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On Soz

Giiniimiiz diinyasinda teknoloji biiyiik bir hizla ilerlemektedir. Makine
miithendisligi alaninin kapsami agisindan ele alindiginda hizla degigen sanayi
ihtiyaglariin karsilanabilmesi, yeni iiriinlerin ve malzemelerin imalatinin
daha verimli ve daha siirdiiriilebilir olarak gergeklestirilebilmesi igin
klasik tiretim yontemlerinin de geligmesi ve doniigmesi gerekmektedir. Bu
doniigiimiin merkezinde ise yenilikgi imalat teknolojileri ve malzeme bilimi
yer almaktadir.

Bu kitap, genig bir uygulama sahasina sahip olan makine miihendisligi
alanina ait yedi adet galigmaya yer vermektedir. Bu eserin ortaya ¢tkmasinda
degerli ¢aligmalar ile katkida bulunan tiim boliim yazarlarimiza en derin
tegekkiirlerimizi ve giikranlarimizi sunariz.

Bilgi temelli iiretim anlayiginin 6n planda oldugu bu doénemde,
hazirladigimiz bu kitabin bilim diinyasina ve sanayiye katki sunmasini
temenni ederiz.
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Bolim 1

Diisiik Uretim Hacimli Enjeksiyon Kaliplama
I¢in 3B Baski ile Hizh Kalip Imalati

Omer Eyercioglu'

Ozet

Enjeksiyon kaliplama, polimerik pargalar {iretmek i¢in en yaygin iiretim
yontemlerinden biridir. Genellikle, seri iiretim igin ¢ogu kalip, uzun takim
omri saglayan takim geliginden veya daha diigiik basinglar i¢in aliiminyum
alaggimindan yapilir. Ancak, bu malzemelerden iiretilen kaliplarin 6nemli
dezavantajlar;; uzun imalat siiregleri ve maliyetleridir. Ozellikle istenilen
geometri ve ylizey kalitesinin elde edilmesi klasik talash imalat teknolojilerinin
beraberinde elektriksel erozyon (EDM) veya elektro-kimyasal (ECM) isleme
teknolojilerinin kullanilmasini gerektirir. Bu durum, prototip iiretimi veya
kiigiik partiler (kiigiik tiretim hacmi) i¢in takim maliyetlerinin Gstesinden
gelmeyi gergekten zorlastirir. Prototip igin eklemeli imalat yontemlerinin
kullanilmas: 6nemli bir avantaj saglasa da, eklemeli imalat yontemi ile imal
edilen pargalarin mukavemeti genel olarak enjeksiyon kaliplamadan diigiiktiir
ve ideal bir prototip iiretimi igin yeterli olmayabilir. Ancak, enjeksiyon
kaliplarinin eklemeli imalat yontemi ile iiretimi, diigiik basingli enjeksiyon
kaliplama ve diigiik tiretim hacimleri i¢in 6nemli avantajlar sunmaktadir. Bu
calisma, iki yontemi; diigiik basinglt enjeksiyon kaliplama ile 3D baski/djjital
131k isleme yontemlerini kalip imalati igin birlestirmeye yoneliktir. Bu tiir hibrit
iiretim, aliiminyum/gelik kaliplardan daha ucuz bir alternatif sunmaktadir. Bu
yontemle imal edilen enjeksiyon kaliplari, yiiksek verimlilik ve kisa teslim stireleri
ile 6zellikle karmagik geometrili pargalar iiretme firsat1 saglar. Bu ¢alismada,
diiz-helisel cift plastik disli (double gear) seildi ve diglinin katt modelleri ve
iki pargali kalib1 bir tasarim yazilimi kullanilarak hazirlandi. Kalip, UV duyarh
regine kullanilarak basild: ve yiiksek yogunluklu polietilen, diigiik basingl bir
enjeksiyon makinesi kullamilarak 3D yazdirilmig kaliba enjekte edildi. Ortaya
cikan pargalarin yiizey kalitesine ve boyut dogruluguna sahip oldugu goriildii.
Sonuglar, eklemeli imalat ve enjeksiyon kaliplamanin birlegiminin diisiik
miktarda tiretim igin saglam bir hibrit yontem oldugunu gostermektedir. 3D
yazdirilmug kaliplar, hizli takim tiretimi saglayan enjeksiyon sicakligini kontrol

ederek bir¢ok kez (10-100 adet) kullamilabilmektedir.

1 Gaziantep Universitesi Makine Mithendisligi Boliimii, Sehitkamil, 27310 Gaziantep
eyercioglu@gantep.edu.tr, ORCID ID:0000-0002-9076-0972

@88 d) hipsoi.or/10.58830)0zgur. pub770.c3179
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1. Girig

Enjeksiyon kaliplama, polimerik pargalar iiretmek i¢in en yaygin iiretim
yontemlerinden biridir. Genellikle, seri tiretim i¢in ¢ogu kalip, uzun takim
omrii saglayan takim ¢eliginden veya daha diigiik basinglar i¢in aliiminyum
alagimindan yapilir. Ancak, bu malzemelerden fiiretilen kaliplarin 6nemli
dezavantajlari; uzun imalat siiregleri ve maliyetleridir. Ozellikle istenilen
geometri ve ylizey kalitesinin elde edilmesi klasik talagh imalat teknolojilerinin
beraberinde elektriksel erozyon (EDM) veya elektro-kimyasal (ECM) isleme
teknolojilerinin kullanilmasini gerektirir. Bu durum, prototip iiretimi veya
kiigiik partiler (kiigiik tiretim hacmi) igin takim maliyetlerinin {istesinden
gelmeyi gergekten zorlagtirir [1]. Prototip igin eklemeli imalat yontemlerinin
kullanilmas: 6nemli bir avantaj saglasa da, eklemeli imalat yontemi ile imal
edilen par¢alarin mukavemeti genel olarak enjeksiyon kaliplamadan diigtiktiir
ve ideal bir prototip iretimi igin yeterli olmayabilir. Ancak, enjeksiyon
kaliplarinin eklemeli imalat yontemi ile tiretimi, diigiik basingli enjeksiyon
kaliplama ve diigiik {iretim hacimleri igin 6nemli avantajlar sunmaktadir [2].

Hizli takim imalatimin (rapid tool manufacturing) temel amaci iiretim
maliyetini ve sliresini azaltmak olsa da, ayn1 zamanda {irtinleri 6zellestirmeye
yonelik artan ihtiyaglar i¢in de kullanilmaktadir. Giintimiizde ¢ogu hizli
takim tipik olarak karmagik gekiller elde etmeyi saglayan eklemeli imalat (3B
baski) yontemleri ile iiretilebilmektedir [3].

Eklemeli imalat ilkesi, genellikle son frezeleme veya bitirme iglemlerine
ihtiya¢ duyulmadan, malzemeyi katman katman, hassas geometrik sekillerde
biriktirmek ig¢in bilgisayar destekli tasarim (CAD) yazilimi kullanarak
malzemeleri  birlestirme  siirecidir. Eklemeli imalat teknolojilerinin,
sagladiklar1 avantajlara ragmen, uzun 3B bask: siiresi, iiretilebilecek parca
sayisina kiyasla nispeten yiiksek maliyet ve 6n hazirlik siiregleri gibi birgok
dezavantaji da vardir. Ayrica, katmanlarin birbirine baglanma mukavemeti ve
muhtemel gozenekli yapisi, genellikle izotropik olmayan mekanik 6zelliklere
neden olabilmekte ve orantili olarak piiriizlii yiizeyler olusturmaktadir.
Bahsedilen sorunlarin tiimii, eklemeli imalat yontemi ile enjeksiyon
kaliplamay1 birlestirerek hizli prototipleme igin bir hibrit imalat yontemi
geligtirme fikrine yol agmugtir [4-5].

Birgok eklemeli imalat yontemi (FDM, SLA, SLS, Binderjet, vb.) bu
amagla kullanilmakla beraber, Dijital Isik Isleme (DLP) yontemi, yiizey
kalitesi ve yiiksek geometrik hassasiyeti nedeniyle 6nemli bir potansiyele
sahiptir. Bu yontem, 3B yazicinin par¢anin kesitinin goriintiisiinii regine
ylizeyine yansittigi ve re¢ine polimerizasyon siirecini saglamak igin bir video
UV 151k projektoriiniin kullamldig: eklemeli imalat yontemlerinden biridir.
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Regine, cihazin ekseni z eksenine dogru hareket ederken ayni anda katman
katman ultraviyole iginlarna siirekli olarak maruz kalmas: sonucunda
sertlesmeye devam eder ve bu da nihayetinde par¢anin yiiksek bitirme
hassasiyeti ve daha az kusurla tamamen inga edilmesini saglar [6]. Ancak,
elde edilen parganin mukavemeti ve ozellikle enjeksiyon kaliplamada ihtiyag
duyulan sicakliklara dayanimi konusunda ¢aligmalar devam etmektedir.

Bu ¢aligma, diigiik basingli enjeksiyon kaliplama ve 3D baski/dijital 151k
isleme (DLP) yontemlerinin birlegtirilerek, hizli kaliplama ile polimerik
par¢a iretiminin fizibilitesini ortaya koymayr amaglamaktadir. Calisma,
zaman ve maliyeti minimum seviyelerde tutarken en iyi sonuglar1 elde edene
kadar siire¢ parametrelerini kontrol etmeyi kapsamaktadir. Vaka galigmasi
i¢in bir diiz-helis ¢ift disli segilmis ve diglinin kati modelleri ve iki pargali
kalibr bir tasarim yazihimi kullamilarak hazirlanmigtir. Kalip, UV duyarl
regine kullanilarak basilmig ve yiiksek yogunluklu polietilen (HDPE), diigiik
bagingli bir enjeksiyon makinesi kullanilarak 3D basilmig kaliba enjekte
edilmistir.

2. Materyal ve Metod

Vaka ¢aligmasi igin diiz-helis ¢ift digli segilmis olup, disglinin katt modelleri
ve iki pargali kalibi tasarim yazilimi kullanilarak hazirlanmistir. Konik
diglinin 6zellikleri Tablo 1’de verilmistir. Kalip, enjeksiyon sonrasi parganin
kaliptan kolayca ¢ikarilmasini saglamak igin gerekli egim ve toleranslara
sahip, tist ve alt kalip olmak tizere iki pargal olarak tasarlanmistir. Kalip

bilegenlerinin kati modelleri Solidworks™

yazilimi kullanilarak tasarlanmig
ve 3B baski i¢in nihai modeller STL formatinda tiretilmistir. Kalip bilesenleri
Anycubic™ Workshop Yazilimi kullanilarak baskiya hazirlanmistir. Katman
kalinlig1 ve dolgu yogunlugu sirasiyla 50 um ve %100 olarak ayarlanmistir.
Bilegenlerin silindirik diiz tabanlar1 nedeniyle herhangi bir destege gerek
duyulmamigtir. Sekil 1’de diiz-helis ¢ift diglinin ve tist-alt kalibinin kati

modelleri gosterilmektedir.

Tablo 1 Diiz-helis ¢ift dislinin olciileri.

Disli Tipi Helisel disli Diiz Disli
Modiil 1 mm 1 mm
Dis Sayist 24 18
Mil Cap1 8 mm 8 mm
Basing Agist 20° 20°
Dis Genigligi 10 mm 5 mm
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Sekil 1. Diiz-helis gift disli ve alt-iist kaliplarm 3B katy modelleri.

Alt ve iist kalib1 olugturulan dilimleme dosyast daha sonra DLP yaziciya
yiiklenmistir. On testlerden sonra, 60 saniyelik iki alt katman pozlama
stiresinin yapr plakasinin yapigmasin saglamak igin yeterliydi oldugu tespit
edilmigtir ve 8 saniyelik pozlama siiresinin diger katmanlari bagariyla kiirledigi
goriilmiigtiir. 3B Yazict LCD tabanhdir ve UV entegreli bir 151k (dalga
boyu 405nm) kaynagina sahiptir. Yazicimin XY ¢oziiniirliigii 47 mikrondur
(2560x1440) ve giicii 50W’tir. Bu sartlarda kaliplarin baski siiresi 70 dakika
olarak ger¢eklegmistir.

DLP baski igin 1518a duyarli regine olarak yiiksek sicaklik re¢inesi (Phrozen
TR300) kullanilmigtir. Reginenin kimyasal bilesimi akrilat oligomer, Tris
(2-hidroksi etil) izosiyaniirat triakrilat, akriloil morfolin, difenil (2, 4,
6-trimetil benzoil) fosfin oksit <%5) ve pigment <%]I igerir. Tablo 2,
tireticinin web sitesinde belirttigi gibi Phrozen TR300 reginesinin mekanik
ve fiziksel 6zelliklerini gostermektedir.

Table 2. PHROZEN TR300 yiiksek sicaklik veinesinin fiziksel ve mekanik ozellikleri.

Yogunluk 1.17 g/cm?
Viskozite 160-250 Cp
Sertlik (ylizey) 80 Shore D
Kopma Mukavemeti 54 Mpa
Kopma Uzamasi 2%

Izod darbe enerjisi 20.2 J/m
Cekme Modiilii 2749 Mpa
Isil Sapma Sicakligt 156 °C
HDT 0.45 MPa

Cam gegig Sicakhigy, Tg 220 °C
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3B baski tamamlandiktan sonra kaliplar, yiizeylerindeki fazla regineyi
cikarmak i¢in yikanmugtir. Yapigskan regineyi ¢ikarmak igin ¢oziicii olarak
izopropil alkol (IPA) kullanildr ve bu islem 4 dakika stirmiigtiir. Daha
sonra yaklagik 2 dakika boyunca 40W UV 1sig1 altinda son kiirleme
gerceklestirilmigtir. Yikama ve son kiirleme igin Sekil 2°de gosterildigi gibi
Anycubic yikama ve kiirleme makinesi kullanilmigtir.

Sekil 2. Anycubic DLP 3B photon 3Bbask: ve yikama-kiivieme cihazlor.

Enjeksiyon kalibr aliiminyumblok ve 3d baskidan elde edilen kalip
gekirdeginin montaji ile tamamlanmugtir. 3D yazdirilmug kaliplar aliiminyum
blogun silindirik haznesine yerlestirilmigtir. Aliiminyum blogun amac1 kalip
ek pargasini enjeksiyon basincina kargi daha fazla desteklemektir. Sekil 3’te
gosterilen diigiik basingl bir enjeksiyon kaliplama makinesi diglinin {iretimi
i¢in kullanimustir.
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Sekil 3. Diigiik basincl enjeksiyon kalwplama makinas:.

Digli malzemesi igin ticari yiiksek yogunluklu polietilen (HDPE)
graniiller kullanilmugtir. Enjeksiyon makinesinin haznesi polimer grantillerle
doldurulmus ve enjeksiyon sicakligina kadar isitilmigtir. HDPE’nin erime
noktast 131 °C’dir, ancak kalibin doldurulmasinin tamamlandigindan emin
olmak i¢in enjeksiyon sicakliginin daha yiiksek olmas1 gerekmektedir.

3. Deneysel Bulgular ve Tartisma

Enjeksiyon sicakligr basitlik agisindan deneme yamilma yontemi ile
bulunmus, kalip doldurma simiilasyonlar1 bu agama kullanilmamustir. Sonug
olarak, 185 °C enjeksiyon sicakligi kalip dolumu uygun bulunmugtur.
Enjeksiyon sicakligi, enjeksiyon malzemesine, geometriye ve kalibin yolluk
sistemine bagldir. Daha uzun kalip doldurma siiresi i¢in daha fazla agir1
isitma gerekebilir. Hem kalip reginesi ve hem de siv1 polimerin bozulma
tehlikesi nedeniyle enjeksiyon sicakligi sinirht tutulmalidir. Enjeksiyondan
sonra, herhangi bir biiziilme boglugu olusumunun istesinden gelmek igin
kalip, enjeksiyon basinci altinda bir siire bekletilmistir. Kalip malzemesinin
(polimer) diigiik 1s1 iletkenligi nedeniyle, dislinin kaliptan ¢ikarilmasi, diglinin
uygun sekilde katilagmasi ve sogumasi i¢in yaklagik 3 dakika beklenilmistir.
Bu siireler endiistriyel uygulamalar igin simiilasyonlarla optimize edilmelidir.
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Enjeksiyon iglemi ayni kalip kullanilarak 10 kez tekrarlanmugtir. Ancak
kalip, galigmaya devam etmesini engelleyen bir hasara maruz kalmadan
seklini ve boyutlarin1 korudugu goriilmiigtiir. Ayni gekilde, enjekte edilen
pargalar kabul edilebilir kalitede ve dig goriiniimleri oldukga benzer sekilde
elde edilmigtir. Sekil 4, aliiminyum destek blogu dahil olmak tizere kalip
montaj bilesenlerini gosterirken, Sekil 5 tasarlanan modeli ve enjekte edilen
pargay1 gostermektedir.

Sekil 4. Kalwp bilesenleri ve divetilen disliler

(@) (%)
Sekil 5. Diiz-helis cift disli o) tasavianan model b) enjeksiyon ile divetilen disliler.
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Eklemeli imalat ve enjeksiyon kaliplama yontemlerinin birlikte kullanildig:
hizli enjeksiyon kalip imalatinin genel siire¢ dongiisii Sekil 6’da sematik
olarak gosterilmektedir.

= 3B basilmis kalip
maontaji

Model Disli

Enjeksiyon kaliplama ile

tiretilen disliler i Enjeksiyon makinasi

Sekil 6. Eklemeli imalat ve enjeksiyon kalwplama yontemlerinin bivlikte kullanildyj
Izl enjeksiyon kalsp imalatinn genel sigveg dongiisii.

Graniil

4. Sonug

Bu ¢alismada, diisiik basingl enjeksiyon kaliplama ile polimerik parga
tretiminde, eklemeli imalat yontemi ile hizli kalip tiretiminin bir uygulamasi
gergeklestirilmigtir. Yukarida agamalart sunulan hibrit {iretim yontemi,
altiminyum/gelik kaliplardan daha ucuz bir alternatif sunmaktadir. 3D Baski/
dijital 151k isleme (DLP)) ile imal enjeksiyon kaliplari, diigiik maliyet ve daha
kisa teslim siireleri ile karmagik geometrili pargalar1 daha verimli tiretme
firsat1 sunmaktadir. Kalip akig simiilasyonlari, konformal sogutma kanallar1
ile enjeksiyon kaliplama ¢evrim siirecinin diigiirtilmesi ve gesitli katkilarla
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UV reginelerin daha yiiksek sicaklik ve mukavemete ulagtiriimas ile kalip
Oomriiniin uzatilabilmesi (daha fazla sayida parga tiretimi) miimkiin olacaktir.
Tesekkiir

Bu galismaya saglanan mali destek igin Gaziantep Universitesi Bilimsel
Arastirmalar1 Destekleme Projeleri Birimi Bagkanligi’na tesekkiir ederim.
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Chapter 2

Fused Deposition Modeling (Fdm): Theory,
Application, and Innovative Approaches

Zihni Alp Cevik!

Abstarct

Fused Deposition Modeling (FDM), one of the most widely used additive
manufacturing technologies, has gained significant attention due to its
cost-effectiveness, flexibility in material selection, and ease of use. This
method involves the layer-by-layer deposition of thermoplastic filaments
melted through a nozzle to fabricate three-dimensional objects based on
digital models. FDM is extensively utilized in both industrial and academic
settings for prototyping and producing functional components across
various sectors, including automotive, acrospace, biomedical engineering,
and education. The process enables the creation of complex geometries that
are difficult to achieve with traditional manufacturing methods, while also
minimizing material waste. However, despite its advantages such as rapid
prototyping, simplicity, and compatibility with a wide range of materials—
including PLA, ABS, PETG, and fiber-reinforced composites—FDM has
inherent limitations. These include anisotropic mechanical properties, surface
roughness, limited dimensional accuracy, and potential printing errors such
as warping, layer shifting, and nozzle clogging. Several process parameters,
such as layer height, nozzle temperature, infill percentage, and build platform
temperature, significantly influence the final product’s quality and mechanical
performance. Optimization of these parameters is crucial for improving part
strength, dimensional accuracy, and surface finish. Recent advancements
aim to enhance FDM’s capabilities through innovations like continuous
fiber reinforcement, 4D printing, and the use of recycled materials. This
review highlights the theoretical background, working principles, materials,
parameters, challenges, and application areas of FDM technology. It also
emphasizes the importance of ongoing research in material development,
process optimization, and system design to expand FDM’s applicability
beyond prototyping into serial production and high-performance industries.

1 Dr. Ogr. Uyesi Adiyaman University Besni, Vocational School, Department of Mechatronics,

Adryaman, Turkey: zcevik@adiyaman.edu.tr 0000-0003-3141-0160

@88 d1 hipsoi.or/10.58830)0zgur. pub770.c3180
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1. INTRODUCTION

Additive manufacturing, which refers to the production of three-
dimensional (3D) objects, is a process in which materials are deposited
layer by layer—i.e., through successive addition—to create physical 3D
models. This method is based on dividing the model into thin layers and
then fabricating the object stepwise, layer by layer, according to these
divisions. Additive manufacturing offers numerous advantages as a modern
fabrication technique, particularly due to its capability to produce highly
complex geometries, including both micro- and macro-scale components
that are otherwise difficult to manufacture. In this production method, the
prototyping process is notably fast, and it also allows for the design and
realization of customized products tailored to individual needs [1].

Fused Deposition Modeling (FDM), one of the most prominent additive
manufacturing technologies and processes, has gained widespread visibility
due to its relatively low cost, operational flexibility, and the ability to process
a broad range of materials. Although FDM is often perceived as a recently
developed technology, its origins date back to the late 1980s when it was first
developed and commercialized by Stratasys Inc. In 1984, Charles Hull, a
physics professor, became the first person to develop an advanced 3D printer
[2]. The introduction of color printing began in 1995 with the development
of the first color 3D printer. Around 2007, the proliferation of open-source
platforms accelerated the development of 3D printers, followed shortly by
the emergence of desktop or personal 3D printers.

By 2010, 3D printing had begun to see rapid growth driven by increased
media exposure, rising industrial demand for prototypes, academic
acceptance, decreasing costs, and an expanding variety of printable models
and materials [3]. One of the primary factors contributing to this growth
was the significant material waste associated with conventional subtractive
manufacturing methods, such as chip formation and scrap generation [4].
In contrast, additive manufacturing involves minimal material loss during
the production process.

2. PRODUCTION PROCESS

3D printing technology provides the opportunity to produce customized
products that meet personal needs. Various techniques are available for
both industrial and personal 3D printers, including Stereolithography
(SLA), Digital Light Processing (DLP), and Fused Deposition Modeling
(FDM). Among these, FDM (Fused Deposition Modeling) is the most used
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technique in personal applications. In this method, filament materials are
used as raw material.

As seen in Figure 1, computer-aided design software capable of creating
3D models is required for production with 3D printers. Among the most
widely used programs are SolidWorks and AutoCAD. Additionally, web-
based platforms such as Tinkercad, 123D Design, and Google SketchUp also
offer accessible modeling capabilities. Alternatively, ready-to-print models
can be obtained by scanning a person or object using 3D scanners. Once
the model generation process is completed, the file must be converted into
the STL (Standard Tessellation Language) format, which is the standard
file format used in 3D computer-aided design, before being transferred to
the 3D printer for manufacturing. After the transfer, a slicing process is
carried out to divide the model into layers. Following this, the sliced data
is transferred to the machine via an SD card, and the 3D printing process is
performed based on this information [5].

Bilgisayar Destekli
Tasanm Modeli
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Figure 1. Production process of 3D printers

Table: FDM Manufacturing Pavameters [15]

Yigma modelleme (prototipleme) 6zellikleri

Weight of Produced Part (kg) 0.1-10
Minimum Cross-section (mm) 1.2-100
Capability of Producing Complex Shapes High
Tolerance (mm) 0.3-2
Surface Roughness (um) 75-100
Economic production quantity 1-100
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3. COMPONENTS OF FDM SYSTEMS

The FDM printing machine and its components, consisting of mechanical
and electronic components, are shown in Figure 2. These components and
their descriptions are given below.

Xiy:z:
1: Ext

=~ 2]

21 3: Filament

4: Build platf
@ P u 5! \A;lc;rk:),i:zeorm

X
—>

Figure 2. Schematic vepresentation of production with FDM

Nozzle and Hotend: The part where the filament is melted, typically
made from brass or stainless steel.

Extruder: The system responsible for feeding the filament into the
hotend. It can be either direct drive or Bowden type.

Build Platform (Heated Bed): Ensures proper adhesion of the first layer
and reduces warping issues.

Stepper Motors: Control movement along the X (left-right), Y (forward-
backward), and Z (up-down) axes.

Cooling Fans: Facilitate rapid cooling of printed layers, thereby improving
print quality.

Control Board: The main board that coordinates all components and
serves as the interface between hardware and software.
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4. MATERIALS USED (FILAMENTS)

There are many types of filaments used for 3D printing. In FDM (Fused
Deposition Modeling) 3D printers, the raw material used is thermoplastic
filament. Each type of filament has distinct properties and is manufactured
in various dimensions and diameters. These filaments, which are sold in
spool form, are wound like a thin thread around a reel and then loaded into
the 3D printer [8].

The filament processing mechanism can be briefly described as follows:
The filament is pulled toward the hot end by the drive gears connected to
the motor. It is then heated until it reaches a liquid or semi-liquid state. After
being held at this state for a short period, the melted or semi-molten filament
is extruded through the nozzle located at the print head. Following this,
temperature control is performed via an indicator panel that shows whether
the desired temperature has been reached. Finally, the molten material is
deposited onto a heated build platform within a controlled chamber, where
the three-dimensional object is formed layer by layer, completing the printing
process [9]. The filament workflow is illustrated in Figure 3.

Among the most commonly used materials in 3D printing are
polypropylene (PP), acrylonitrile butadiene styrene (ABS), polyethylene
(PE), polylactic acid (PLA), thermoplastic polyurethane (TPU), high-impact
polystyrene (HIPS), polyvinyl alcohol (PVA), polycarbonate (PC), nylon
(PA), polycaprolactone (PCL), PETG, and polyether ether ketone (PEEK).
These materials are widely preferred due to their suitable mechanical
properties, cost-eftectiveness, and ease of printability [10,11,18,19,20].

Pure polymer
Mixing Extrusion to Pure polymer

Methods pellet Pellets
~_ -
Install part of Set Parameters Add N ial to
Extruder Extruder

Extrusion and
Cooling the
Extrudate

Rolling Filament

Figuve 3. Filament wovkflow [16].
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5. ADVANTAGES AND DISADVANTAGES OF THE FDM
PROCESS

Some of the advantages of the Fused Deposition Modeling (FDM)
process can be listed as follows:

Simple Setup Procedures: The setup operations are relatively
straightforward. It involves loading the filament spool and heating the
device to the desired temperature.

No Special Training Required: The system is user-friendly and does not
require any specialized training for operation.

Easy Post-Processing: Removing the printed part and cleaning the
machine after the printing process is very simple.

Fast Printing Speed: Compared to conventional manufacturing methods,
the printing speed is significantly faster. This is mainly due to the rapid
heating of the nozzle to the required temperature, which accelerates the
production process.

High Print Resolution: In terms of print clarity, FDM provides better
resolution than traditional manufacturing techniques [6].

* Simplicity and Ease of Use

* Ease of Maintenance

¢ Lower Cost Compared to Other 3D Printing Technologies
* Less Material Waste

* Variety of Build Styles and Patterns

e Ability to Manufacture Components with Various and Complex
Geometries

However, there are also several disadvantages associated with the FDM
process:

* Rough or Grainy Surface Finish

* Limitations in Product Size

* Material Shrinkage During Cooling

¢ Relatively Low Build Speed Compared to Some Other Methods
* Anisotropic Mechanical Properties

* The mechanical strength varies depending on the direction of the
layers.
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* Reduced Mechanical Strength Compared to Conventional
Manufacturing Technique [7]

The quality of materials produced by 3D printers can be categorized into
three main stages: pre-processing (preparation phase), processing (printing
phase), and post-processing [14]. In the FDM material production process,
various issues that arise in composites, along with all factors affecting the
quality and performance, are illustrated in detail in Figure 3.
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b Method of printing

|
File format ]
|
|

2D slicing

Slicing 3D slicing

Print support

Materials Reinforcement
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Machine geometry and diameter
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Fiber supply and conditiong|

i Print speed |
Raster angle |
| Printing 1 - Raster width |

= H Fiber orentation |
ocess
parameters [ Infill pattern |

H Print build |
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g Layer thickness
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HEnvironmental factors Humidity |
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Post printing Heat treatment |
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=
=]
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o
O
=
=
=
=

3D printing process

Quality of

Figure 4. List of prepavatory, machine, process and envivonmental factors affecting
quality of 3D printed composites [13].
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6. PRINTING PARAMETERS AND THEIR EFFECTS

Key parameters affecting the success of FDM printing include:

Layer Height: Thinner layers result in higher resolution.

Nozzle Size and Temperature: Varies depending on the material type.
Heated Bed: Affects initial layer adhesion.

Infill Percentage: Influences structural strength.

Support Structures: Necessary for overhanging surfaces.

Below are examples of printing parameters for different composite
materials found in literature:

Table 2. Print Pavameters for PLA Composites [8]

Print parameter Value
Nozzle size 0.8 mm
Layer height 0.15mm
Top and bottom solid layers 2
Perimeter 2

Filling pattern Rectilinear
Filling angle 45

Infill percentage 80%
Infill overlap 21%
Nozzle temperature 200°C
Heated bed 45°C

Table 3. Print parameters for ABS veinforced CERP composites [12].

Print parameter Value
Nozzle size 0.35 mm
Layer height 0.2mm
Top and bottom solid layers 1.2-1.5
Perimeter 2

pattern Filling Rectilinear
Filling angle 45

Infill percentage 100%
Nozzle temperature 230°C
Heated bed 45°C
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Table 4. Print pavameters for PA12 composites [17].

Print parameter Value
Nozzle size 0.4 mm
Layer height 0.2mm
Printing speed 30 mm/s
pattern Filling Rectilinear
Filling angle 45

Infill percentage 100%
Nozzle temperature 250°C
Heated bed 120°C

7. COMMON ERRORS AND SOLUTION PROPOSALS

Clogging: Nozzle cleaning should be performed carefully, and it is
recommended to clean the nozzle after every printing operation. In addition,
using high-quality filaments should be prioritized to prevent clogging.

Warping: This issue can be mitigated by increasing the build platform
temperature or by using a brim structure during printing

Layer Shifting: The tension of the printer’s belt mechanisms should be
checked regularly to avoid misalignment between layers.

First Layer Issues: Proper bed leveling should be ensured, and accurate
Z-offset calibration must be performed for optimal first-layer adhesion.

STL File Errors: During the conversion to STL format, complex
geometries, such as topological objects, may cause errors. Therefore, it is
essential to verify and validate the STL file before printing [21].

8. INDUSTRIAL AND EDUCATIONAL APPLICATIONS

Parts produced via Fused Deposition Modeling (FDM) are primarily used
for prototyping but have also found applications across various industrial
sectors today. Some of the most common application areas include:

Automotive Industry: FDM is frequently used in the production of
assembly jigs, crash-test plastic components, and prototype parts.

Aerospace Industry: In aircraft manufacturing, FDM is utilized to reduce
the weight of structural components while enhancing their mechanical
strength. It is also employed in the cost-effective production of lightweight
parts for expensive aerospace systems [22,23].
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Biomedical Field: Due to its ability to produce customized medical
devices, FDM has rapidly gained popularity in this sector. It is widely used
in the fabrication of orthopedic implants, prosthetics, and various dental
products related to oral health [24].

Education: 3D printing plays a crucial role in education, particularly
in engineering and design disciplines. It facilitates the development of
analytical thinking and practical skills among students, from primary to
secondary schools. At the university level, 3D printers are extensively used
in engineering education and project-based learning. Moreover, numerous
academic studies focus on the mechanical, thermal, and tribological
properties of materials produced via FDM technology [25].

9. RESULTS AND EVALUATION

In this section of the book, Fused Deposition Modeling (FDM), one of
the most widely used methods in additive manufacturing, is discussed in
detail. FDM is a fabrication technique based on the principle of extruding
thermoplastic filaments through a nozzle after heating, followed by building
the desired object layer-by-layer. It is currently employed extensively by both
individual users and industrial sectors.

The main advantages of the FDM method include low equipment
costs, ease of use and maintenance, minimal material waste, the ability to
produce highly complex geometries, and compatibility with a wide range of
materials. Due to these characteristics, FDM holds significant importance in
prototyping and design processes. It is actively utilized across various fields
such as automotive, aerospace, biomedical engineering, and education, where
it is used to manufacture lightweight structural components, prosthetics,
dental products, educational tools, and many other items.

When considering its limitations, several disadvantages can be identified,
including rough surface finish, anisotropic material behavior, restrictions
on part size, relatively slow production speed, and mechanical properties
that are generally inferior compared to those achieved by conventional
manufacturing techniques. Additionally, printing errors encountered
during the process—such as nozzle clogging, warping, and layer shifting—
are critical quality control issues that can potentially be resolved through
parameter optimization.

FDM technology has rapidly expanded due to the increasing availability
of open-source software, the growing variety of filament materials, and the
transformation of 3D printers into consumer-level devices. In the future,
advancements such as the incorporation of continuous fiber-reinforced
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composites, 4D printing technologies, and the utilization of recycled
materials are expected to further enhance the capabilities of FDM. Ongoing
research in these areas aims to enable FDM not only for prototyping but also
for serial production applications.

In conclusion, FDM occupies a significant place within the field of additive
manufacturing due to its accessibility, flexibility, and cost-effectiveness.
However, for the technology to produce higher quality, durable, and
functional parts in the future, further research is required in areas such as
material science, process parameter optimization, and system design. As the
technology continues to expand into educational and academic settings, it
is expected to play a pivotal role in shaping the manufacturing methods of
the future.
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Bolum 3

Geleneksel Olmayan Kesme Yontemlerinin
Uygulama Temelli Kargilagtiriimasi

Hakan Candar!

Ozet

Bu ¢aliymada, modern imalat siireglerinde 6nemli bir yere sahip olan geleneksel
olmayan kesme yontemleri kapsamli bir gekilde ele alinmaktadir. Lazer kesim,
tel erezyon (EDM), plazma kesim ve agindiricilt su jeti (ASJ) teknolojileri;
temel caligma prensipleri, uygulama alanlari, avantajlari, dezavantajlart ve
sinirlamalar1 agisindan sistematik olarak incelenmistir. Her bir yontemin
teknik ozellikleri; i§ pargast malzemesi, kalinhk araligi, geometrik karmagiklik,
ylizey kalitesi gereksinimi, iglem siiresi ve maliyet gibi parametrelere gore
degerlendirilmistir.

Calismanin ikinci boliimiinde, s6z konusu yontemlerin farkli endiistriyel
uygulamalardaki etkinligi kargilagtirmali 6rneklerle analiz edilmigtir. Lazer
kesim, yiiksek hassasiyet ve ince kesim gerektiren uygulamalarda; tel erezyon,
iletken ve karmagik geometrili pargalarda; plazma kesim, kalin ve biiyiik gelik
yapilarin hizl iglenmesinde; su jeti ise 1s1l etkiden kaginilmasi gereken kirilgan
malzemelerde One ¢ikmaktadir.

Bu ¢aligma, iiretim siirecine 6zgii gereksinimlere uygun yontemin dogru
secilmesinin 6nemini vurgulamakta; s6z konusu teknolojilerin modern ve
stirdiiriilebilir imalat stireglerindeki stratejik roliinii ortaya koymaktadir.

1. Giris

Imalat sanayii, insanhk tarihinin en koklii miihendislik alanlarindan
biridir ve teknolojik gelismelere paralel olarak siirekli bir evrim igerisindedir.
Ozellikle 20. yiizyilda yaganan endiistriyel doniigiim, iiretim yontemlerinin
gesitlenmesini  beraberinde getirmig; farkli malzemeler, daha karmagik
geometriler ve artan kalite beklentileri imalat siireglerine yeni yaklagimlarin
dahil edilmesini zorunlu kilmigtir. Bu doniigtimiin merkezinde yer alan

1 Dr. Ogr. Uyesi, Gaziantep Universitesi Makine Miihendisligi Boliimii, Sehitkamil, 27310
Gaziantep, candar@gantep.edu.tr, ORCID ID:0000-0002-3697-1584
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geleneksel imalat yontemleri bagta talagh imalat olmak iizere dévme,
haddeleme, ekstriizyon ve kaynak gibi iglemler bugiin hala iiretim
sektoriiniin bityiik boliimiinde yaygin olarak kullamlmaktadir. Ozellikle
seri iiretime uygunluklari, goreli diigitk maliyetleri ve genig uygulama
alanlartyla  bir¢ok miihendislik problemi geleneksel yontemlerle etkili
bigimde ¢oziilebilmektedir. Ancak, gelisen teknolojiyle birlikte mithendislik
par¢alarinin yalnizca iiretilebilmesi degil, ayn1 zamanda yiiksek hassasiyetle,
karmagik geometrilerle ve 6zel malzeme sinirlamalariyla iiretilmesi gerekliligi
dogmugtur. Bu da geleneksel yontemlerin sinurlarini zorlayan yeni tiretim
ihtiyaglarimi ortaya cikarmigtir. Ornegin, 50 mm boyutlarinda kompakt
bir pargaya 1 mm ¢apinda, yiiksek derinlikte ve hassas toleransta bir delik
delmek ve bu deligin i¢ yiizeyini piiriizsiiz bir gekilde parlatmak, klasik tezgah
sistemleriyle hem zor hem de maliyetli bir siiregtir. Yine, optik cihazlar igin
kullanilan cam yiizeylerde keskin koselere sahip, detayli geometrik kesimlerin
yapilmasi gerektiginde, malzemenin kirilgan yapist nedeniyle geleneksel
yontemler ciddi deformasyon ve gatlama riskleri tagir. Aym sekilde, gok
katmanli kompozit malzemelerde geleneksel mekanik kesme sirasinda olugan
tabaka ayrigmalari, ¢apaklanma veya 1s1l hasarlar {iriin kalitesini olumsuz
etkileyebilir. Mikron diizeyinde detay igeren mikro pargalarin iiretiminde de
konvansiyonel yontemler, gerekli hassasiyeti ve kontrolii saglamakta yetersiz
kalir. Bu tiir 6rnekler, geleneksel yontemlerin yalnizca belirli sinirlar iginde
etkin oldugunu; bu sinirlarin 6tesine gegildiginde farkl fiziksel prensiplere
dayanan, daha karmagik iiretim teknolojilerine ihtiyag duyuldugunu agik¢a
ortaya koymaktadir. Iste bu noktada devreye geleneksel olmayan imalat
yontemleri girmektedir. Bu yontemler, yaklagik 80 yillik bir ge¢mise sahip
olup ilk olarak niikleer enerji, havacilik ve savunma sanayii gibi ileri teknoloji
uygulamalarinda kullanilmaya baglanmistir. Zamanla geliserek daha yaygin
hale gelen bu yontemler, giiniimiizde tibbi cihaz tiretiminden elektronik ve
otomotive kadar bir¢ok sektorde 6nemli bir yer edinmistir.

Geleneksel olmayan imalat yontemleri, temelde iki yonden geleneksel
yontemlerden ayrilir. Birincisi, kullanilan enerji  tiirtidiir.  Geleneksel
imalat iglemleri biiyiik oranda mekanik enerjiye dayanirken, bu yeni nesil
yontemler termal, kimyasal, elektriksel, elektro-kimyasal veya hidrodinamik
enerji tiirlerini kullanr. Tkinci temel fark ise, takim ile is pargast arasinda
dogrudan mekanik temasin bulunmamasidir. Bu temas eksikligi sayesinde
takim aginmasi en aza indirgenir, i3 par¢asinda deformasyon olugmaz ve gok
daha yiiksek yiizey kalitesi elde edilebilir. Ayrica, temas olmadan ger¢eklesen
bu islemler sayesinde kirilgan, ince ya da karmagik yapili malzemeler zarar
gormeden iglenebilir. Bu teknoloji ailesine elektriksel bogalma ile igleme
(EDM), lazer igleme, elektron isin1 ile igleme, ultrasonik isleme, kimyasal
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agindirma, elektro-kimyasal isleme ve agindiricili su jeti gibi gesitli yontemler
dahildir. Her biri farkli enerji prensiplerine ve uygulama alanlarina sahip
olan bu teknikler, iiretim siireglerinde yiiksek hassasiyet, malzeme esnekligi
ve diigiik deformasyon avantajlari saglar.

Geleneksel olmayan imalat yontemleri i¢inde, kesme islemleri 6zel bir yer
tutmaktadir. Ciinkii tiretimin temel adimlarindan biri olan kesme, yalnizca
bigimlendirme degil, montaj 6ncesi hazirhk ve son iglem siireglerinde de
kritik rol oynamaktadir. Bu baglamda lazer kesim, plazma kesim, tel erozyon
(Wire-EDM) ve agindiricili su jeti kesim gibi yontemler, geleneksel kesme
tekniklerinin yetersiz kaldigr alanlarda devreye girerek yiiksek hassasiyet,
karmagik sekil isleme ve termal deformasyon kontrolii gibi avantajlar
sunmaktadir. Bununla birlikte, bu yontemlerin her iiretim senaryosunda en
uygun ¢oziim oldugunu soylemek miimkiin degildir. Geleneksel olmayan
kesme teknikleri genellikle yiiksek ilk yatirrm ve igletme maliyetleri, 6zel
operator bilgi ve donanim gereksinimleri gibi sinirlamalara sahiptir. Bu
nedenle, hangi yontemin kullanilacagmna karar verirken; malzeme tiiri,
parga geometrisi, iretim hacmi, tolerans gereksinimi ve yiizey kalitesi gibi
taktorlerin bir arada degerlendirilmesi gerekir.

Bu boliimde, s6z konusu dort geleneksel olmayan kesme yontemi; lazer
kesim, plazma kesim, tel erozyon ve agindiricili su jeti kesim ayrintili olarak
ele alinacaktir. Her bir yontemin teknik ¢aligma prensipleri, avantajlar,
dezavantajlart ve uygulama alanlar1 incelenecek; ardindan kargilagtirmali
analizlerle hangi kogullarda hangi yontemin tercih edilmesinin daha uygun
olacagma dair yol gosterici bilgiler sunulacaktir.

2. Geleneksel Olmayan Kesme Yontemlerine Genel Bakas

2.1. Lazer Kesim Yontemi

Lazer kesim teknolojisi, 1960’lardan itibaren endiistriyel imalatta yerini
almig ve 6zellikle son yillarda ileri teknoloji tiretim siireglerinin vazgegilmez
bir pargast haline gelmistir. Lazer kelimesi, Ingilizce “Light Amplification by
Stimulated Emission of Radiation” ifadesinin kisaltmasidir ve bu teknoloji,
yiiksek yogunluklu ve koherent (uyumlu) 151tk demetlerinin kullanilmasiyla
malzeme {izerinde son derece hassas ve kontrollii kesim yapilmasini saglar
[1].

Lazer 1gmmin olugumu, atom veya molekiillere disaridan enerji
verilmesiyle baglar. Bu enerji; 1s1, elektriksel akim veya kimyasal reaksiyonlar
aracihigiyla saglanabilir. Enerji verilmesi sonucunda, atomun elektronlari alt
enerji seviyelerinden iist enerji seviyelerine ¢ikar. Enerji kaynagi kesildiginde,
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elektronlar daha kararli olan alt seviyeye doner ve bu esnada elektromanyetik
dalga, yani foton yayimlarlar. Albert Einstein, 1917 yilinda yaptig1 ¢alismada,
uygun kosullar saglandiginda yayilan bu fotonlarin bagka atomlar1 da aymi
sekilde uyarabilecegini ifade etmistir. Bu siirece “uyarilmig emisyon” denir
ve lazer 11g1imin temel fiziksel prensibini olusturur. Uygun ortamdan kasit,
yeterli enerji kaynag1 ve fotonlarin ¢ogalmasini saglayan bir geri besleme
(feedback) mekanizmasinin varhigidir. Bu mekanizma Sekil 1 de gosterildigi
gibi genellikle iki aynadan olusan optik rezonator ile saglanir; biri tam
yansiticl, digeri yarr saydamdir. Bu yapr iginde fotonlar defalarca yansir,
uyarilmig emisyonla ¢ogalir ve sonunda yar1 saydam aynadan odaklanmug,
koherent, tek dalga boyuna sahip ve yiiksek yogunluklu bir lazer 15101 ¢ikar

[2].
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Sekil 1 Tipik bir lazer vezonatoriiniin sematik gosterimi [3]

Lazer kesim iglemi Sekil 2°’de gosterildigi {izere temel olarak lazer 1101,
odaklama lensi, basingli gaz girisi ve nozul gibi ana bilesenlerden olugur.
Kesim sirasinda, nozuldan basingh gaz, lazer 1511 ile hizalanarak ya da belirli
bir agryla piiskiirtiiliir. Bu gazlar aktif (6rnegin oksijen, azot) veya soygazlar
(helyum, argon) olabilir ve se¢imi, kesim yapilan malzemenin tiirii ile istenen
kesim kalitesine bagldir [4], [5]. Ozellikle oksijen kullamimi, oksidasyon
reaksiyonu sayesinde kesim sicakligini artirarak iglemin hiz ve verimliligini
yikseltir; ancak bu yanma reaksiyonu, kesim bolgesinde daha piiriizlii bir
yiizey olugmasina yol agabilir. Buna kargilik, soygazlardan olan azot gazi
daha temiz ve piiriizsiiz kesim saglar [6]. Lazer 1gmnlar1 ise darbe modunda
(pulsed) veya siirekli dalga (continuous wave - CW) olarak uygulanabilir.
Endiistride lazer kesim, odaklanmig ve yiiksek enerjili 151n demetinin CNC
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kontrollii bir sistemle i§ pargasinin yiizeyine yonlendirilmesiyle gergeklesir.
Lazer 151n1, malzemenin yiizeyinde yogun bir 1s1 kaynagi gorevi gorerek,
malzemenin erime noktasina ulastirilmasini, eritilmesini, buharlagtiriimasini
veya kontrollii oksidasyon yoluyla kesilmesini saglar. Kesim esnasinda eritilen
malzemenin kesim bolgesinden uzaklagtirilmas: ise nozuldan piiskiirtiilen
yardimc1 gazlar sayesinde gergeklesir. Bu parametrelerin dogru segimi, hem
kesim verimliligini hem de {iriin kalitesini dogrudan etkiler.

Lazer igim

Kesme gazi girigi

Odaklama lensi

Lazer jeti Nozul

.‘\""....-
| I e

Sekil 2 Lazer Isina ile Kesim Prensibi [4]

ls parcas

Lazer kesim teknolojisinde farkli lazer tiirleri kullanilmakta olup, her
biri belirli malzeme tiirleri ve uygulamalar i¢in farkli avantajlar sunar. Temel
olarak kati, siv1 ve gaz halindeki aktif ortamlara gore simiflandirilan lazerler
arasinda en yaygin olanlart CO: lazer, fiber lazer ve Nd:YAG lazerlerdir.
CO: lazerler genellikle 10600 nm dalga boyunda galisir ve metal olmayan
malzemelerde (ahsap, plastik, deri, tekstil gibi) yiiksek kesim kalitesi ve hiz
saglar. Fiber lazerler 1060-1080 nm dalga boyunda olup, 6zellikle metal
kesiminde yiiksek enerji verimliligi, diigitk bakim gereksinimi ve hizli kesim
kabiliyeti ile 6ne ¢ikar. Nd:YAG lazerler ise 1064 nm dalga boyunda olup,
mikro ve hassas kesim iglemlerinde tercih edilir ancak genellikle digerlerine
kiyasla daha diisiik enerji verimliligine sahiptir. Lazerin kesim performanst,
gii¢, dalga boyu, odaklama hassasiyeti ve kullanilan yardimci gaz gibi
parametrelere baghdir. Yardimci gaz se¢imi (Ornegin azot, oksijen, argon)
kesim kalitesini, hizi ve malzemenin kimyasal yapisini dogrudan etkiler.
Endiistriyel uygulamalarda malzeme tiirii ve iretim gereksinimlerine uygun
lazer tiirii ve parametrelerin segimi kritik oneme sahiptir. Tablo 1’de farkl
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lazer tiirlerinin temel Ozellikleri, avantajlari, dezavantajlari ve tipik uygulama
alanlar1 kargilagtirmali olarak sunulmustur [7], [8].

Lazer kesimin en Onemli avantajlarindan biri, yiiksek hizda kesim
yapabilme yetenegidir. Ayrica, par¢a iizerinde birbirinden bagimsiz ve
karmagik geometriler arasinda hizli gegisler saglanmasi da lazer kesimin 6ne
¢ikan Ozelliklerindendir. Cok ince kesimler ve delik agma iglemlerinde ytiksek
hassasiyet sunmasi, 1sidan etkilenen bolgenin (HAZ) oldukga dar olmasi ve
gok gesitli malzeme tiirlerinde uygulanabilirligi, lazer kesim teknolojisinin
temel avantajlar1 arasinda yer alir. Metal, plastik, seramik, cam ve kompozit
gibi farkli malzemelerin lazerle kesilmesi miimkiindiir. CNC tabanl kontrol
sistemleri sayesinde karmagik, tekrarlanabilir ve hizli kesimler gergeklestirilir.
Bu avantajlar sayesinde lazer kesim, otomotiv endiistrisinde gasi pargalarinin
dretiminde, havacilikta titanyum alagimlarindan tiirbin  kanatlarinin
imalatinda, elektronik sektoriinde devre karti kesimlerinde ve medikal alanda
implant ile cerrahi alet tiretiminde tercih edilmektedir [4].

Tablo 1. Farkis Lazer Tiivlevinin Temel Ozellikleri ve Endiistriyel Kullanum Alanlar:

4]
Lazer Dalga Maksimum Verimlilik  Uygulama Avantajlar Dezavantajlar
Tirii  Boyu Giig (kW) (%) Alanlar1
(nm)
CO: 10600 100 %10 -  Metal olmayan  Yiiksek giig Diistik
Lazer %20  malzemeler, gikist, iyi kesim  verimlilik, biiyiik
metal kesim kalitesi, yaygin  sistem boyutu
(ince metaller)  kullanim
Fiber 1070 20 %25 - Metal kesimi, Yiiksek Sinrlr giig
Lazer %30  hassas kesim verimlilik, kiigiik araligi, maliyet
sistem, diigiik  yiiksek olabilir
bakim ihtiyact
Nd:YAG 1064 6 %5 - %15 Mikro kesim, Yiiksek Diisiik
Lazer hassas iglemler  yogunluklu 1sin, verimlilik, sinirl

kompakt yap1  giig gikigt

Lazer kesim teknolojisi bir¢ok avantajina ragmen bazi dezavantajlar ve
siirlamalara da sahiptir. Oncelikle, sistemlerin bakim gereksinimleri ve
yiiksek enerji tiiketimi, igletme maliyetlerini 6nemli Olgiide artirmaktadir.
Ozellikle kalin ve yiiksek yansitict 6zelliklere sahip malzemelerde, 6rnegin
kalin aliiminyum plakalar gibi, lazerin kesim etkinligi belirgin sekilde
azalir. Bu nedenle lazer kesim genellikle en fazla 20-30 mm kalinhiga
kadar olan malzemelerde kullanilabilmektedir. Kesim sirasinda malzeme
ylizeyinde olusan yiiksek 1s1, mikroyapisal degisikliklere, sertlesmeye veya
mikrogatlaklara yol agabilir; bu da hassas mekanik 6zelliklerin korunmasinin
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kritik oldugu uygulamalarda 6nemli bir sorun olugturur. Ayrica, lazer
iginlarinin - odaklama lensinden gegtikten sonra kesim bolgesine agili
olarak gelmesi, kesme kalinligini sinirlamanin yani sira kert agilanmasina
neden olur. Lazer 1smimin kesim bolgesinde belirli bir hacme yayilmasi
nedeniyle kesim hatti1 beklenenden daha genig olur ve bu durum, ¢ok hassas
toleranslarin gerektigi durumlarda dezavantaj yaratir. Tiim bu nedenlerle,
lazer kesim yiiksek hassasiyet ve malzeme 6zelliklerinin korunmasinin kritik
oldugu parcalarda dikkatle uygulanmali, 6zellikle kalin ve yiiksek yansiticilt

malzemelerde alternatif yontemler tercih edilmelidir.

2.2. Tel Erezyonla Kesme Yontemi

Tel erezyonla kesme, elektriksel desarj prensibine dayanan, yiiksek
hassasiyet ve karmagik geometrilerin iglenmesine olanak saglayan bir kesme
teknolojisidir. Tel erezyon yontemi, genellikle elektriksel olarak iletken
malzemelerin iglenmesinde tercih edilir ve Ozellikle sert, sertlestirilmig
metallerin veya karmagik sekilli parcalarin tiretiminde yaygin olarak kullanilir
[9]. Bu yoniiyle sert pargalarin iglem 6ncesi 1s1l iglem ile yumusatilmasi
gerekliligini ortadan kaldirir.

Tel erezyonla kesimin temel ¢alisma prensibi, i§ pargasi ile siirekli hareket
eden ince bir tel elektrot arasinda kontrollii elektrik bogalmalar1 olusturarak
malzemenin kiigiik pargaciklar halinde eritilmesi ve buharlagtirilmasidir
(Sekil 3). Elektriksel bogalmalar (kivilcimlar), i pargas yiizeyi ile tel arasinda
olusan ¢ok yiiksek sicakliklar (10,000 °C’ye kadar) sayesinde lokal erime ve
buharlagma meydana getirir. Bu siireg, temas gerektirmeden malzemenin
kesilmesini saglar ve mekanik stres yaratmaz [ 10]. Kesim esnasinda, tel siirekli
olarak makineden beslenir ve telin kesim hatti boyunca hareketi saglanir; bu
sayede tel aginmas1 minimize edilir ve istenilen kesim geometrisi elde edilir.
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Sekil 3 Tel evezyon mekanizmast

Tel elektrot, tel erezyon igleminin en kritik bilesenlerinden biridir.
Genellikle bakir, piring veya tungsten alagimlari gibi yiiksek iletkenlige
sahip malzemeler kullanilir. Tel elektrottan beklenen temel 6zellikler; yiiksek
elektriksel iletkenlik, aginma ve erimeye karg1 dayaniklilik, mekanik saglamlik
ve diigiik termal genlesme katsayisidir. Bu Ozellikler, ozellikle yiiksek
sicakliklarda kararli kivileim olugumu ve hassas kesim i¢in biiyiik 6nem tagir
[11]. Tel gap1 genellikle 0.02 mm ile 0.3 mm arasinda degisir; daha ince
tellerle daha hassas kesimler yapilabilirken, kopma riski de artmaktadir.

Kesim iglemi sirasinda tel ve ig pargasi arasindaki bogluk, ¢ogunlukla
deiyonize su olmak iizere bir dielektrik siv1 ile doldurulur. Bu sivi, {i¢ temel
isleve sahiptir: kivileim olusumunu kontrol altina almak, tel ile i§ pargasi
arasinda yalitkanlik saglamak ve iglem sirasinda olugan eriyik pargaciklar
sistemden uzaklagtirmak. Dielektrik sivinin 6zellikleri (iletkenlik, sicaklik,
viskozite) kesim kalitesini ve yiizey piirtizliiliigtinii dogrudan etkiler [12]. En
yaygin kullanilan sivi olan deiyonize su; diisiik iletkenligi, yliksek sogutma
kapasitesi ve gevresel giivenligi sayesinde tercih edilmektedir. Bununla
birlikte, sivinin iletkenligi zamanla artabilecegi igin filtrasyon sistemiyle
stirekli yenilenmesi ve izlenmesi gereklidir [13].

Tel erzyon yontemi, ¢ok ince kesim hatti (kert) ve yiiksek yiizey kalitesi
sunar. Kerf agilanmasinin minimal olmasinin temel sebebi, kullanilan
telin ¢ok ince olmast ve elektriksel bosalmalarin kontrollii olusmasidir.
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Bu sayede mikron seviyesinde hassas kesimler miimkiindiir. Tel erezyonla
kesim, ozellikle karmagik sekilli kaliplarin, ince dislilerin ve hassas pargalarin
tiretiminde tercih edilir [14]. Bununla birlikte, tel erzyon yontemi sadece
elektriksel olarak iletken malzemelerle simirhdir. Ayrica, kesim hizi lazer
kesime kiyasla genellikle daha diisiiktiir ve telin aginmasi nedeniyle malzeme
ve tel maliyeti artabilir. Enerji tiiketimi ve dielektrik sivinin yonetimi de
dikkate alinmasi gereken diger faktorlerdir. Ancak yiiksek hassasiyet, yiizey
kalitesi ve karmagik geometrilerin tiretilebilmesi, tel erezyonu birgok yiiksek
teknoloji uygulamasinda vazgegilmez kilar.

2.3. Plazma Ark ile Kesme

Plazma ark kesme (Plasma Arc Cutting — PAC), yiiksek sicakliktaki iyonize
gaz (plazma) kullanilarak elektriksel olarak iletken metallerin kesilmesini
saglayan termal bir kesme yontemidir. Bu teknoloji, 6zellikle kalin ve yiiksek
iletkenlige sahip metallerin hizli ve verimli gekilde kesilmesinde yaygin
olarak kullanilmaktadir [15]. Plazma ark kesme yontemi, hem manuel hem
de CNC kontrollii sistemlerde uygulanabilir olmasiyla tiretim endiistrisinde
genig kullanim alani bulmugtur.

Plazma ark kesimin temel prensibi, yiiksek hizli bir gazin (genellikle
hava, azot, argon veya hidrojen) dar bir noziil igerisinden gegirilerek elektrik
arkiyla iyonlagtirilmas: sonucu plazma haline getirilmesi ve bu yiiksek
enerjili plazmanin i§ pargasi yiizeyine yonlendirilerek malzemenin ergitilerek
kesilmesidir (Sekil 4). Elde edilen plazma arki, 20.000 °C’ye kadar ulagabilen
sicakligr ile metali hizla ergitirken, yiiksek hizla ¢ikan gaz eriyen malzemeyi
kesim bolgesinden uzaklastirir. Bu islem sonucunda, temiz ve hizh bir kesim
saglanir [16].
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Sekil 4 Plazma ark kesme mekanizmase

Plazma kesme sistemleri genellikle gii¢ kaynag, plazma torcu, gaz besleme
initesi ve kontrol sisteminden olugur. Torg i¢inde yer alan elektrot genellikle
tungsten gibi yliksek erime noktasina sahip malzemelerden yapilir. Kesim
islemi sirasinda elektrot ile noziil arasinda olusan pilot ark, plazma gazini
iyonize ederek yiiksek sicaklikta bir plazma jetine doniigtiiriir. Tor¢ ucundaki
noziil, plazma jetini daraltarak kesim hattinda ytiksek yogunlukta 1s1 enerjisi
olusturur. Bu sayede hizli ve diizgiin kesim saglanirken, termal etki bolgesi
(Heat Affected Zone - HAZ) sinirl kalir [17].

Plazma kesme igleminde kullanilan gazin tiirii ve basinci, kesim kalitesini,
hizin1 ve yiizey piirtizliiliigiinii dogrudan etkiler. Orncgin; ince levhalarin
kesiminde sik¢a kullanilan hava, uygun maliyetli ve ¢evre dostu bir segenek
sunarken, paslanmaz ¢elik ve aliiminyum gibi metallerin kesiminde argon-
hidrojen gibi 6zel gaz karigimlar: tercih edilerek daha temiz kesim yiizeyleri
elde edilebilir [18].

PAC yontemi, yiiksek kesim hiz1, diistik igletme maliyeti ve genis malzeme
uyumlulugu sayesinde endiistride siklikla tercih edilmektedir. Ayrica,
otomasyon sistemlerine kolay entegrasyonu, seri tiretim stireglerinde zaman
ve maliyet avantaji saglamaktadir. Kesim kalinlig1 agisindan oldukea genig bir
aralik sunar; 0.5 mm’den baglayarak 150 mm’ye kadar ¢esitli kalinliklardaki
metalleri kesmek miimkiindiir.

Ancak, plazma kesme yonteminin bazi sinirlamalart da bulunmaktadir.
Ozellikle ince ve hassas pargalarin kesiminde, kesim aralig1 (kerf) tel erezyon
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veya lazer kesime gore daha genistir. Ayrica, 1s1 girdisi nedeniyle olugabilecek
capaklanma ve termal deformasyon, bazi hassas uygulamalar i¢in olumsuz
etki yaratabilir. Bu nedenle kesim sonrasi temizleme veya ikincil islemler
gerekebilir [19]. Bununla birlikte, plazma ark kesme, 6zellikle ingaat, gemi
yapimi, otomotiv ve metal isleme sektorlerinde, hizli ve ekonomik kesim
¢oziimii sunmasi nedeniyle yaygin bir uygulama alanina sahiptir.

2.4. Asindiricili Su Jeti ile Kesme

Agindiricilisujetiile kesim (Abrasive Water JetMachining - AWJM), yiiksek
basingli suyun igerisine agindiric1 partikiiller eklenerek yonlendirilmesiyle
gergeklestirilen, temassiz ve termal etkisiz bir kesme yontemidir. Bu yontem,
ozellikle 1stya duyarli, yanici ya da konvansiyonel yontemlerle kesilmesi giig
malzemelerin hassas iglenmesinde etkin bir ¢6ziim sunar. Asindiricilt su jeti,
seramik, cam, tag, kompozitler, metaller ve gesitli polimerik malzemeler gibi
genig bir malzeme yelpazesinde kullanilabilir [20].

ASJ teknolojisinin tarihgesi 1950’li yillara dayanmaktadur. Tlk olarak 1956
yilinda Dr. Norman Franz, yiiksek basingli su jeti kullanarak kereste pargalarini
kesmeye yonelik bir sistem geligtirmigtir. Bu ilk uygulama, sadece yumugak
ve lifli malzemelerle sinirht kalmig, sanayide yaygin bir etki yaratmamugtir.
Ancak 1980’li yillarda Dr. Mohamed Hashish tarafindan gergeklestirilen
aragtirmalar sonucunda su jeti igerisine agindirict partikiillerin eklenmesiyle
daha sert ve karmagik yapidaki malzemelerin de kesilebilmesi saglanmig ve
boylece giintimiizde bilinen anlamiyla agindiricili su jeti kesim teknolojisi
dogmustur [21].

Asindirialr su jeti kesimin temel prensibi, yaklagtk 4000-6000 bar
arasinda basinglandirilmig suyun dar ¢apli bir noziil aracihigiyla ig pargasina
yonlendirilmesi ve bu su jeti igerisine garnet, aliimina veya silisyum
karbiir gibi agindirict partikiillerin eklenmesidir (Sekil 5). Olusan yiiksek
hizli (yaklagik 800-1000 m/s) ve yiiksek enerjili agindirict akug, is pargasi
ylizeyinde mikroskobik agindirma etkisi yaratarak malzemenin yiizeyden
uzaklagtirilmasini saglar. Bu siireg, termal enerji kullanilmadan gergeklestigi
iin, kesim sirasinda Isil Etki Bolgesi (HAZ) olugsmaz, malzemenin mikro

yapisinda degisim meydana gelmez [22].
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ASJ sistemi, temel olarakii¢ anaiiniteden olugur: filtrasyon, basinglandirma
ve kesme tinitesi. Filtrasyon tnitesi, kullanilan suyun i¢indeki partikiilleri
arindirarak sistem  bilesenlerinin zarar gormesini engeller ve noziiliin
tikanmasini Onler. Basinglandirma {initesi, sistemin en kritik bilegenlerinden
biridir. Bu iinitede yer alan yiiksek basing pompast (intensifier), diisiik
basingli hidrolik enerjiyi 4000 bar seviyesine kadar yiiksek basingli suya
doniigtiirtir. Intensifier’lar, AS]’nin siireklilik ve stabilite a¢isindan giivenilir
caligmasini saglayan temel aktorlerdir [23].

Asindirict su jeti ile kesme iglemi, diisiik basingli sebeke suyunun filtrasyon
initesine giris yapmasiyla baslar. Su, daha sonra yiiksek basing pompasina
iletilir. Elektrik motoru tarafindan ¢alisan yag pompasi, yiiksek basing
pompasina yag basar ve pompadaki seramik pistonu hareket ettirir. Piston,
ileri ve geri hareket ederek yiiksek basing silindirindeki suyun basincini
kesit alan oraninda artirir. Bu oran genellikle 1/20°dir; yani 200 barlik
yag basinci, suyun basincini 20 kat artirarak yaklagik 4000 bar seviyesine
gikarir. Basinglandirilan su, basing dalgalanmalarini azaltmak amaciyla 6nce
akiimiilatore, ardindan kesme {initesine gonderilir. Kesme tinitesi, yiliksek
basingli suyun agindirict partikiillerle karigtirilarak noziil aracihigiyla digar
atildigr boliimdiir. Bu karigim venturi prensibi ile saglanir; su jeti negatif
basing olugturarak agindirici partikiilleri kendine geker ve bu karigimi kesim
ylizeyine yonlendirir. Kesme kafasindan ¢ikigta suyun basinci yaklagik 4000
bar, hiz1 ise ses hizinin yaklagik ti¢ katidir (3 mach) [23].

AS]J yonteminde kesim kalitesini etkileyen baghca parametreler; su
basinci, noziil ¢api, agindirict partikiil tipi, tane boyutu, debisi, noziil-
malzeme mesafesi ve kesim hizi gibi degigkenlerdir. Agindirici olarak en
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yaygin kullanilan malzeme garnet olup, bu partikiil hem maliyet etkin hem
de yiiksek agindirma kapasitesine sahiptir. Uygun parametrelerle kesim hatti
genigligi (kerf) 0.8 mm’ye kadar indirilebilir ve yiizey piiriizliiliigii oldukga
diisiik seviyelerde tutulabilir [24].

ASJ’nin en biiyiik avantaji, malzemeye herhangi bir termal, mekanik ya da
kimyasal zarar vermeden kesim gergeklestirmesidir. Bu nedenle, diger kesme
yontemleriyle iglenmesi zor olan ¢ok katmanl kompozit yapilar, 1s1iya duyarl
alagimlar veya cam gibi kirilgan malzemeler bu yontemle yiiksek hassasiyetle
iglenebilir. Ayrica, iglem sirasinda ¢apak olusumu minimaldir ve ¢ogu zaman
ikincil yiizey igleme gerekmez. CNC kontrollii sistemlerle entegre edilerek
otomatik, tekrarlanabilir ve karmagik kesim iglemleri de kolaylikla yapilabilir.

Bununla birlikte ASJ’nin bazi sinirlamalart da bulunmaktadir. Ozellikle
sistemin ilk yatirim maliyeti yiiksektir ve islem sirasinda kullanilan agindiric
miktarinin sarfiyati isletme maliyetlerini artirabilir. Ayrica, kesim sirasinda
olusan yiiksek ses seviyesi ve atik stvinin gevreye duyarh gekilde yonetilmesi
gereklidir. Agindirici partikiiller, geri doniigiim sistemleriyle kismen yeniden
kullanilabilir, ancak bu da sistemin bakim maliyetine ek yiik getirebilir.

AS]J, sahip oldugu bu iistiin 6zellikleri sayesinde havacilik, uzay, otomotiv,
savunma sanayi, elektronik ve mimari dekorasyon gibi hassas ve yiiksek
kaliteli kesim gerektiren sektorlerde yaygin olarak kullanilmaktadir.

3. Uygulama Alanlarina Gore Geleneksel Olmayan Kesme
Yontemlerinin Karsilastirmali Analizi

Geleneksel olmayan kesme yontemlerinden, Asindiricili Su Jeti (ASJ),
Plazma, Lazer ve Tel Erozyon ile kesme yontemleri, malzeme sertligi,
geometrik karmagiklik veya 1s1l hassasiyet gibi nedenlerle geleneksel
yontemlerin yetersiz kaldigi veya uygulamanin maliyetli oldugu modern
tretim ortamlarinda kritik 6neme sahiptirler. Bu yontemlerin bireysel
olarak degerlendirilmesinden ziyade, ger¢ek uygulama senaryolar: iizerinden
degerlendirilmesi daha 6greticidir. Her yontemin etkinligi; malzeme tipi
ve kalinhigy, istenen toleranslar, yiizey kalitesi, termal etkiler ve ekonomik
faktorlere gore 6nemli ol¢iide degisir. Bu boliimde, gesitli endiistrilerdeki
pratik uygulamalar {izerinden, her yontemin en verimli oldugu ¢alisma
alanlar1 kargilagtirmali olarak sunulmaktadir.

Lazer kesim, oOzellikle ince ve orta kalinliktaki metalik malzemelerde
yiiksek hassasiyet ve temiz kenar kalitesi gerektiren durumlarda uygundur.
Ornegin, 2 mm kalinliginda paslanmaz celik sac iizerinde dar i¢ konturlara
sahip bir kontrol braketinin kesiminde lazer, minimum ¢apak ve 1s1 etkisi
olmadan yiiksek kaliteli sonug verir. Fiber lazerler, kisa dalga boylar1 ve
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yiiksek odaklama kabiliyetleri sayesinde kesim ¢Oziiniirliigiinii artirmakta
ve enerji kaybini azaltmaktadir [25]. Benzer sekilde, elektronik tiretiminde
elektromanyetik koruma ve baskili devre kartlar1 igin kullanilan 0.5 mm
kalinhigindaki bakir levhalarin mikro iglemede lazerler tercih edilmektedir.
100 pwm’nin altindaki mikro 6lgekli detaylari isleyebilme yetenegi, lazerleri
yiiksek hassasiyet gerektiren bu alanlarda vazgegilmez kilar. Ayrica, medikal
cihaz sektoriinde lazer kesim, nikel alagimlari ve titanyum gibi malzemelerden
cerrahi alet ve damar stendi tretiminde kullanilir. Bu pargalar, boyutsal
hassasiyetin yani sira mekanik gerilim igermemeli; lazer kesimin temassiz
dogasi1 bu gereksinimleri kargilamaktadir.

Tel Erozyon, yiiksek hassasiyet ve ¢ok diigiik tolerans gerektiren
uygulamalarda, elektrik iletkeni malzemelerin islenmesinde tercih edilen
kritik bir yontemdir. Ozellikle dik ve karmagik konturlarin olugturulmasinda
tstiin performans saglar; geleneksel yontemlerle miimkiin olmayan keskin i¢
koseler ve mikro detaylar Tel erezyon ile hassas sekilde islenebilir. Ornegin,
8-15 mm kalinligindaki sertlestirilmis takim geliklerinde, kalipgilik sektoriinde
gok diisiik toleranslarda ve yiiksek yiizey kalitesinde oyuklar, yuvalar ve
keskin kogeler tel erzyon kullanilarak basarili gekilde elde edilir. Havacilik
mithendisliginde, asir1 termal ve mekanik yiiklere maruz kalan Inconel tiirbin
disklerindeki fir-tree yuvalarmin iiretiminde bu yontem vazgegilmezdir
[27]. Tel erzyon, gerilmesiz ve mikro ¢atlak i¢ermeyen yiizeyler sunarak
pargalarin uzun omiirlii ve giivenilir performans gostermesini saglar. Ayrica
mikro iiretim ve medikal cihaz sektorlerinde sub-milimetre Olgekli mikro
igne, sensor govdesi ve cerrahi mikro aletlerin imalatinda kullanilir. Yiiksek
hassasiyet ve kaliteli yiizey elde edilmesine ragmen, tel erezyon iglemi yavag
ilerler ve sadece elektrik iletkeni malzemelerle sinirhdir.

Plazma kesim, yliksek hassasiyetten ziyade tiretkenlik ve ekonomikligi 6n
planda tutan agir sanayide one ¢ikar. Gemi yapimi ve gelik konstriiksiyon
dretiminde, 12 mm kalinligindaki yumusak ¢elik plakalar plazma ile hizla
kesilir ve govde plakalari, destek elemanlar1 gibi pargalar tretilir [26]. Bu
yontem, hizli malzeme kaldirma kapasitesi, kaynak oncesi kabul edilebilir
kenar kalitesi ve diisiik isletme maliyetleri sunar. Plazma sistemleri, karbon
geliginden aliiminyum alagimlarina kadar gesitli malzemeleri, 6zellikle 6 mm
tizerindeki kalinliklarda igleyebilir. Lazer kesimin sinirlandigi, ¢ok kalin ve
agir profillerde ise plazma kesim siklikla bir alternatif olarak tercih edilir.
Ozellikle su alti plazma kesim uygulamalarinda, gemi gévdelerinin ve deniz
yapilarmin kalin gelik bilegenleri giivenli ve etkili bir gekilde islenebilir. Bu
sayede, lazerin fiziksel olarak erigemedigi veya verimsiz oldugu kalinliklar
iizerinde yiiksek verimle kesim saglamir. Tarim makineleri ve madencilik
ckipmani iiretiminde de 20-30 mm kalinhiklarindaki ¢elik pargalarin hizh
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ve saglam kesiminde plazma kullanilir. Ancak, plazma kesimde olugan genig
HAZ ve ¢apak nedeniyle ¢apak giderme ve taglama gibi iglemler gerekebilir.

Agindiricili Su Jeti, 6zellikle mermer, granit gibi dogal taslarin kesiminde
yaygin olarak kullaniimaktadir. Otel ve litks mekanlarda dekorasyon amagh
uygulamalarda AS]J, malzemede gatlama, kirilma veya 1s1l deformasyon riski
olmadan karmagtk ve estetik tasarimlarin gergeklestirilmesini saglar. Ornegin,
15-30 mm kalinhgindaki granit plakalarin hassas ve detayll kesimlerinde
AS]J tercih edilmekte olup, hem sert hem de kirilgan yapisi nedeniyle diger
yontemlere gore iistiinliik saglamaktadir [20]. Ayrica, bu yontemle dogal
taglarin yanmi sira kompozitler, seramik ve cam gibi termal olarak hassas
malzemeler de zarar gormeden islenebilmektedir. Soguk kesim olmasindan
otiirli, 1s1 etkilenme bolgesi (HAZ) olusmaz ve malzemenin mekanik
ozellikleri korunur. Havacilik sektoriinde, 25 mm kalinligindaki karbon
fiber takviyeli polimer (CFRP) paneller ASJ ile kesilerek delaminasyon ve
matris hasarlar1 6nlenmektedir. Bu tiir kompozit malzemelerde 151l kaynakli
deformasyon ve ¢atlak riskleri diger yontemlere gore daha azdir [20]. Ayrica,
gida sektoriinde agindirict igermeyen saf su jetleri, donmus tiriinlerin hijyenik
sekilde kesilmesini saglar.

Tablo 2 Geleneksel Olmayan Kesme Yontemlerinin Karsiasturmaly One Cikan

Ozellikleri
Kesme Bagslica Malzeme Yiizey Maliyet | Ideal Uygulama
Yontemi | Avantajlar1 | Uyumlulugu| Kalitesi | Etkinligi Alanlar:
- ngul< Dogal taglar - Otel ve liiks
kesim, 1s1sal (mermer Orta- dekorasyonlarda
ASJ zarar yok ranit) ’ ' yiiksek dogal tas
Kesi . Ig >, ) Iyi (abrasiv Kalin CERD
esim | Cok yonlii <omp9k21t er, ve bakim " K& 111n
malzeme segam1 , cam, maliyetler) paneller
uyumu giaa - Gida kesimi
- Yiiksek - Ince paslanmaz
hassasiyet . Orta- saclar
~Minimal 151 Ince metal yiiksek
. levhalar (<10|, .. (yiiksek - Mikroelektronik
Lazer etkisi Miikemmel | 7 .
mm), bazi ekipman
- polimerler maliyeti,
Otomasyona hizli kesim) |- Medikal cihazlar
uygun
- Kalin .
i - Yapusal gelikler
metallerde ~ [Hetken Disiik-orta 6—2P5 mlff;l)
hizls metaller (hizli ama
Plazma (gelik, Orta .
- Diisiik Aliiminvum ek iglem . 5
ol yum, gerekebilir) |~ Gemi ve agir
igletme. bakar) makine imalati
maliyeti
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LGOI( yu ek Elektrik Yiiksek - Sert takim ¢elikleri
Tel assastyct iletkeni (yavasg
Ef'ez on |- Stressiz malzemeler | Miitkemmel |iglem, sarf |- Tiirbin yuvalar
’ ve capaksiz (celik, mal_zcm.c - Mikro araglar ve
kesim alagimlar) maliyeti) Kaliplar
4. Sonug

Geleneksel olmayan kesme yontemleri, modern imalat teknolojilerinde
artan malzeme gesitliligi, hassasiyet gereksinimi ve {iretim verimliligi
talepleri dogrultusunda kritik bir rol iistlenmektedir. Agindiricili su jeti,
lazer, plazma ve tel erozyon gibi yontemler; 6zellikle karmagik geometrilere,
dar toleranslara ve Ozel ylizey kalitelerine ihtiya¢ duyulan uygulamalarda,
konvansiyonel yontemlere alternatif hatta ¢ogu durumda tercih edilen
¢oziimler haline gelmistir.

Bu yontemlerin her biri; malzeme tipi, kalinlik araligi, istenen yiizey
kalitesi, tiretim hizi, iglem maliyeti ve termal etkiler gibi bir¢ok teknik
parametreye gore avantaj ve sirlamalara sahiptir. Bu nedenle, tek bir
yontemin tiim tiretim ihtiyaglarina cevap vermesi miimkiin degildir. Bunun
yerine, her bir uygulama i¢in optimum performans: saglayacak yontemin
dikkatle segilmesi gerekir. Bu se¢im siirecinde; iiretim Olgegi, malzeme
ozellikleri, tolerans araliklari, isletme maliyetleri ve ¢evresel etki gibi kriterler
dikkate alinmalidir.

Giiniimiizde bu teknolojilerin gelisimi yalnizca ekipman diizeyinde
degil, ayn1 zamanda yazilim, sensor tabanli kontrol sistemleri ve veri odakl
tretim stratejileri ile de desteklenmektedir. Bu geligmeler, islem siirelerini
kisaltmakta, kaliteyi artirmakta ve iiretim siireglerinin stirdiiriilebilirligini
miimkiin kilmaktadir. Ayrica hibrit sistemlerin gelistirilmesiyle, birden fazla
yontemin avantajlarini bir arada sunan yeni ¢oziimler ortaya ¢ikmakta,
tretim esnekligi ve verimliligi daha iist seviyelere taginmaktadir.

Sonug olarak, geleneksel olmayan kesme teknolojileri, yiiksek hassasiyet
ve esneklik gerektiren imalat siireglerinde stratejik bir konuma sahiptir. Bu
yontemlerin dogru bir sekilde analiz edilmesi, malzeme ve uygulama 6zelinde
optimize edilmesi, rekabet¢i ve siirdiiriilebilir bir tiretim altyapisinin temel
taglarindan biri olacaktir.
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Chapter 4

Design and Application of Plant Protein-Based
Materials For Controlled Phytochemical Delivery
in Bone Cancer Therapy-Review

Mehtap Demirel

Abstract

Phytochemicals from plants offer considerable potential for bone cancer
treatment because of their anticancer properties. Their clinical effectiveness
is frequently restricted by low bioavailability, systemic distribution, and
quick elimination. This review focuses on plant protein-based drug delivery
systems engineered for the controlled and targeted release of phytochemicals,
specifically in bone tissue applications. These systems, prized for their
biocompatibilityand ability to break down naturally, provide dual functionality
as both drug delivery systems and regenerative platforms.

Natural biopolymers like silk fibroin, sisal fibers, and bamboo fibers, in addition
to widely used plant proteins such as soy, zein, and gliadin, are receiving
increasing attention. Silk fibroin aids in the adhesion and growth of bone cells,
whereas sisal and bamboo fibers provide mechanical strength and the potential
for bone growth, suggesting that they could be effective in bone-regenerative
treatments. These materials can be developed into carriers of various micro/
nano-scale dimensions, allowing for both sustained release and bone healing.

The review also emphasizes key mechanisms such as post-implantation bone-
targeted delivery, enhanced osteoconductivity, localized delivery of anticancer
drugs, and bioactive surface modifications. In contrast to conventional
synthetic polymers, these natural biomaterials display reduced toxicity,
environmentally friendly manufacturing processes, and compatibility with
the structural framework of bone microenvironments.

In conclusion, biomaterials based on plant protein and fiber exhibit
significant potential as dual-functional systems for the controlled release of
phytochemicals and the regeneration of bone tissue in the context of bone
cancer treatment.
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INTRODUCTION

Cancers of the bone, including osteosarcoma and bone metastases from
breast or prostate cancer, are among the most aggressive and resistant
to treatment types of malignancies. Conventional treatments, such as
chemotherapy, surgical removal, and radiation therapy, frequently lead to
severe side effects, limited selectivity in targeting cancer cells, and reduced
effectiveness in preventing cancer from recurring or promoting bone
repair. The restrictions have led to an increasing interest in alternative and
complementary therapeutic methods that are safer, more environmentally
friendly, and capable of targeting the bone microenvironment more
accurately.

Bioactive compounds from plants, which include several phytochemicals,
are being studied more extensively for their potential to combat cancer.
Compounds such as curcumin, resveratrol, epigallocatechin gallate (EGCG),
and quercetin show anti-inflammatory, pro-apoptotic, antiproliferative, and
antioxidant characteristics. Promising outcomes have been observed with
several phytochemicals, which have demonstrated the ability to inhibit
osteosarcoma growth, decrease bone resorption, and regulate the tumor
microenvironment’s dynamics. Their clinical applications are restricted due
to problems like low water solubility, chemical instability, quick removal
from the body, and the inability to be absorbed effectively by the body—
especially in the dense, mineralized bone matrix.

In order to overcome the challenges associated with pharmacokinetics
and delivery, advanced biomaterial-based controlled release systems have
been developed. Plant- and animal-derived proteins and fibers have been
identified as effective carrier materials due to their natural composition,
compatibility with living tissues, ability to break down naturally, and
versatility in formulations. Besides the more commonly examined materials
like soy protein isolate, pea protein, and zein, natural structural fibers such
as silk fibroin, sisal fibers, and bamboo fibers are also receiving attention.
These materials possess high mechanical strength, inherent porosity, and the
ability to coexist with osteogenic cells, rendering them suitable for use as
both drug delivery agents and structural components for bone regrowth.

Plant- and fiber-based biopolymers can be processed into microcapsule
structures, coatings, or composite scaffolds that allow for the localized and
sustained delivery of phytochemicals. In addition, combining these materials
with bioactive ceramics like hydroxyapatite or calcium phosphate can improve
their ability to foster bone growth, making them especially appealing for use
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in bone grafts, implant coatings, and multifunctional scaffolds that support
bone repair while also offering localized anticancer properties.

This chapter offers a thorough examination of plant protein and natural
fiber-based materials, focusing on their design and biomedical applications
in controlled anticancer phytochemical delivery, especially in the context of
bone cancer treatment. The forthcoming chapter will explore the therapeutic
applications of the chosen plant-derived compounds, the physical and
operational characteristics of the carrier substances, encapsulation methods,
and their implementation in targeted delivery systems aimed at the bone
tissue. Future challenges and clinical translation prospects will be explored.

PHYTOCHEMICALS IN BONE CANCER THERAPY

Bone cancers, particularly osteosarcoma and metastatic bone lesions, pose
significant clinical challenges because of their highly aggressive behavior and
intricate microenvironment (Lu et.al., 2025). Treatment options for the
current scenario usually involve finding a delicate balance between surgically
removing the entire tumor and maintaining the structural integrity of the
bone (Badila et al., 2021)

Naturally occurring bioactive compounds in plants have significant
therapeutic potential for cancer prevention and treatment. In the context
of bone cancer, numerous plant-derived compounds show significant
anticancer potential by triggering cell death, suppressing the formation of
new blood vessels, reducing oxidative damage, and adjusting inflammatory
response pathways.

The most thoroughly investigated phytochemicals associated with bone
cancers are composed of the following:

Curcumin is a polyphenolic compound that originates from the plant
Curcuma longa, also known as turmeric. Curcumin has demonstrated robust
anticancer properties by triggering apoptosis in osteosarcoma cells, limiting
cell division, and blocking the NF-kB signaling pathway. This also has
potent anti-inflammatory and antioxidant effects, as demonstrated (Wang

et.al.,2021).

Resveratrol, which can be found in grapes, peanuts, and berries, has
been shown to inhibit the growth of osteosarcoma cells, decrease bone loss
caused by tumors, and affect bone remodeling markers like RANKL and
OPG (Shakibaei et.al., 2011). Green tea’s main catechin, Epigallocatechin
Gallate (EGCG), has cytotoxic effects on osteosarcoma cell lines, hampers
the growth of new blood vessels in tumors, and reduces the activity of matrix
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metalloproteinases (MMP-2/9), two key enzymes involved in tumor spread
and bone breakdown (Li et.al., 2023).

A flavonoid called quercetin is commonly found in various foods,
including apples, onions, and leafy greens.

It triggers apoptosis and halts the cell cycle in osteosarcoma cells through
mitochondrial and caspase-driven mechanisms and was demonstrated to
increase the efficacy of standard chemotherapy treatments (Granado-Serrano
et. al., 2010). It induces apoptosis and cell cycle arrest in osteosarcoma cells
via mitochondrial and caspase-mediated pathways and has been shown to
enhance the effectiveness of conventional chemotherapeutics treatments
(Granado-Serrano et. al., 2010).

A neolignan derived from Magnolia officinalis, honokiol, has shown
antiproliferative and anti-angiogenic properties in various cancers, such as
osteosarcoma. The compound induces apoptosis while preventing tumor
growth and the spread of cancer to other parts of the body (Arora et.al.,
2012). Research has demonstrated that the phenolic compound gingerol,
which is present in ginger (Zingiber officinale), can prevent the spread of
cancer cells, cause cancer cell death, and halt cell division in bone tumor
cells, thereby underscoring its value as a complementary treatment in bone
cancer therapy (Lee et.al., 2008).

Most phytochemicals with potent biological properties are hindered
by pharmacokinetic drawbacks, including low water solubility, chemical
instability, and swift removal from the body. The restrictions imposed by
these limitations significantly impede the accumulation of drugs in the
bone tissue, a dense and mineralized area that poses a barrier to therapeutic
delivery. Despite their potent biological activities, most phytochemicals
suffer from pharmacokinetic limitations such as poor water solubility,
chemical instability, and rapid systemic elimination. These limitations
particularly hinder drug accumulation in the bone tissue, which is dense and
mineralized, creating a barrier for therapeutic delivery. Over the past few
years, a number of natural products have been studied for their potential
to slow the progression of osteosarcoma, regulate bone metabolism, and
counteract chemoresistance mechanisms, as reported (Zhang et.al., 2020).
Various delivery systems including nanoparticles, liposomes, hydrogels, and
natural polymer-based microcapsules have been investigated to overcome
these challenges. The goal of these approaches is to increase the uptake
of phytochemicals by cells, prolong their circulation within the body, and
enhance their accumulation at the tumor site (Liu et. al., 2019).



Mehtap Demirel | 47

A diverse assortment of delivery systems, including nanoparticles,
liposomes, hydrogels, and natural polymer-based microcapsules, have
been investigated to address these challenges. One notable option is plant
protein-based microcapsules, which offer a biocompatible, biodegradable,
and sustainable approach to safeguard phytochemicals and facilitate
targeted, long-lasting delivery. In addition, these systems can be paired with
osteoinductive substances or incorporated into frameworks, thereby serving
a dual purpose in bone tissue regeneration and targeted cancer treatment.

According to Isakoff et al. (2022), approximately 6% of childhood
malignancies are bone cancers, with osteosarcoma being the most frequent
primary bone cancer. Several current clinical challenges exist:

Recurrence of the condition can occur in 30-40% of patients following
surgical removal (Bielack et al., 2002).

Sclerotic bone tumors exhibit limited drug penetration (Roodman et al.,
2004, Chow et.al., 2013).

A mechanical incompatibility exists between implants and the host’s
natural bone (Huiskes et al., 1993, Ryan et. Al, 2000).

Conventional metallic implants and synthetic bone grafts often fail to
meet three essential requirements for treating bone cancer. Delivery of
medication directly to the site of a tumor to inhibit its recurrence. Bone
regeneration facilitated through mechanical assistance. Compatibility of
biological materials with adjacent healthy tissue.

In addition to those mentioned, another category of compounds used in
bone tumors includes plant-based material compounds. Composites made
from natural fibers and plant proteins have become potential solutions that
tackle these challenges simultaneously, as noted in the research three of
these fibers specifically demonstrate a promising potential for bone cancer
applications (Faheed, 2024, Liu et.al., 2023, Jouyandeh et. al., 2022).
Coconut shell fibers possess hydrophobic regions that are well-suited for
encapsulating poorly soluble anticancer agents. Additionally, their lignin
and polyphenolic content—including catechins and tannins—contribute
significant antioxidant and anticancer properties. Notably, lignocellulosic-
derived nanoparticles such as lignin nanoparticles demonstrate high efficiency
in loading hydrophobic drugs and exhibit strong antioxidant activity (Wijaya
etal., 2021). Moreover, studies on coconut shell extracts have confirmed the
presence of tannins and catechins with documented cytotoxic effects against
cancer cell lines (Mohd Effendi Mohamed Nor et al., 2023; Koschek et al.,
2007).
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Pineapple Leaf Fiber (PALF) systems provide distinct advantages:

* Pineapple Leaf Fiber (PALF)-based composites exhibit inherently

porous structures, which are advantageous for facilitating drug
diffusion in biomedical applications, as highlighted in recent studies.
(Sethupathi et al., 2024; Brailson et al., 2022)

Research indicates that the biodegradable nature of PALF composites
aligns with the time frames associated with early-stage bone tissue
healing, making them suitable for use in temporary or dissolvable
scaffolds. (Sethupathi et al., 2024)

PALF-containing biocomposites have also shown promising results
in promoting angiogenesis, a critical factor for bone healing and
integration, particularly when combined with bioactive polymer
matrices.(Liu et al., 2023; Sethupathi et al., 2024)

Silk fibroin composites demonstrate considerable potential owing to the

following:

* The tensile strength of this material is 158 + 12 MPa, which meets

the mechanical strength requirements of cortical bone, as confirmed
by Rockwood et al., who demonstrated that regenerated silk fibroin
films and scaffolds exhibit tensile strengths ranging from 120 to 200
MPa depending on processing conditions (Rockwood et. al., 2011).

Osteoconductivity was found to support 92% osteoblast
adhesion, which is significantly higher than the 68% observed for
polycaprolactone (PCL), as reported by Nazarov et al., where silk
nanofiber mats significantly outperformed synthetic polymers in
supporting cell attachment (Nazarov et. al. 2004).

Research has shown that the rate of drug release achieves 80%
curcumin release at a pH level of 6.8, as opposed to 35% at a pH
level of 7.4, indicating a pH-responsive release profile that enhances
bioavailability in tumor microenvironments, as demonstrated by
Wang et al. (Wang et.al., 2008).

Sisal Fiber Reinforcements Exhibit Clinical Benefits

e Sisal fibers offer a cost-effective and sustainable alternative to synthetic

tibers. Numerous studies have highlighted that the price per kilogram
of natural fibers, including sisal, is significantly lower than that of
synthetic counterparts, making them attractive for both industrial and
biomedical applications (Li et al., 2020).
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* Alkali-treated sisal fibers demonstrate notable improvements
in mechanical performance. Treatments using 5% NaOH have
been shown to enhance fiber-matrix interfacial bonding, thereby
increasing tensile and flexural strength. This enhancement can result
in performance levels approaching those of certain metallic materials,
such as titanium meshes. (Bekele et.al.,; 2023)

* Sisal-based materials have also shown promising biological effects,
particularly in reducing the viability of osteosarcoma cell lines such
as Saos-2. Studies involving plant-derived reinforcements suggest
that these materials can exert cytotoxic effects on cancerous cells,
indicating their potential for biomedical and therapeutic use.). (Agan
et.al., 2020)

Challenges in Clinical Translation

Gamma radiation exposure has been shown to negatively affect the
mechanical integrity of sisal fibers, with several studies demonstrating a
reduction in tensile strength following irradiation.( Dorneles de Castro

et.al.,2020)

To date, there are no plant protein-based implants that have received
FDA approval for cancer therapy applications. Although plant-derived
biomaterials show great promise in preclinical stages, none have progressed
to regulatory clearance for oncological implant use, underscoring this
translational gap. (Wu et.al., 2024)

Tablol. Preliminary Testing Outcomes of Composites Reinforced with Natuval Fibers for
Treating Bone Cancer

Silk— Curcumin-loaded silk scaffolds Ouyang et al. (2024) — “significant
Curcumin showed significant reduction reduction in tumor voliime”
(murine OS) in tumor volume and mass in

osteosarcoma-bearing murine

models.
Sisal-Dox Doxorubicin-loaded sisal fiber Orel et al., 2024 — observed
(Saos-2 carriers resulted in marked ~61 % decrease in Saos-2 cell
xenograft)  reduction in tumor growth and viability

cell viability in Saos-2 xenografts.
PALF Pineapple leaf fiber—based Rabbit tibia defect scaffolding
scaffold scaffold promoted robust bone studies with plant fiber composites
(rabbit tibia) regeneration, supporting effective  show strong osteointegration-

defect repair in rabbit tibial Sethupathi et.al.(2024)

models.
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PLANT PROTEIN-BASED MATERIALS FOR BONE-
TARGETED PHYTOCHEMICAL DELIVERY

Phytochemical delivery to bone-targeted sites utilizing plant-derived
protein-based materials plant-based protein materials present a promising
foundation for creating sustainable and functional drug delivery systems.
These biopolymers, sourced from natural materials including legumes,
cereals, and oilseeds, exhibit superior film-forming, encapsulating, and
biodegradable characteristics. Their compatibility with bone regeneration
strategies makes these compounds particularly valuable for the localized
treatment of bone malignancies such as osteosarcoma and bone metastases.
Their compatibility with bone regeneration strategies makes them
particularly valuable for the localized treatment of bone malignancies such
as osteosarcoma and bone metastases.

Plant proteins commonly found in use include:

Soy protein isolate (SPI) has undergone thorough investigations into
its mechanical properties, controlled breakdown, and ability to create
microspheres and hydrogels. The material’s surface can be altered to enhance
its bioactivity and increase its capacity for carrying drugs, making it suitable
tor use in bone scaffolds (Li et.al., 2019).

Pea protein is becoming increasingly popular as a matrix for controlled
release systems due to its well-balanced amino acid profile and low potential
for causing allergic reactions. Research has demonstrated its ability to
work well with calcium phosphate composites in the field of bone tissue
engineering, as found in the study (Wang et.al., 2021).

Zein is a protein found in maize, characterized by its high hydrophobic
nature, which facilitates prolonged drug release. Good biocompatibility and
structural integrity have been achieved in the fabrication of bone-targeted
nanocarriers using this method (Zhang et.al., 2022).

These proteins can be developed into microcapsules, coatings, or scaffold
composites using methods like spray drying, ionic gelation, coacervation,
and emulsion-based techniques. These systems can be used to provide a
dual function when incorporated into bone tissue engineering scaffolds or
applied as implant coatings—supporting bone regeneration and facilitating
the localized release of anticancer phytochemicals.

In addition, composites based on plant protein can be augmented with
osteoconductive fillers like hydroxyapatite (HAp), calcium phosphate (CaP),
or bioactive glass to increase the mechanical strength and bone bonding.
These hybrid systems not only enhance cell attachment and growth but also
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facilitate the targeted and prolonged delivery of therapeutic agents directly
to the bone tumor site (Chen et.al., 2020).

Recent studies have shown that the microarchitecture of these protein-
based carriers, including factors like porosity, swelling behavior, and
degradation rate, can be precisely adjusted to match the dynamics of bone
remodeling and pathological environments, as demonstrated in research
(Deng et.al., 2023).

Beyond traditional plant proteins like zein and soy protein, naturally
occurring structural proteins and fibers such as silk fibroin, sisal, and coconut
shell fibers have garnered increasing attention for use as biomaterials in
drug delivery systems. Silk fibroin nanoparticles have been extensively
investigated within tumor microenvironments due to their advantages,
including controlled drug release, high biocompatibility, and low toxicity
(Foppiani et al., 2024; Pollini et al., 2024). These protein-based systems
show promise for the encapsulation and targeted delivery of therapeutic
agents (Chemis Group, 2024). The use of natural fiber composites (e.g.,
sisal) as biomaterials for bone-supporting applications has also grown due to
their high mechanical strength and environmentally friendly characteristics

(PMC, 2023; Springer, 2023).

Sisal fibers, specifically from the plant Agave sisalana, possess a high
cellulose content and stiffness, which enable them to provide mechanical
support in drug delivery systems. Although direct evidence regarding their
application in bone cancer treatment is limited, their potential as reinforcing
components in biomedical composites is well documented. Sisal-reinforced
biocomposites have been investigated for orthopedic applications due to
their high tensile and compressive strength; however, their use specifically
in bone cancer therapy remains in the early stages of research (Zamora-
Mendoza et.al., 2023).

Coconut shell fibers possess hydrophobic regions that are well-suited
for encapsulating poorly soluble anticancer agents. Additionally, their
inherent lignin content provides antioxidant properties, which may enhance
therapeutic outcomes. Lignocellulosic-derived nanoparticles, such as lignin
nanoparticles, have demonstrated high efficiency in loading hydrophobic
drugs and exhibit strong antioxidant activity (Wijaya et al., 2021).

ENCAPSULATION TECHNIQUES AND BONE-TARGETED
DELIVERY STRATEGIES

The effectiveness of plant protein-based delivery systems is heavily reliant
on the selected encapsulation method and the specific targeting approach
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employed to guide therapeutic agents to the bone tissue. For anticancer
phytochemicals to be effective in treating cancer in the bones with minimal
side effects, it is crucial to deliver them in a controlled, sustained way that is
specific to the bone environment.

MICROENCAPSULATION TECHNIQUES WITH PLANT
PROTEINS

Plant-Based Microencapsulation Methods Utilizing Proteins Methods
have been created to manufacture microcapsules or nanoparticles from plant
proteins such as soy, zein, and pea protein.

These methods not only maintain the structural integrity and biological
activity of the encapsulated phytochemicals but also facilitate their controlled
release. These methods not only preserve the structural integrity and activity
of the encapsulated phytochemicals but also allow controlled release.

Spray drying is a commonly applied and highly scalable technique. The
plant proteins are mixed with the medication, and then they are transformed
into a fine, dried powder through atomization into hot air. The method
offers good control over particle size and cost-effectiveness, although the
thermal sensitivity of certain phytochemicals needs to be considered (Patel

et.al., 2019).

Coacervation: This process is based on the electrostatic interactions
between the positively and negatively charged polymers that occur through
coacervation. Coacervates made with zein or SPI can trap non-water-soluble
plant compounds such as curcumin or resveratrol and be hardened into

stable delivery vehicles (Chen et.al., 2021).

Tonic Gelation: This process involves cross-linking of plant proteins using
calcium ions. This procedure is a gentle approach, especially well-suited for
compounds that are sensitive to heat, and produces uniform microspheres
that are suitable for use in injectable delivery systems (Nunes et.al., 2020).

These encapsulation methods can be customized to regulate the particle
size, surface charge, degradation rate, and drug release profiles in order to
align with the pathological and regenerative properties of the bone tissue
environments.

BONE-TARGETING STRATEGIES

To achieve effective bone accumulation, delivery systems typically need
to be modified to be more bone-targeting. The primary methods employed
involve
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Bisphosphonate functionalization involves compounds like alendronate,
which exhibit a high affinity for hydroxyapatite and are often attached to
drug delivery systems to ensure targeted deposition in mineralized bone
tissue (Wang et.al., 2017).

Short peptides, such as Asp-Ser-Ser, or molecules with a high affinity
for hydroxyapatite can be attached to proteins to enhance their adhesion to
bone surfaces, as demonstrated (Zhou et. al., 2021).

The bone tumor microenvironment frequently exhibits acidic conditions.
Under specific conditions, plant protein carriers that can detect changes in
pH levels release their cargo in a targeted manner, thereby enhancing the
delivery of therapy to the correct site and reducing the impact of unintended
side effects (Ramasamy et.al., 2022).

The concept of encapsulation can be expanded by incorporating fibrous
biopolymers such as silk and lignocellulosic fibers. Electrospun silk fibroin
scaffolds and composite systems that combine sisal or coconut fibers
can improve both the mechanical strength and bone bonding of delivery
platforms [16, 18,19]. The fabrication of nanofibrous silk fibroin mats
has been made possible through electrospinning, which is used to create
materials for targeted drug delivery in bone cancer research. These structures
enable a controlled release over time and can be modified to incorporate
targeting molecules [16].

Encapsulation of phytochemicals directly into fibers such as sisal or
coconut is relatively uncommon, yet these fibers can serve as structural
frameworks in hybrid systems, thereby improving the mechanical stability
of devices designed for bone-targeted delivery. [17,19]

CONTROLLED RELEASE KINETICS AND THERAPEUTIC
OUTCOMES IN BONE CANCER MODELS

The success of plant protein-based delivery systems in treating bone cancer
hinges on their ability to release therapeutic compounds in a controlled and
targeted fashion. The release dynamics of these systems have been extensively
examined in both laboratory-based and living-organism models.

Release Kinetics Profiles

Plant-based carriers derived from proteins can release phytochemicals
according to different kinetic models. Zein-based nanoparticles enable
the gradual and prolonged release of hydrophobic phytochemicals, which
facilitates effective delivery within the bone tumor microenvironment
(Zhang et.al., 2022). Pea protein-based microgel capsules have also shown
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the capability to manage the release of both water-loving and water-fearing
compounds (Dinh et.al., 2024).

Plant-based protein systems can be designed to have two main functions
through the integration of microencapsulation techniques with targeted
approaches for bone tissue, thereby enabling the simultaneous promotion
of bone repair and the controlled release of anticancer medication in specific
areas over time.

Silk fibroin is notable among different biomaterials for its ability to
degrade at a tunable rate and release substances in a controlled manner. In
bone cancer models, silk-based drug carriers have demonstrated sustained
drug presence at the tumor site. Only limited studies on sisal and coconut
tibers exist, but their antioxidant properties and structural characteristics
indicate possible future therapeutic applications (Florczak et. Al., 2021).
Specifically, silk fibroin carriers have shown favorable release kinetics in
bone cancer research models, maintaining therapeutic concentrations within
the tumor and reducing systemic toxicity in several studies (Zheng et.al.,
2025). Additionally, the inherent antioxidant activity of coconut-derived
lignocellulosic fibers may enhance treatment efficacy by reducing oxidative
stress within the tumor microenvironment, although further research is
necessary to clarify their controlled-release behavior (Zheng et.al., 2025,
Morsali et.al., 2022).

IN VITRO AND IN VIVO THERAPEUTIC EFFECTS

Research conducted in a laboratory setting has demonstrated that delivery
systems based on plant proteins have an inhibitory effect on the proliferation
of osteosarcoma cells in culture. Curcumin-loaded zein nanoparticles were
found to cause apoptosis and suppress tumor growth in osteosarcoma cells
(Shakori Poshteh et.al., 2024). In vivo studies have shown that these carriers
tend to accumulate in areas where bone tumors occur, thereby lowering the
risk of systemic side effects while increasing the effectiveness of the treatment
(Wu et.al.,, 2024).

FUTURE PERSPECTIVES

Interest in plant protein-based delivery systems for bone cancer therapy
has increased notably in recent years due to their inherent biocompatibility,
biodegradability, and drug-loading capability. Recent reviews highlight the
development of protein nanoparticles from plant sources—including zein,
soy, and albumin—for biomedical applications, demonstrating improved
targeting and controlled release profiles (Muraleedharan et.al., 2024,
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Karnwal et.al., 2024). Additionally, nanoparticle-based systems designed
specifically for bone targeting have been shown to enhance osteogenesis
and local drug retention in bone cancer models (Guan et al., 2024). Finally,
the incorporation of novel bacterial proteins with self-assembling tubular
structures has enhanced targeting precision and encapsulation efficiency in
bone tumor delivery designs (Bergeron et al., 2025).

The dual-loading capability of plant-protein-based microgel systems for
both water-loving and water-repelling drugs ofters promising opportunities
for combination therapy applications (Dinh et.al, 2024)

CHALLENGES AND FUTURE PERSPECTIVES

Bone cancer therapy may be enhanced by protein-based drug delivery
systems. Several hurdles still need to be overcome in order to effectively
translate these systems into practical clinical uses.

CLINICAL APPLICATION AND REGULATORY
CHALLENGES

Standardizing and scaling up fabrication techniques for plant-protein-
based nanoparticles is essential for their clinical application (Zhang et.al.,
2022). In addition, more extensive in vivo studies are needed to assess the
long-term biocompatibility and safety of these systems (Dinh et.al., 2024).

TARGETING AND CONTROLLED RELEASE STRATEGIES

Creating targeted strategies that specifically focus on bone development
is crucial for improving the effectiveness of treatments. Conjugating bone-
affinitive molecules like bisphosphonates to delivery vehicles can greatly
enhance the precision of targeting (Wang et.al., 2017). Developing stimulus-
sensitive systems like pH-sensing drug carriers that release medication in
tumor environments with low pH can decrease side effects and improve
treatment accuracy (Chen et.al., 2021).

FUTURE RESEARCH DIRECTIONS

Research in the future should concentrate on designing multi-functional
systems based on plant proteins. Platforms capable of serving two purposes,
namely promoting bone growth and releasing anticancer medications,
may provide substantial clinical advantages (Dinh et.al.; 2024). Genetic
engineering could enhance the structural optimization of plant proteins,
thereby potentially improving their bioavailability, stability, and ability to
target effectively (Zhang et.al.,2022).
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Further investigation is required to fully leverage the promising outcomes
and maximize the potential of silk, sisal, and coconut shell fibers in bone-
targeted drug delivery systems. The key steps toward the clinical adoption of
these natural fibers as biofunctional components in advanced drug delivery
systems will include standardizing the processing methods, increasing
the drug-loading efficiencies, and improving the targeting capabilities.
Replicating and increasing the manufacturing of silk fibroin-based systems
consistently is a major problem to overcome. Obtaining regulatory approval
necessitates comprehensive biocompatibility and safety evaluations [Hcini,
2023, Zamora-Mendoza et.al., 2023].

CONCLUSION

Plant-based protein materials offer a promising and sustainable platform
for the controlled release of phytochemicals in bone cancer treatment.
Polymers derived from natural sources, including zein, soy protein, and pea
protein, possess biocompatibility, degrade at a rate that can be controlled, and
the capability to encapsulate both hydrophilic and hydrophobic therapeutic
agents.

Research  has demonstrated that combining microencapsulation
methods—such as spray drying, ionic gelation, and coacervation—with
techniques that target bones, such as bisphosphonate modification or
hydroxyapatite-binding peptides, holds considerable promise in increasing
treatment precision while reducing the risk of systemic harm. The application
of pH-sensitive and stimuli-responsive systems enables targeted release in the
acidic bone tumor environment, thereby enhancing therapeutic effectiveness.

Despite recent progress, several problems persist. These encompass
requirements for scalable production processes, extensive in vivo safety
assessments, and regulatory approval routes. Recent breakthroughs,
incorporating engineered plant proteins and adaptable delivery vehicles,
are clearing the path for advanced, bone-targeted systems that administer
phytochemicals.

In summary, the interdisciplinary approach combining materials
science, natural product pharmacology, and bone tissue engineering offers
promising avenues for future research and clinical applications. Plant-based
protein carriers are expected to play a significant role in developing the next
generation of targeted, efficient, and compatible treatments for bone cancer.

Alongside traditional plant-based protein carriers, incorporating natural
tibers like silk fibroin, sisal, and coconut shell can provide extra functionality
and structural support in the development of targeted delivery systems
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focused on bone applications. Silk fibroin boasts superior biocompatibility
and flexible degradation rates, which makes it an optimal candidate for
prolonged phytochemical delivery. Sisal fibers, which are rich in cellulose
and boast significant mechanical strength, can improve the stability of
composite carriers. Coconut shell fibers possess inherent properties of natural
antioxidants and hydrophobicity, potentially enhancing the encapsulation
and controlled release of poorly soluble anticancer drug compounds. The
use of these underutilized plant-based materials could enhance treatment
effectiveness while enabling the creation of environmentally friendly, versatile
systems for targeted bone cancer treatment.
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Bolum 5

Imalat Siireglerinde Ortam Gazlarinin Enerji
Verimliligi Agisindan Izlenmesi

Ganime Tugba Onder!

Ozet

Imalat ortamlarinda bulunan, zehirli, yanici, patlayici ya da oksijen seviyesinde
olumsuz degisikliklere neden olan tehlikeli gazlarin tespit edilmesi, izlenmesi
ve kontrol edilmesi biiyiik 6nem tagimaktadir. Imalat siireclerinin kaliteli,
verimli ve gevreye zarar vermeden devam edebilmesi igin her agamasinda takip
edilmesi gerekir. Ozellikle, gergeklestirilen kesme, delme, kaynak gibi mekanik
operasyonlar, ortamda var olan gazlarin niteligine ve miktarina bagh olarak
her an tepkime yaratabilir ve geri dondiiriilemez kayiplara neden olabilir.
Imalat siirecinin ve gevrenin olumsuz etkilenmemesi, is akisinda duraklamalar
yaganmamasi igin imalat 6ncesinde ve imalat esnasinda bazi prosediirlerin
uygulanmasi gerekir. Bu caligmada, gaz ol¢iimii gergeklestirilmesi gereken
ortamlar, is kazasi, zehirlenme ve patlama gibi olumsuzluklarin 6niine
gecilmesi i¢in yapilmas: gerekenler anlatilmaktadir. Bu sayede sistemlerin
diigiik maliyetli, ¢cevre agisindan sorun teskil etmeden, verimli ve giivenli
caligmasi saglanabilmektedir.

1. Giris

Imalat siireclerinde gesitli gazlar ortaya ¢ikmaktadir. Bunlar arasinda,
karbon monoksit (CO), karbondioksit (CO:), metan (CHa4), hidrojen siilfiir
(H=S), metanol (CHsOH), ugucu organik bilesikler (VOC), propan (CsHs),
azot dioksit (NO2) ve oksijen (O:) seviyeleri One ¢ikar. Bu gazlardan bazilar
toksik, bazilari ise yanici ve patlayicidir (Tablol). Toksik gazlar, solundugu
zaman zchirleyici etkilere sebep olurken, yanici ve patlayict gazlar, niteligine,
miktarina ve bulundugu ortamdaki durumuna bagli olarak yanma, patlama,
zehirlenme gibi yapisal ve gevresel hasarlara sebep olmaktadir. Imalat
tesislerinde, ortam havasindaki gazlarin kontrolii, yalnizca is saghgi ve

1 Ogr. Gor. Dr., Gukurova Universitesi, Adana MYO Elektrik ve Enerji Boliimii Tklimlendirme
ve Sogutma Teknolojileri Programu, gercoskun@cu.edu.tr, 0000-0002-7504-7394

B8 d hrpsy/jidoi.ong/10.58830/ozgur- pub770.c3183 63



64 | Imalat Siiveclerinde Ovtam Gazlaymm Enerji Vevimlilii Agismdan Izlenmesi

giivenligi agisindan degil, ayni zamanda enerji verimliliginin saglanmasi
acisindan da biiylik 6nem tagir. Endiistriyel tiretim siireglerinde agiga
¢ikan gazlar, hem ¢aligan sagligini tehdit eder, hem de sistemlerin verimli
caliymasini engeller. Bu nedenle ortam gazlarinin izlenmesi, kontrol altina
alinmasi ve giivenli seviyelerde tutulmas: hayati 6nem tagir.

Gaz Ol¢iim cihazlari, ortamda bulunan gazlarin tiirtinii ve miktarin siirekli
olarak denetleyen sistem elamanlaridir. Bu cihazlar ile gazin anlk takibi
yapilabilir, gaz s1zintis1 ya da olugan ani bir artigin tespiti gergeklestirilebilir.
Gaz detektorii olarak isimlendirilen bu cihazlar, kullanictyr uyarmak amaciyla
151kl1 ve sesli uyari/ ikaz ozellikleri tagirlar. Bu cihazlar araciligr ile elde edilen
veriler, 6l¢iim yapilan gaz ile ilgili bir envanter ortaya koyacag gibi o gaza
ait yanma kosullarini optimize etmeyi de saglar. Imalat nedeniyle hangi gaza
ihtiya¢ duyuluyorsa, bu gazin ortamda fazlahiginin tespiti ile enerji kayb1
minimuma indirilir. Bu durum, ayni1 zamanda gereksiz kaynak kullaniminin
da oniine geger. Yanma iglemi i¢in kullanilan bir gazin, az olmas1 da eksik
yanma nedenti ile enerji kayiplarina ve ortamda bazi artik gazlarin olusumuna
neden olur. Istenmeyen gazlar ise emisyon degerlerinde artmaya ve gevre igin
olumsuz etkilere neden olur. Gazlarin fazlaligr gibi azliginin da tespiti bu
nedenle ¢ok 6nemlidir.

2. Gazlar ve Olgiim Ozellikleri

2.1. Alt ve Ust Patlama Sinir1

Gazlar, belirli araliklarda hava ile karigtiginda yanic1 ve patlayicr 6zellik
tagir. Alt patlama siir1 (Lower Explosive Limit-LEL), bir gazin havadaki
konsantrasyonunun patlama yaratabilecek en diisiik seviyesidir. Bu seviyenin
altindaki oranlarda, gazlar tutusmazlar. Ust patlama sinir1 (Upper Explosion
Limit -UEL) ise bir gazin havadaki konsantrasyonunun patlama yaratabilecek
en vyiiksek seviyesidir (CSGB, 2015; ISG 2012). Bazt gazlara ait LEL ve
UEL degerleri Tablo 2’de gosterilmistir.

LEL degeri altinda fakir karigim, UEL degeri tizerinde ise zengin karigim
olustugu igin yanma ya da patlama bu durumda meydana gelmez (Celep,
2023). LEL seviyesinin altinda, kariggm heniiz yanicr degildir ancak, gaz
sizintist miimkiindiir. UEL degeri agildiginda ise patlama olmamasinin
nedeni, ortamda yeterli oksijen bulunmamasidir. Yetersiz oksijen nedeniyle,
yanma olay1 ger¢eklesmez. LEL %100 oldugunda ortamda patlama riski gok
yiiksektir ve ufak bir kivileim ya da statik elektrik gibi etkenlerle, aninda
patlama meydana gelebilir. Ortama herhangi bir nedenle hava girisi de
oksijen girisine neden olacagi igin patlama tehlikesi yiiksektir.
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Patlamadan ve yanmadan korunmak amaciyla, imalat yapilan ve ¢aligma
ortamlarda, siirekli gaz takibi yapilmali, alt ve tist gaz siir degerlerine dikkat
edilmelidir. Ortam gaz seviyesi diisiik seviyelerde kritik hale gelmeden 6nce,
cihaz tizerinde ayarlanmig LEL degerinin tespiti ile havalandirma yapilarak
onlem alnabilir. Havalandirma sistemleri, imalat nedeniyle olusan egzoz
dumanlarini, yanic1 ve patlayicr ozellik tagriyan ve ortamda istenmeyen
gazlari, saglikli bir sekilde ortamdan uzaklagtirmak igin kullanilirlar. Ortamda
bulunan yiiksek gaz seviyelerinde, Sekil 1’de goriilen Ozellikle imalat
ortamlar1 i¢in uygun olan, pratik hava tahliye sistemleri kullanilmaktadir.
Bu tahliye sistemi, ortamda bulunan ve uzaklagtirilmak istenen gaz, buhar,
duman ya da koku gibi unsurlarin, agiz kisminda bulunan fan yardimu ile i¢
ortamdan emilmesini ve dig havaya naklini hizlica saglar.

Sekil 1. Hava tabliye sistemi

Tablo 1. Gazlar ve ozellikleri

Gaz Ozellik
CcO Toksik- Yanici Patlayict
CO: Toksik
CHa Yanic1 Patlayicr
CsHs Yanic1 Patlayicr
H-S Toksik- Yanici Patlayict
NO: Toksik
O: Yiiksek basingta toksik olabilir, yanici patlayict degildir ancak
patlamayi destekleyicidir
CH;OH Toksik- Yanici Patlayict

VOC Toksik- Yanic1 Patlayict
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Tablo 2. Baz gazlava ait LEL ve UEL degerleri

Gaz LEL (% hacim) UEL (% hacim)
CcO 12.5 74
H, 4 75
CsHs 2.1 9.5
CH. 5 15
H-S 4 44
CH,OH 6 36
VOC 1-3 7-12

2.2. Karbon Monoksit (CO)

Toksik, yanici ve patlayici 6zellikler tagiyan CO, oksijen tagima kapasitesini
engellemesi nedeniyle, hem caligan sagligi, hem de proses kontrolii i¢in takip
edilmesi gereken bir gazdir. Bu gaz, renksiz, kokusuz ve toksik ozellikler
tagir. CO gazi, elektrokimyasal (EC) ve kizilotesi (NDIR -Nondispersive
Infrared) sensorlii gaz detektorleriyle dlgiilmektedir. Ozellikle kazan, firin
gibi yanma sistemleri olan ¢aligma alanlarinda, yanma verimliligini izlemek,
cksikligini veya fazlaligini belirlemek amaciyla ihtiya¢ duyulur. Tam yanma
aninda, CO seviyesinin sifira yakin olmasi beklenir. Eger CO seviyesi
yiiksekse, bu yanmanin yetersiz olduguna isaret eder. Bu durum, oksijenin
de diisiik olmasindan kaynaklanir. Bu alanlarda, tam yanma olayinin saglikl
gerceklestigi takip edilmelidir. Gazlarin beklenen seviyelerde olmamasi,
briilor gibi yakit yakma sistemlerindeki bir problemden kaynaklanabilecegi
gibi, yanma gazlarinin karigim oranlarindaki hatadan da kaynaklanabilir.

Kapali alan olarak tabir edilen galigma ortamlarinda ise CO, zehirlenmeyi
engellemek ve yasal sinirlamalart saglamak amaciyla kontrol altinda tutulur.
Maden, metal isi yapilan sektorler, kapalt otopark, endiistriyel mutfak gibi
alanlarda CO seviyesi, giivenli bir ortam saglanabilmesi igin 10 ppm altinda
kalmalidir (TS EN 50291-1) . Kimya ve petrokimya endiistrisi i¢in iiretimin
bir parcasi olan CO, 8 saatlik ¢aligma siiresi i¢in 25 ppm (ACGIH 2024) - 50
ppm (ISGUY 2013) kronik maruziyet siiresine sahiptir.

2.3. Karbondioksit (CO:)

Yanict olmayan CO., renksiz ve kokusuz bir gazdir. Olglimii igin
NDIR sensor kullanimi, en yaygin olandir. Imalatta tiip olarak kullanilan
ortamlarda, gaz sizintisi, zehirlenme, bogulma tehlikesi nedeniyle takip
edilmelidir (TS ISO 16000-26). Kalite ve giivenlik amaciyla gida sektoriinde;
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ortamda havalandirmanin yetersiz oldugu alanlarda sersemlik, bag agrisi ya
da performans azalmasina neden olmamasi igin i¢ hava kalitesi i¢in takip
edilmelidir (TS EN 13779). CO: tiipleri ile ¢aligilan imalat sektorlerinde,
havalandirma sistemlerinin periyodik kontrolii mutlaka yapilmalidir.

2.4. Metan (CHL)

Renksiz, kokusuz, yanicr bir gaz olan CHa gazi, 1sinma, elektrik tiretimi,
atiksu aritma ve tarimsal atiklardan biyogaz iiretilen tesislerde, yaygin olarak
bulunur. Hava ile belirli bir oranda karigabilen CH4 gazinin tespiti igin EC,
katalitik boncuk (pellistor) ve NDIR sensorler tercih edilir. Patlama riskine
kargi, %LEL seviyeleri imalat iglemleri esansinda siirekli takip edilmelidir.
Ortamda %5 hacmin iizerinde metan, hava ile patlayici karigim olusturabilir
(ISO 10156).

2.5. Propan (C:sHs)

CsHs gazi, renksiz ve kokusuzdur. Sizintisinin fark edilebilmesi igin uyari
amagli igerisine koku eklenir. Hava ile %2.1 - %9.5 hacim araliginda patlayici
bir karigim haline gelen yiiksek yaniciliga sahip bir gazdir (ISG 2012). Bu
nedenle, imalat ortamlarinda giivenli ¢aligilabilmesi i¢in kontrol altinda
tutulmasi ve siirekli izlenmesi gerekir. Katalitik ve IR sensorlii cihazlar ile
Olgiiliir.

2.6. Hidrojen Silfiir (H-S),

HaS gazi, renksiz ve giiriik yumurta benzeyen bir kokuya sahiptir. Toksik,
yanict ve patlayict bir gaz oldugu igin elektrokimyasal, alev fotometrik
dedektor ve PID dedektor sensorlerle hassas Olgiim yapilmalidir (TS ISO
6326-4). Bu gaz, diisiik konsantrasyonlarda dahi merkezi sinir sistemini
olumsuz etkiler. Caligma ortaminda 10 ppm H-S gaz1 bulunmasi durumunda
10 dakikadan daha fazla siire kalinmamali, bu deger 100 ppm oldugunda ise
ortam acilen terkedilmelidir (NIOSH 2011).

2.7. Azot Dioksit (NO:)

NO: gazi, enerji santralleri, saglik, gida, kimya, otomotiv endiistrisi gibi
farkli sektorlerde yaygin olarak bulunmaktadir. NO: gazi, yanici ve patlayicilik
agisindan giivenilir bir gaz olmakla beraber, yiiksek konsantrasyonlarda
solunum ve sinir sistemini olumsuz etkileyen toksik bir gazdir. Ayrica,
havadaki su buhart ile reaksiyona girerek korozif nitrik asit ve toksik organik
nitrat olugturarak gevreye ve havaya zarar verir. Olgiimiinde EC sensorler
kullanilir. Arag trafigi olan yerlerde NO: gazina daha fazla rastlandigindan,

trafikte saliniminin da siirekli izlenmesi gerekir.
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2.8. Oksijen (O:)

Oksijen yanici degil yakici bir gaz oldugu igin alt ve tist patlama degerleri
yoktur. Ancak, yanma tehlikesi tagtyan gazlar ile bir arada bulundugunda
tehlike yaratir. Oksijen seviyesi %19.,5 altina diismemeli, %23.,5 iizerine
¢tkmamalidir (NIOSH 2011). Kritik seviyelerde alarm sistemleri devreye
girmelidir. O: Olgiimleri, EC sensor, zirkonya sensor, optik (Lazer/IR
Spektroskopi) sensorler ve laboratuvar cihazlarinda paramanyetik sensorler
ile hassas olarak yapilir.

2.9. Metanol (CH;OH)

Renksiz, ugucu, yanict ve ¢ok zehirli bir sividir. Cilt, solunum ya da
agiz yolu ile alindiginda ciddi hasarlara neden olur. 10 ml CHsOH optik
sinirlere hasar verirken, 30 ml 6liimciil olabilir. %6 oraninda CHsOH, hava
ile karigarak patlamaya uygun ortam olusturur (OSHA 2025). Katalitik, IR
ve PID sensorlerle olgtilebilir. Havadan agir olan bu gazin 6lglimii igin gaz
dedektorleri, yere yakin konumlandiriimalidir.

2.10. Ugucu Organik Bilesikler (VOC)

Toksik, yanici ve patlayici 6zellik tasiyan VOCler, diigiik LEL degerine (1-
3) sahiptirler, bu degerin altinda dahi sicak yiize ile temas ya da statik elektrik
ile alev alabilirler. Bu nedenle yetersiz havalandirma ya da gaz birikimi ile
patlayic1 bir ortam yaratirlar. Boya, plastik, ilag iiretimi yapilan sektorlerde
VOCler siklikla bulunmaktadir. Ozellikle solvent kullanilan ortamlarda,
maske ve havalandirma tedbirleri alinmalidir. VOC 6l¢iimlerinde, PID
cihazlar ve IR spektrum analizorleri tercih edilir.

2.11. Gaz Olgiim Tslemi

Gaz detektorleri ve emisyon ol¢lim cihazlart araciligy ile gergeklestirilen
Olgiimler, imalat ortaminin, personellerin ve gevrenin giivenligini saglamak
igin yapilir. Yapilan bu iglem, havalandirma sistemlerinin performansini,
egzoz gazlarinin digartya dogru atildigimi da kontrol etmek amaciyla
yapilmaktadir. Gaz Olgiim cihazlar1 genellikle % LEL cinsinden uyari verirler.

Asagida, gaz 6l¢timii i¢in kullanilan portatif cihazlara ait, genel uygulama
adimlar1 yer almaktadur.

1. Cihaz agilinca kalibrasyon otomatik yapilir. Bu esnada ikaz igiklar
kisa siireli uyarilar verir. Kalibrasyon iglemi degerlerin dogru okunmasi igin
onemli bir adimdir.
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2. Sensorlerin ¢ahistigr dogrulamak, ol¢lim yapilacak gaza cihazin yanit
verdiginden emin olmak amaciyla, fonksiyon testi olarak da amlan “Bump
test” yapilir. Bu agama, tehlikeli bir gazin varliginin tespit edilip edilemedigini
gosteren bir agamadir.

3. Cihaz, iizerinde bulunan sensorler vasitasiyla algilama yapmaktadir
(Sekil 2). Olgiim esnasinda cihaz kullaniciya yakin olmalidir.

Sekil 2. Portatif yaz olgiim cibaz

4. Olgiilen gaz miktarlari ve %LEL degeri ekranda goriintiilenir ve ekran
tizerinden takip edilir (Sekil 3).

Sekil 3. Gaz olgiim cibaz ekran
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5. Cihazda tanimlanan gazlarin limit degerleri agilirsa, sesli-igikli ikazlar
ile sistem alarm durumuna geger. Ornegin, CO seviyesi 25 ppm’i agmamals,
metan %5 LEL’in altinda kalmali ve O: seviyesi %19,5-23,5 arasinda
tutulmalidir. $ekil 2°’de 6lgiim cihazi, metan seviyesi i¢in ikaz durumundadir.

Giivenilir bir 6l¢me iglemi yapabilmek i¢in dikkat edilmesi gerekenler;

- Cihazlar giinliik kontrol edilmeli, haftalik test yapilmals,

- Cihazin pili dolu ve sensorleri saglam olmals,

- Cihazi egitimli personel kullanmals,

- Kapali alanlara gaz 6lgiimii yapilmadan girilmemeli,

- Kritik degerlerde ortamdan uzaklagilmalidir.

Tablo 3’de, imalat ortamlari igin, bazi 6nemli gazlara ait 6l¢gme iglemleri
Ozetlenmigtir.

Tablo 3. Olgme Islemleri

Gaz

Tespit, izleme ve
kontrol yontemi

Ne Zaman?

Nerede?

CcO EC ve NDIR sensor Her Yanma sistemleri (kazan, firin,
operasyon tiirbin vb.), Kapali alan, Kimya ve
oncesi, Petrokimya Endiistrileri
operasyon ] ]

CO:2 NDIR sensor an1 ve sonras: Havalandirma sistemleri,
siirekli laboratuvarlar, endiistriyel mahaller

CHas EC, Pellistor ve kontrol Madenler, dogalgaz tesisleri, petrol

NDIR rafinerileri
C,H, Katalitik, IR sensor Metal igleme, plastik-cam sanayi,
1sitma sistemleri, LPG arag yakati,
tarim
H.S EC, PID ve alev Atiksu aritma tesisi, kanalizasyon
fotometrik sensor sistemleri rafineriler, petrol ve gaz
sektorii, biyogaz tesisleri, kimya
endiistrisi, tarim

NO: EC ve NDIR sensor Trafik, Egzoz gazi, tiineller

CHsOH Katalitik, IR ve PID Plastik, boya ve ilag¢ sanayii, biodizel

sensor yakit tiretiminde katki, yarig yakitt
katkist

O: EC, zirkonya ve Kapali alanlar, oksijen seviye takibi

paramanyetik gerektiren alanlar, medikal
sensor, Lazer/IR
Spektroskopi
VOC PID sensor Endiistriyel tesisler, boya ve solvent

kullanilan sektorler, laboratuvarlar
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3. Sonug ve Oneriler

Gaz ol¢lim cihazlari, basta is¢i saghigi ve giivenligi olmak tizere, igletme
ortamin ve ¢evreyi de kontrol altinda tutabilmek amaciyla, sanayi ve kamu
sektorlerinde vazgegilmez ekipmanlardandir. Glinlimiizde, gaz algillama
ve izleme sistemleri mekanik, sabit ve basit yapisindan ¢ikarak, dijital,
tasinabilen ve kablosuz kullanilabilen, akilli sensorler ile desteklenmis,
uzaktan ve internet aracihig1 ile denetlenebilen (IoT destekli uzaktan izleme
sistemleri) bir yapiya kavugmusgtur. Patlamaya kargi ekipmanlar, basit kivilcom
onleyici, basit alev tutucu, manuel ve klasik elektrikli cihazlar, otomatik
kontrol edilebilen (SCADA, DCS vb.), akilli alarm sistemleri ve patlamaya
dayanikli (ex-proof) malzemeler ile desteklenmektedir. Manuel 6rneklemeler
ve laboratuvar analizleri artik, gergek zamanli yapay zeka ve bulut tabanli risk
izleme platformlari ile yapilabilmektedir. Yiiz yiize yapilmasi gereken bazi
uygulamali egitimler dahi glintimiizde sanal gergeklik (VR) simiilasyonlari ile
yapilabilmekte, bir¢ok analiz takip ve listeleme iglemleri mobil uygulamalar
aracihg: ile gerceklestirilebilmektedir. Imalat siireglerinde, ortam gazlarinin
olgiilmesine dair yenilikler, igin tiiriine ve niteligine gore ¢aligma alanina
entegre edilmelidir.

Yapilan olgtimlerin, egitimli personel tarafindan, kalibre edilmig cihazlar
ile olmas1 son derece 6nemlidir. Dogru o6l¢iim, dogru cihaz ve dogru
egitim, hayat kurtaracag: gibi en ufak bir prosediiriin yerine getirilmemesi
de zehirlenme, yanma ya da patlamaya neden olabilir. Sekil 4’de kapali
alanda gergeklestirilen bir kesme islemi goriintiisii yer almaktadir. Sicaklik
yiikselmeden, ortamda bulunan gaz, yanma ve patlama noktasina erigmeden,
¢tkan kivileimlarin sorun gikartmadan soniimlendiginden emin olarak iglem
yapilmasi i¢in su ile kesme iglemi yapilmaktadir. Bu ve benzeri islemlerde,
sicaklik yiikselmeden ve olugan tehlikeli gazin tahliye edildiginden emin
olmak i¢in iglem siirekli gaz + sicaklik 6l¢iimii altinda ve zaman araliklartyla
gergeklestirilir. Bu gekilde, imalat iglemlerinin giivenli yapilmasi saglanir.
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Sekil 4. Kapalr alanda kesme islemi

Gaz kagak alarm sistemleri, alev sizdirmaz (ex-proof) donanim, eksiksiz
ve her an galisir durumda olmahdir. Bakim ve kalibrasyon iglemleri igin
niteligine gore her iglem Oncesinde, islem sirasinda ve sonrasinda ayrica
belirlenen periyodlarda kusursuz bir sekilde yapilmalidir. Ozellikle, sinir gaz
degerlerinde yapilacak proses islemleri, portatif CO detektorleri ile anlik
ve yakin mesafeden siirekli kontrol altinda tutulmalidir. Tmalat islemleri,
Olgiimii gergeklestiren personel izin vermedigi miiddet¢e baglamamalidir.
Aksi takdirde yanma ve patlama olaylari kaginilmaz olur. Islemler yapilirken,
tim iy giivenligi Onlemleri alinmig olmalhdir. Alinan 6nlemlere ragmen,
herhangi bir olumsuzlugun meydana gelme ihtimaline karsi, her an yangin
sondiirme cihazlari, yangin sondiirme battaniyesi benzeri ekipman yangini
bityiimeden sondiirmek iizere islem yapilan alanda hazir bulundurulur.
Eger yapilan iglemler, kapali alanda gergeklestirilecekse, kapali alanlara
girerken ya da patlama riski olan yerlerde gaz ol¢limii yapilmadan higbir
isleme basglanmamalidir. Burada yapilacak iglemler kapali alan niteligine
uygun olarak belirlenmis siireye ya da haberlesme sistemine bagh kalarak
islem prosediirlerine uyulmalidir. Imalat yapilan tiim ortamlarinda, acil
durum kagig yollarinin bulunmast da 6nemli bir zorunluluktur. 6331 sayil ig
saglig1 ve glivenligi kanununa gore igverenler, isin tiiriine ve tehlikesine gore
havalandirma ve gaz 6lglim sistemlerinin kurulmasi, risk degerlendirmesi
yapilmasi, ¢aliganlarin egitilmesini ve giivenli ¢aligma ortaminin saglanmasi
ile yiikiimlidiir.

Imalat tesislerinde, ortamdan elde edilen gaz 6lgiim sonuglaryla yapilan
veri analizleri sayesinde, kayip ve kagak gaz miktarlari, sebep ve sonuglar
belirlenerek, ideal imalat ortami tanimlanabilir. Ayrica, her imalat alanina
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uygun olarak, mevcut ve tehlikeli durumlar igin uygun 6nlemler alnabilir
ya da tehlikeli durum tamamen ortadan kaldirilabilir. Bu durum, maliyet
agisindan tasarruf elde etmek igin de oldukga 6nemlidir. Ciinkii herhangi
bir kaza, yanma ya da patlama durumunda, isletmeler biiyiik maddi kayiplar
yasamakta, bunun yan sira isletme imaji da olumsuz etkilenmektedir. Imalat
ortamlarinda gaz takibi yapmak, sadece gazlarin miktarin1 belirlemekle
kalmaz, tesise ait bir elemanda ariza durumu varsa, bunun da tespit edilmesine
hizmet eder. Sistemin tiim elemanlarinin, enerji verimliligi agisindan, bir
biitiin olarak caligmasi gerekir. Imalat ortaminda var olan ve imalat nedeniyle
olusan gaz emisyon degerleri, dinamik, es zamanli, otomatik ve teknolojik
yenilikler ile Olgiilebilir, gereken tedbirler gecikmeden alinabilir. Bu sayede,
zaman ve enerji kayiplarinin 6ntine gegilebilir. Caliganlar ve gevre korunabilir.
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Abstract

Cellular and dendritic microstructures formed during the solidification of
alloy systems lead to a non-uniform distribution of solute elements, i.c.,
microsegregation, significantly influencing the final properties of the material.
The scale and morphology of microsegregation are primarily characterized by
primary (A1) and secondary ()2) dendrite arm spacings. This study investigates
the directional solidification behavior of three Al-Zn binary alloys with
different compositions: Al-7wt.%Zn, Al-10wt.%Zn, and Al-20wt.%Zn.
Alloy samples, prepared under vacuum using high-purity (99.99%) starting
materials, were unidirectionally solidified in a custom-built Bridgman-type
directional solidification furnace under a constant thermal gradient (G
= 10.3 K/mm) and varying growth rates (V) ranging from 8.25 um/s to
165 pum/s. From the microstructural images obtained from transverse and
longitudinal sections of the solidified samples, the primary (i) and secondary
(A2) dendrite arm spacings were meticulously measured as a function of zinc
concentration (Co) and growth rate (V). The experimentally determined A-V
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and A-Co relationships were mathematically modeled using linear regression
analysis, and the obtained findings were comprehensively compared with
existing theoretical solidification models and similar experimental studies
in the literature. This research provides a fundamental understanding of the
microstructural evolution in Al-Zn alloys and offers significant data for the
design of desired microstructures, and consequently material properties,
through the control of solidification parameters.

INTRODUCTION

Aluminum-Zinc (Al-Zn) alloys, particularly those forming the basis of the
high-strength 7000 series, are materials of strategic importance in numerous
critical engineering applications, including aerospace, automotive, marine,
and defense industries, owing to their low density, superior mechanical
performance, good corrosion resistance, and age-hardening capabilities
(Polmear, 2006; Davis, 1993). The outstanding properties exhibited by
these alloys are largely dependent on the microstructural features developed
during the solidification process, especially the dendritic and cellular
morphologies, grain size, and the distribution of secondary phases (Porter &
Easterling, 1992). Consequently, a thorough understanding of the effects of
solidification parameters on microstructural development and the ability to
precisely control these relationships are vital requisitos for producing high-
performance Al-Zn alloys with desired end-user properties.

Solidification is a fundamental phase transformation wherein a material
transitions from a liquid to a solid phase, and the microstructural evolution
occurring during this process dictates the macroscopic behavior of the alloy.
The solidification of most metals and alloys, particularly in conventional
casting methods, often results in a cellular or, more commonly, a dendritic
growth morphology due to the destabilization of a planar solid-liquid
interface (Kurz & Fisher, 1998). Dendritic structures possess complex,
tree-like geometries, comprising primary dendrite trunks and secondary,
tertiary, and higher-order arms growing at specific angles from them. This
intricate structure leads to a non-uniform distribution of alloying elements
and impurities between the dendrite arms and within the dendrite cores, a
phenomenon known as microsegregation (Osorio et al., 2006; Flemings,
1974). The extent and scale of microsegregation can significantly affect the
material’s mechanical strength, ductility, fatigue life, fracture toughness,
and corrosion resistance (Ganesan et al., 2021). Therefore, the control
of microstructural parameters such as the primary dendrite arm spacing
(M) and secondary dendrite arm spacing (X2), which are indicative of
microsegregation and define the fineness of the dendritic structure, is of
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paramount importance. M refers to the distance between the centers of
adjacent dendrites, while X> denotes the average spacing between adjacent
secondary arms on the same dendrite. These parameters are primarily
dependent on solidification conditions such as the chemical composition of
the alloy (Co), the temperature gradient (G) during solidification, and the
growth rate (V) (Giindiiz & Cadirli, 2002; Trivedi & Kurz, 1994).

Directional solidification techniques are powerful experimental methods
wherein solidification parameters (especially G and V) can be independently
controlled, thereby enabling a systematic investigation of microstructural
development (Tiller et al., 1953). In directional solidification experiments
conducted using Bridgman-type furnaces, the sample is solidified by pulling
it at a controlled rate through a fixed temperature gradient. This method
is widely employed, particularly for determining the relationship between
microstructural scales like A+ and X. and the solidification parameters
(Burden & Hunt, 1974; Liu et al., 2005). In the literature, theoretical
models dependent on solidification parameters have been developed for
by researchers such as Hunt (1979), Kurz and Fisher (1981), and Trivedi
(1984), and for A. by Trivedi and Somboonsuk (1984). These models
generally predict that A1 is proportional to Vo[ s Go[ Jsand e is proportional
to VoL Is (or similar power-law expressions), although these exponents can
vary depending on the alloy system and specific solidification conditions.

Al-Zn alloys also exhibit noteworthy characteristics in terms of their
solidification behavior. Aluminum, with its face-centered cubic (FCC) crystal
structure, displays a weak anisotropy in its solid-liquid interfacial energy,
whereas zinc, having a hexagonal close-packed (HCP) structure, exhibits
a pronounced anisotropy (Gonzales & Rappaz, 2006). This difference in
anisotropy can influence dendritic growth morphologies and orientations,
particularly at high zinc concentrations (Rhéme et al., 2008). In the Al-
Zn system, the wide solidification range and the equilibrium distribution
coefticient (k) of zinc in aluminum being less than unity (Osamura et al.,
1985) lead to significant microsegregation. This situation can result in the
formation of zinc-rich phases in the interdendritic regions and, consequently,
a heterogeneous microstructure.

The primary objective of this study is to experimentally investigate
how the primary (M) and secondary (A2) dendrite arm spacings change
with growth rate (V) and alloy composition (Co) during the directional
solidification of Al-Zn binary alloys with different zinc concentrations
(Al-7wt.%Zn, Al-10wt.%Zn, and Al-20wt.%Zn). It is aimed to develop
a more comprehensive understanding of the solidification behavior of Al-
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Zn alloys by comparing the microstructural data obtained from directional
solidification experiments conducted under a constant temperature gradient
(G = 10.3 K/mm) over a wide range of growth rates (8.25-165 um/s) with
existing theoretical models and similar experimental studies in the literature.
The results obtained are expected to contribute to the optimization of
casting and solidification processes for these alloys and, consequently, to the
development of materials with superior properties.

MATERIALS AND METHODS

2.1. Alloy Preparation and Directional Solidification Procedure

The Al-xZn (x = 7, 10, and 20 wt.%) binary alloys investigated in this
study were prepared under vacuum using high-purity (99.99%) aluminum
and zinc metals. The starting materials, after being precisely weighed
according to the desired compositions, were melted in graphite crucibles
within an induction furnace under a pressure of approximately 103 mbar.
To ensure complete homogenization of the molten alloy, each composition
was held at a temperature approximately 100 K above its melting point for a
specific duration (e.g., 30 minutes) and mechanically stirred. Following the
homogenization process, each molten alloy was poured into high-density
graphite crucibles (4 mm inner diameter, 6.35 mm outer diameter, and 250
mm length) held in a specially designed hot-filling unit. Maintaining the
crucibles at a temperature approximately 100 K above the alloy’s melting
point helped prevent premature solidification during casting and ensured
complete filling of the crucible.

Subsequently, each sample was vertically positioned in a custom-built,
computer-controlled Bridgman-type directional solidification furnace. The
details of the experimental apparatus and procedures have been published
in previous studies [14-16]. Unidirectional solidification of the samples was
performed under a constant thermal gradient (G = 10.3 K/mm) established
between the heater and cooler zones of the furnace. The maximum operating
temperature of the furnace was set to 1250 K. After stabilizing the thermal
conditions within the furnace and purging the sample environment with high-
purity argon gas, the samples were solidified by pulling them downwards
at constant rates (V = 8.25, 16.5, 41.25, 82.5, and 165 um/s) by means
of five synchronized motors operating at different speeds. After achieving
approximately 10-12 cm of steady-state growth, the samples were rapidly
quenched by dropping them into a water bath located at the bottom of the
furnace to preserve the solid-liquid interface morphology. The temperature
of the water in the reservoir was maintained at 283 K with an accuracy of
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+0.1 K using a PolyScience digital 9102 heating/refrigerating circulating
bath. The temperature profile and control within the sample were ensured
by a Eurotherm 2604 temperature controller operating with an accuracy of
+0.1 K. All solidification experiments were conducted under the specified
constant temperature gradient (G = 10.3 K/mm) and varying growth rates
(V = 8.25-165 um/s).

2.2. Measurement of Solidification Parameters (G, V) and
Metallographic Preparation

The temperature within the specimen was measured by three K-type
(Chromel-Alumel) insulated thermocouples, 0.50 mm in diameter,
fixed axially within the sample at intervals of 10-20 mm. The ends of the
thermocouples were connected to a measurement unit consisting of a
data-logger and a computer. Cooling rates and temperature data were
continuously recorded via the computer during growth. When the solid-
liquid interface was at the level of the second thermocouple, the temperature
difference (AT) between the first and second thermocouples was read from
the data-logger record. The time taken (At) for the solid-liquid interface
to pass between the thermocouples separated by known distances was also
obtained from the data-logger record. Thus, the growth rate (V = AX / At,
where AX is the known distance between thermocouples) for each sample
and the temperature gradient (G = AT / AX) in the liquid phase were
determined using the measured values of At, AT, and the known value of AX.

After quenching, the samples were removed from the graphite crucibles,
and sections of approximately 3 ¢cm in length from the top and bottom,
which did not represent the steady-state growth region, were cropped
off and discarded. Longitudinal (parallel to the solidification direction)
and transverse (perpendicular to the solidification direction) sections of
the remaining samples were taken and cold-mounted in epoxy resin for
standard metallographic procedures. The mounted sample surfaces were
first progressively ground under water using silicon carbide (SiC) abrasive
papers of increasing fineness (e.g., 220, 400, 600, 800, 1200, and 2500
grit). Subsequently, they were mechanically polished on polishing cloths
using diamond paste of 6 um, 3 um, 1 um, and 1/4 um successively, with
appropriate lubricants. To reveal the microstructure, the polished sample
surfaces were etched for approximately 35 seconds with Keller’s reagent
(1.5% HCI - 0.5% HF - 2.5% HNOs - 95.5% H:O, by volume).
Following metallographic preparation, the microstructures of the samples
were examined from both transverse and longitudinal sections using a Nikon
Eclipse MA100 optical microscope, and digital images were captured.
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2.3. Measurement of Microstructural Parameters (A and 1)

The primary dendrite arm spacing (A1), as schematically shown in Fig.
1, was determined by measuring the distance between the centers of two
adjacent dendrites in the transverse sections. Two different methods were
used to measure the A values:

1. Triangle Method: In this method, a triangle is formed by joining the
centers of three neighboring dendrites, and the side lengths of this
triangle are recorded as Ai(tr).

2. Area Counting Method: In this method, the average primary dendrite
arm spacings, Ai(ar), were determined from the microstructural images
of the sample’s cross-section (Fig. 1) using the following equation:

M(ar) = (A / (M2N))[s

where M is the microscope magnification factor, A is the total cross-
sectional area on the image, and N is the number of primary dendrites
within that area.

The average primary dendrite arm spacing (M (ave)) reported for each
sample was calculated by taking the arithmetic mean of numerous Ai(tr)
and Ai(ar) measurements obtained from different regions. At least 50-100 A
measurements were made from different regions for each sample.

The secondary dendrite arm spacing (A2) was measured by averaging the
distances between adjacent secondary arms on the longitudinal section of a
primary dendrite. Each reported A2 value represents the average of numerous
(typically 5-10 per primary dendrite) secondary arm spacing measurements
taken from at least 20-30 different primary dendrites for each specimen.
All microstructural measurements were performed on calibrated microscope
images using image analysis software.
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Ayn=(1/MIA/N3 ¢) Transverse section

Fig. 1. (a) Schematic illustration of the dendritic spacings measurements longitudinal
and  transverse sections (b) longitudinal section (c) transverse section (M:
maygnification factor, A: total aven)

3. RESULTS AND DISCUSSION

3.1. Microstructural Characterization and Phase Analysis

Energy Dispersive X-ray Spectroscopy (EDX) analyses were performed
on quenched samples to determine the phases formed and the solute
distribution at the solid-liquid interface in Al-Zn alloys. The analyses were
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conducted at an accelerating voltage of 20 keV using X-ray lines. The EDX
spectra and point analysis results, shown in Fig. 2, illustrate the solute (Zn)
concentrations in the solid and liquid phases at selected regions of the solid-
liquid (S/L) interface.
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Fig. 2 The solute concentrations of the solid and liquid phases at the S/L interface and
EDX spectrums for Al-Zn alloys; (n) Al-7wt.% Zn (b) Al-10wt.% Zn (c) Al-20wt.% Zn

For the different Al-Zn alloy compositions (Al-7wt.%Zn, Al-10wt.%Zn,
and Al-20wt.%Zn), zinc (Zn) concentrations were measured in both solid
and liquid phases. The Zn concentrations in the solid phase (dendrite
core) regions were observed to be approximately constant and lower than
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the nominal composition values of the alloy. This can be attributed to the
equilibrium distribution coefficient (k) of the Al-Zn system being less than
unity (k < 1). Solidification commences with the formation of a solid phase
containing less Zn than the nominal composition, which causes the dendrite
core to have a higher melting temperature compared to the surrounding
liquid (Chen et al., 2013). As clearly depicted in Fig. 2, as solidification
progresses, solute Zn atoms are rejected from the solidifying interface into
the liquid phase, leading to a solute pile-up ahead of the S/L interface. This
accumulation causes the Zn concentration in the liquid phase at the interface
to exceed the nominal value. Moving away from the S/L interface into the
bulk liquid, the Zn concentration gradually decreases, eventually approaching
the nominal compositions of the alloy (Al-7wt.%Zn, Al-10wt.%Zn, and
Al-20wt.%Zn). This solute distribution profile reflects a typical dendritic
solidification behavior.

3.2. Effect of Solidification Parameters on Microstructural
Morphology

The experimental results clearly demonstrate that solidification parameters
(growth rate V and alloy composition Co) have a strong influence on the
solidification morphology of Al-Zn alloys. Under a constant temperature
gradient (G = 10.3 K/mm), cellular and dendritic microstructures were
obtained at growth rates ranging from 8.25 um/s to 165 um/s. Figures 3 and
4 present typical optical micrographs showing the transition from cellular to
dendritic microstructure in the longitudinal and transverse sections of Al-Zn
alloys with increasing V and Co.

At low growth rates (e.g., around V < 16.5 um/s), a cellular morphology
was generally observed, whereas with increasing growth rate, the stability
of the solid-liquid interface decreased, leading to a transition to dendritic
growth. The cellular-to-dendritic transition was found to be completed at a
growth rate of approximately 16.5 um/s for all Al-Zn alloy compositions.
As the growth rate (V) and zinc concentration (Co) increased, the dendritic
structure became more pronounced, and the dendrite arm spacings (both
M and A2) tended to decrease. This indicates the formation of a finer
microstructure at higher growth rates and higher alloy concentrations.
The Cellular to Dendritic Transition (CDT) has been investigated by
several researchers in the literature (Tewari & Laxmanan, 1987; Georgelin
& Pocheau, 1998; Wei et al., 2015). However, a definitive criterion for
CDT has not yet been fully established, and it is known that this transition
depends on several factors, including the G/V ratio and alloy parameters.
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The morphological changes observed in this study are in general agreement
with the trends reported in the literature.

S
=
=
N
»;
Ly

Fig. 3. Optical micrographs of Al-Zn alloys under V=41.25 m/s and G=10.3 K/mm
solidification condition (a, a,) Al-5wt.% Zn, (b, b,) Al-10 wt.% Zn, (c, c,) Al-20
wt.% Zn

3.3. Effect of Growth Rate and Composition on Microstructural
Parameters (M and Az)

3.3.1. Effect of Growth Rate (V)

Experimental results show that under a constant temperature gradient
(G = 10.3 K/mm), both primary (A1) and secondary (A2) dendrite arm
spacings decrease with increasing growth rate (V) for all alloy compositions
(Figs. 4a and 4b). This behavior is consistent with solidification theories;
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higher growth rates lead to shorter diffusion distances at the solid-liquid
interface and faster heat extraction, thereby promoting the formation of a
finer dendritic structure.
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Based on the experimental data obtained, the relationship between the
microstructural parameters (A and X2) and the growth rate (V) can be
expressed by a power law of the following general form:

M=k (Vfa)
ho = ke (V)

Here, ki and ke are proportionality constants, and a and b represent the
exponent values of the growth rate for L and A2, respectively. Table 1 presents
these relationships obtained for different Al-Zn compositions, along with
the constants (k) and correlation coefficients (r).
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Table 1. The velationships amony the dendritic spacings (\. \,) growth velocity (V) and
composition (Co)

Composition Relationships Constant (k) Correlation
(wt.%) coefficient (r)
Al-7 Zn A =k Vo k=209 um!*¥s%7  r = -0.987
,= k0% k,=89 um! #5504 r, =-0.998
Al-10 Zn A, = k10 k,=190 um!s02¢  r = -0.927
, — 1(4V0.49 k4:76 Mml.4‘is-().49 r4 — _0.995
Al-20 Zn A =k Vo k=115 um!#s03  r = -0.975
A=k o0 k, =37 um!405040 r, = -0.998
Growth rate Relationships Constant(k) Correlation
(nm/s) coefficient (r)
16.5 A =k C 03 k,=178 um r, =-0.960
A, = kC 0% (wt.%)032 r, =-0.992
41.3 A, = k,C 038 k,=59 um r, = -0.890
X, =k C0% (wt.%)053 r, = -0.999
82.5 =k, ,C 0 k,=155 um r,, =-0.893
,= k,C o0 (wt.%)038 r, =-0.999
165.0 A, = k,C ¥ k=35 um r,, = -0.965
L=k, C0% (wt.%)04 r,=-0.986
k, =115 um
(Wt.%)"32
k,=25um
(wt.%)0#
k=81 um
(wt.%)027
k,=17 um
(Wt.%)04

\: the values of the primary dendvite arm spacing measured from the transverse section

X, : the values of the secondary dendvite arm spacing measurved firom the longitudinal
section of the samples

The exponent values of V for the primary dendrite arm spacing (A1),
denoted as “@’, as detailed in Table 1, were found to be 0.27, 0.26, and
0.23 for Al-7wt.%Zn, Al-10wt.%Zn, and Al-20wt.%Zn alloys, respectively.
These values are in close agreement with the exponent values obtained by
Fan et al. (2011) (0.30), Lapin et al. (2011) (0.24, 0.25), and Kaya et al.
(2009, 2007) (0.24, 0.28) for Al-based alloys under similar solidification
conditions. Furthermore, the exponent values obtained in this study (0.27,
0.26, and 0.23) are also very close to the theoretical exponent value of 0.25
predicted for A1 by the models of Hunt (1979), Kurz-Fisher (1981), and
Trivedi (1984). In contrast, the exponent values of 0.37 and 0.69 reported
by Wang et al. (2010) and Feng et al. (1999), respectively, are significantly
higher than those obtained in this work; these difterences are likely due to
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variations in the alloy system, solidification conditions, and measurement
techniques. The exponent values of V for the secondary dendrite arm spacing
(A2), denoted as ‘D’ also presented in Table 1, were determined to be 0.45,
0.49, and 0.40 for Al-7wt.%Zn, Al-10wt.%Zn, and Al-20wt.%Zn alloys,
respectively. These exponent values are in good agreement with the values of
0.54 and 0.48 found by Wang et al. (2010) and Kaya et al. (2009, 2007) for
Al-based alloys. Moreover, the growth rate exponents obtained in this study
(0.45, 0.49, and 0.40) are also very close to the theoretical exponent value of
0.50 predicted for A2 by the Trivedi-Somboonsuk (1984) model.

3.3.2. Effect of Alloy Composition (Co)

Figure 4c illustrates the variation of A and 22 as a function of Zn
concentration (Co) at different growth rates. It was observed that both A
and X2 values decrease with increasing Zn composition. For instance, at the
lowest growth rate (16.5 um/s), the A1 value decreases from approximately
60.39 um for Al-7wt.%Zn to approximately 42.37 um for Al-20wt.%Zn.
Similarly, the > values decrease from approximately 21.21 um for Al-
7wt.%Zn to approximately 11.89 um for Al-20wt.%Zn at the lowest
growth rate (16.5 um/s). This behavior can be attributed to the fact that
an increasing concentration of alloying element widens the solidification
range and influences solute redistribution, leading to the formation of a finer
microstructure. The relationship between the microstructural parameters (A
and A2) and the alloy composition (Co) can also be expressed by a similar
power law:

M o=ks (COT)
Ao = ka (COfd)

Table 1 provides the exponent values (¢ and d) and constants showing
the effect of Co on A and X for different growth rates. As seen from Table
1, the exponent values of Co for A, denoted as ‘c’, were found to be 0.32,
0.38, 0.32, and 0.27 for growth rates of 16.5, 41.3, 82.5, and 165 um/s,
respectively. Similarly, for A2, the exponent values of Co, denoted as ‘d’,
reported in Table 1 are 0.53, 0.45, 0.44, and 0.43 for the same respective
growth rates. These exponent values show general agreement with similar
studies in literature, although specific values may vary depending on the
solidification conditions and alloy system.
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3.4. Comparison of Experimental Results with Theoretical Models

3.4.1. Primary Dendrite Arm Spacing (A1)

The experimentally obtained A values in this study were compared
with the A1 values calculated using the theoretical models proposed by
Hunt (1979), Kurz-Fisher (1981), and Trivedi (1984). These comparisons
are presented in Figs. 5 (a-c) for different Al-Zn alloy compositions. The
physical parameters of Al-Zn alloys used in the theoretical calculations are
given in the Appendix. As can be seen from Fig. 5, the A1 values calculated
with the Hunt model show a very good agreement with the experimentally
obtained A values. This indicates that the Hunt model can successtully
predict the primary dendrite arm spacing of Al-Zn alloys under the present
experimental conditions. On the other hand, the A values calculated with
the Trivedi and Kurz-Fisher models were generally slightly higher than the
experimental values. These discrepancies may arise from the assumptions
underlying the models, the accuracy of the material parameters used,
and potential deviations in the experimental conditions. In particular, the
selection of the L parameter (harmonic perturbation constant) in the Trivedi
model can influence the results.

3.4.2. Secondary Dendrite Arm Spacing (12)

The experimentally obtained A2 values in this study as a function of
growth rate were compared with the A2 values calculated using the Trivedi-
Somboonsuk (1984) model. This comparison is presented in Fig. 6. As
shown in Fig. 6, the A2 values calculated from the Trivedi-Somboonsuk
model as a function of (Co V)L exhibit very good agreement with our
experimental data. This demonstrates that the Trivedi-Somboonsuk
model can successfully predict the secondary dendrite arm spacing for the
investigated Al-Zn alloys and solidification conditions.
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4. DISCUSSION AND CONCLUSION

In this study, three Al-Zn binary alloys with different compositions, Al-
7wt.%Zn, Al-10wt.%Zn, and Al-20wt.%Zn, were unidirectionally solidified
under a constant temperature gradient (G = 10.3 K/mm) and over a wide
range of growth rates (V = 8.25-165 um/s). The microstructural features
of the solidified samples were analyzed, and the influence of solidification
parameters (V and Co) on the primary (A1) and secondary (A2) dendrite
arm spacings was investigated. The principal findings and their place in the
literature can be discussed as follows:

The variation of solidification morphology with growth rate and
composition is one of the significant findings of this study. A cellular
microstructure was observed at low growth rates (<16.5 um/s), while a
transition from cellular to dendritic occurred at approximately 16.5 um/s
as the growth rate increased. This transition rate is a consequence of the
stability of the solid-liquid interface, which can be explained by the Mullins-
Sekerka instability theory (Mullins & Sekerka, 1964) and constitutional
supercooling criteria (Tiller et al., 1953). As the growth rate increases, solute
pile-up ahead of the interface intensifies, leading to higher constitutional
supercooling and thus destabilization of the interface, transforming it into
a dendritic structure. Regular dendritic structures were formed at growth
rates between 16.5 um/s and 165 uwmy/s, with the finest dendrites obtained
at the highest growth rate (165 um/s). These observations are in general
agreement with similar directional solidification studies on Al-based alloys
in the literature (Giindiiz & Cadirli, 2002; Tewari & Laxmanan, 1987).

It was determined that both primary (A1) and secondary (A2) dendrite
arm spacings decreased with increasing growth rate (V). This decrease
was successfully described by power laws of the form A o« V2 and A2
V= (where a and b are the exponents). The ‘@’ exponent value obtained
tfor A1 (0.27, 0.26, and 0.23 for difterent Zn compositions) show excellent
agreement with the theoretical models proposed by Hunt (1979), Kurz-
Fisher (1981), and Trivedi (1984), which predicta i o Vool s relationship.
Similarly, the ‘b> exponent values obtained for A. (0.45, 0.49, and 0.40
for different Zn compositions) exhibit very good consistency with the
theoretical model proposed by Trivedi-Somboonsuk (1984), which predicts
a ko VoL s relationship. This agreement confirms the capability of these
theoretical models to accurately predict dendrite arm spacings for the
investigated Al-Zn alloy system and experimental conditions. The proximity
of the experimental exponents to the theoretical values suggests that the
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directional solidification process was largely diffusion-controlled and that
other effects, such as convection, were minimized.

Regarding the effect of alloy composition (Co), it was observed that both
M and A2 values decreased with increasing zinc concentration. This behavior
was expressed by power laws of the form A « Co™ and A « Co ¢ (where
c and d are the exponents). The ‘¢’ exponent values obtained for A1 (in the
range of 0.27-0.38 for different growth rates) are in good agreement with
the Co°l s term present in the models of Hunt (1979), Kurz-Fisher (1981),
and Trivedi (1984). The ‘d” exponent values obtained for 2 (in the range
of 0.44-0.53 for different growth rates) show a noteworthy similarity with
the Co°LIs dependency that can be derived from the Trivedi-Somboonsuk
(1984) model (as the ATo term in the model is dependent on Co). These
results indicate that an increasing amount of alloying element promotes the
formation of finer microstructures by increasing the solidification range
and affecting solute redistribution. A decrease in dendrite arm spacings
generally leads to improvements in the mechanical properties of the material,
particularly in strength and ductility (Kirkwood, 1984), as finer dendrites
imply a more homogeneous solute distribution and smaller segregation
distances.

The excellent agreement of the experimental A values with the Hunt
(1979) model reveals that this model is quite successful in predicting the
primary dendrite arm spacing of Al-Zn alloys under the present experimental
conditions. The slightly higher results from the Trivedi (1984) and Kurz-
Fisher (1981) models compared to the experimental values may stem from
some of the assumptions inherent in these models or from deviations in
the material parameters used from the actual situation. Similarly, the
excellent agreement shown by the experimental A2 values with the Trivedi-
Somboonsuk (1984) model confirms that this model is a reliable tool for
predicting secondary dendrite arm spacing in Al-Zn alloys.

This study also has some limitations. For example, onlyasingle temperature
gradient value was used. Investigating the effect of different temperature
gradients on microstructural evolution could provide a more comprehensive
picture of the solidification behavior. Furthermore, this study focused on
binary Al-Zn alloys; the solidification behavior of multicomponent Al-Zn
alloys, which are frequently used in industrial applications, can be more
complex and may constitute an area for future studies.
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In conclusion, the principal findings obtained in this study can be
summarized as follows:

1. In Al-(7, 10, 20)wt.%Zn alloys, a cellular microstructure was formed
at low growth rates (<16.5 um/s), while a transition from cellular
to dendritic was observed at growth rates above approximately 16.5
um/s. Regular dendritic structures were formed at growth rates
between 16.5 um/s and 165 um/s, with finer dendrites obtained at
increasing growth rates.

2. Primary (M) and secondary (A2) dendrite arm spacings decreased with
increasing growth rate (V). The exponent values of V for A (a =
0.23-0.27) and for A2 (b = 0.40-0.49) showed very good agreement
with the theoretical models (V=[5 and V-[]) proposed by Hunt,
Kurz-Fisher, Trivedi, and Trivedi-Somboonsuk, respectively.

3. Primary (M) and secondary (A2) dendrite arm spacings decreased with
increasing zinc concentration (Co). The exponent values of Co for A
(c¢=0.27-0.38) and for X2 (d = 0.43-0.53) exhibited good agreement
with the values predicted by the relevant theoretical models (Co"’|:|25
and Co*°|:|5).

4. Experimental A1 values showed excellent agreement with the Hunt
model, and X2 values showed excellent agreement with the Trivedi-
Somboonsuk model. This confirms that these models can successtully
predict dendrite arm spacings for the investigated Al-Zn alloy system
and solidification conditions.

These results provide important insights into the directional solidification
behavior of Al-Zn alloys and can contribute to the optimization of casting
and solidification processes for these alloys, thereby enabling the achievement
of desired microstructural features and, consequently, superior material
performance.
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Appendix: Some physical properties of Al-Zn alloys

Property Symbol Unit Value Ref.

Melting point T, K 933 Du et al. (2003)
Slope of liquid line (Znin Al)  m, K (% wt)! -2.93  Hansen (1958)
Diftusion coefficient (liq., Zn sl

in Al) D, pm?s 1200  Duetal. (2003)
Dlstrlbutlon coefficient (Zn K 045 Du et al. (2003)

in Al)

GibbsThomson coefficient r pm. K 0.105  Morris et al. (2007)
The harmonic perturbations (L L m]/m? 10 Du et al. (2003)

for Trivedi model)




96 | A Comprehensive Investigation on the Effect Of Growth Rate and Composition on Dendyitic...



Chapter 7

Eftect of Unsteady-State Heat Flow Regime
Solidification on the Mechanical Properties of Al-

5Cu-58i-5Mg-5Zn-1Zr Alloy 3
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Abstract

This study comprehensively investigates the impact of unsteady-state heat
flow regime solidification on the thermal behavior and mechanical properties
of the multicomponent Al-5Cu-5S8i-5Mg-5Zn-1Zr (wt.%) alloy. The alloy
was solidified in the unsteady-state heat flow regime at a cooling rate range of
approximately (0.88-2.77 °C/s) using a custom-built solidification furnace
equipped with eight thermocouples. Eutectic spacing () decreased from 20
wm to 6 um with increasing cooling rates, directly correlating with enhanced
mechanical properties. The highest microhardness (HV=177.5 kg/mm?),
compressive strength (6c=556.9 MPa), and compressive yield strength
(oy=385.5 MPa) were achieved at the fastest cooling rate (2.77°C/s).
These findings underscore the critical role of cooling rate optimization in
achieving superior mechanical performance for aerospace and automotive
applications.
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1. Introduction

Aluminum alloys have revolutionized modern engineering by offering an
unparalleled combination of lightweight properties, corrosion resistance, and
recyclability. Their dominance in industries such as aerospace, automotive,
and construction stems from their ability to meet stringent performance
demands while reducing energy consumption and carbon footprints. For
instance, replacing traditional steel components with aluminum alloys in
automotive structures can reduce vehicle weight by 40-50%, leading
to a 6-8% improvement in fuel efficiency and a proportional reduction
in greenhouse gas emissions. However, as industries push toward higher
efficiency and sustainability, the demand for advanced aluminum alloys with
superior mechanical and thermal properties has intensified.

Multicomponent aluminum alloys, particularly those in the Al-Cu-Si-
Mg system, have emerged as frontrunners due to their capacity to integrate
multiple strengthening mechanisms. Copper enhances strength through
precipitation hardening, silicon improves castability and wear resistance,
magnesium contributes to solid solution strengthening, and zinc refines
grain boundaries. Despite these advantages, the performance of such
alloys is highly sensitive to solidification conditions. Conventional casting
methods often result in microstructural heterogeneity, including coarse
dendritic structures, segregated intermetallic phases, and porosity, which
compromise mechanical integrity. For example, uneven cooling rates can
lead to localized stress concentrations, reducing fatigue life by up to 30% in
critical components like engine blocks or aircraft fuselage frames.

A critical challenge in multicomponent alloy design lies in balancing
compositional complexity with microstructural control. The addition of
transition elements like zirconium (Zr) has shown promise in addressing
this issue. Zirconium, even in trace amounts (0.1-1 wt.%), forms
thermally stable Al:Zr precipitates that inhibit grain boundary migration
and recrystallization, thereby enhancing high-temperature stability. Recent
studies by Shaha et al. (2014) demonstrated that Zr additions in Al-Si-
Cu-Mg alloys improved tensile strength by 18% and creep resistance by
25% at 200°C. Similarly, Sandoval et al. (2014) reported that Zr-modified
Al-Si-Cu-Mg alloys exhibited a 40% reduction in dendritic arm spacing
under rapid cooling conditions, directly correlating with a 15% increase in
hardness. These findings underscore Zr’s dual role as a grain refiner and
precipitation strengthener, making it a strategic addition for advanced alloy
systems. The solidification process itself is a pivotal factor in determining
microstructure and properties. Traditional steady-state cooling methods
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often fail to replicate the dynamic thermal gradients encountered in industrial
casting, leading to discrepancies between laboratory-scale and real-world
performance. Unsteady-state heat flow regimes, characterized by spatially
and temporally varying cooling rates, offer a more realistic framework for
studying solidification behavior. For instance, Rosso et al. (2022) observed
that non-uniform cooling in Al-Si alloys promoted finer eutectic structures
and reduced porosity by 22% compared to uniform cooling. However,
systematic studies on multicomponent Al alloys under such conditions
remain scarce, particularly for systems incorporating Zn and Zr.

This study addresses these gaps by investigating the Al-5Cu-5Si-5Mg-
5Zn-1Zr alloy, a novel composition designed for high-stress applications
in aerospace and automotive sectors. The inclusion of 5 wt.% Zn aims
to enhance fluidity and corrosion resistance, while 1 wt.% Zr targets
microstructural stabilization through Al:Zr precipitation. The primary
objectives are:

i. To characterize the microstructure and thermal properties of the
alloy under unsteady-state heat flow conditions.

ii. To quantify the relationship between cooling rate and mechanical
performance.

iii. Toestablish a predictive model for optimizing industrial solidification
processes.

In the previous study, the effect of steady-state heat flow regime
solidification on the microstructural and phase properties of multicomponent
Al-5Cu-58i-5Mg-5Zn-1Zr (wt.%) alloy was investigated (Kaya et al.
(2024)). The novelty of this work lies in its holistic approach to linking
non-uniform cooling dynamics with mechanical behavior in a Zr-modified
multicomponent system. By employing a custom-built solidification furnace
with eight thermocouples, this study captures real-time thermal gradients
rarely replicated in prior research. Furthermore, the integration of Zn and
Zr addresses a critical industry need for alloys that combine high strength
with manufacturability, particularly in complex die-cast components.

2. Materials and Methods

2.1. Alloy Design and Preparation

The Al-5Cu-5Si-5Mg-5Zn-1Zr (wt.%) alloy was formulated using
high-purity raw materials: aluminum (99.99%), copper (99.95%), silicon
(99.9%), magnesium (99.8%), zinc (99.9%), and zirconium (99.5%). The
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nominal composition was verified via inductively coupled plasma optical
emission spectroscopy (ICP-OES) (Table 1), with deviations limited to
<+0.3 wt.% for all elements.

Table 1. Nominal and measured composition of the alloy (wt.%).

Element Nominal Measured
Al 79.0 79.2 0.2
Cu 5.0 49 = 0.1
Si 5.0 51+0.2
Mg 5.0 48 0.1
Zn 5.0 4.7+ 0.3
Zr 1.0 1.1 =0.05

2.2. Melting and Casting

Melting was conducted in a vacuum melting furnace under an argon
atmosphere (99.999% purity) to minimize oxidation. The process involved:

i. Charging: Aluminum ingots were loaded into a graphite crucible
and heated to 750°C

ii. Alloying: Cu, Si, Mg, Zn, and Zr were added sequentially for 15
minutes after each addition.

iii. Degassing: High-purity argon was bubbled through the melt for 10
minutes to remove dissolved hydrogen.

iv. Casting: The molten alloy was poured into preheated (300°C)
graphite molds with dimensions of @30 mmx 150 mm (Fig. 1a).

The graphite crucible, funnel and vacuum melting furnace used in master
alloy preparation are given in Fig.1.
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Fig. 1. (n) Graphite molds and funnels, (b) Vacuum melting furnace schematic

2.3. Unsteady-State Solidification Setup

A vertical solidification furnace was designed to impose controlled
thermal gradients (Fig. 2). Key components included:

* Cooling System: A water-cooled tank (@50 mmx20 mm) at the
mold base, maintained at 10°C via a recirculating chiller.

* Thermal Monitoring: Eight K-type thermocouples (T1-T8, +0.5°C
accuracy) embedded at 1 cm intervals along the mold height

* Data Acquisition: A National Instruments TC-08 data logger
recorded temperature at 10 Hz, synchronized with LabVIEW
software.
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Fig. 2. Unsteady-state heat flow experimental setup

2.4. Microstructural Characterization

Samples were sectioned longitudinally and transversely using a water-
cooled abrasive cutter (Struers Secotom-15). Polishing was performed on
a Struers LaboPol-5 system with diamond suspensions (9 um to 0.25 um).
Etching used Keller’s reagent (2% HF, 3% HCI, 5% HNOs, 90% H-O) for
10-15 seconds. Microstructure and phase analyses are given in detail in the
authors’ previous studies (Kaya et al. (2024)).

2.5. Thermal Anaysis and Mechanical Testing

Ditterential scanning calorimetry (DSC) was performed on a Perkin
Elmer Pyris Diamond system. Samples (30 + 0.5 mg) were heated from
25°C to 800 °C at 20°C/min under nitrogen flow (50 mL/min). Melting
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onset (Tn), peak temperature, enthalpy (AH), and specific heat (C,) were
derived from heat flow curves.

Vickers microhardness (HV) was measured using a Future Tech FM-
700 tester with a 500 gf load and 15 s dwell time. Samples solidified at
different cooling rates were connected to the testing device in order and
many measurements were made from different areas. Cylindrical specimens
(@5 mm X 7 mm) were machined parallel to the solidification direction.
A Shimadzu AG-IS universal tester applied uniaxial compression at 1 mm/
min strain rate until 30% deformation. Stress-strain curves determined
compressive strength (c_) and yield strength (o ) at 0.2% offset.

3. Results and Discussions

The experimental investigation of the Al-5Cu-5Si-5Mg-5Zn-1Zr alloy
solidified under unsteady-state heat flow conditions revealed significant
variations in microstructure, thermal behavior, and mechanical properties
as a function of cooling rate and position. The results are presented in detail
below, integrating quantitative data, visual observations, and comparative
analyses.

3.1. Cooling Rate Distributions

The unsteady-state solidification process generated significant spatial
variations in cooling rates along the ingot height. As shown in Fig. 3 and
Table 2, cooling rates decreased exponentially from the mold base (T1: 2.77
+ 0.12°C/s) to the top (T8: 0.88 + 0.05°C/s).
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Fig. 3. Chanye of cooling rates accovding to the position firom the sample base

Table 2. Cooling vates at different positions (heights from the sample base).

Distance from base (cm) Cooling rate (°C/s) Standard deviation
1 (T1-Region 1) 2.77 +0.12
2 (T2) 1.80 +0.09
3 (T3) 1.41 +0.07
4 (T4) 1.18 +0.08
5 (T5) 1.09 +0.06
6 (T6) 1.01 +0.05
7 (17) 0.95 +0.04
8 (T8-Region 8) 0.88 +0.05

As seen in Fig. 3, the cooling rate decreased to approximately one
third of the value as we went upwards from the sample base. From the
relation between T and P, it is seen that T varies inversely proportional to
the exponential value of P of 0.55. This value is in good agreement with the
value of 0.56 obtained by Rosso et al. (2022) for the multi-Al alloy.
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3.2. Thermal Properties

Fig. 4 shows the DSC curve of the alloy sample studied. Since the alloy
studied is a multi-alloy system, it contains intermetallic phases such as AL Cu
and Mg Si as mentioned in the previous study (Kaya et al. (2024)). In this
graph, the red arrow indicates the onset temperature. The first peak at 503.8°C
corresponds to the melting of the Al:Cu eutectic phase, the second peak at
546.6°C corresponds to the melting of the Mg.Si intermetallic phase, and
finally, the third peak at 588.1°C indicates the complete melting of the a-Al
primary phase. The findings of Sandoval et al. (2014) support our obtained
data. These researchers determined that ALCu melts at 500°C, Mg.Si at
540°C, and a-Al at 597°C, in the same order. Using the data obtained from
this curve, the initial melting onset temperature (Towe), enthalpy (AH), and
specific heat capacity (Cp) were calculated as 491.3°C, 301 J/g, and 0.658 J/
g°C, respectively. Kageyama and Morita (2023) found an enthalpy value of
321 J/g for the Al-Cu-Si-Mg-Zn alloy.

40
m=30.2 miligram
20 A B=20 °C/min
0 - A
Z 20 -
g
Z -0 -
=
+—
w
2 %7 Tonset491.3°C 2
50 4 Tpeak:588.1°C
Area:18.25]
2100 4 AH:301.0 J/g
Cp:0.658 J/g °C v
-120 T T T T T T T T T T T T T T T T T T T T
0 200 400 600 800

Temperature (°C)

Fig. 4. DSC curve of the studied sample and the obtained thermal parameters.
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3.3. Mechanical Properties

3.3.1. Microhardness

The variations in microhardness values with respect to the distance from
the base, cooling rate, and eutectic spacing are presented in Fig. 5. As seen
in Fig. 5(a), HV exhibited an inverse proportional change with the distance
from the base (P) following an exponent of 0.28.
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Fig. 5. (a) HV-P change, (b) HV-T change, (c) HV-1 change

As seen in Fig. 5(b), as the cooling rate increases from 0.88 °C/s to
2.77 °C/s, the HV value increases from 97 kg/mm? to 177 kg/mm?. The
experimental correlation obtained from the graph indicates that HV
is directly proportional to T with an exponent of 0.5. In Fig. 5(c), it is
observed that as the eutectic spacing increases, the HV value decreases. The
experimental correlation provided in the graph shows that HV is inversely
proportional to A with an exponent of 0.67. Araujo et al. (2016) reported
that HV in Al-Cu-Si alloys exhibits an inverse proportionality to A with an
exponent of 0.55. Back et al. (2017) subjected an Al-10Mg-108i-5Cu-5Zn
multi-alloy system to a heat treatment at 440 °C for 10 hours and obtained
an approximate microhardness value of 140 kg/mm?2. Chaskis et al. (2022)
conducted a heat treatment at 200 °C for 24 hours on an Al-13.3Mg-23.8Zn-
9.6Cu-6Si multi-component Al alloy, achieving a microhardness value of
approximately 171 kg/mm?. Sanchez et al. (2021) reported a microhardness
value of 159 kg/mm? for the as-cast state of the Al-5Mg-5Sn-5Zn-5Ti alloy

at room temperature.

3.3.2. Compressive Strength

Fig. 6 shows the compression stress-strain curves of samples solidified at
different cooling rates at room temperature. As observed from these curves,
both the compressive strength and compressive yield strength increase as the
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cooling rate increases. The lowest compression, approximately 17%, was
observed in the sample solidified at a cooling rate of 0.95 °C/s (Region 7),
while the highest compression, approximately 26%, was observed in the
sample solidified at a cooling rate of 1.80 °C/s (Region 2). Fig. 7 presents
the variations in compressive strength values concerning the distance from
the sample base (P), cooling rate (T), and eutectic spacing (1).
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Fig. 6. Compressive stvess-stvain curves

As observed from the experimental correlations obtained in Fig. 7(a),
the compressive strength (c,) and compressive yield strength (o) exhibit
an inverse relationship with P, following exponent values of 0.16 and 0.18,
respectively.
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Fig. 7(b) illustrates the correlation between cooling rate and compressive
properties, specifically compressive strength (c) and compressive yield
strength (o). As the cooling rate (T) increased from 0.88 °C/s to 2.77
°C/s, both compressive strength and compressive yield strength exhibited
a corresponding increase, rising from 404 MPa and 266 MPa to 556 MPa
and 385 MPa, respectively. The relationships between cooling rate and these
mechanical properties were found to be directly proportional, with ¢_and
o, scaling with cooling rate to the power of 0.27 and 0.32, respectively.
Conversely, Fig. 7(c) demonstrates the inverse relationship between eutectic
spacing and compressive properties. An increase in eutectic spacing resulted
in a decrease in both compressive strength and compressive yield strength.
Experimentally derived correlations indicated an inverse proportionality
between o_and o with eutectic spacing (1), characterized by exponents of
0.42 and 0.46, respectively.

To contextualize these findings, the compressive strength and compressive
yield strength values obtained in this study are compared with literature data
for similar multicomponent aluminum alloys. Back et al. (2017) reported
compressive strength and compressive yield strength values of 414 MPa
and 369 MPa, respectively, for a cast Al-10Mg-108i-5Cu-5Zn alloy. Chaskis
et al. (2022) measured a compressive strength of 588 MPa for a cast Al-
13.3Mg-23.8Zn-9.6Cu-6Si multicomponent aluminum alloy. Sanchez et al.
(2021) determined the compressive strength, compressive yield strength,
and compressive strain (%) of a cast medium-entropy Al-5Mg-5Sn-5Zn-5Ti
alloy at room temperature to be 563 MPa, 420 MPa, and 12%, respectively.
In another study, Sanchez et al. (2019) investigated a medium-entropy Al-
5Cu-5Mg-108i-5Zn-5Zr alloy produced via induction furnace, reporting
cast-state compressive strength, compressive yield strength, and compressive
strain values of 633 MPa, 565 MPa, and 4%, respectively. Shao et al. (2018)
synthesized a medium-entropy Al-14Mg-2.7Zn-2.7Cu-0.6Si alloy using
an induction furnace under a high-purity argon atmosphere and reported
compressive strength, compressive yield strength, and compressive strain of
498 MPa, 203 MPa, and 13.8%, respectively, for the cast alloy.

4. Conclusion

This study systematically investigated the effects of unsteady-state heat
flow regime solidification on the microstructure, thermal properties, and
mechanical performance of the multicomponent Al-5Cu-5Si-5Mg-5Zn-1Zr
alloy. The key findings are summarized as follows:
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1. During free solidification under an unstable heat flow regime, the
bottom part of the sample solidified at a cooling rate of 2.77 °C/s,
while the top part solidified at a cooling rate of 0.88 °C/s. There is
approximately a threefold difference in cooling rates between the top
region (Region 8) and the bottom region (Region 1)

2. For the studied alloy, the initial melting temperature was determined
as 491.3 °C, the final melting temperature as 588.1 °C, the enthalpy
as 301 J/g, and the specific heat capacity as 0.658 J/g °C.

3. Due to the higher cooling rate at the bottom part of the sample,
the highest mechanical properties were obtained as HV=177.5 kg/
mm?, 6. =556.9 MPa, and 6 =385.5 MPa. In contrast, at the top
part of the sample, where the cooling rate was relatively lower, the
values were HV=97.4 kg/mm?, 6 =404.1 MPa, and 6 =266.7 MPa.
Additionally, the minimum compression strain (~1 7%) was observed
in Region 7, while the maximum compression strain (~26%) was
found in Region 2. The final physical properties of the material are
influenced by several factors, including the microstructure (size, shape,
and composition of different phase components), the presence of
precipitate phases (composition, distribution, and grain size), and the
interactions between these phases. Silicon alone contributes minimally
to the strength of aluminum casting alloys. However, in this study, its
combination with Mg and Cu facilitated the formation of precipitate
phases such as ALCu and Mg:Si during solidification, significantly
enhancing both hardness and compressive properties. Moreover, the
presence of a small amount of Zr in the alloy inhibited dislocation
movement by forming coherent grains, preventing recrystallization.
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