes five aircrafts and ten airborne operations, was revealed in
the study. Integer programming is used while modeling the system and the Branch-and-Bound algorithm is used as the
solution algorithm. The optimization algorithm was developed in MATLAB.

Findings: Both emergency scenarios and normal scenarios are maintained with the purpose of examining the behaviors and
the result of the system under different conditions. It is believed that system have given the appropriate sequence and
matchup for air vehicle-operation peers.

Originality: Since the integration of airplane-mission assignment and determining take-off sequence is rare in the literature,
our study may be considered as a new approach. Therefore, in order to bring a new perspective, an optimization system
related to the determination of flight priority and mission assignment was brought in this study.

Keywords: Optimization, Flight priority, Integer programming, Mission-based flight system

I. INTRODUCTION

Air traffic management has firstly emerged in the first decade of the 20" century. The term defines a service with
an objective of preventing collisions which include longitudinal, vertical, and lateral separation minima of air
vehicles from each other. At the beginning of each flight, the pilot is informed about wind direction and speed,
condition of the runway, the existence of other air vehicles in the area by using flashing lights, flags, and radio
communications. Due to the rapid increase in air traffic, pilots are needed to be informed about departing and
landing processes as well. A sequence for departure and getting permission to take-off from the tower were
established in order to make air traffic flow systematically [1] . Nowadays, air traffic control is managed by
international rules and procedures.

Air traffic system is a complex system although it has some deterministic features such as having specific flight
schedules and defined flight routes. The complexity of the system is coming from unpredictable demand in civil
aviation, special flights, instantaneous change in weather conditions and air traffic, and unusual cases resulting
from human nature or regulations, etc. In order to deal with the complexity of system, various methods are used
in different sections of air traffic management. Taxiing process [2], use of runway [3], landing process [4], flight
routes [5], departure trajectories [6], hangar management [7] are examples of improvable parts of air traffic
management which are affected by demand uncertainty.
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The aim of our study is to develop an optimization
model which gives the optimal assignment for airborne
operations and aircrafts, and determines the flight
priority for air vehicles by minimizing cost and
penalties. A mission-based system is used in order to
construct a system for air vehicles with different
missions and to assign airborne operations to proper
aircrafts. Another goal of this study is to provide a take-
off order for determined aircraft-airborne operation
peers. Although there are some studies on mission
prioritization and flight priority, our study is unique in
terms of integrating these topics. For any company or
hangar, the number of aircrafts, their characteristics and
possible operations that each aircraft can handle are
known a prior.

Therefore, we developed a deterministic model using
integer programming (IP). It is possible to extend the
model to a stochastic system to incorporate uncertainty
in the type and timing of the operations. Although such
system would be better representation of reality, it
would be more complex, time-consuming and data
required for such model is limited. As a result, the
objective of the IP model is to create a useful, cost
effective, fast and efficient decision-making tool for the
determination of operation-aircraft assignment and
sequence of take-off, especially in emergency cases.

In our study, a new approach that combines mission
prioritization and flight priority is proposed. This study
aims to construct an optimization system that decides
both assignment of missions and air vehicles and a
departure sequence for those mission-air vehicle sets by
minimizing cost. Our tool could be used for air vehicles
like unmanned aerial vehicles, airplanes, or helicopters.
However, an aircraft is used as a reference case for
scenario analysis. Literature review on the air traffic
management is conducted and relevant studies with
different and similar approaches have been summarized
in Section 2. Problem formulation, methodology and
specifications of the reference plane are presented in
Section 3. Results and case studies are reported in
Section 4 and finally, conclusions of our study are
summarized in Section 4.

II.LITERATURE REVIEW

Air traffic control is an important and popular topic
since it allows to minimize aircraft accidents and cost
of air operations. Due to rapid growth in the cargo
volume and passenger traffic, air traffic became a more
complicated system. The complexity of the system
leads to a rise in the number of studies that aims to solve
problems in air traffic control [8]. A multi-level model
was developed to examine optimization models and
algorithms about air traffic in the terminal area. The
authors concluded that optimization and control
algorithms could be improved with real-life data [9].
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Data based control, command techniques, and operator
experience are also important components in air traffic
management applications. Examples of these
applications were explained and classified detail in
[10]. Raj and Sheela preferred the neural network
concept to construct a model in the air traffic control
system [11]. In addition, intelligent prediction and
planning algorithms were proposed to prevent airborne
delays, provide more-automated air traffic
management, and support real-time decisions by using
the concept of neural network and machine learning
[12].

Air traffic control systems have been studied for
improving the traffic flow. Schultz and Reitmann
developed an algorithm for forecasting aircraft
boarding to ensure better boarding operations via a
periodic neural network [13]. Neural networks have
been employed in various problems in the air traffic
control literature such as runway problem and landing
scheduling. Efficient use of runway became more
crucial due to the increase in demand. A study that was
conducted at Tokyo International Airport focused on
predicting landing runways based on actual runway
assignment strategy by considering the capacity of
airport and workload of controllers with the help of a
neural network model [14]. Air traffic, and departure, a
simulator via neutral network was designed to control
air traffic and landing clearance. In a similar study,
artificial neural networks have been applied to
maintain the optimal distance between two airplanes
during landing [15].

An alternative simulation model was constructed by
Netjasov et. al to measure the accurate performance of
safety and give essential information in terms of safety
feedback. This model, which showed reliable results in
different scenarios and air traffic levels, was developed
as a network-based model [16]. An advanced smart
hybrid model that employed machine learning was
developed to deal with the problem of the short-term
trajectory prediction which occurs in the terminal
maneuvering area [17]. Accurately gathering data on
air traffic and weather conditions is a crucial element in
decision-making within air traffic management. A
study identifying useable and correct information on
weather and air traffic was conducted by Gorriparty et.
al. In this study, a similarity measure was developed in
order to provide reliable data in terms of weather
conditions and air traffic by determining similar
previous days for the management decisions taken on
those days [18].

A fuzzy based approach could also be a good choice for
managing the complex air traffic problem. In one of the
earlier works, the fuzzy system determined the duration
of the waiting time before entering an airport approach
corridor [19]. Another study examined the control
problem for the airplane speed by using the fuzzy
approach with the purpose of improving safety and
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decreasing the stress level of the controller [20]. An
intelligent fuzzy based model was designed to prevent
airplane accidents and to develop advanced air traffic
control by Idika and Baridam [21] . Furthermore, the
fuzzy management of different air vehicles types was
conducted by Jenab and Pineau [22].

Optimization techniques were adapted for problems in
different areas of air traffic control. A mixed integer
programming was developed for minimizing the time
that a passenger spends while catching connection
flights by Xu. Xu also used a tabu search algorithm for
solving this MIP model [23]. Dell’ Olmo & Lulli
improved a new two-level hierarchical architecture for
optimizing air traffic management problems via mixed
integer programming and heuristic algorithm [24].

One of the major challenges in air traffic management
is the struggle to keep up with increasing demand due
to the rapid growth in air traffic. An integer
optimization model was proposed to handle the
situation of meeting the increasing demand in air traffic
management by using Dantzig-Wolfe decomposition
and a heuristic approach [25]. Another study suggested
that developing a new combinatorial optimization
model for air traffic management gives a more realistic
view of parameters like air sector configuration and
penalizations [26].

Our study is closely related to the mission and flight
priority-based literature and cost-effective models. One
study that is close to our work is about mission
prioritization in unmanned aerial vehicles, where an
optimization system was built in order to give UAVs
flight permission according to their missions by
considering weather risk analysis [27]. For the flight
priority problem, a collaborative optimization model
was improved and a genetic algorithm was used for
finding a better taxi route for aircraft [28].

Flight priority problem can be extended to a hangar
management system as suggested by Qin et al in 2018.
In this system, a cost-based maintenance priority for
aircrafts which are located in a constant capacity hangar
was modeled. The model and parking stand allocation
problem was solved by proposing a two-stage mixed
integer programming model [29]. In terms of mission-
based systems, Peng et al. proposed a model for
determining optimal routing of missions while
minimizing the cost of unvisited targets and
experiencing shocks in unmanned aerial vehicles [30].

Numerous studies have explored into various aspects of
air traffic management, including flight planning, flight
and taxi route optimization, maintenance scheduling,
parking allocation, and more, employing a variety of
algorithms and modeling techniques. However, the
existing body of literature predominantly focuses on
optimizing civil aviation flights. In contrast, limited

research has been conducted on the allocation of tasks
to aircraft and the prioritization of takeoff procedures.
Thus, our objective is to shed light on this research gap
by developing a flight takeoff decision-making system
that can be applied to a diverse range of aircraft types
including unmanned aerial vehicles.

I1. METHODOLOGY

The objective of the problem is to find the best aircraft-
operation peers and to provide a proper take-off order
for the peers by minimizing the total cost which
includes fuel cost, a penalty cost for missed missions
and idle cost (i.e., waiting cost for aircrafts in the
hangar). The problem is formulated as an integer
programming model.

Constraints, parameters, and the objective function of
the system are summarized below. The related
parameters are estimated from data for Cessna 172S
which is selected as a representative aircraft in this
study due to its common use in mission-related
operations such as firefighting, training and emergency
work [31]. Table 1 indicates the characteristics of
Cessna 172S.

Table 1: Specifications of Cessna 172S Skyhawk

Feature Value
Empty Weight 761.8 kg
Gross Weight 1162.7 kg
Usable fuel quantity 213 liters
Cruise Speed 229 km/h
Stall Speed 89 km/h
Never exceed speed 302 km/h
Maximum range 6.7s
Range 1182 km
Service ceiling 4267.2 m
Rate of climb 3.86 m/s
Wing Loading 71.77 kg/m2

References: (Cessna, 1998)

Missions are selected from real airborne operations of
Cessna 172S Skyhawk [31]. The representative aircraft
has 10 operations that can be performed. Furthermore,
we classified all operations to have a mission number
that represents priority level of the operation for the
aircrafts. For instance, the most crucial mission is air
ambulance service while the least essential one is aerial
survey. Therefore, operation priority level (OPL) of air
ambulance service is 10, while operation priority level
of aerial survey is 1. The list of airborne operations and
their importance level are displayed at Table 2.
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Table 2. Airborne Operations and Importance Level

Airborne Operation OPL

Aerial survey
Parachute operation

Float operation

Training

Surveillance and reconnaissance
Utility/Transport

Carrying ammunition

Search and rescue

Firefighting

Air ambulance service

© 00 N o OB~ W N

[EnY
o

3.1 Model Formulation

We formulated an integer programming model for a
flight priority system with 5 air vehicles and 10
missions. Constraints, parameters and objective
function of the model are presented in the below
subsections.

3.1.1 Constraints

(a) There are i=5 aircrafts and j=10 operations in the
system, and only 1 plane- mission peer is matched in
each run.

(b) Only one air vehicle can take-off for each run.

(c) All air vehicles may not be able to perform all
missions because of design and properties required for
each mission. For instance, firefighting air vehicles
require additional design features to store water and
chemicals. Therefore, we determined a mission matrix
that provides information on which operation(s) can be
performed by which plane(s). However, due to
unbalance between the number of missions and planes,
we assumed that all planes can perform 4 missions.

(d) The fuel of the air vehicle should be equal to or
greater than the required amount of fuel for the mission.
Otherwise, the air vehicle is not allowed to take-off.

3.1.2 Parameters

i denotes the number of air vehicle, i =1,2,3,4,5
j denotes the number of missions, j =
1,2,3,4,5,6,7,8,9,10

Gij denotes the mission matrix where 1 represents that
i" plane can perform j™ mission and vice versa.

1100100100
0011010100
G;=01 0 0 0 1 1 0 0 1
l0 001 01101 0J
1001100001
ALT;; = Average altitude i plane uses while

performing j™ mission
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RPM;; = Average revolution per minute i plane uses
while performing j mission

OHjj = Operation hour of i" plane for j™ mission
UFQjj= Usable fuel quantity of i"" plane (liter)

RFQj; = the required amount of fuel of i plane in order
to perform one hour of j™ mission. This parameter is
found by using the altitude-rpm-fuel amount equation.
The equation is constructed by performing regression
analysis on a given set of real-life data. The regression
line is multiplied by a constant in order to transform
galloon to liter and by operation hour to find the total
required fuel quantity of the selected airborne
operation. The equation for RFQ is

RFQ; = [—9.38043 — 0.00018 « ALT;; +
0.00779 « RPM ;| « OH; + 3.78541
@

DSH; = waiting time of i™" plane in the hangar (hr.)

OPL; = operation priority level of mission j, same with
j index; if j is 1 it means OPL of that mission is also 1.

K = fuel price per gallon.

3.1.3

Costs included in the model are (a) mission penalty
cost, (b) fuel cost of a mission, and (c) cost of spending
time in the hangar (i.e., idle cost). Due to magnitude
difference among these three types of costs, we
normalized each cost.

3.1.3.1 Mission Penalty Cost

This cost represents the penalty of missing missions
which could be missed due to impracticality of the
mission or lack of airplanes to perform the mission.
Unperformed mission means that an air vehicle has the
ability to perform this mission but does not operate this
mission. Since OPL can take at most 10, which is
highest priority level, the penalty cost of that type of
mission is formulized by dividing OPL by 10 for
normalization. Impracticable mission means that an air
vehicle does not have the ability to perform this
mission. It is denoted by Pj which is the cost of the
plane i for not going to mission j.

Costs

The penalty cost is where mission prioritization is put
into practice. By utilizing operation priority levels
(OPL) and the formulated penalty cost for unperformed
missions as described below, we ensure that missions
with higher priority, characterized by a higher OPL, are
seldom overlooked.
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Penalty cost of impracticable missions:

Pyj=M forj ()
+ {1,2,5,8}

Py; =M forj 3)
+ {3,4,6,8}

P3; =M forj 4
+ {2,6,7,10}

P4y =M forj (5)
+ {4,6,7,9}

Ps; =M forj ()
+ {1,4,5,10}

where M is a very large number
Penalty cost of unperformed missions:

Plj = OPL,-/IO forj @)
= {1,2,5,8}

= {3,4,6,8}

P3; = OPL]-/10 forj 9)
= {2,6,7,10}

P4]- = OPL,-/IOforj (10)
= {4,6,7,9}

Ps; = OPL;/10for j (11)
= {1,4,5,10}

3.1.3.2 Fuel Cost

Fuel cost is calculated by multiplying required fuel
quantity by the amount of dollars per gallon (K).
However, as mentioned earlier, that all costs are
normalized. Therefore, to normalize it, fuel cost is
divided by maximal usable fuel quantity of plane since
the required amount of fuel cannot exceed the maximal
usable fuel quantity. Since K is placed in both
nominator and denominator of the equation it is
eliminated. F; means fuel cost of i plane performing j®
mission.

RFQ;;

Fo— (12)
Y UFQuax

3.1.3.3 Waiting Cost (Idle Cost)

An airplane that spends much more time in the hangar
than the other planes have priority over mission
assignments and possible take-off. To represent this
intangible cost, we decreased total cost with time spent
in the hangar. In other words, the total cost of an
airplane is reduced if this plane is not assigned to a
mission and stays idle in the hangar. We used a
normalization constant of 15 to enable mission cost to
have a higher weight in the total cost than the waiting
cost. That means we prefer to perform the more
important missions than allowing idle planes to be
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assigned to missions. W; denotes the waiting cost of
plane i.

(13)

DSH;;
Wi =5

3.2 Integer Programming Model

Xij Is the decision variable where 1 denotes that plane i
takes off for mission j.

Obijective function of the model is to minimize the total
cost as formulated below.

min z = Z z[(l —x;) * Py

+ Fl] * x,—j - Wi
* (1= x;)]

(14)

Constraints of the IP model are presented below.
Constraint (1) enables to assign every mission
to only one airplane:

Y Xfh(x) =1

(15)
e Constraint (2) enables to assign missions to
planes according to the mission matrix, i.e., if
a plane cannot conduct a type of mission, it
will never be assigned that type of mission:

Gii = Xij v l;] (16)
e Constraint (3) allows the model to assign
planes to the mission if they have enough fuel
for the mission:
e Binary constraint is defined as:
3.3 Altitude-RPM-fuel Equation and

Regression Analysis

One of the constraints in the system defines the
relationship  between altitude-operation time-fuel
consumption. This relationship is important in our
model because air vehicle that is out of the range cannot
get permission to take off. Therefore, we need to define
an appropriate relationship between those three values.
A relationship for altitude-operation time-fuel is shown
in Figure 1. The table includes altitude values between
2000 and 12000 (units). Each altitude is matched with
RPM values which are represented by multiples of 100
between the ranges of 2300 and 2500 (units). Figure 1
gives necessary fuel quantity that an air vehicle should
have under the condition of an altitude, RPM, and
temperature.
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Sub-values for altitude (i.e., ALT = 2500 or 3000) and
RPM (i.e., 2550) that are not in the table are
interpolated. We utilized regression analysis to develop
a relationship between altitude, RPM and fuel use.
Using 105 data points that connect galloon per hour
(GPH) values for each RPM-ALT peer, the following
regression line was determined. This equation has been
used in the equation (1) which is a part of the objective
function.

G =[—9.38043 — 0.00018 = ALT
+ 0.00779 * RPM]

(19)

20°C BELOW
STANDARD TEMP

STANDARD
TEMPERATURE

20°C ABOVE
PRESS STANDARD TEMP
ALT RPM

FT

KTAS| GPH KTAS| GPH KTAS| GPH

Hi‘?P Bl‘—:l’ BI:P
2550 | 83 |17 |11.1) 77 | 118 |105] 72 | 117 ]| 9.9
2500 | 78 |115|106| 73 |115| 99| 68 |115]| 9.4
2400 | 69 |111 |96 | 64 |110| 9.0 | 60 | 109 | 85
2300 | 61 |[105| 86| 57 |104| 8.1 | 53 |102] 7.7
2200 | 53 | 99 | 77| 50 |97 | 73| 47 | 95 | 69
2100 | 47 | 92 | 69| 44 | 90 | 66| 42 | B9 | 63

2000

4000 | 2600 | 83 | 120 [11.1]| 77 | 120 [10.4| 72 | 119 | 9.8
2550 | 79 | 118 |106| 73 |117| 99| 68 | 117 ]| 9.4
2500 | 74 [115]10.1| 69 |115]| 95| 64 | 114 | 89
2400 | 65 |110| 9.1 | 61 |109| 85| 57 | 107 | 81
2300 | 58 (104 |82 | 54 |102| 7.7 | 51 |101| 73
2200 | 51 |98 |74 | 48 | 96 | 70| a5 | 94 | 6.7
2100 | 45 | 91 |66 | 42 | 89 | 64 | 40 | 87 | 6.1
6000 | 2650 | 83 | 122 |11.1] 77 | 122 |104]| 72 |121 | 98
2600 | 78 | 120 |10.6| 73 |119| 99| 68 |118| 94
2500 | 70 |115| 96| 65 |114| 9.0 | 60 |112]| 85
2400 | 62 |109| 86| 57 |108| 82| 54 |106]| 7.7
2300 | 54 |103| 78| 51 |101 |74 ]| a8 |99 |70
2200 | 48 | 96 | 7.1 | 45 | 94 |67 ]| 43 | 92 | 6.4

Figure 1. Cessna 172S Performance Table
(Kaynak: [32])

3.4 Solution Algorithm

The IP model was created in MATLAB primarily
using “intlinprog” function and Branch-and-Bound
technique. Two main input parameters of the IP are
plane and mission. Planes are identical and have a
constant number of 5, while there are 10 possible
missions in the system. Since there are only 5 planes in
the system, the maximum number of missions that can
be completed in short-time intervals could be at most 5
missions. In this study, four case scenarios are
determined and missions in each scenario were input to
the IP model. Scenarios and the selection of the related
missions are explained in Section 4 in detail.

Parameters such as ALT, RPM, OH and UFQ could
take any values within given intervals. These intervals
vary according to the type of air vehicle. Therefore, we
determined intervals for these parameters according to
the specification of the sample plane. Then, the model
utilizes uniform random distribution for selected
intervals of RPM, OH and UFQ. For ALT values, we
categorized four sub-intervals as high-altitude (HA),
medium-altitude (MA), low-altitude (LA) and no limit
(NL) with respect to the operation type. The reason
behind this categorization is that different operations
require different flight altitudes. For instance, a float
operation requires low-altitude while carrying
ammunition ~ operation  requires  high-altitude.

Operations and corresponding ALT values are given in
Table 3. While we used uniformly distributed
parameters in our model for simplicity, other probability
distributions could also be utilized.

Table 3. Operations and Corresponding ALT Values

Operations Max
and ALT Operation Type ALT Min ALT
intervals
HA Aerial survey 9000 12000
Parachute
HA operation 9000 12000
LA Float operation 2000 5000
NL Training 2000 12000
Surveillance and
MA reconnaissance 5000 9000
MA Utility/ Transport 5000 9000
Carrying
HA ammunition 9000 12000
LA Search and rescue 2000 5000
MA Firefighting 5000 9000
MA Air ambulance 5000 9000

service

The ranges of DSH are assumed to be 0 to 5 (units).
The initial DSH values for all planes are uniformly
distributed. DSH is updated every 30 minutes for every
plane. The algorithm increases the DSH of the plane that
does not take-off by 0.5 hours. DSH has a negative
effect on the cost. It means that if the plane has been in
the hangar more than other planes, then it has more
priority than others.

The algorithm works iteratively, i.e., if the system
has n missions, then the algorithm runs n times. In each
run, the algorithm results one mission-plane peer which
has the lowest cost. If remaining missions and planes
cannot be paired-off due to infeasibility, the algorithm
results with no solution.

IV. FINDINGS

The application section is constructed by conducting
various scenarios. Scenarios, which are made according
to different circumstances, are conducted to analyze
and interpret relationships between parameters and
results of the model. Tables are built in order to
represent the value of parameters clearly, however, all
parameters are not given in the table to prevent the
complexity and to increase the clarity of scenarios.
ALT, RFQ, UFQ, DSH, and missions are indicated in
the tables. While determining scenarios, it is considered
whether they can be observed and applied in real life.
Scenarios may be listed as; dispatching soldiers, fire
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outbreak, combination of different scenarios, and
earthquake disaster.

4.1 Scenario 1: Dispatching Soldiers

In dispatching soldiers scenario, the operations that will
be required are determined as parachute operation,
carrying  ammunition and  surveillance &
reconnaissance. Parachute operation is needed to land
the soldiers into the area, carrying ammunition provides
transportation of required ammunition and utility, and
thanks to surveillance & reconnaissance operation area
control and security are ensured. Mission numbers,
which are 2, 7, and 5 respectively, are entered into the
system. Table 4 gives the required parameters and their
values. The system gives the result one by one as:

e Plane 4 takes-off to perform mission 7.
Plane 1 takes-off to perform mission 5.

Plane 3 takes-off to perform mission 2.

Table 4. Information for Scenario 1

RFQ
Mission
Air 2 5 7 UFQ ~ DSH
Vehicle
1 128.04 134.74 1000 179 411
2 1000 1000 1000 103 3.92
3 65.15 1000 172.63 131 3.83
4 1000 1000 96.43 105 1.10
5 1000 156.02 1000 110 1.62

When Table 4 is analyzed, it is seen that RFQ3, is less
than first and second aircraft-operation peers and DSH3
is relatively high, so plane 3-mission 2 peer has the cost
decreasing features. Nevertheless, it gets permission to
take-off lastly since in such a match operation priority
level, which is 2, is extremely small to take-off firstly.
Therefore, despite the presence of cost-decreasing
factors, the cost of the last peers is still higher than that
of the first and second peers. The 4" aircraft takes off
firstly with operation 7, since RFQ47 is less and
operation number is greater than other peers, so that
match has the least cost. In addition, when a real
dispatching soldiers scenario appears, surveillance &
reconnaissance operation would probably be performed
before parachute operation to provide safety of the area.
Accordingly, the relationship between operation
priority level and other parameters, and impact of OPL,
in a different meaning mission cost, on the result is
clearly seen. Also, the system gives logical results in
terms of take-off order.

4.2 Scenario 2: Fire Outbreak

In a fire outbreak case, the need for firefighting
operation is obvious. Air ambulance may also be
required in the case of injury or death. Lastly,
utility/transport airborne operation could be used in
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order to carry medical stuff and humanitarian needs.
Mission numbers 9, 10, and 6, respectively, were
entered into the system. The values of the parameters
are demonstrated in Table 5 and the result was received
as:

Plane 5 takes-off to perform mission 10.
Plane 4 takes-off to perform mission 9.
Plane 3 takes-off to perform mission 6.

Table 5. Information for Scenario 2

RFQ
' Mission UFQ DSH
Air 6 9 10
Vehicle

1 1000 1000 1000 139 2.06
2 76.78 1000 1000 193 2.65
3 21.79 1000 14281 166 0.60
4 22482 36.19 1000 162 1.73
5 1000 1000 7431 203 4.05

In this system, RFQ has a crucial impact due to directly
affecting fuel cost. Thereby, the system tends to give
priority aircraft-operation peers that have least RFQ
values. Nevertheless, since there are other parameters
influencing the cost, impact of RFQ could be
decreasing in some cases. RFQs is the least one among
other peers, however aircraft 3-mission 6 peer takes-off
lastly. The result of that is DSH of the third plane is
extremely small and OPL of the sixth mission is the
least. When first and second mission-plane peers are
examined, it is seen that although the importance of
missions is close and RFQ for the first peer is greater
than the second peer, plane 5 takes-off first with
mission 10. The reason behind this is DSH of the first
peer is much greater than the second peer. Therefore,
the effect of DSH on RFQ and OPL are shown in that
scenario.

4.3 Scenario 3: Combination of Different Cases

This scenario is different from the others in terms of not
requiring more than one plane for one case. One
circumstance, like fire outbreak, includes more than
one operation, like firefighting, transportation, and air
ambulance, and thereby requires more than one aircraft
in the previous two scenarios. Nevertheless, in this
scenario, it is assumed that only one plane can be
operated and there is no need for multiple planes
simultaneously on the air for any scenarios. Those
circumstances are training, fishery survey, that is
performed by aerial survey operation, and agriculture
irrigation being fulfilled by firefighting plane. As a
result, 4, 1, and 9 operation numbers were given to the
system. While parameters are indicated in Table 6, the
result is determined as:

e  Plane 2 takes-off to perform mission 4.
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e Plane 4 takes-off to perform mission 9.

e Plane 1 takes-off to perform mission 1.

Table 6. Information for Scenario 3

RFQ
_ Mission UFQ DSH
Air 1 4 9
Vehicle

1 128.04 1000 1000 139 0.87
2 1000 24.84 1000 193 3.83
3 1000 1000 1000 166 1.30
4 1000 12494 103.08 162 0.71
5 11492 156.31 1000 203 3.23

There is a noticeable difference between operation
importance level in this scenario. Hence, it is expected
that agriculture irrigation operation, which has
operation number 9, gets permission to take-off firstly
according to mission prioritization. Nevertheless,
operation 9 can be performed by only aircraft 4, and
there is extremely high difference of RFQ values
among peers (for example, RFQa,9 is 103.0787 while
RFQ2.4 is 24.84). Since the system was also constructed
based on minimizing cost, the least fuel cost and
highest waiting time have caused the cost to decrease
in the case of mission 4-aircraft 2 peer. Furthermore,
plane 2 has permission to the first departure for mission
4, then plane 4 with mission 9, and lastly the
combination of plane 1 and mission 1. Finally,
according to this scenario the importance and the
impact of RFQ on operation priority level is revealed.

4.4 Scenario 4: Earthquake

An earthquake requires air ambulance in order to arrive
quickly in the area in case of injury and death, search
and rescue operation in case of missing and being
trapped in the wreckage, and utility/transport for
receiving humanitarian aids and medical stuff.
Operation numbers for those missions are 10, 8, and 6,
respectively. After mission numbers are entered into
the system, the solution appeared as

e Plane 1 takes-off to perform mission 8.
Plane 5 takes-off to perform mission 10.
Plane 4 takes-off to perform mission 6.

Table 7. Information for Scenario 4

RFQ
Mission
Air 6 8 10 UFQ DSH
Vehicle
1 1000 138.21 1000 184 4.54
2 76.81 161.82 1000 125 1.90
3 187.19 1000 199.82 107 2.24
4 99.43 1000 1000 186 3.59
5 1000 1000 162.45 175 2.64
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The required value for parameters is indicated in Table
7. The effect of duration spent in the hangar on the
operation priority level can be seen in this scenario.
While mission 10 exhibits a higher OPL than mission 8
and their RFQs are in closer proximity due to the
significantly reduced waiting time for operation 10 -
Plane 5 compared to operation 8 - Plane 1, resulting in
the former receiving takeoff permission sooner. Search
and rescue plane take-off firstly, then air ambulance
goes after it, and lastly utility/transportation operation
makes departure. The flight order determined by the
system closely mirrors real-world logic. In the event of
an earthquake, both air ambulance and search and
rescue planes may need to take off first. However, our
system carefully analyzes all available data to
determine the initial departure sequence.

V. CONCLUSION AND DISCUSSION

Air traffic management is a complex system which
consists of various fields such as ground control, air
control, landing and departure process, mission
assignments, aircraft maintenance  arrangement,
determining flight schedule, etc. While our study
reviewed numerous existing studies, it's worth noting
that flight priority and mission assignment, in
comparison to other areas, have received relatively
limited attention.Therefore, our study brings a new
approach to air traffic management in terms of
integrating mission assignment and flight priority.

A decision-making tool is developed in order to assign
the airborne operation to an aircraft and to determine an
appropriate take-off order for assigned aircraft-
operation peers. The objective of the optimization
system while performing processes is minimizing cost.
Different kinds of costs and parameters were selected
in the modeling phase of the system. Cessna 172S
Skyhawk was selected as sample aircraft in order to
clearly specify the parameters and to provide real
airborne operations. Five planes and ten operations
were selected for the construction of the optimization
system. The decision variable of the system is
composed of binary variables, thereby pure integer
programming was selected as the modeling technique
of the system. We utilized MATLAB to construct the
solution algorithm, employing the “intlinprog” function
with a Branch-and-Bound solution algorithm during
this phase.

We generated scenarios to analyze, evaluate, and
provide recommendations on the system's ability to
meet expectations. These scenarios involve actual
airborne operations and could potentially manifest in
real-life situations. Dispatching soldiers, fire outbreak,
the combination of different cases that are fishery
survey, agriculture irrigation and training, and
earthquake disaster are the constituted scenarios. The
value of the parameters and results have been indicated
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by tables in the application phase. Scenarios have
shown the relationship between parameters, and how
those parameters and costs affect the decision of the
system. It is thought that applications have given the
logical results, and have met the expectations.
Therefore, we expect that our model can be used as a
decision-making tool in emergency cases.

While the model has been demonstrated for one type of
aircraft, it is possible to use this model for other
aircrafts and unmanned aerial vehicles. The usage of
unmanned aerial vehicles is dramatically increased in
recent years and swarm drone concepts are commonly
used for defense and surveillance operations. There is a
potential for drone-related applications of our model
and the benefit of our model would be providing a fast,
reliable and quantitative decision-making system for
the flight takeoff problem. Limitations of our model
includes the lack of a time dimension, deterministic
nature of mission information (requiring prior
knowledge of all missions and their OPLs) and, the
absence of support for simultaneous takeoffs.

Since this study is a new approach in its field there also
exist some improvements in the study. The number of
aircraft might be increased to provide more balance
between the number of operations and aircrafts.
Furthermore, weather conditions, damaged, and
maintenance of aircrafts can be considered to apply this
study in real life. Nevertheless, we believe that the
objective being identified at the beginning of the study
has been accomplished.
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REVIEW ARTICLE / DERLEME MAKALESI

Atiklardan Grafen ve Tiirevlerinin Sentezlenmesi Uzerine Bir
Degerlendirme

Synthesis of Graphen and Its Derivatives From Waste: A Review
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Oz

Grafen, 2004 yilinda grafitten basaril bir sekilde izole edilmesinden bu yana en ilging karbon nanomalzemelerden birisi olarak
kabul edilmektedir. Karbon-karbon sigma bagi ile birbirine baglanmis iki esdeger alt kafes (sublattice) karbon atomundan
olusan petek ¢ergevesine sahip atom kalinliginda bir tabaka olan grafen ve grafenin tirevleri, olaganisti fizikokimyasal
ozellikleri nedeniyle son zamanlarda buyik ilgi gorms, gelecegin sistemleri ve cihazlari igin yeni firsatlar yaratmis ve bu da
¢ok sayida uygulamada kullaniimak tizere grafen talebinin artmasina neden olmustur. Dogal kaynaklarin kullanimi yerine
atiklardan grafen ve tiirevlerinin eldesi hem bu talebi karsilayabilmek hem de atiklarin déngusel ekonomi yaklasimiyla
yonetilmesi agisindan 6nemli bir adimdir. Bu noktadan hareketle, bu derleme makalede grafen ve tiirevlerinin sentezlenme
yontemleri ve sentezlenmesinde kullanilan atiklar tGizerinde durulmustur.

Anahtar Kelimeler: Atik kaynaklari, grafen sentezi, karbon kaynaklari, sentez yontemleri

Abstract

Graphene has been recognized as one of the most interesting carbon nanomaterials since its successful isolation from
graphite in 2004. Graphene, an atom-thick layer with a honeycomb frame consisting of two equivalent sublattice carbon
atoms connected by a carbon-carbon sigma bond and its derivatives, have recently attracted great attention due to their
outstanding physicochemical properties, creating new opportunities for future systems and devices, which has led to an
increased demand for graphene for use in a multitude of applications. Obtaining graphene and its derivatives from wastes
instead of using natural resources is an important step in terms of both meeting this demand and managing wastes with a
circular economy approach. From this point of view, in this review article, the synthesis methods of graphene and its
derivatives and the wastes used in their synthesis are emphasized.

Keywords: Carbon sources, graphene synthesis, synthesis methods, waste precursors

I. GIRIS

Grafen, iki boyutlu (2D) altigen bir kafes yapisinda, yogun bir sekilde paketlenmis karbon atomlarindan olusan
diiz tek bir tabakaya verilen addir. Grafenin kristal yapisi, grafit, karbon nanotiipler ve fullerenler gibi karbon
malzemelerin yapi tasi olarak goriilebilir. Sekil 1°de gosterildigi gibi diger grafit malzemeler igin yapi tasi gorevi
goren grafen levhalar, kiiresel bir sekilde kesilip katlanarak fulleren (C60) (a), silindir seklinde yuvarlanarak
karbon nanotiip (CNT) (b), birbiri {izerine yapistirilarak grafiti (c) olustururlar [1].

Sekil 1. Grafen levhalarin farkl sekil yapilarina gore isimlendirilmeleri

(a) fulleren (C60), (b) CNT, (c) grafit
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Atiktan Grafen Sentezi

Grafen kristalleri ilk olarak, Andre Geim ve Konstantin
Novoselov adindaki iki bilim insani tarafindan, 2004
yilinda basit ve etkili bir yontem olan 'selo bant (scotch
tape)' yontemi kullanilarak kesfedilmis ve bu kesifleri
sonucunda 2010 yilinda Nobel Fizik Odiili’nii
almislardir [1, 2]. Ideal olarak grafen tek bir katmandan
olussa da 10 atom karbon kalinligima kadar olan
yapilara da grafen denilmektedir. Grafen genellikle tek
katmanl grafen (single-layer, SG), ¢ift katmanli grafen
(bi-layer, BG), birka¢ katmanli grafen (3-5 katmanli,
few layers graphene FLG) ve ¢ok katmanli grafen (5-
10 katmanli, multi-layer graphene, MLG) olarak da
bulunabilir [2, 3].

Grafen, oda sicakhginda 250.000 cm?/V.s’lik yiik
tasima hareketliligi ile bilinen diger malzemelerden
elektriksel olarak daha iletkendir, mekanik mukavemeti
(~1 TPa) agirliginin altida biri olan geliginkinden 200
kat daha fazladir. Genis teorik spesifik yiizey alanina
(2630 m?/g) ve optik gecirgenlige (%97,7) sahiptir.
Termal iletkenligi (500 W/mK) ise elmastan daha
fazladir [4]. Sonu¢ olarak grafen bu 0&zellikleri
sayesinde aerojeller, piller, enerji depolama, 1sil
yonetim, su aritimi, giyilebilir elektronik vb. birgok
ileri teknolojik  uygulamada  kullanim  igin
arastirllmaktadir. Asagida grafen ve tiirevlerinin
kullanmildig1 bazi uygulama alanlan ile ilgili 6rnek
caligmalara yer verilmistir.

Mi vd. [5] calismalarinda grafeni, ¢ift yonli
dondurarak kurutma yontemi ile ¢ boyutlu yiiksek
oranda sikistirtlabilir, elastik, anizotropik,
seliiloz/grafen aerojeller tiretmek igin kullanmuslardir.
Esnek seliiloz, sert grafen ve ¢ift yonlii hizalanmis 6zel
gozenekli yapi, olaganiisti geri kazanilabilirlik
saglamakta ve aerojel absorpsiyon kapasitesi,
agirhginin 80-197 kata ulasmaktadir. Wu vd. [6]
yaptiklar1 ¢alismada azot katkili gézenekli karbon ve
grafen kompoziti lityum-kikirt piller igin kikdrt
iskelesi  (scaffold) olarak kullanmiglardir. sp2
hibritlestirilmis grafenden ve sp3-hibritlestirilmis aktif
karbondan elde edilen 3D heteroatom katkili karbon
cerceve, enerji doniisiimiinde ve depolamada yiiksek
performans saglamustir. Yanik vd. [7], grafeni stper
kapasitor elektrotlari i¢in kullanilan iletken miirekkebi
elde etmek igin polipirol veya manyetik polipirol ile
karigtirmiglardir. Sonug olarak 255 F g-1'lik spesifik
kapasitans elde edilmistir. Xu vd. [8], ¢iplerin termal
yonetiminin iyilestirilmesi i¢in parafin/genisletilmis
grafit/grafen kompoziti hazirlamislardir. Parafin ve
genisletilmis grafit arasindaki uyumlulugu gelistirmek
icin de grafen kullanmilmistir. Parafin/genisletilmis
grafit/grafen kompozitinin termal iletkenligi ve 1s1l
yonetiminin, parafin/genisletilmis grafit
kompozitinden daha iyi oldugu gozlemlenmistir.
Chacra vd. [9] ¢aligmalarinda sudan emiilsifiye edilmis

yagm uzaklastirilmast i¢in grafenin manyetit bir
tirevini  kullanmiglardir.  Grafen  nanoplakalar
(nanoplatelets) ve grafen manyetit, sirasiyla %90 ve
%72,2 yag giderim verimliligi gdstermistir. Xu vd. [10]
caligmalarinda, grafen kuantum nokta kapli Ag
nanoteller kullanarak kendi kendine ¢alisan, akilli
triboelektrik (surtinme ile elektriklenen) elektronik cilt
olarak adlandirilan yapay parmak gelistirmislerdir.
Grafen kuantum nokta kapli Ag nanotellerin dis
hareketlerde duyarlilig1 arttirdig1 gériilmiistiir.

Grafenin olaganiistii 6zellikleri ve bircok kullanim
alan1 olmasindan &tiiri ilerleyen yillarda artan bir
grafen talebi olacaglt disiiniilmektedir. Amerika
Birlesik Devletleri ve Avrupa Birligi’ne gore, grafen
iiretiminde de kullanilan grafit, hem endiistri hem de
ulusal glvenlik igin kritik bir malzeme olarak
gorlilmektedir. Grafenin diginda lityum-iyon piller,
yakit hiicreleri, elektronik ve diger yapisal malzeme
teknolojilerinde  gelecekte  olabilecek  talepler
diisliniilince, grafit malzemelere olan ilginin artmasi
kaginilmaz olacaktir. 2015-2016 yillarinda diinyadaki
toplam grafit tiretimi yaklasik 2,5 milyon tondur ve
grafit talebinin Oniimiizdeki yillarda yaklasik %4
artmas1 beklenmektedir [11]. Grafen iiretilebilecek
farkli kaynaklarin bulunmasinin  6nemi giderek
artmakta olup, iiretimde kullanilabilecek kaynaklardan
birisi de atiklardir.

Diinyada bir yilda toplam 1,3 milyar ton atik
iretilmekte ve evsel ve ¢esitli endiistrilerden
kaynaklanan bu atiklar, olumsuz c¢evresel etkilere
neden olmaktadirlar. Mevcut tiikketimdeki gelismeler ve
niifus artis hiz1 ile birlikte atik miktarmin 2025 yilina
kadar 2,2 milyar tona yiikselecegi tahmin edilmektedir
[12]. Bu durum ve grafenin ¢ogunlukla yenilenemez bir
kaynak olan grafitten liretilmesi g6z oniine alindiginda,
atiklardan katma degerli iiriinler sentezlemenin 6nemi
giderek artmakta ve bu noktada atiklari kaynak olarak
kullanarak grafen bazli malzemelerin sentezlenmesiyle
ilgili calismalar da 6nem kazanmaktadir.

Yapilan bu ¢aligmada dncelikle grafen ve 6zellikleri ile
grafenin kullanim alanlarina deginilmis, takip eden
bélimlerde ise grafen sentez yodntemleri, sentez
sirasinda karbon kaynagi olarak kullanilan atik tiirleri
tizerinde durulmustur.

Il. GRAFEN SENTEZ YONTEMLERI
Grafen sentezi, yukaridan asagiya (top-down) (yikim)
ve asagidan yukariya (bottom-up) (insa) olmak iizere
iki ana yaklagimla, farkli yontemler kullanilarak
gerceklestirilebilir [12, 13]. Sekil 2°de bu yaklagimlar
dogrultusunda  gergeklestirilen ~ grafen  sentez
yontemleri gosterilmektedir.
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Sekil 2. Grafen sentez yéntemleri [14]

2.1 Yukaridan Asagiya (Top-Down) Ydntemler

Bu yaklagim, yigili (stacked) grafit katmanlar
arasindaki van der Waals kuvvetlerini kirmak i¢in y1gin
(bulk) grafitin eksfoliye edilmesi (exfoliating) veya
soyulmas1 (peeling) yoluyla grafen {retilmesini
icermektedir. Yigm grafit, tek katmanl, birkag
katmanli veya ¢ok katmanl grafen, grafen oksit veya
indirgenmis grafen oksit levhalar gibi farkli grafen
bazli malzemeler elde edilmesi i¢in baslangic
malzemesi olarak kullanilmaktadir. Yukaridan agagiya
yaklasimda, mekanik  eksfoliyasyon, kimyasal
eksfoliyasyon, ark desarji, grafen oksitin kimyasal
indirgenmesi ve CNT’nin silindirik yapisinin agilmasi
gibi yontemler bulunmaktadir. Yukaridan asagiya
yontemler farkli dlgeklere uygun ve diisiik maliyetli
olmalari agisindan tercih edilmektedir. Diger yandan
bu yontemlerin, tutarli ozelliklere sahip grafen ve
tirevlerini  sentezlemenin zor olmasi, grafen
sentezleme veriminin diigik olmast ve sentezin
gergeklesebilmesi igin gerekli olan ve dogada siirlt
olarak bulunan grafit hammaddesine buyik o6lglide
gereksinim duyulmasi gibi dezavantajlar
bulunmaktadir [12, 13].

2.1.1 Grafen oksitin kimyasal indirgenmesi

Bu yéntem, grafeni blylk miktarlarda sentezlemek igin
kullanilan geleneksel tekniklerden birisidir. Grafen
oksit  yaygin  olarak, literatirde = Hummers,
Staudenmaier ve Brodie yontemleri olarak gegen
kimyasal eksfoliyasyon yontemlerinde belirtildigi gibi
potasyum permanganat, nitrik asit ve konsantre siilfurik
asit igeren bazi oksidanlar veya hidrazin ve tiirevleri,
hidrokinon ve C vitamini kullanilarak grafit oksitin
oksidasyon igleminden elde edilir. Hidrazin veya
hidrazin hidrat, yiuksek indirgeme etkinlikleri nedeniyle
kabul gérmiis indirgeyici maddelerdir.

Fakat bunlarin kullanimiyla hazirlanan grafenin
icindeki azot katkisi, saf ve iletken grafen elde etmeyi
zorlagtirmaktadir. Ayrica hidrazin, ¢ok zehirli ve
patlayicidir [12, 15, 16].

2.1.2 Mekanik eksfoliyasyon

Eksfoliyasyon, grafen sentezi i¢in grafit veya diger
karbon kaynaklarinin kullanildig basit ve yaygin bir
tekniktir. Mekanik  eksfoliyasyon, kimyasal
eksfoliyasyon ve/veya elektrokimyasal eksfoliyasyon
gibi cesitli eksfoliyasyon tiirleri vardir. Tek katmanli
grafen pullarmi tercih edilen substratlar iizerinde
sentezlemek i¢in kullanilan yaygin yaklasimlardan
birisi.  olan  mekanik  eksfoliyasyon, grafen
sentezlemenin ekonomik bir yolu olarak kabul edilen
ve en erken bulunan yontemlerden birisidir [12, 15, 17].

Genel olarak, grafitin grafen pullaria
eksfoliyasyonunda, normal kuvvet ve yanal kuvvet
olmak iizere iki tiir mekanik yol vardir. Selo bant ile
mikromekanik bolinmede oldugu gibi iki grafit
tabakasimni birbirinden ayirirken, van der Waals
cekiminin dstesinden gelmek icin normal kuvvet
uygulanmaktadir. Yanal yonde grafitin kendi kendini
yaglama (self-lubricating) yetenegi sayesinde, iki grafit
tabakasi arasindaki bagil hareketi desteklemek icin
yanal kuvvet de uygulanabilmektedir. Diger bir
yardimcr  yol ise Sekil 3'te gosterildigi gibi,
eksfoliyasyon sirasindaki  parcalanma  etkisidir.
Eksfoliyasyon teknigi tarafindan iiretilen kuvvet biiyiik
grafit partikiillerini veya grafen katmanlarin1 daha
kiclik olanlara pargalayabilmektedir. Bu parcalanma
etkisi iki farkli etkiye sahiptir. Bir yandan, grafenin yan
boyutunda azalma meydana gelebilir ki bu durum genis
alanli grafen elde etmek i¢in arzu edilmez. Ote yandan,
kiigiik grafit pullarindaki katmanlar arasindaki daha
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kiiciikk birlesik van der Waals etkilesim kuvvetleri
bulunmasi nedeniyle eksfoliyasyon islemi kolaylagir
(Sekil 3). Bu nedenle, mekanik eksfoliyasyon teknigi
kullanilarak monokristal grafen, yiiksek derecede
diizenli pirolitik grafen, dogal grafen gibi cesitli grafit
malzemeler ve farkli kalinliktaki grafen levhalarin
sentezi gergeklestirilebilmektedir. Son olarak grafeni
banttan ayirmak i¢in aseton kullanilir [18, 19].

normal kuvvet kesme kuvveti

-

parcalanma

——

s 4

Sekil 3. Farkli mekanik yollara dayali grafenin
mekanik eksfoliyasyonu [13]

2.1.3 Kimyasal eksfoliyasyon

Mekanik eksfoliyasyon gibi, kimyasal eksfoliyasyon da
grafen {retimi i¢in yaygin kullanilan yontemlerden
birisidir. Bu yontem, ¢ozelti iginde dagilmis olan grafit
katmanlar1 arasina biiyiik miktarda alkali iyonlarinin
eklenmesi ilkesine dayanmaktadir. Yontem iki
adimdan olugmaktadir. Grafit katmanlar1 arasindaki
zayif van der Waals baglari, grafit katmanlar1 arasina
giren alkali iyonlar1 tarafindan kirilir. Ardindan,
sonikasyon veya hizli 1sitma uygulanarak grafit tek
veya ¢ok katmanli grafene eksfoliye edilir. Genellikle,
tek katmanli grafen veya grafen oksit eldesi icin
ultrasonikasyon iglemi kullanilirken, ¢ok katmanli
grafen/grafen oksit eldesi i¢in ¢ogunlukla dereceli ultra
santrifiijleme  kullanilmaktadir. Bu  yoOntemin,
kullanilan kimyasal eksfoliyasyon metoduna gore
(Brodie, Staudenmaier, Hummers, modifiye edilmis
Hummers ve gelistirilmis Hummers) ¢esitli avantaj ve
dezavantajlart bulunmaktadir. Grafen ve tiirevleri,
kimyasal eksfoliyasyon yoluyla blyuk miktarlarda
Uretilebilir. Epitaksiyel biyume veya kimyasal buhar
biriktirme (Chemical Vapor Deposition, CVD) gibi
asagidan yukartya yontemlerle karsilastirildiginda
nispeten uygun maliyetlidir. Ham grafit, genisletilmis
grafit ve grafit oksit dahil olmak iizere farkl: tipte y1gin
grafit ¢esitleri kaynak olarak kullanilabilir. Elde edilen
grafen pullarinin 6zellikleri, eksfoliyasyon kosullari ve
¢Oziicli veya kimyasal ajanlarin se¢imi degistirilerek
belirli uygulamalara gére uyarlanabilir. Ancak segilen
¢ozlclye, kimyasal maddelere ve eksfoliyasyon
kosullarina bagli olarak, bu yontemle {iretilen grafenin
kalitesinde  biiylik  degisiklikler — olabilmektedir.
Kullanilan kimyasallar sonucunda sentezlenen grafen
griinlinde  kimyasal kalmtilar veya safsizliklar
olabileceginden, ek saflagtirma adimlart gerekebilir.
Yine sirecte kullanilan bazi ¢oziiciiler ve kimyasallar
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(stlfirik asit, nitrik asit vb.) tehlikeli olduklarindan
dogru sekilde kullanilmazlarsa olumsuz saglik ve
cevresel etkileri de olabilir [12, 20-22].

2.1.4 CNT'nin
(unzipping)
CNT'nin silindirik yapisinin agilmasi, karbon tabakay1
tek, iki veya birka¢ katmanli grafene diiz bir sekilde
yerlestirmek i¢in silindirik yapinin kesilmesini igerir.
Genel olarak, CNT'nin silindirik yapisinin agilmasi, C-
C bagin1 eksenel veya boyuna yonde kirmak icin
yiiksek bir gerinim orani (high strain rate) gerektirir.
Ayrica bu yontem, hem tek duvarli hem de ¢ok duvarl
CNT'ler i¢in gecerli olup, yéntem sonucunda grafen
nanoribbon olarak adlandirilan farkli sayida grafen
levha tabakalar1 elde edilir. CNT'den grafen ve
tirevlerini tretmek i¢in kimyasal saldiri (attack),
plazma agindirma, interkalasyon, eksfoliyasyon ve
metal katalizorlii kesim gibi ¢ok sayida sikistirma
yontemi bulunmaktadir [13, 15]. CNT'nin silindirik
yapisinin  agilmast yontemi mevcut CNT sentez
teknikleriyle entegre edilebileceginden CNT'lerden
grafen  nanoribbon elde edilmesini  nispeten
kolaylagtirmaktadir. Baglangi¢ malzemesi olarak
kullanilan CNT’lerin boyutuna ve kiralitesine bagli
olarak, elde edilen grafen nanoribbonlarin genisligi de
istenilen araliklarda ayarlanabilir. Ancak sentezlenen
grafen nanoribbonlarda istenen genislik ve kenar
yapisina ulagilmasi, reaksiyon kosullarinin hassas bir
sekilde kontrol edilmesini gerektirir. Ayrica bu yontem
CNT gibi pahali bir baglangi¢ maddesi gerektirdiginden
ve karmagikligindan dolayr diger baz1 grafen sentez
yollarina gore {iretim maliyetlerinde artisa sebep
olabilmektedir [12, 13, 15, 23, 24].

silindirik yapisimin  acilmasi

2.1.5 Ark desarj yontemi

Grafen tretimi i¢in kullanilan yukaridan asagiya
yontemlerden bir digeri de ark desarj yontemidir.
Bolim 2.2.2°de  detaylar1 verilen CVD ile
kargilastirildiginda ark desarj yontemi ile {iretilen
grafen, yiiksek plazma sicakliginin yerinde hata
giderme (in situ defect-eclimination) veya iyilestirici
etkisi ve Hx'nin istenmeyen amorf karbon tzerindeki
asindirma etkisi nedeniyle iyi kristallenme derecesi ve
yiksek termal stabiliteye sahiptir [14]. Reaksiyon
odasi, bir gaz veya sivi ortama batirilmis bir anot
(karbon kaynagi) ve bir katottan (grafit ¢ubuk) olusur.
Uygulanan elektrik akimi, 3727-5727 °C'ye ulasan
yiiksek sicaklikli bir plazma iiretmek i¢in ortami
ayristirir, bu da karbon kaynagini sublimlestirmek i¢in
yeterlidir [13, 15]. Ark desarj yontemi ile, kontrolli
kosullar altinda az kusurlu ve yiiksek kaliteli grafen
sentezi gerceklestirilebilmektedir. Yontemde
kullanilan gerekli hammaddeler, grafit elektrotlardan
ve inert bir gazdan olustugundan, nispeten ucuzdur. Bu
sayede ark desarj yontemi kiigiik olgekli grafen Uretimi
icin uygun maliyetli bir yaklagim haline gelmektedir.
Ancak bu yontem kullanilarak gergeklestirilen grafen
sentezinin verimi diisiiktiir. Stireg genellikle grafene ek
olarak CNT’lerin ve diger karbon yapilarinin
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olusumuyla sonuglanir ve bu da iiretim siirecinin genel
verimliligini azaltir. Ayrica ark desarj siirecine dahil
olan yiiksek sicakliklar, Gnemli miktarda karbonlu atik
tiretebilmekte ve iyi yonetilmedigi takdirde bu durum
potansiyel ¢evre sorunlarina yol acabilmektedir [25,
26].

2.2 Asagidan Yukariya (Bottom-Up) Yontemler

Bu yaklagimda, farkli kaynaklardan gelen karbon
molekiilleri yap1 taglart olarak kabul edilmektedir.
Grafen, piroliz, CVD, epitaksiyel biylime ve
yontemleri ile karbon atomlarinin molekiiler biiylimesi
sonucu tretilmektedir. Asagidan yukarrya yontemler
ile neredeyse hatasiz ve genis yiizey alanina sahip
grafen Urlnleri Uretilebilse de, bu yontemler genellikle
yliksek dretim maliyeti ve karmasik operasyonel
kurulum gerektirmektedir [13, 15].

2.2.1 Piroliz

Piroliz, yiiksek oranda grafitli karbon malzemeleri elde
etmek i¢in kullamigh bir yontemdir. Prensip olarak,
yiiksek sicaklik ve oksitleyici olmayan bir ortamda
grafen tiirevlerinin hazirlanmasi i¢in kullanilan bir
tekniktir. Cesitli atik kaynaklari kullanilarak yapilan
piroliz islemleri ile grafen ve tlirevlerinin iiretimi
gerceklestirilmis olup son c¢aligmalar, endiistriyel
atiklarin grafenli malzemelere doniistiiriilmesi iizerinde
yogunlagsmustir [27]. Ornegin Wang vd. [28] yaptiklar
caligmada, metanin tek asamali ark plazma pirolizi ile
birka¢ katmanli grafen tozu sentezlemislerdir. Metot,
argon tasiyicit gaziyla belirli oranlarda karigtirilan
metanin ve hidrojenin plazma boélgesinden gegirilmesi
sonucu grafen dretimini icermektedir. Uretilen grafen
tozlar1 LiFePO4 pilin perfomansimin gelistirilmesinde
kullanmilmistir. Thangaraj vd. [29] seker kamasi
bitkisinin kuru yapraklarini karbon kaynagi olarak
kullanarak demir (III) sitrat katalizorliigiinde, iki
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gerceklestirmiglerdir.

grafen

2.2.2 CVD yontemi

CVD, farkli cihazlarda kullanilmak tizere yiiksek
yapisal kalitede tek katmanli grafen hazirlamak i¢in en
kullanight yontemlerden birisidir. Bir metali yiiksek
sicakliklarda farkli hidrokarbon kaynaklarma maruz
birakarak genis alanl grafen numuneleri hazirlanabilir.
Plazma ile giiclendirilmis CVD, termal CVD,
sicak/soguk duvarli CVD gibi farkli CVD yontemleri
mevcuttur. Grafen olugsumunun kesin mekanizmasi
bliyiime substratina baghdir, fakat tipik olarak,
hidrokarbonlarin ayrigmasindan sonra metal tizerinde
cekirdeklenen karbon atomlarinin bilylimesiyle baslar
ve cekirdekler daha sonra biiyiik alanlara genisler.
Metan, etilen veya asetilen gibi gaz halindeki
hidrokarbonlarin yani sira, hekzan veya pentan gibi sivi
kaynaklar da kullanilirken, CVD’de grafen iiretimi igin
kullanilabilecekler arasinda gida, bocekler ve atiklar
gibi olduk¢a ¢esitli malzemeler bulunur. Grafenin
biliyiime substratindan, ilgilenilen bir substrata
aktarilmasi, grafenin kimyasal inertligi nedeniyle zor
olabilir ve termal dalgalanmalar da dretilen
malzemenin stabilitesini etkileyebilir. Ayrica, CVD
surecinin karmasiklig1 ve spesifik yontem igin yiiksek
enerji talepleri bu ydntemin zorluklarindandir, ancak
CVD hala genis alan grafen iiretimi i¢in en basarili
yontemlerden biri olmaya devam etmektedir [19]. Kat1
maddelerin buharlastirilmas1 ve katilarin bir substrat
iizerine yogunlagsma yoluyla birikmesi Sekil 4'te
orneklerinin verildigi gibi (a) metal yiizeyde karbon
ayrismast [30], (b) bakir (Cu) folyo iizerinde grafenin
biyumesi [31], (¢) Cu levha uzerinde grafenin
biyumesi [32] ve (d) safir (sapphire) Uzerinde grafen
i¢in biiyiime modeli [33] ger¢eklesmektedir.

i) Katalitik ayrisma
ii) Cekirdeklenm
ll] Buyime

Yu:ay‘ y,‘gm .'.: . & . ,:-' ...j@‘
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Sekil 4. CVD’de grafen {iretimi: (a) metal yiizeyde karbon ayrismasi, (b) bakir (Cu) folyo iizerinde grafenin
biytimesi, (c) Cu levha tzerinde grafenin biyimesi ve (d) safir (sapphire) izerinde grafen i¢in bilyiime modeli
[30-33]

107



Int. ). Adv. Eng. Pure Sci. 2024, 36(1): <103-115>

Atiktan Grafen Sentezi

2.2.3 Epitaksiyel blyume

Tek bir kristal silisyum karblr (SiC) ylzeyinde
epitaksiyel termal biiylime, en ¢ok kullanilan grafen
sentez yontemlerinden birisidir. Epitaksi terimi, tek
kristalli bir filmin tek bir kristalli substrat tzerinde
biriktirilmesine izin veren bir yontem olarak
tanimlanabilir. Biriken film epitaksiyel film veya tek
kristalli substrat Gzerindeki epitaksiyel tabaka olarak
adlandirilir ve siireg epitaksiyel biiylime olarak bilinir.
Epitaksiyel grafen blylmesi, yiliksek kristalli grafeni
tek kristalli SiC substratlar lizerine iiretme islemidir.
Bir substrat iizerinde biriken film ayni malzemeden
oldugunda, homo-epitaksiyel tabaka olarak bilinir ve
eger film ve substrat farkli malzemelerse, buna hetero-
epitaksiyel tabaka denir [34]. Bu yontem kullanilarak
mukemmel kristal yapiya ve diisiik kusur yogunluguna
sahip yuksek kaliteli grafen Uretilebilmektedir. Grafen
kafesinin biitiinl{igii, alt tabaka ve kafes eslesmesi ile
korunur. SiC substrati iizerinden sentezlenen grafenler,
yiiksek frekansli elektronikler, radyasyona dayanikli
cihazlar ve 1s1k yayan cihazlarin {retiminde
kullanilabilmektedir. =~ Ancak  substrat {iizerinde
biiyiitiilen grafenin diger yiizeylere aktarilmasi zor
olabilir ve aktarim islemi sirasinda kusurlar veya
safsizliklar ortaya ¢ikabilir. Epitaksiyel olarak
blylitiilmiis  grafenin  genig alanlar1  {izerinde
homojenligin saglanmas1 zor olabilir ve substrat
boyunca kalitede farkliliklar meydana gelebilmektedir.
Epitaksiyel buylme sireci tipik olarak yiiksek
sicakliklar gerektirir ve bu da sicakliga duyarli bazi
malzemeler ve cihazlarla uyumlulugunu simirlayabilir.
Ek olarak yiksek Kaliteli grafen Uretebilmesi igin

proseste SiC gibi belirli bir substrat kullanilmasi
gerekmektedir. Diger grafen {iretim yontemleriyle
karsilastirildiginda bu, farkli uygulamalar i¢in mevcut
olan substrat ¢esitliligini sinirlamaktadir [12, 13, 35].

Il. GRAFEN SENTEZI
ATIKLARIN KULLANIMI

Grafen ve tiirevlerinin seri iiretimi, karbon kaynaginin
siirekli teminini gerektireceginden, hammadde tiiri,
grafen  ve tdrevlerinin  sentezinin  ekonomik
fizibilitesini buylk o6lcude etkilemektedir. Grafit,
yukaridan asagiya grafen sentezi i¢in en yaygin
kullanilan hammaddedir. Grafit hammaddesinin yani
sira, grafen sentezi i¢in hem yukaridan agagiya hem de
asagidan yukariya iglemlerde organik atiklar, atik
plastikler gibi daha siirdiirtilebilir karbon kaynaklar ile
calismalar yapilmistir. Yapilan literatiir taramasi
sonucunda grafen ve tirevlerinin sentezinde karbon
kaynagi olarak atiklari kullanan g¢aligmalarin 6zetleri
Tablo 1’de verilmistir. Tablo 1 incelendiginde en fazla
kullanilan sentez prosesinin piroliz oldugu, bunu CVD
prosesinin takip ettigi goriilmektedir. Piroliz ve CVD
proseslerinde karbon kaynagi olarak cogunlukla atik
plastikler kullanilmis ve elde edilen grafen tiiri
genellikle grafen nanolevha olmustur. Tablo 1’den de
goriildiigi lizere, oldukca genis bir spektrumda atik
tiirliniin karbon kaynagi olarak kullanilip, farkli grafen
turevlerinin elde edilebilmesi mimkiindiir. Bu durum,
dongiisel ekonomi ve siirdiiriilebilir atik ydnetimi
ilkeleri agisindan da atiklarin katma degerli iiriinlere
dontstiiriilmesini saglayacak 6nemli bir noktadir.

ICIN

Tablo 1. Atiklardan grafen ve tiirevlerinin sentezi

Proses Adi Karbon Kaynagi Urin Referans
Piroliz Polipropilen (PP), Polietilen (PE) | Grafen nanolevha Garg vd. [36]
ve polietilen tereftalat
Piroliz Atik plastik Grafen nanolevha Karakoti vd. [37]
Piroliz Atik plastik Grafen nanolevha Tatrari vd. [38]
Piroliz Kafur yaprag: Grafen nanolevha Liu vd. [39]
Piroliz Atik plastikler (PP, PE, Polistiren | Grafen nanolevha Pandey vd. [40]
(PS))
Piroliz Ure, kristal seker Azot katkili grafen Pan vd. [41]

Piroliz, sonokimya

Danafar vd. [42]

Atmosferik basingta Atik plastik Grafen kristalleri Sharma vd. [43]
kimyasal buhar
biriktirme yontemi
(AP-CVD)
AP-CVD PS Milimetre boyutlu Wu vd. [44]

grafen
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CvD

Polimetil metakrilat (PMMA)

Grafen

Li vd. [45]

CVvD

Kurabiye, ¢ikolata, ¢cimen,
plastik, hamambdcegi ve kopek
diskisi

Grafen

Ruan vd. [46]

Karbonizasyon,
KOH aktivasyonu

Kahverengi piring kabugu

Grafen nanotoz

Sankar vd. [47]

hidrotermal islem,
sonikasyon ve HNO3

kuantum noktalar1

KOH aktivasyonu Piring kabugu Birkag katmanl Singh vd. [48]
grafen
Mikrodalga destekli Atik kagit Grafen oksit Adolfsson vd. [49]

ile muamele
Kiil firim Seker kamus1 kiispesi, portakal Grafen oksit Hashmi vd. [50]
kabugu nanopartikilleri
Otoklav Ekmek Yiiksek kaliteli tek | Panahi-Kalamuei
katmanl grafen vd. [51]
One-pot redoks Atik grafit Indirgenmis grafen Li vd. [52]
sentezi oksit
3.1 Tarimsal Atiklar (oxygen reduction reaction, ORR)

1900’14 yillarin ikinici yarisindan itibaren diinya
genelinde tarimsal  retim, ekilebilir alanlarin
geniglemesi ve hizla artan diinya niifusunun gida
gereksinimini karsilamak tizere {i¢ katina ¢ikmustir.
Giintimiizde tarim sektorii giinde ortalama 23,7 milyon
ton gida Uretmektedir. Dlinya genelinde birincil mahsul
Uretimi 2000-2020 yillar1 arasinda %52 artarak 9,3
milyar tona ulagsmistir. Toplam {iretimin yaklasik {igte
biri ile tahillar iiretilen ana iiriin grubu olurken, bunu
%23 ile seker bitkileri, her biri %12 olmak {izere
sebzeler ve yag bitkileri takip etmistir. Et Uretimi ise
104 milyon ton artisla 337 milyon tona ulagmistir. Bu
gidalarin  iretimi sirasinda toprak, hava ve su
kaynaklart iizerinde olumsuz etkilere sebep olarak
gevre tlzerinde biiyiik bir baski olusturan tarimsal
Uretim sektorli ekosistemlerin sirdurilebilirligini ve
insan sagligini tehdit etmektedir. Her y1l, tiim sera gazi
emisyonlarinin  %21'inden sorumlu yaklasik 998
milyon ton tarimsal atik {iretildigi tahmin edilmektedir
[53, 54, 55]. Hayvandan kaynaklanan veya tarimsal
kokenli ¢ok cesitli atiklar gevreye atilmaktadir. Bu
atiklar  biyolojik  olarak  etkin  bir  sekilde
pargalanabilseler de, karbon kaynagi olarak grafen
iretiminde kullanilmalari, katma degerli iiriin olarak
kullanilma potansiyelleri agisindan 6nemlidir [12].

Grafen ve tilirevlerinin {iretiminde kullanilan tarimsal
atiklar incelendiginde kristal seker ve iire [41],
kahverengi piring kabugu [47], piring kabugu kiilii [48],
seker kamisi kiispesi [50], portakal kabugu [50], kafur
yapraklar1 [39] ve sogan kabugu [42] gibi atiklarin
karbon kaynagi olarak kullanildigi goriilmistiir. Pan
vd. [41], gelismis oksijen indirgeme reaksiyonu
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elektrokatalizorlerinin tasarlanmasi igin tek adiml
piroliz yontemi ile azot katkili grafen (nitrogen-doped
graphene, NG) sentezi gerceklestirmek i¢in Kristal
seker ve iireden olusan homojen bir karigim
kullanmislardir. Karigimi argon (Ar) gaz akisi altinda
3,5 °C/dk hizinda farkli sicaklik degerlerine (800 °C,
900 °C ve 1000 °C) 1sitmisg ve ii¢ farkli iiriin elde
etmiglerdir. Yapilan analizler sonucunda 1000 °C
sicakliga kadar 1sitilarak elde edilen tirtiniin, -0,25 V'da
21,33 mA cm2'lik yiiksek kinetik akim yogunlugu, dért
elektronlu reaksiyon sireci, yuksek segicilik ve uzun
caligma dayanikliligi dahil olmak tizere alkali ortamda
miitkemmel ORR performansi sergiledigi goriilmiistir.
1000 °C’lik tavlama sicakliginda ulasilan disiik azot
katki konsantrasyonu, yiiksek grafitlesme derecesi,
gelismis iletkenlik, yliksek ylizey alan1 ve gdzenek
hacminin etkileri sayesinde azot katkili grafenin
ORR’ye yonelik dikkate deger bir performans
sergiledigi  gozlemlenmistir.  Sankar vd. [47],
surdurdlebilir bir elektrokimyasal enerji depolama
elektrotunun  tasarimi  i¢in  kahverengi  piring
kabuklarimin (rice husks, RH) karbonizasyonu ve
ardindan tek asamali KOH aktivasyon islemi yoluyla
grafen nanolevha sentezlemislerdir. Kahverengi-RH,
piring kabugu kiilii elde etmek i¢cin 500°C'de yakilmis
ve elde edilen kil, bir kil-KOH karisimi tiretmek i¢in
KOH ile kanstirilip, 700°C'de tavlanarak akive
edilmistir. Yapilan mikroyapisal analizler sonucunda,
sentezlenen grafen nanolevhalarin kenarlari ve bir dizi
katlanmis bolgesi olan, levha benzeri bir yapi
sergiledigi goriilmiistiir. Raman analizi sonucunda elde
edilen, D ve G bantlarinin yogunluk oran1 (In/l¢) grafen
bazli numunelerin kusurlarini tahmin etmeye yardimct
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olur; daha yuksek bir oran grafen (izerinde daha fazla
kusur oldugu anlammna gelmektedir. 2D ve G
bantlarinin  yogunluk (Iop/lg) orammin ise grafen
katmanlarinin sayisina bagli oldugu bilinmektedir.
lop/lg ~ 2-3 orami tek katmanli grafene, 2 > Ipp/lg >1
¢ift katmanh grafene ve Ip/lg < 1 ¢ok katmanlh grafene
denk gelmektedir. Raman analizinden elde edilen Ip/lg
ve lxp/lg oranlan sirasiyla 0,953 ve 0,36 olarak
bulunmus, bunun da birkag katmanli grafen
nanolevhalarin varligimi kanitladigt anlagilmistir. Daha
sonra, sentezlenen grafen nanolevhalar ile birlikte
poliviniliden difloriir ve karbon siyahi kullanilarak
elektrot hazirlanmistir. Hazirlanan bu  elektrota
uygulanan elektrokimyasal &lgimler sonucunda,
elektrotun 0,5 mA ¢cm? akim yogunlugunda 115 F g*
spesifik kapasitans ve milkemmel dongusel stabilite ile
36,8 W h kg yiiksek enerji yogunlugu sergiledigi ve
elektrokimyasal sliperkapasitérlerin retiminde uygun
maliyetli ve siirdiiriilebilir elektrotlar olarak tarimsal
bir atiktan sentezlenen grafen nanolevhalarin
kullanilabilme  potansiyelinin ~ oldugu  ortaya
koyulmustur. Singh vd. [48], yaptiklari ¢alismada
birkag¢ katmanl grafeni, piring kabugu kiilii (RHA) ve
potasyum hidroksit (KOH) kullanarak
sentezlemisglerdir. 3 g RHA ve 15 g KOH ile
karigtirtlilip bir dizi islemden gecirildikten sonra
karigim kiil firninda (muffle furnace) 900°C'de 2 saat
tavlanmigtir. Bu aktivasyon isleminden sonra, fazla
KOH'u uzaklastirmak igin karigim birkag kez distile su
ile yikanmistir. Sentezlenen {iriiniin analiz sonuglari
grafen ve sentez islemleri Oncesi RHA’nin
safsizliklarinin ~ yeteri kadar giderilememesinden
kaynaklanan  silika  nanopartikiillerin  varligini
gostermisgtir. Raman analizleri sonucunda Ip/lc ve
Io/l;c  oranlan  swrasiyla 0,55 ve 0,67 olarak
bulunmustur. Bu sonu¢, RHA kullanilarak sentezlenen
grafende daha fazla grafitik yapinin mevcut oldugunu
ve numunenin birkag katmanli grafen icerdigini
gostermektedir. Son olarak yapilan elektrokimyasal
analizde grafenin 6zgiil kapasitans1 500 mV s-''de 86 F
g?! bulunmus ve silika varligindan dolay1 yavas
elektron transfer siirecine sahip oldugu goriilmiistiir.
Elde edilen kapasitans degerinin diisiik olmasina
ragmen, yapilan literatiir ¢calismasi sonucunda nano
boyutlu silikanin varhigmm Li-ion pil kullanan enerji
depolama cihazlar i¢in faydali olabilecegi, silika
ilavesinin kapasiteyi, dongiisel kararlilig1 ve elektrot
verimliligini artirdigi bulunmustur. Hashmi vd. [50]
seker kanugt kiispesi, portakal kabugu gibi tamamen
tarimsal atiklar kullanarak grafen oksit (GO)
nanopartikiilleri tiretmislerdir. Seker kamisi kiispesi
kalintisi, portakal kabugu ve piring kepegi toz haline
getirildikten sonra ayri ayri ferrosen ile karistirilip
300°C'de 15 dakika boyunca kil firinina
yerlestirilmistir. Ayni islem seker kamist kiispesi
kalintis1, portakal kabugu tozu ve piring kepegi tozu
karigtimi icin  400°C'de 15 dakika olarak tekrar
edilmistir. Yapilan karsilastirmali analizler soncunda
ti¢ farkli tarimsal atigin karigimindan elde edilen grafen
oksitin pul benzeri yapiya sahip saf grafit levhalara
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benzedigi, ortalama partikiil boyutunun 1-4 nm oldugu
ve 734 °C sicaklikta yaklasik %15°1ik agirlik kayb1 ve
%85°1ik kararlilik ile en iyi termal kararlilig1 gosterdigi
goriilmistir. Liu vd. [39], kafur yapraklarindan
grafen nanolevha elde etmek i¢in KOH destekli yerinde
katalizleme  yontemini  kullanmiglardir.  Kafur
yapraklari, 3°C/dk'lik bir 1sitma hizinda 1 saat boyunca
600°C'de azot atmosferi altinda sabit yatakli bir
reaktorde piroliz islemine tabii tutulmustur. Elde edilen
karbonize toz, KOH ile homojen bir sekilde
karistirllmis ve karisim, azot atmosferi altinda bir tiip
firminda 6nceden ayarlanmig sicakliklarda (700, 800,
900 ve 1000 °C) 2°C/dk 1sitma orantyla 1 saat siireyle
aktive edilmigtir. Elde edilen iiriinler ardarda HCI
cozeltisi ve damitilmis su ile iyice yikanmis ve
110°C'de gece boyunca kurutulmustur. Daha sonra,
uretilen  grafenli  malzemelerin  elektrokimyasal
Ozelliklerini arastirmak i¢in 6 M KOH sulu ig
elektrotlu bir sistem kullanilmistir. Uretilen grafen
nanolevhalarin raman analizi sonucundan elde edilen
In/lg oran1 700 °C, 800 °C, 900 °C ve 1000 °C sicaklar
icin 1,04, 0,93, 0,54 ve 0,40 degerlerini vermistir, bu da
TEM sonuglartyla uyumlu olarak aktivasyon sicakligi
ne kadar yuksekse grafitik derecenin de o kadar yuksek
oldugunu gostermistir. Yapilan diger analizler snucu
elde edilen grafenlerinin yiiksek iletkenlik, hizli iyon
tagima, diisiik i¢ direng ve saglam yapi iskelesi (robust
scaffolding) gibi oOzelliklerinden dolay1  super
kapasitorlerde kullanildiginda miitkemmel bir kapasitif
davranis saglayabilecegi gozlemlenmistir. Danafar vd.
[42], sonokimya ile birlestirilmis piroliz yoluyla sogan
kabuklarindan nano boyutlu grafen oksit pullar
sentezlemislerdir. Yiizey tozunu gidermek i¢in sogan
kabuklari deiyonize su ile yikanmis ve hava yardimiyla
kurutulmustur. Ardindan, azot gazi atmosferinde 700
°C'de pirolize tabi tutulmustur. Elde edilen grafen oksit
benzeri karbon pullari, kalan yan firlinleri ortadan
kaldirmak i¢in su ve etanol ile yikanmis, ardindan tek
tip boyutta nano boyutlu pullara doniistiirmek icin
deiyonize suda sonikasyona tabi tutulmustur.
Sonikasyondan 6nce ve sonra grafen oksit benzeri
pullarin  yapisini incelemek icin X-1sm1  kirinim
kullanilmistir. Elde edilen iiriin, 20 = 23,14°'de bir pik
ve 30-70° bolgesinde bir dizi pik gostermistir. 20 =
43,43°'deki kirmim piki grafitik yapinin pikine kargilik
gelmektedir. Nano boyutlu grafen oksit benzeri pullarin
XRD deseninde gozlemlenen keskin (002) ve (100)
pikleri ise diizenli olarak istiflenmis grafitik bir yapiya
karsilik gelmektedir. Yapilan biyogiivenlik
calismalarinda, sentezlenen nano boyutlu grafen oksit
benzeri karbon pullarinin ilag tasiyicilarnt  ve
radyoprotektif ajanlar gibi biyomedikal uygulamalarda
kullanim potansiyelleri olabilecegini gostermistir.

3.2 Plastik Atiklar

Son 50 yilda, plastigin AB ekonomisindeki rolii biiyiik
6lglide artmustir. Avrupa, her yil %401 ambalaj olmak
lizere 58 milyon ton plastik Uretmektedir [56]. Bu
nedenle AB, plastik drinlerin AB'de tasarlanma,
kullanilma, fretilme ve geri doniistiirilme seklini
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degistirmek i¢in Ocak 2018'de Dongiisel Ekonomi
Kapsamimda ilk Avrupa Plastik  Stratejisini
gelistirmistir. Strateji ile plastik riinlerin daha iyi
tasarimi, geri doniisiim oranlariin yiikseltilmesi, geri
donistiiriilmiis  plastiklerin ~ endiistride  yeniden
kullanim1 6ngoriilmektedir.

Plastikler, diinya c¢apinda iiretilen ve sonugta biiyiik
miktarda atik olusumuna yol agan ve yasamin her
alaninda kullanilan bir malzemedir. Zengin bir karbon
kaynagi olan plastik atiklar siirdiiriilebilir geri doniisiim
ve bu atiklardan tretilen grafen tiirevli malzemelerin
cesitli  uygulamalarda  kullanilmalar1  acisindan
Onerilmektedir [12]. Literaturde, tek tip veya plastik
karisimlarim  grafene  doniistiiriilmesi  ile  ilgili
¢aligmalara odaklanildig1 goriilmiistiir.

Atik  plastik kullanilarak grafen ve tiirevlerinin
sentezlendigi ¢alismalar incelendiginde, piroliz ve
CVD metotlarinin 6n plana ¢iktig1 goriilmektedir.
Yapilan tiim piroliz c¢aligmalarinda yavas ve hizl
1sitmanin kullanildigr iki asamali bir yontem tercih
edilmis olup, yavag 1sitmamin kullanilan atik
plastiklerdeki katma degerli yakitlarin, vakslarin ve
gazlarin  ayristirilmasiyla  grafen  nanolevhalarin
cekirdeklenmesinde onemli bir adim oldugu
belirtilmigstir. Pandey vd. [40], yaptiklar1 ¢alismada 35
kg PP, PE ve PS karigimindan olusan atik plastigi
bentonit nanokil katalizorliiglinde ve azot gazi
atmosferinde 5 °C/dk 1sitma hizinda 400 °C’ye
ardindan 10 °C/dk 1sitma hizinda 750 °C’ye kadar
piroliz etmiglerdir. Yapilan analizler sonucunda grafen
nanolevha elde edildigi dogrulanmistir. Tek seferde
yapilan bu piroliz islemi ile 5,25 kg saf grafen
nanolevha iiretilerek %15’lik bir iirlin verimi elde
etmislerdir. Sentezlenen iiriinde Ip/lg orani 0,90 olarak
bulunmustur. Sentezlenen grafenin termodinamik
kararlilik, kuantum kapasitans ve elektronik
ozelliklerini belirlemek i¢in yapilan hesaplamalarla
enerji depolama uygulamalart i¢in uygun oldugu
Ongoriilmiistiir. Ayrica, sentezlenen grafen giines
pilleri, yakit hiicreleri, ila¢ dagitimi, polimer
nanokompozitler vb. gibi ¢esitli diger uygulamalar i¢in
de kullanilabilecegine yer verilmistir. Tatrari, vd. [38]
de yaptiklari ¢alismada yaklasik 35 kg atik plastigi
inert atmosfer ve bentonit nanokil Katalizorliigiinde iki
asamali piroliz etmislerdir. Piroliz 8 °C/dk, 400 °C ve
10 °C/dk, 800 °C’de gerceklestirilmistir. Raman analizi
sonucu lp/lg oramt 0,87 olarak bulunmustur. TEM
goriintlisii sonuglarindan da yiiksek sicakligin karbon
katmanlarinin grafen levhalarina benzer yapilara
ayrilmasina yardimer oldugu bulunan kusurlu
bolgelerin varliginin, saflagtirma islemi sirasinda asidik
islemlerden  kaynaklanabilecegini  gostermektedir.
Yaptiklar1 calismada Karakoti vd. [37], iki farkli
katalizér (montmorillonit kil ve ¢inko oksit) kullanarak
atik plastikten grafen nanolevha sentezlemislerdir. iki
agamali  pirolizi 400 °C ve 920 °C’de
gergeklestirmiglerdir. Montmorillonit kil kullanilarak
sentezlenen grafen nanolevhalarin verimi yaklasik %15

iken, ¢inko oksit kullanilanlarin verimi yaklagik %13
olarak bulunmustur. Farkli verimler elde edilmesi iki
farkli katalizor kullanilmasina baglanmistir. Cinko
oksit kullanilarak sentezlenen grafen nanolevhalarin
In/lg oran1 1,001 olarak bulunmustur. Gergeklestirilen
diger analizler sonucunda montmorillonit kil ile
sentezlenen grafen nanolevhalarin daha saf ve uygun
yiizey morfolojisine sahip oldugu ve bunlar sayesinde
daha yiiksek elektrokimyasal davranig performansi
gosterdigi sonucuna vartmigtir. Garg vd. [36]
caligmalarinda attk PP, PE ve PET karigumini
kullanmiglardir. Aliiminyum oksitin katalizor gorevi
gordiigii calismada iki asamal1 pirolizi 400 °C ve 850
°C’de gergeklestirmislerdir. Elde edilen grafen
nanolevhalarin 3-4 nm kalinhiginda ve kenar
kusurlarmma sahip oldugu ve bu kenar kusurlari
sebebiyle yart iletken  Ozelliklerin  olustugu
goriilmistiir. Raman analizi sonucu Ip/lg oram 0,84
olarak bulunmustur. Ayrica sentezlenen grafen
nanolevhalarin, termoelektirik 6zellikleri incelenmis,
elde edilen sonuglardan yola ¢ikarak cesitli
termoelektirik cihazlarda kullanilan termoelektirik
malzemelerinde kullanilabilecegini goriilmiistiir. Atik
plastiklerin pirolizi ile elde edilen grafen g¢alismalarin
genel olarak incelediginde, sicakligin ve kullanilan
katalizorin nihai Urin eldesi ve kalitesinde 6nemli
etkileri oldugu gortilmektedir.

Sharma vd. [43], malzeme ambalajlamada kullanilan,
PE ve PS bazli polimer bilesenleri agisindan zengin attk
plastikten grafen kristalleri tretmislerdir. Grafen
sentezi i¢in substrat Cu folyo kullanilmigtir. Cu folyo
temizlendikten sonra Cu substrati, tane boyutunu
biiylitmek, kafes uyumsuzluklarini ve g¢ekirdeklenme
alanlarinin ~ sayisint  smirlamaya  yardimer  olan
dislokasyonlar1  azaltmak i¢in besleme stogu
uygulanmadan 6nce 1020°C'de H, atmosferinde 30
dakika boyunca tavlanmistir. Grafen sentezi 3 mg atik
plastik kullanilarak sirasiyla 98 ve 2,5 sccm akis hizina
sahip bir Ar ve H, gaz kansimi kullanilarak
gerceklestirilmigtir.  Yapilan optik analiz ve SEM
analizi, altigen sekilli grafen biiylimesini géstermistir.
Raman analizi sonucu grafitik G ve ikinci dereceden
2D pikleri sirastyla 1588 ve 2695 cm™''de gozlenmistir.
Raman spektrumlari, tek grafen kristali iginde ¢ift
katmanli bir yapimin olustugunu dogrulamaktadir. Kati
karbon kaynagi olarak PS kullanan Wu vd. [44], AP-
CVD ile milimetre boyutlu grafen tanelerini
sentezlemislerdir. ~ Substrat olarak Cu  folyo
kullanilmigtir. Cu folyo, H, ve Ar gazi karisiminda
1050°C'de 60 dakika tavlamaya tabi tutulmustur.
Grafen sentezi, Ar ve H; karisimi kullanilarak 30-80
dakika boyunca 950-1050 °C arasinda degisen
sicaklikta gergeklestirilmistir. Cekirdeklenme
yogunlugu ve grafen tanesinin biiyiime hizinin PS
sicakligt ve Hy akis hizi ayarlanarak optimize edilen
calismada ~100 cekirdek/cm?  kadar  diisiik
cekirdeklenme yogunlugu elde edilmis ve 5000-8000
cm? V1 s'larasinda degisen alan etkisi hareketliligi ile
1,2 mm'ye kadar altigen sekilli tek kristal tane elde
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edilmistir. Raman analizi sonucunda Ip/lg oranmin 2-
3 oldugu bulunmustur. Grafendeki kusurlarn bir
olciisii olan D band1 piki (~1350 cm™) spektrumunda
gozlenmemistir. Elde edilen oran, izole edilen altigen
sekilli grafen tanelerinin ¢ogunun tek katmanli grafen
oldugunu gostermektedir. Li vd. [45], yaptiklar
calismada PMMA kullanarak grafen sentezlemislerdir.
Grafen sentezi, iki ayr1 bdlmeye sahip CVD firminda
gergeklestirilmistir. PMMA, 1sitma bolgesinin hemen
disinda, kuvars tlipiin gaz giris tarafina yerlestirilmistir.
Daha sonra Cu folyolar, 20 dakika boyunca H;
atmsferinde 1000 °C'ye tavlanmis ve istenen biiylime
sicakligina (1000, 800, 700 ve 400°C) sogutulmustur.
Ardindan PMMA, toplam basing 8 ila 15 Torr arasinda
tutulurken, H; akisi 50 sccm'ye diistiriilerek bir 1sitma
bandi ile 1sitilmistir. Tipik bliylime siiresi yaklasik 45
dakikadir. Biiytimeden sonra, firin agilarak hizli bir
sekilde oda sicakligina sogutulmus ve biiyiitiilen grafen
filmler, 300 nm kaliliginda bir oksit kaplama tabakas1
ile bir Si alt-tabakasi {izerine aktarilmistir. Raman
analizleri tek katmanli grafenin tipik o6zelliklerini
gostermektedir: 2D piki ~2682 cm™'de goriilmektedir
ve G bandinin 2D bandmma yogunluk orani (I¢/l2p)
yaklasik 0,5 olarak bulunmustur. D bandinin (~1350
cm?) spektrumunda bulunmamasi PMMA
kullanilareak sentezlenen grafen filmlerin yiiksek
kalitede olduklarini gdstermektedir. Optik gegirgenlik
Olglimii sonucunda sentezlenen grafen filmin 550
nm'deki gegirgenligi tek katmanl grafen (%97,1) i¢in
bildirilen degerle uyumlu olarak %97,2 olarak

bulunmustur. Atik plastiklerden CVD metodu
kullanilarak grafen ve tiirevlerinin sentezlendigi
calismalar incelendiginde genel olarak piroliz

metoduna gore daha yiiksek sicakliklarin tercih edildigi
gorilmiistiir. Tim caligmalarda substrat olarak Cu
folyo ve beslene gaz olarak H; tercih edilmistir. Raman
analizi sonucunda grafendeki kusurlarim bir 6l¢iisii olan
D band1 pikinin spektrumlarda bulunmamasi, pirolize
kiyasla CVD ile sentezlenen grafenlerin daha yiiksek
kalitede olduguna isarettir.

3.3 Diger Atiklar

Yukarida verilen cesitli organik atik ve plastik atiklarin
yani sira, son zamanlarda diisiik maliyetli ve bol
miktarda bulunan atiklar da grafen {iretimi igin
kullanilmistir [12]. Bu atiklar arasinda yiyecek, bocek
vb. farkli atiklar [46], selilloz veya atik kagit [49],
lityum iyon bataryalardaki atik grafit [52] ve ekmek
atig1 [51] gibi atiklar bulunmaktadr.

Ruan vd. [46] yaptiklar: ¢aligmada Ho/Ar akisi altinda
1050 °C'de bir Cu folyonun arka yiizeyinde dogrudan
grafen sentezlemek icin On saflagtirma olmadan
kullanilan, kolay elde edilen, diisik veya negatif
degerli ham karbon igeren alti malzeme (kurabiye,
cikolata, cimen, atik plastik, hamambdocekleri ve
kopek diskisy) kullanarak daha ucuz bir yaklagim
gelistirmislerdir. Proses genelinde 10 mg kuru karbon
kaynag1 bir Cu folyonun tizerine ve folyo, 1050°C'lik
bir tiip firma yerlestirilmistir. Numune, Hz ve Ar ile
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diisiik basing altinda 15 dakika siireyle tavlanmustir.
Sentezlenen grafenler Cu folyonun o6n tarafindan
kazinarak alindiktan sonra raman spektroskopisi, X-
1s1n1 fotoelektron spektroskopisi, ultraviyole goriiniir
151tk spektroskopisi ve  transmisyon elektron
mikroskobu ile anizleri yapilmistir. Sentezlenen tiim
grafen orneklerinin raman spektrumlarindaki kiigiik D
pikleri elde edilen iiriinlerde az sayida kusurun
bulundugunun bir gostergesidir. Biiylik 2D/G orani ise
sentezlenen grafenlerin yiiksek kaliteli tek katmanli
grafen oldugunu gostermektedir. Genel olarak G ve 2D
pikleri sirasiyla 1585,5-1591,4 cm* ve 2682,6-2693,9
cm'de yer almistir. X-151m1 fotoelektron spektroskopisi
analizi sonucu 284,5 eV’de elde edilen keskin pikler
sp2 grafitik pike isaret etmektedir. Ultraviyole goriiniir
151k spektroskopisi  ve  transmisyon elektron
mikroskobu analizleri ile de grafenin tek tabakal1 yapisi
varligr gdzlemlenmistir. Sonug¢ olarak bu karbon
kaynaklarindan sentezlenen tek katmanli grafenin
yiiksek kalitede oldugu goriilmiistiir. Seliiloz veya atik
gazete kagidinin karbon kaynagi olarak olarak
kullanildigr  ¢aligmalarinda  Adolfsson vd. [49],
biyobazli grafen oksit kuantum noktalart (graphene
oxide quantum dots, GOQD) ve ara drinler olarak
karbon nanokireler (carbon nanospheres, CN)
sentezlemislerdir. Atik gazeteden elde edilen seliloz,
katalizor olarak H,SO4 kullanilarak mikrodalga
destekli hidrotermal islem yoluyla CN hazirlamak i¢in
kullanilmistir. GOQD'nin hazirlanmasi i¢in, HNO3 ve
CN’den hazirlanan bir ¢6zelti, sonikasyon banyosunda
45 °C'de 30 dakika sonikasyona tabi tutulmustur.
GOQD-30 ve GOQD-60, manyetik karigtirma ile 90
°C'de bir yag banyosunda sonikasyonlu ¢ozeltilerin 30
ve 60 dakika 1sitilmasiyla elde edilmistir. Sentezlenen
nithai GOQD  boyutunun 1sitma  siiresi ile
ayarlanabildigi, 30 ve 60 dakikalik 1sitmanin sirasiyla
~3 ve ~1 nm ¢aplarinda GOQD fiirettigi bulunmustur.
Li vd. [52] yaptiklari ¢alismada, dmriini tamamlamis
lityum iyon bataryalardaki atk grafiti Kullanarak one-
pot redoks reaksiyonu ile indirgenmis grafen oksit
(rGO) hazirlamiglardir. Bir behere 5 g atik grafit ve
konsantre H;SO4 ilave edilmistir. Ardindan behere
KMnO, yavas yavas eklenerek karisim su banyosuna
aktarilmistir. Daha sonra heterojen bir bulamag
olusturmak i¢in karigima damla damla deiyonize su
ilave  edilmistir. Hemen ardindan, karigima
peroksiasetik asit ilave edilmistir. Siispansiyon, higbir
kabarcik olusmayana kadar gece boyunca oda
sicakliginda  tutulmustur.  Siiziilen  karigimdan
reaksiyona girmemis metal iyonlari, %5 hidroklorik
asit ile ¢ikartlmistir. Elde edilen kati madde, L-rGO
(atiktan sentezlenen rGO) elde etmek i¢in 80°C'de 24
saat kurutulmustur. Karsilastirma yapabilmek igin,
rGO ticari grafit (C-rGO) ile de hazirlanmis ve
yukarida aciklanan ayni prosediir kullanilarak
saflastirilmistir. XRD analizi sonucunda hem atik grafit
hem de ticari grafit kullanilarak sentezlenen rGO’lar,
25° civarinda grafenin karakteristik genis pikini
gostermistir. Raman analizinden L-rGO'nun D bandi ve
G bandi sirasiyla 1332 ve 1597 cm™¥'de ve C-rGO'nun
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D band: ve G band: sirasiyla 1342 ve 1600 cm™'de
gorilmiistir. L-rGO ve C-rGO'nun Ip/lc degerleri
sirastyla 1,04 ve 1,05 olarak bulunmustur. Bu
degerlerin birbirine ¢ok yakin olmalari, bu islem ile
hazirlanan L-rGO ve C-rGO'nun benzer kusurlara sahip
oldugunu gostermektir. XPS sonuglari, L-rGO ve C-
rGO'da nikel veya kobalt kalmtis1 olmadigini ve bu
islemin etkili bir sekilde yiiksek kaliteli rGO
iiretebilecegini gostermektedir. Peroksiasetik asidin
oksidasyon sistemi ile reaksiyona girmesi uzun sareli
bir siire¢ oldugundan, bu y6tem ile grafen iiretiminin
uzun siire almasi, yoOntemin bir eksisi olarak
diisiiniilebilir. Ancak, sentezlenen L-rGO 0Orneginin
kalitesi C-rGO ile birbirine yakin oldugundan bu
islemle seri olarak grafen iiretimi
gergeklestirilebilecegi  diisiniilmektedir.  Panahi-
Kalamuei vd. [51], calismalarinda ekmek atigindan
yiiksek kaliteli tek katmanli grafen {iretmek igin bir
yontem gelistirmislerdir. Jel benzeri bir siispansiyon
olusturmak igin 70—80 °C'de deiyonize suya 6giitilmiis
ekmek ilave edilmistir. Daha sonra elde edilen jel,
teflon kapli paslanmaz otoklava aktarilmis ve 180 °C'de
12 saat isitilmistir. Son olarak c¢ozelti, ¢oken
materyalleri ayirmak i¢in cam filtrelerle siiziilmiistiir.
pH, konsantrasyon, reaksiyon siiresi ve sicaklik gibi
farkli parametrelerin sentez adimlari tizerindeki etkisi
incelenmistir. Yapilan analizler sonucunda ekmek
atiginin 3.0 g'dan az kullanildigi durumlarda grafit
olusumu goézlenmemistir. Diizglin, yuvarlak, tek
katmanli grafen levhalarin sentezi ig¢in optimum
konsantrasyonun 50 mL deiyonize suya 0,1 g ekmek
atig1 eklendiginde elde edildigi bulunmustur. pH't
degistirerek aromatiklesme siirecini kontrol edilmistir.
Notr pH araliginda, daha diizgiin tek katmanli grafen
olustugu, bazik pH araliginda ise aromatiklesme
oranmin arttig1 goriilmiistir. Bu artistan dolay1
gozenekli grafen, birka¢ mikrometre uzunlugunda
grafen levhalar ve grafen quantum noktalari gibi farkli
grafen tiirevlerinin gézlemlendigi diistiniilmektedir.

V. SONUC

Bu derleme makalede, grafen ve tiirevlerinin sentez
yontemleri ve sentezleme siirecinde karbon kaynagi
olarak kullanilabilecek farkli atik tiirleri hakkinda
bilgiler Ozetlenmistir. Grafen ve tiirevleri, cesitli
alanlarda uygulamalar1 kolaylastiran miikemmel
kimyasal ve termal stabilitenin yani sira yiiksek
spesifik ylizey alan1 gibi {stiin fizikokimyasal
Ozellikleri ile de dikkat cekmektedir. Sentez surecleri,
yukaridan asagiya ve asagidan yukariya ydntemler
olmak tizere iki ana baglik altinda incelenmistir. Grafit
oksitin kimyasal indirgenmesi, mekanik eksfoliyasyon,
kimyasal eksfoliyasyon, CNT nin silindirik yapisinin
actlmasi ve ark desarji gibi yukaridan asagiya
yontemler, genellikle grafit katmanlarim tek, ¢ift ve
birka¢ katmanli grafen olarak izole eder ve katmanlar
halinde aymrir. Bu yontemlerin  diisiik  verim,
proseslerde kullanilan kimyasallarin toksik etkisi ve
yliksek maliyet gibi etkenlerden dolayr bazi
dezavantajlar1 vardir. Piroliz, CVD ve epitaksiyel

bliyiime gibi asagidan yukaritya yontemler ise yiiksek
verimde grafen Uretebilme kapasitesine sahpitirler.
Grafen ve tiirevlerinin sentezi i¢in kullanilan atiklar,
tarimsal atiklar, plastikler ve diger atiklar olarak
simflandirilmugtir. Ure, piring kabuklari, kafur yaprag
gibi tarimsal atiklarin, PE, PP, PS, PMMA, PET gibi
cesitli plastik atiklarin ve evsel atik ve organik atik gibi
farkli atiklarin karbon kaynagi olarak kullanildig:
prosesler sonucu elde edilen grafen ve tiirevlerinin
farkli cihazlarda ve uygulamalarda kullanilabilecegi
gorlilmiistiir.  Ayrica atiklarin - grafen  sentezinde
kullanildiklarinda atik bertarafi sorunlarini azaltacagi
ve garefen iiretimi icin gereken fosil yakit maliyeti ve
tilketimini de diislirecegi diistiniilmektedir.
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