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From the Editors

Dear Researchers and Scientists,

Welcome to the July 2024 issue of the Journal of Innovative Engineering and Natural Sciences (JIENS).
In a world where science and technology are advancing rapidly, the sharing of new discoveries and
research is crucial for increasing our knowledge and contributing to society. At JIENS, we are proud to

provide a platform that serves this purpose.

As in our previous issues, we continue to present the most current and innovative research in
engineering and natural sciences in our July 2024 issue. We invite researchers from different disciplines

to join our editorial board and collaborate with us. With your support, we are always stronger.

Our doors are open to researchers who wish to join our editorial team and to scientists who want to
publish their work in our journal. By joining our editorial team, you can play an active role in evaluating
papers that shape the scientific world and enhance your expertise in your research areas. Additionally,
by sharing your research articles, reviews, and technical notes with us, you can contribute to the

development of the scientific community.

We eagerly await your applications and contributions. Together, we look forward to advancing towards

a brighter future.

Best regards,

idris Karagdz
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Editorden

Degerli Arastirmacilar ve Bilim insanlari,

Yenilikgi Mihendislik ve Doga Bilimleri Dergisi'nin (JIENS) 2024 Temmuz sayisina hos geldiniz. Bilim
ve teknolojinin hizla ilerledigi gunimizde, yeni buluglarin ve arastirmalarin paylasiimasi, bilgi
birikimimizin artmasi ve topluma katki saglanmasi agisindan biylk énem tasimaktadir. JIENS olarak,

bu amaca hizmet eden bir platform olmanin gururunu yasiyoruz.

Onceki sayilarimizda oldugu gibi, 2024 Temmuz sayimizda da miihendislik ve doga bilimleri alanlarinda
en guncel ve yenilik¢i arastirmalar sizlerle bulusturuyoruz. Farkli disiplinlerden arastirmacilari
dergimizin editdr kuruluna katiimaya ve birlikte calismaya davet ediyoruz. Sizlerin destegiyle her zaman

daha gucliyuz.

Editdr kadromuzda yer almak isteyen arastirmacilara ve c¢alismalarini yayinlamak isteyen bilim
insanlarina kapimiz sonuna kadar aciktir. Editér kadromuzda yer alarak, bilim dinyasina yén veren
makalelerin degerlendiriimesinde aktif rol oynayabilir, ayni zamanda kendi arastirma alanlarinizda
uzmanhginizi pekistirebilirsiniz. Ayrica, arastirma makalelerinizi, incelemelerinizi ve teknik notlarinizi

bizimle paylasarak bilimsel toplulugun gelisimine katkida bulunabilirsiniz.

Basvurularinizi ve galismalarinizi sabirsizlikla bekliyoruz. Hep birlikte daha aydinhk bir gelecege dogru

ilerlemek dilegiyle.

Saygilarimizla,

idris Karagoz
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ARTICLE INFO ABSTRACT

Article history: As a technique that uses ultraviolet light to cure photo-polymers layer by layer with high spatial resolution
Received 27 Nov 2023 and surface quality, stereolithography (SLA) allows for precise process control and optimization for various
Received in revised form 31 Jan 2024 UV-curable polymers and their nanocomposites with various nanoparticles. In this study, UV-curable polymer
Accepted 20 Feb 2024 nanocomposites were prepared with the addition of different contents of silver nitrate via SLA technique for
Auvailable online use in antibacterial applications. In-situ synthesis of AgNPs was achieved during the SLA process without

any additional treatments. The effect of AgNOs addition on the curing of the resin and the mechanical
properties of the nanocomposite specimens were investigated. To understand the fracture mechanism of the
nanocomposite samples, the fractured surfaces of the samples were evaluated by SEM, and the AgNOs content
of the nanocomposite was evaluated by EDX. The nanocomposites containing 0.3 wt. % AgNOs exhibited
improved mechanical properties. Further increasing the AgNO3 content to 3 wt. % led to deterioration in the
physical and mechanical properties of the polymer nanocomposites.
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1. INTRODUCTION

Additive manufacturing (AM), defined as “the process of joining materials to make parts from 3D model data,
usually layer upon layer, as opposed to subtractive manufacturing and formative manufacturing methodologies”
according to ISO/ASTM 52900-15, provides a broader range of flexibilities in material design and fabrication of
customized parts, fast manufacturing, waste reduction, high precision and quality at low costs in several industrial
sectors, including aerospace, electronics, telecommunication, biomedical, construction, mechanical, and defence
[1-4]. AM begins with a 3D model of the object, which is then digitized and sliced into model layers using a special
software. The AM system then prints 2D layers into a 3D build, printing each new layer on top of the prior printed
layer. Finally, a 3D object is obtained from the printer that can frequently be directly used [5]. Several technologies
such as fused deposition modelling (FDM), selective laser sintering (SLS), digital light processing (DLP), and
stereolithography (SLA) are available at a sufficient level of technological maturity. While FDM and SLS are the
most important technologies based on processing of thermoplastic filament and powder, respectively, DLP and
SLA, classified as vat photopolymerization technologies, are based on the spatially controlled solidification of a
liquid resin by a fast photopolymerization reaction. With such a technique, it is possible to tailor the final properties
of the printed object by simply changing the reactive formulations [6, 7]. Wider use of vat photopolymerization
technologies is limited by the limited availability of commercial resins with desired mechanical and functional

properties [6]. The addition of micro and nanoparticles into the polymer structure contributes to the flexibility in

*Corresponding authors. E-mail: nuraykizildag@gtu.edu.tr; kaanbilge@insighttech.info
263


mailto:nuraykizildag@gtu.edu.tr
mailto:kaanbilge@insighttech.info
https://orcid.org/0009-0009-4527-7031
https://orcid.org/0000-0003-4524-9750
https://orcid.org/0000-0003-3211-5366
https://orcid.org/0000-0002-7815-5948
https://orcid.org/0000-0002-1059-7360

J. Innovative Eng. Nat. Sci. vol. 4, no.2, pp. 263-275, 2024. Polymer nanocomposites

design and fabrication of customized parts and enables the production of parts with improved structural properties

and special functionalities [8, 9] and promotes the uptake of the new technologies.

The incorporation of silver nanoparticles (AgNPs) into polymers is a specific topic of interest [10]. AgNPs have
attracted the interest of researchers due to their unique optical, electrical, and antibacterial capabilities, which make
them promising candidates as additives in the preparation of polymer nanocomposites with functional properties.
AgNPs' antibacterial properties make them effective against bacteria, viruses, and other microbes. Silver
nanoparticles are also non-toxic, non-allergenic, and highly stable. Their small shape and high surface area-to-
volume ratio also help to explain their increased reactivity and functionality [11-13]. UV-curable polymers, which
are extensively used in additive manufacturing, can be modified by adding AgNPs so that the final printed items
display antibacterial qualities [6, 14]. This is especially useful in healthcare applications, where bacterial

development needs be avoided [15].

Developed in 1970s, one of the most important AM methods is SLA. It is a 3D printing method that uses ultraviolet
(UV) light to solidify specific parts of a layer of photo-curable polymers. The SLA technique results in products
with a high spatial resolution and low porosity [16]. It enables the in-situ synthesis of AgNPs within UV-curable
resins without the need for the additional processes, which are performed for the reduction silver precursors into
AgNPs in the polymer structure. The increase in the viscosity of resin after the nanoparticle addition and
sedimentation of the nanoparticles in the resin limit the widespread use of the technique and call for careful

selection of the resin, nanoparticle concentration and process conditions [6].

Singh and Khanna were among the first to synthesize AgNPs in poly (methyl methacrylate) (PMMA) using a one-
step in-situ method. However, they initially prepared the polymer, and afterward a solution of AQNO3 in DMF was
added to a solution of the polymer also in DMF in order to prepare the nanocomposites material. Better thermal
stability was observed when using as high as 10 wt.% of silver nitrate [17]. Using a similar approach, Singho et
al. prepared PMMA/AgNPs nanocomposites and monitored the whole process using FTIR spectroscopy [18].
Siddiqui et. al. (2015) prepared nanocomposites of PMMA with AgNPs produced using an in-situ radical
polymerization technique. The effect of AgNPs on the reaction kinetics was investigated by measuring the
variation of conversion with time and the molecular weight distribution of the polymer formed. AgNPs with
average diameter ranging from 37 to 47 nm were identified. The in-situ formation of AgNPs from the reduction
of Ag* was explained based on a radical reaction mechanism and chain transfer reactions. It was found that the
initiator efficiency was reduced by the presence of the AgNPs, resulting in a reduction of the reaction rate and a
slight increase in the number average molecular weight of the polymer formed. The polydispersity as well as the

glass transition temperature of the polymer was found to decrease with the amount of the AgNPs [19].

Fantino et. al. (2016) prepared 3D conductive polymeric structures by adding silver nitrate (AgNOs) into a photo-
curable oligomer (polyethylene glycol diacrylate (PEGDA)) in the presence of suitable photoinitiator and exposing
them to the digital light system. The formulations were prepared by dissolving different amounts of AgNOs (5,
10, 15, 20 phr) in PEGDA. While the neat PEGDA matrix is an insulating material (R > G€), the nanocomposites
prepared via DLP displayed conductive properties and suggested for use in tailored applications in which charge

accumulation could be detrimental (i.e., electronics) or controlled release of charge is desired [7].

Taormina et. al. (2018) demonstrated the feasibility of stereolithographic 3D printing of composite objects based

on rigid photo-curable resins, containing in situ generated AgNPs from different precursors such as silver acetate,
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silver acrylate, and silver methacrylate. A commercial stereolithography printer with a laser radiation was used to
both cure the acrylic resin layer by layer and to reduce the silver nitrate to AgNPs. The nanocomposite samples
showed improved physical and mechanical properties compared to that of the pristine matrix [6]. Valencia et al.
(2022) investigated the in-situ generation of AgNPs from different Ag precursors (AgNOs; and AgCIO,) within
rigid acrylic resins via SLA. Transmission electron microscopy (TEM) analysis confirmed the formation of AgNPs
smaller than 5 nm in all nanocomposites, providing optical activity to the materials. A significant reduction in the
electrical resistivity up to four orders of magnitude was found for this material compared to the unfilled resin.
However, consumption of part of the photoinitiator in the formation process of the AgNPs contributed to a
reduction in the polymerization degree of the resin and, consequently, degraded the mechanical properties of the

nanocomposites [14].

In this study, polymer nanocomposites were prepared with the addition of different contents of silver nitrate (0.3
and 3 wt.%) into tough UV-curable resin via SLA technique. The effect of AgNOs3 addition on the curing of the
resin and the mechanical properties of the nanocomposite specimens were investigated. The most important feature
of the study that distinguishes it from other studies is to obtain silver nanoparticle-reinforced nanocomposites with

a desktop type SLA printer. In the future, the antibacterial properties of these nanocomposites will be investigated.

I1. EXPERIMENTAL METHOD
2.1 Material

Ultracur3D® ST 80, which is a technical material based on (meth-)acrylate resin for suggested SLA systems, was
used as the matrix resin. Is is colorless resin with working wavelengths of 355nm, 385 nm or 405 nm. Silver nitrate
(AgNO3) (Alfa Aesar Premion, 10858) was used as the precursor salt for in-situ synthesis of AgNPs in the tough

photo-curable resin. Isopropanol was used in washing process.

2.2 Method

A certain amount of silver nitrate (0.3 and 3 wt.%, based on resin weight) was mixed into the resin by using a
high-speed mixer at 6000 rpm for 20 minutes. The mixtures were then kept still for 10 minutes to eliminate air

bubbles formed during mixing.

The CAD software Freecad was used to design the model for the specimens, the CAD file was then converted to
a g-code file to be processed by the SLA printer. For composite specimen production, an Anycubic Photon Mono
X 4K SLA machine was used. The neat resin and the composite resin mixtures were poured into the pool of the
SLA printer. The wavelength of the UV-light was 405 nm. and the curing time for a single layer was set to 4
seconds. Each specimen consisted of 60 layers with a layer height of 5 micrometres. Neat and nanocomposite
specimens were printed onto the SLA printer platform with the stacking direction along the specimen thickness in
14 minutes and used for the subsequent structural and functional characterizations. The printed specimens were
detached from the printer platform and placed in Anycubic wash and cure machine for washing and post-curing

processes. A 10-minute washing with ethanol was applied to remove the unreacted resin. After the washing, post-
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cure was applied for 20 minutes under 405 nm UV radiation to complete the photopolymerization process. A

schematic showing the printing steps via SLA technique is presented in Figure 1.

Silver nitrate

Mixing
60,000 rpm,
400W, 20 min.

SLA printing
10 samples
14 min.

Washing
Ethanol,
10 min.

Post-curing
UV, 405 nm.
20 min.

Printed
nanocomposite
specimens

Figure 1. Schematic showing the steps followed for neat and nanocomposite specimen printing via SLA.

Four dog-bone shaped specimens and six rectangular specimens were prepared with each composition for

characterization. The layout of the specimens on the printer platform is presented in Figure 2.

Figure 2. Layout of nanocomposite specimens on the printing bed.

2.3 Characterization

The nanocomposite samples were characterized, and their properties were compared to the neat specimens

obtained in the same way without adding any silver nitrate to the resin formulation. The effect of AgNO; addition

on the curing of the resin was investigated by using ultraviolet-visible spectroscopy (UV-Vis) spectroscopy and

Fourier-transform infrared spectroscopy (FTIR), while the effect of AgNO3 addition on the mechanical properties

of the nanocomposite samples were determined by carrying out tensile tests. The surface morphology and fractured

surfaces of the specimens containing different amounts of silver nitrate were analysed via scanning electron

microscopy (SEM). Energy Dispersive X-ray (EDX) was used to identify and measure the elemental composition

of a selected specimen. Resin mixtures were denominated with R and silver nitrate content (R-0, R-0.3, R-3), while

the printed specimens were denominated with PC and silver nitrate content (PC-0, PC-0.3 and PC-3).
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2.3.1. Fourier-transform infrared spectroscopy (FTIR)

Perkin Elmer FTIR Spectrometer was used to record the infra-red absorption spectra of neat and nanocomposite
specimens in the range from 4000 to 700 cm™ with a resolution of 4 cm™. 16 scans were taken for each specimen

and averaged to produce FTIR spectra.

2.3.2. Ultraviolet-Visible spectroscopy (UV-Vis)

Shimadzu 3600i Plus Spectrophotometer was used to obtain UV-Visible spectra of neat resin and printed
specimens. A scan rate of 10 nm/s was used to monitor the absorbance intensity within the wavelength range
between 250 and 1000 nm.

2.3.3. Scanning Electron Microscopy (SEM)

The surface morphology and fractured surfaces of the specimens containing different amounts of silver nitrate
were analysed via scanning electron microscopy. Philips XL30 SFEG scanning electron microscope was used to

take SEM images. The fractured surfaces of the specimens were compared to each other.

2.3.4. The Energy Distributed X-ray (EDX) Analysis

Energy Dispersive X-ray (EDX) is a method used in the fields of analytical chemistry and materials science to
identify and measure the elemental composition of given specimen. It is frequently combined with scanning
electron microscopy (SEM) or transmission electron microscopy (TEM). Philips XL30 SFEG scanning electron

microscope was used to take EDX images.

2.3.5. Mechanical tests

Tensile mechanical tests were performed using Instron 5569 testing machine with a load capacity of 15 kN. The
samples for tensile tests were prepared and tested according to the ASTM D638 Type-I standard. The sizes of all
specimens were 165 mm x 13 mm x 3 mm (length x width x thickness). Speed was set to 5 mm/min. 3 specimens

were tested for each composition to determine their ultimate tensile strength.

I11. RESULTS AND DISCUSSIONS

The printing process for each sample preparation lasted for 14 minutes and both the neat resin and resin mixtures
were observed to be stable for the whole period without any phase separation or reaction. The printing process and
the one-step preparation of nanocomposites containing AgNPs were achieved successfully. While the neat
specimen was white in colour, the specimens were in brown colour and the colour became darker with the increase
in the AgNPs content. The photographs of the neat and nanocomposite specimens are presented in Figure 3. The

appearance of brown colour and the change in the intensity of the brown colour with the increase in the silver
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nitrate content showed the formation of AgNPs during the SLA printing process without the need for any additional

treatments.

(a) ) [ — (c)

Figure 3. Photographs of the neat and nanocomposite specimens prepared via SLA. (a) PC-0, (b) PC-0.3, (c) PC-3.

3.1 Fourier-Transform Infrared Spectroscopy (FTIR)

FTIR is one of the most common methods that is used to determine the curing of photo-curable resins. The
stretching vibrations of carbon-carbon double bonds involved in polymerization are detected and compared to
evaluate the curing. Figure 4 shows the FTIR spectra of the printed specimens in comparison to their resins. FTIR
data showed that the incorporation of AgNPs in the polymer matrix was rather physical without the formation of
a strong chemical bond. In graphs it is seen that the absorption bands of acrylate group (C=C) at 1632 cm™* and
812 cm* disappeared after the curing treatment as C=C bonds in the reactive monomers took part in the cross-
linking reaction by photopolymerization. As the peaks disappeared completely, it is possible to say that the

photopolymerization could be fully completed with the processing conditions applied.

——PC-0
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,ML
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Figure 4. FTIR spectra of (a) neat resin and neat specimen, (b) resin with 3 wt.% silver nitrate and its specimen.

3.2 UV-Visible Spectroscopy

UV-Visible spectra of neat resin, neat specimen, and composite specimens with 0.3 and 3 wt.% silver nitrates are
presented in Figure 5. The high absorbance of the resin between 350 and 430 nm decreased after the specimen
preparation due to the photopolymerization taking place during the SLA and post-cure treatment. The lower
absorbance values obtained for the composite specimens showed that the addition of silver nitrate into the resin

resulted in higher monomer conversion during photopolymerization.
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Figure 5. UV-Visible spectra of the nanocomposite specimens in comparison to neat specimen and neat resin.

3.3 Mechanical Properties and Failure

Tensile stress versus tensile strain curves obtained from performed tensile tests are shown in Figure 6. A common
elastoplastic behaviour was observed both for neat and AgNPs containing samples. Measured elastic modulus
values (Table 1) suggested for a significant decrease in Young’s modulus for PC-3 samples. PC-0 and PC-0.3
samples had almost the same Young’s modulus values. To understand such decrease in linear elastic behaviour,
the repetitive building blocks obtained due to SLA technique are monitored (Figure 7). Such blocks are clearly
visible on the side views of the manufactured samples (Figure 7). When PC-0 (Figure 7 (a)) and PC-0.3 samples
(Figure 7(b)) are compared it can be deducted that inherently repetitive structure through the thickness morphology
is preserved. Whereas for PC-3 samples (Figure7(c)) such repetition is clearly disturbed and transformed into a
rather indistinctive shape. Considering the fundamental mechanism of photopolymerization in SLA, which is
layer-wise, it can be claimed that the reduction in elastic modulus of PC-3 samples is due to mechanism of the

photopolymerization process being affected by the silver nitrate addition.

Table 1: Tensile test results obtained from tested samples.

Elastic Modulus Yield Strength Ultimate Tensile Strength Strain at Failure
Sample (MPa) (MPa) (MPa) (%)
PC-0 803.91 + 183.60 10.77 £ 0.18 16.17 £ 0.12 9.16 + 0.07
PC-0.3 941.17 + 243.81 13.66 + 2.53 17.61+1.38 559+ 1.46
PC-3 709.90 + 80.26 11.04 +1.67 14.03 £ 2.98 5.11+1.60
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As the second characteristic strength parameter for elastoplastic type of resins, the yield strength values are
reported in Table 1. It is clear that for PC-0.3 samples minor improvements were achieved in yield strength whereas
a lower yield was measured for PC-3 samples. A similar behaviour was present for ultimate tensile strength values.
The effect of silver nitrate addition is majorly visible in strain at failure values where PC-0.3 and PC-3 samples

had significantly lower failure strain when compared with the neat samples.
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Figure 6. Representative stress-strain curves obtained from tested samples

To understand the nature of yielding and damage progression after yielding fracture surfaces of the samples were
investigated. Fracture surface of neat samples is portrayed in Figure 8 (a) where oblique crack propagation (X-Y
direction) towards the specimen edge is visible. This suggested that the final failure was due to shear and that the
plastic hardening region after the yield point corresponds to the ability of samples to deform under shear.

S D W o
SO0 3E 20 SE 205 GIU - #

Figure 7. Cross-sectional views from a) PC-0 samples with micro building blocks visible on Z and X direction, b) PC-0.3 samples with
micro-building blocks preserved, ¢) PC-3 samples with complete loss of building blocks.

Furthermore, it may be suggested the tensile yielding event is rather independent of the nature of building blocks
in Z direction but rather dependent to repeating fashion in Y direction. A similar behaviour was observed for PC-

0.3 samples (Figure 8(b)) whereas such behaviour changed to a transverse (90°) cracking (Figure 8(c)) in the case
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of PC-3. This observation clearly underlines for significant agglomerations in PC-3 samples disabling the shear

deformation and enforcing an early failure (smaller strain to failure and UTS) due to transverse crack propagation

during tension.

Figure 8. Tensile fracture surfaces of a) Neat sample with oblique riverlines towards the edge of the sample b) 0.3 wt% AgNO; samples with
similar riverlines and ledge formation due to several micro-cracking events c) 3 wt% AgNO; samples with significant transverse cracking
towards the specimens.

In overall, the tensile test results suggested that 0.3 wt.% AgNOs may be loaded into conventional UV-curing
resins without deteriorating the mechanical response. For higher loading levels a better dispersion technique must
be used. However, when the advantages on manufacturing time and mechanical responses are evaluated, SLA
technique appears to be an effective way for implementing multifunctional AgNOs; nanoparticles to conventional

UV-curable resins.

3.4 The Energy Distributed X-ray (EDX)

SEM images taken from the surface of PC-0.3 sample and fractured surface of PC-3 sample are shown in Figure
8(a) and 8(c), respectively. EDX spectra showing the elemental compositions of PC-0.3 and PC-3 samples are
presented in Figure 8(b) and 8(d).

SEM images of the nanocomposite samples (9(a) and (c)) showed silver particles in wide range of sizes in the
polymer structure. Agglomerations were observed in silver nanocomposites but with no negative effect on
mechanical strength. EDX spectra (9(b) and (d)) was acquired using spot profile mode from highly concentrated
patches of AgNP on the nanocomposite SEM images (Figure 9 (a) and (c)). While no peaks related with the
presence of silver were not observed for PC-0.3 sample, the EDX spectrum of PC-3 sample showed peaks of Ag
atom. The visible X-ray emission line at around 3 eV corresponds to electron L shell transitions between electronic
shells in silver atoms. This event releases energy in the form of X-rays as a result of electrons moving from higher

energy shells to lower energy shells. The particular energy level linked to this emission, complementing the
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distinctive signature of electronic transitions in the silver atoms, is unique to the elements found in the sample and
provides information about its elemental composition [20]. Also, the spectrum exhibited signals originating from
atoms of C, K, and N atoms, in addition to Ag atoms, which provided information about the composition of the
specimen [21].
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Figure 9. a) Distribution of silver particles in PC-0.3 sample b) EDX analysis of PC-0.3 samples c) Fracture Surface of PC-3 sample D) EDX
analysis of PC-3 samples

EDX results of silver nanoparticles found in the article by Suresh V. Chinni et al. were observed at 3keV, similar
to the results we obtained for PC-3 sample [22]. Specifically, it is hypothesized that the imbalance in EDX findings
could be attributed to the formation of agglomerates during the manufacturing process. The agglomerates could

have exhibited localized concentration and spatial variability during measurements.

Furthermore, the discernible and well-defined peak centered at approximately 2 keV in the X-ray spectrum is
indicative of the presence of gold. This characteristic peak emanates from the gold coating applied to the sample
surface, serving the dual purpose of ensuring electrical conductivity during the utilization of the scanning electron
microscope (SEM) [23].
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IV. CONCLUSIONS

In this study, AgNPs containing hanocomposites were prepared via SLA technique. FTIR spectra showed that the
photopolymerization was completely achieved with the applied process. UV-Visible spectra showed that the
addition of silver nitrate into the resin resulted in higher monomer conversion during photopolymerization. While
tensile strength was improved with the addition of 0.3 wt % silver nitrate, tensile strain suffered from the silver
nitrate addition. Agglomerations, which could have suppressed the mechanical improvements, were observed in
SEM images. EDX analysis confirmed the presence of silver in the specimens tested. Considering the advantages
of SLA technique in preparation of nanocomposites with silver nanoparticles such as very short manufacturing
time, improved mechanical properties, resins containing silver nitrate are suggested for use in nanocomposite
production via SLA technique. Further analyses will be carried out to investigate the antibacterial properties of the

nanocomposites containing different amounts of silver nitrate prepared via SLA technique.
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Eksenel alanli kalict miknatisli senkron makineler yiiksek gii¢c yogunlugu ve karmagik yapisi nedeniyle
elektrik sistemlerinde 6nemli avantajlar sunmaktadir ve bu nedenlerle birgok uygulama alani bulunmaktadir.
Senkron makine tasarim siirecinin 6zii, makine 6zelliklerinin hizli, esnek ve dogru hesaplanmasina baglhidir.
Tahrik gereksinimlerini kargilamak ve dogrulamasini gergeklestirebilmek igin elektromanyetik tork analizinin
yapilmasi gerekmektedir. Elektromanyetik tork analizi igin birgok farkli yontem kullanilmaktadir. Bu
¢alismada, genetik algoritma teorisi kullanilarak, eksenel alanl kalict miknatisli senkron makinenin optimal
tasarimi ve analizi gergeklestirilmistir. Eksenel alanl kalict miknatisli senkron makinenin optimal tasarimi
icin gerekli olan matematiksel model yapisi olusturulmustur. Matematiksel model yapisi eksenel alanli kalict
miknatisli senkron makine tasarimindaki kritik degerlerin tespitine yonelik belirlenmis ve bes adet
optimizasyon degiskenine bagl olarak gergeklestirilmistir. Genetik algoritma sonuglari sonlu elemanlar
yontemi ile birlestirilerek toplam motor kayiplari hesaplanmistir. Tasarim agsamasinda stator ¢ekirdegi igin
kullanilacak olan bakir ve demirin hacmi kiigiiltiilerek, sistemde olusacak olan motor kayiplari baslangig
degerlerine gore 6nemli 6lgiide minimize edilmistir. Kullanilan optimizasyon yontemi ile, eksenel alanli kalict
miknatish senkron makinenin matematiksel modelinin tasarim igin yeterli oldugu kanitlamis ve rekabetgi bir
makine model yapist olusturmustur. Caligma ile, genetik algoritma sonuglari kullanilarak senkron makinenin
optimal tasariminda kullanilan kritik degerlerin daha kolay belirlenebilecegi gosterilmistir.
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Axial-field permanent magnet synchronous machines offer significant advantages in electrical systems due to
their high-power density and complex structure, and thus have many applications. The essence of the machine
design process depends on fast, flexible, and accurate calculation of machine characteristics. Electromagnetic
torque analysis is required to meet and validate the drive requirements. Many different methods are used for
electromagnetic torque analysis. In this study, the optimal design and analysis of an axial-field permanent
magnet synchronous machine is performed using genetic algorithm theory. The mathematical model structure
required for the optimal design of the axial field permanent magnet synchronous machine is established. The
mathematical model structure was determined to determine the critical values in the design of the axial field
permanent magnet synchronous machine and was carried out depending on five optimization variables. The
results of the genetic algorithm are combined with the finite element method to calculate the total motor losses.
By reducing the volume of copper and iron to be used for the stator core at the design stage, the motor losses
that will occur in the system are significantly minimized compared to the initial values. With the optimization
method used, the mathematical model of the synchronous machine proved to be sufficient for the design and
created a competitive machine model structure. The study shows that the critical values used in the optimal
design of the synchronous machine can be determined more easily by using genetic algorithm results.
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I. GIRiS

Son yillarda artan enerji ihtiyact nedeniyle elektrikli makinelerin tasarim ve optimizasyonu biiyiik ilgi gérmektedir.
Elektrikli makinelerin optimal tasarimi i¢in birgok istatistiksel ve matematiksel yontem kullanilmaktadir [1, 2].
Elektrikli makinelerdeki optimal tasarim ¢aligmalar1 dogrusal olmayan, kisithi ve ¢ok degiskenli karmagik bir yap1
seklindedir [3]. Optimal tasarim yontemlerini kullanan aragtirmacilar, global optimum degerinin nasil bulunacagi,
sayisiz degiskenlerle nasil basa ¢ikilacagi ve amag¢ fonksiyonu ile kisitlama fonksiyonlarina ait diferansiyel
denklemlerin nasil hesaplanacagi gibi birbirinden farkli problemle karsi karsiya kalmaktadirlar [4]. Genetik
algoritma optimizasyon metodu amag¢ fonksiyonunun veya kisitlama fonksiyonlarinin herhangi bir diferansiyel
denklemine ihtiyag duymama nedeniyle ilk iki problemi rahatlikla ¢6ziilebilmekte ve tiglincii problemi ise ortadan
kaldirilmaktadir [5]. Genetik algoritma metodunun yazilim algoritmasi olarak kullanilmasidan dolay1 birbirinden
farklt kullanim alanlart mevcuttur. Genetik algoritmalar sistemde karsilagilan karmagik problemlerin optimal

¢oziimiinde kullanilan ve giiclii bir yapiya sahip olan bir optimizasyon teknigidir [6].

Genetik algoritmalar dogal segilim ve dogal genetige dayanan, evrimsel arama algoritmasini en basit sekliyle
uygulayan yontemlerdir. Evrimsel arama algoritmalarindaki temel amag, giiclii olan bireyin hayatta kalmas1 ve
yagsamini devam ettirmesi kavramidir [7]. Genetik algoritmadaki bir ¢6ziimiin iireme basarisi, degerlendirme
sirasinda atanan uygunluk degerine dogrudan bagimlidir. Dogru uygunluk degeri kullanilarak stokastik siirecteki
optimal ¢dziimiin yeniden iiretilme sans1 minimum seviyede olurken, genetik algoritma uygulamalarindaki optimal
¢Oziimiin yeniden iiretilme sanst maksimum seviyelere ulagmaktadir. Genetik algoritmadaki arama asamasi,
kromozomlari temsil eden dizilerin rastgele olusturulmus bir popiilasyonundan baslanarak gerceklestirilir. Belirli
sayida genetik islem adimindan sonra optimal nesil elde edilerek ¢oziime ulasilir [8]. Sekil 1°de genetik

optimizasyon algoritmasinin ¢alisma adimlar1 gdsterilmistir.

Literatiirde yapilan calismalar incelendiginde senkron makine tasariminda farkli algoritmalar ve ydntemler
kullanildig1 gozlemlenmistir. Genetik algoritmanin tercih sebebi tasarim uzaymin genis ve karmasik oldugu senkron
makine tasarimi gibi problemlerde avantaj saglamasidir. Genetik algoritma, ¢esitli tasarim parametrelerini bir arada
optimize edebilmekte ve bir dizi olas1 ¢dziimil paralel olarak degerlendirme yetenegine sahip olmaktadir. Genetik
algoritmalar, hizli ve hesaplamali olarak daha diisiik maliyetli ¢éztimler bulabilmektedir. Senkron makinenin 3 boyutlu
bir FEM modeli ile analiz edilmesi ¢ok fazla zaman ve c¢aba gerektirir. Bu sorunun ustesinden gelmek icin, Lim
v.d az sayida fonksiyon ¢agrist ile dogru ve iyi dagitilmis bir Pareto 6n kiimesi gerceklestirebilen ve motor tasarim
siirecinde cesitli tasarim degiskenlerini dikkate alan bir vekil destekli ¢cok amagli optimizasyon algoritmasi ile
senkron makine tasarimi gergeklestirmistir. Bu algoritmanin {istiin performansi, bir test fonksiyonunda geleneksel

cok amagli optimizasyon algoritmalariyla karsilagtirilarak dogrulanmgtir [9].

Rostami vd. tarafindan, Genetik algoritma (GA) kullanilarak eksenel akili sabit miknatish senkron jenerator igin
optimum tasarim sunulmus ve minimum aktif malzeme maliyeti kosulu ¢ikarilmistir. GA sonuglarina dayanan
bilgisayar destekli bir tasarim prosediirii Onerilmistir. Tasarim prosediiriinde, optimizasyon algoritmasinda
kullanilan nesne fonksiyonu i¢in bazi kisitlamalar olarak pratik ve performans o6zellikleri dikkate alinmistir.
Gelistirilen program kullanilarak iki paralel bagli stator ve rotor yiizeyi PM'lerine sahip 30 kW'lik bir senkron
makine tasarlanmis ve ardindan tasarim prosediiriinic dogrulamak igin 3 boyutlu sonlu eleman analizleri

gerceklestirilmistir [10].
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Virtic vd. tarafindan ¢ekirdeksiz statorlu ve ¢ift dis rotorlu bir eksenel akili sabit miknatisli senkron makinenin
tasarim optimizasyonu, genetik algoritma ile evrimsel optimizasyon ve amag¢ fonksiyonlarinin analitik bir
degerlendirmesi kullanilarak gergeklestirilmistir. Sekiz degisken geometri parametresi temelinde, maksimum
hacim tork yogunlugunu ve agirlik tork yogunlugunu, Newton-metre bagina minimum sabit miknatis hacmini ve
agirligini ve Newton-metre bagina minimum makine fiyatini belirlemek i¢in bes ama¢ fonksiyonu optimize
edilmistir. Newton-metre bagina minimum makine fiyat1 i¢in geometrik parametrelere dayanarak, nominal tork
icin bir prototip olusturulmustur. Amag fonksiyonlarinin analitik olarak degerlendirildigi evrimsel optimizasyon,
FEM ile karsilastirildiginda tasarim optimizasyonu i¢in gereken hesaplama siiresini 6nemli 6l¢iide kisaltmaktadir
[11].

Benlamin vd. bir otomotiv uygulamasi i¢in bir motoru optimize etmek iizere bir genetik algoritma kullanilmistir.
Bu motor ¢ift statorlu eksenel sabit miknatisli (PM) bir makinedir ve optimizasyonda basitlestirilmis bir analitik
model kullanilmistir. Arag ile elde edilen ¢6ziim, modelin gegerliligini dogrulamak i¢in ii¢ boyutlu sonlu elemanlar

yontemi ile karsilagtirilmistir [12].

Mahmoudi vd. tarafindan, genetik algoritma (tabanli boyutlandirma denklemi ve sonlu elemanlar analizi ile
optimize edilmis bir eksenel akili sabit miknatisli motor sunulmaktadir. GA ve FEA sonuglarina dayanarak, bir
aday motor tasarimi tanitilmis ve motor tasarimiin yeniden optimizasyonu ve sonlandirilmasi igin Sonlu
elemanlar analizine tabi tutulmustur. Sargi konfigiirasyonunun degistirilmesi ve sabit miknatis egriltme gibi
teknikler, en sinlizoidal geri-EMF dalga formunu ve torkunu elde etmek i¢in aragtirilmistir. FEA ve GA simiilasyon
sonuglart karsilagtirilmig ve yiiksiiz durumda tasarlanan motorun ¢esitli bolgelerindeki aki yogunlugu ile iyi bir
uyum gostermistir. Tasarlanan son motor (1 kW, 50 Hz, doért kutuplu) imal edilmis ve test edilmistir. Deneysel

sonuglar simiilasyon sonuglar1 ile uyumludur ve her ikisi de istenen teknik 6zellikleri karsilamaktadir [13].

Kurt vd. tarafindan Eksenel Akili Siirekli Miknatisli Senkron Makineler icin bir tasarim metodolojisi
tanitilmaktadir. Eksenel Akili Makineler, hafif ve kompakt tasarimlari nedeniyle yenilenebilir enerji sistemlerinde
¢ok popiilerdir. Tanitilan algoritma Taguchi yaklasimi ile Deney Tasarimidir. Bu yontemler, ortogonal deneysel
tasarim ve analiz tekniklerini kullanarak, endiistriyel bir siirecin yalnizca az sayida deneyle optimize edilmesini

saglar [14].

Durma

Baslangic Ortalama

Popiilasyonu Uygunluk Yeni Nesil

Baslatma e

.. Uygunlugu

Olceklendirme

Sekil 1. Genetik algoritma ¢alisma adimlar:
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II. GENETiK ALGORITMANIN TEMEL PRENSIPLERi VE CALISMA ADIMLARI

Genetik algoritmalar, ger¢ek say1 vektorlerinin popiilasyon adimlarim isleyerek calisirlar. Bu nedenle, genetik
algoritmalarin birincil yapisinin bir vektor popiilasyonu olmasi gerekmektedir [15]. Algoritma yapisi genlerden
olusmaktadir. Genetik algoritmanin her bir genindeki kodlanan diziye kromozom adi verilir. Algoritmada
kullanilan amag fonksiyonunun maksimize veya minimize edildigi degerlere ise uygunluk adi verilir [16]. Bir
genetik algoritmanin arama siirecinde yer alan {i¢ temel ¢alisma durumu bulunmaktadir. Bu durumlar genlerin

¢ogaltilmasi, ¢aprazlanmasi ve mutasyonudur [17].

Algoritma yapisinda kullanilan farkli ¢calisma durumlari ile genlerin hayatta kalma sanslar1 arttirilir ve daha iyi
gen dizilimleri olusturularak yeni nesillerin tiretilmesi saglanir. Genetik algoritmalar ile optimizasyon ¢aligmalari
baslatilmadan 6nce optimizasyonun ¢aligma parametrelerinin, sinir kosullarinin, uygunluk dl¢iisiiniin ve durdurma
kriterinin belirlenmesi gerekmektedir [18]. Genetik algoritmanin simnir kosullarinin belirlenmesi adiminda, kayan
noktali say1 vektori bigimindeki tasarim degiskenleri kullanilir. Kromozomlarin kodlanmasi, genetik algoritmanin
performansini dogrudan etkileyen ¢ok 6nemli bir kavramdir. Kromozomlarin kodlanmasi kullanici sayisina ve

problem tiiriine gore degiskenlik gdsterir.

Uygunlugun ol¢eklendirilmesi adiminda, arama uzayindaki her nokta benzersiz yapidaki kromozomlar ile
eslestirilir. Optimal degiskenler kayan noktali sayilarin birer vektorii ile kodlanabilir. Optimizasyon agamasinda
cesitli degiskenler i¢in farkli vektor uzunluklar: kullanilabilir. Optimizasyonun amag fonksiyonunda uygulanan
kurallar diger tiim degiskenler iginde kullanilabilir. Uygunluk 6l¢iisii, bireyin ne kadar basarili oldugunun bir
gostergesidir. Birey kodu ¢6ziilmiis kromozomlari temsil ettigi i¢in uygunluk 6l¢iisii kromozomlara atanir. Evrim
sirasinda var olan her kromozom degerlendirilir ve uygunluk Olciisii hesaplanir. Genetik algoritma ile ¢evre

popiilasyonu arasindaki iligski hakkinda bilgi veren tek kavram uygunluk 6l¢iisiidiir [19].

Cevre, tasarim optimizasyonunda amag¢ fonksiyonunu belirtir. Amag¢ fonksiyonunun doniis degeri dogrudan
kullanilabilmekte veya belirlenen bir fonksiyondan gecirilerek uygunluk olciisiinii tanimlamaktadir. Uygunluk
oOlgiitiiniin bilesenleri kullaniciya ve problem tiiriine gore degiskenlik gostermektedir. Genetik algoritmada arama
asamas1 siiresiz olarak calisabilir. Bu nedenle algoritma yapisinda durdurma kurali kullanilarak durdurma
zamaninin belirlenmesi gerekmektedir [20]. Durdurma kriteri kullaniciya ve problem tiiriine bagl olarak birgok
farkli yolla gergeklestirilir. Olas1 yontemlerden bazilari, kusak sayisini sabitlemek ve tiim kusaklarin en iyi bireyini
kullanarak optimum sonug¢ elde etmektir. Bu agsamada tiim popiilasyonun bir miktar hata payi ile ortalama bir

uygunluga yakinsamasi hedeflenmektedir.

2.1 Ureme Operatorii

Tiim popiilasyon lizerinde ¢aligsan lireme operatorii, eski nesilden yeni bir nesil olugturmak amaciyla kullanilir.
Ureme operatorii, bir bireyin uyum 6lgiisiine ve popiilasyonun ortalama uygunluguna bagh olarak, belirli bir
bireyin bir sonraki nesilde sahip olacagi kopya sayisini belirlemektedir. Ureme operatdriinii tasarlamanin baslica
nedeni, daha yiiksek uyumluluga sahip bir bireyin sonraki nesilleri temsil edilebilmesi i¢in yeni bir sans
verilmesidir [21]. Bu durum dizi uygunluk degerleri ile orantili olarak agirliklandirilmis dogrusal arama yontemleri

kullanilarak yapilmaktadir.
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2.2 Uygunluk Olgeklendirme

Uygunluk ol¢eklendirmesinin amaci, bir popiilasyondaki en uygun kromozomlarin iireme sanslarini ortaya
¢ikarmaktir. Bireylerin uygunlugu, ortalama ve en iyi uygunluk degerleri arasindaki farkin daha belirgin hale
gelmesi i¢in Olgeklendirme yapilmasidir. Uygunluk odlgeklendirmesi yakisama oranimni artirir. Faydali bir
Olceklendirme agamasinda dogrusal dlceklendirme kullanilir. Dogrusal dlgeklendirme formiilasyonu Es. 1°de

gosterilmistir.

' =af +b 1)

Es. 1’de f' 6lgeklendirilmis uygunluk degerini, f ise ham uygunluk degerini gostermektedir. Es. 1°deki a ve b
katsayilar1 farkli sekillerde secilerek Es. 2 elde edilmektedir. Es. 2 kullanilarak, mevcut neslin maksimum ve
ortalama uygunluk degerleri belirlenerek her yeni nesil i¢in hesaplamalar yapilmaktadir. Es. 2°deki C degiskeninin

sabit degerleri 1.2 ile 2.0 arasinda segilmektedir.

a= w . b= faVQ ]E fmaX__.I:C' favg) .

fmax - favg max avg

2.3 Situn Temelli Caprazlama

Iki ebeveynden yeni bir kromozom olusturan genetik algoritmalarin merkezi bir 6zelligi ¢aprazlamadir. Biyolojik
caprazlamaya karsilik gelen yazilim siiriimii, ebeveynlerin say1 vektorlerindeki par¢anin degistirildigi bir noktay1
rastgele secerek ebeveyn ¢iftini birlestirir. Yer degistirme adimi, basit caprazlamay1 kullanmak yerine iki adet x;
ve X vektoriiniin dogrusal bir kombinasyonu olarak tanimlanan aritmetik ¢aprazlama ile gergeklestirilir [22].

Siitun temelli ¢aprazlama asamasindan sonra Es. 3 kullanilarak yavru bireyler elde edilir.

( =a. (1-a).x,
X =ax+ 3)

kz =ax, +(1-a).x

Es. 3’te a degiskeni, 0 ile 1 arasinda herhangi bir sayisal deger almakta ve bu durumda sabit bir say1 olarak kabul
gormektedir. Sabit say1 alarak kabul edilen bu tiir ¢aprazlamaya diizgiin aritmetik ¢aprazlama ismi verilir [23].
Diizgiin aritmetik ¢aprazlamada yeni ebeveyn degerleri her zaman sabit bir etki altinda olacaktir. Sekil 2’de ikili
kodlar ve bu kodlarin gegisleri ile temsil edilen ikili A ve B dizisi gosterilmektedir. Ikili dizideki ¢apraz operatdriin
sag tarafindaki O ve 1 sayilarinin kendi aralarinda degistirilmesi ile ¢apraz siitundaki ¢ = 5 ikili koduna sahip A ve

B dizileri elde edilmistir.
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A=100 1] 1| 0NN
B=0/1 1 1)0[H0IN
A=100 1|1 | N
B=01/1 1[0 NN

Sekil 2. Tkili kodlara sahip ikili A ve B dizileri ve bunlarin gaprazlanmasi

2.4 Mutasyon Operat6ri

Uremedeki énemli adimlardan bir tanesi, yeni popiilasyon niifusunun iist ve alt sinir alanlarinda segilen bir
degisken degerinin rasgele say1 iiretimini igerecek sekilde mutasyona ugramasidir. Mutasyonun birincil amaci
popiilasyon degerine varyasyon ilavesi yapmaktir [24]. Bu islem rastgele segilen bir dizide parga parca

yapilmaktadir. Sekil 3'te, ikili temsilin bir 6rnegi olarak yedinci bolgede yapilan mutasyon islemi gosterilmistir.

c=1 1010/ 1Mo1

c11o010/ 1Mol

Sekil 3. Tkili temsil i¢in yedinci bolgede yapilan mutasyon dmegi

2.5 Popiilasyon Yenileme

Tim calisma operatorleri gorevlerini yerine getirdikten sonra yeni nesil iiyeler olugsmaktadir. Ana kromozomun
sahip oldugu en iyi 6zellikler ¢iftler arasinda degistirme adimlar1 uygulanarak gelecek nesillere aktarilmakta ve

yeni bilgilere sahip kromozomlar olusmaktadir.

I11. KALICI MIKNATISLI EKSENEL ALANLI SENKRON MAKINENIN OPTIMAL TASARIMINDA
GENETIK ALGORITMALARIN UYGULANMASI

Genetik algoritmalar1 diger optimizasyon yontemlerine gore {istiin kilan en dnemli {i¢ 6zellik asagida verilmistir.
Bu ozellikler:
e Genetik algoritmalar arama uzayinda sadece bir bolgede degil, diger tiim bolge popiilasyonlar1 {izerinde
es zamanli olarak caligma saglarlar.
*  Genetik algoritmalar kullanilacak olan parametrelerin kendileri ile degil, bu parametreleri temsil eden

kodlanmis bir dizi ile ¢aligirlar.
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*  Genetik algoritmalar tiirevleri veya baska herhangi bir ek bilgi kullanarak degil, amag fonksiyonunun

kendisini kullanarak ¢aligirlar.

Tasanm parametrelerinin
belirlenmesi

i

Genetik algoritma ile
parametrelerin iyilestiriimesi

l

Boyutlandirma esitliklerinin
kullamlarak ana eksenlerin
belirlenmesi

l

Stator ve rotor nlivesinin,
sarg) karakteristiklerinin
elektromanyetik tasarimi

l

Makinenin kayiplarinin ve
veriminin hesaplanmasi

l

Hayir Evet Bitir ve sonuglar
Tasarm belirlenen > kaydet
limitlere uygun mu?

S~ //’. h

Sekil 4. Sistemin tasarim siirecinin akis diyagrami

Bu ii¢ ana 6zellik, genetik algoritmalari elektrik makinelerinin optimize edilmesi i¢in kullaniminda oldukga etkili
bir yontem haline getirmektedir. Son yillarda kullanilan sezgisel algoritma ydntemlerinden biri olan genetik
algoritmalar sayesinde, optimal sistem tasarimlarinda artiglar gozlenmektedir. Caligmada, genetik algoritma
yontemi Sonlu Elemanlar Ydntemi [25] ile birlestirilerek dogrudan bir elektrikli makinenin optimal tasariminda
kullanilmistir. Sekil 4’te senkron makine tasarimmin GA ile yapilan akis diyagrami gosterilmistir. Sekil 5’te
genetik algoritmalarin elektrik makinelerinin optimal tasarim c¢alismalarinda kullanilmasi ile elde edilmis olan 45
Nm tork giiciinde, 220 V gerilim seviyesinde, 50 Hz frekans degerinde ve 750 rpm hizindaki sabit miknatisli bir
eksenel alanli senkron makinenin optimize edilmis sekli gosterilmistir. Sabit miknatisli eksenel alanli senkron
makinenin tasarim 6zelliklerine gdre optimal degisken olarak segilen tasarim parametreleri; sabit miknatisin ve

stator ¢ekirdeklerinin i¢ yarigap1 R, dis yarigapt Ro, miknatis fraksiyonu am, miknatis uzunlugu lm, hava boslugu g
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olarak verilmistir. Kalict miknatisli eksenel alanli senkron makinanin verimi amag fonksiyonu olarak alinip,

optimal tasarim siireci amag fonksiyonunun bir maksimizasyon problemi olarak tanimlanmasi Es. 4 elde edilir.

T.
n=1R R, ,9) . %

i1 N Y m T

(4)

77:
To +P,+P +P

Es. 4’te T anma torku, wm anma hizi, Pcy bakir kaybi, Pre ¢ekirdek kaybi ve PS diger sabit kayiplardir. Pc, bakir
kayb1 Es. 5’te verilmistir.

Sekil 5. Sabit miknatish bir eksenel alanli senkron makinenin optimize edilmis sekli

2 2
PCu = Nph'I ph'Rph = Nph'I ph'ZNsp(RsI + Ret) (5)

Es. 5’te Npn faz sayisi, lph faz akimi, Nsp faz basina yuva sayisi, Rs oluk direnci ve Re donils sonu direncidir.

Optimizasyon degiskenlerine gore oluk direnci Es. 6’da verilmistir.

PN’ (R,-R) _ pn'(R,—R)
kcp 'Asl kcp 'st 'd3

Rsl =

(6)

Es. 6°da kep iletken paketleme faktord, p iletken 6zdireng katsayisi, wsh 0luk alt ve iist genisligi, ds iletken oluk

derinligi, As oluk alani ve ns oluk basina doniis sayisidir. Oluk bagina diisen doniis sayist Es. 7°de verilmistir.
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E
n, =int oo . (7)
N, Ky k kq.B NSpp (R -R%)w,

Es. 7°de Emax, nominal hizda ve geri yondeki maksimum elektromotor kuvveti, Nm, kutup sayisi, kg dagitim faktord,
Ko ylkseklik faktori, ks egrilik faktorii, Bg hava araligindaki aki yogunlugu, Nspp, faz bagina diigen oluk sayisidir.

Faz bagina diisen oluk sayis1 Es. 8’de tanimlanmugtir.

Nepp = ; (8)

Es. 8’de N, statora ait oluk sayisi, Nph, fazlarin sayisidir. Hava araligina ait aki yogunluk denklemi Es. 9 ile

tanimlanmustir.

C = A _ 20,

") L,
T - B,

20, [ - D
=1+ In| 1+ 9)
ml
L4 s | 1- 1 [ 7 g 0 (R +Ry) f (Q—otm.rpi) (R,ap) a, (Rlé'p)

=
=
+
—
Pge)
1l
N
=
=) |
T o
= 3
Ne——
1l
N
<« |5
= |
~_
1l
N
2=}
TN
[CEEn
IS
3
~_

Es. 9'da, C4 aki konsantrasyon faktorii, Br miknatis kalintisi, ur miknatis geri itme gegirgenligi, k; karter katsayist,
w;s oluk agiklig1, Pc gecirgenlik katsayisi, gc Karter katsayisi i¢in bosluktaki etkin hava degeri, km miknatisin kagak
faktorl, 7 miknatis ayirici genisligi, z, rotor miknatislarinin i¢ kutup araligidir. Stator sargilarindaki ug¢ doniiglerin

direng degerleri Es. 10 ile tanimlanmistir.

2 2 2
p0s.7(te +76) = png.m ((acp Tpo) (acp' Tpi)) =P ns (( {a 'Ro'[N]D (acp Tpi )]
Ry = . (10)

Aoy A = 4 AS 4 INt(Nypp)
Spp
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Es. 10'da, ¢, stator sargilarinin dis niivesinin adim uzunlugu, z; stator sargilarinin i¢ niivesinin adim uzunlugu, acp
ntive kutup fraksiyonu, zy rotor sargilarmin dig niivesinin adim uzunlugu, 6, agisal rotor sargilarmin kutup

araligidir. Cekirdek kayiplart Es. 11 ile tanimlanmigtir.

PFe = Py 'Vst 'F(Bmaxl f) (11)

Es. 11'de, pui gelik niive kiitle yogunlugunu, 7 (Bmax, f) celik nlve kayip yogunlugu ve frekansini, Vit bes adet
optimizasyon degigkeni ile dogrudan iliskili stator hacmini gostermektedir. Stator ¢ekirdek hacmi stator dislerinin

hacminden olugmaktadir. Olusacak olan bu hacim degeri Es. 12 ile tanimlanmistir.

Vg = 2k [ (RS -RO).(w, +d,) ~(N,ALR ~R)) ]

. 12
Vst :z'kst' ”'(ROZ_Riz)'(ﬂ-l_ds)_(Ns'&'(Ro_Ri)) ( )

“Zmax st

Es. 12'de, ds toplam yuva derinligi, ks laminasyon istifleme faktorll, Bmax statorda izin verilen maksimum aki

yogunlugudur.

Bu galigmada kalict miknatisli eksenel alanli senkron makinenin optimal tasarim i¢in gerekli olan matematiksel
model yapisi bes adet optimizasyon degiskenine bagimli olarak yapilmis ve toplam motor kayiplari séz konusu
optimizasyon degiskenlerine bagli olarak hesaplanmistir. Kalici miknatish eksenel alanli senkron makinenin ¢ikis
giicii sabit oldugundan dolayi sistem kayiplari ile bakir kayb1 ve ¢ekirdek kaybi optimizasyon degiskenlerine bagh
olmakta ve motorun verimini de etkilemektedir. Bu nedenle motor verimleri maksimum yapilarak, motordaki

kayiplar minimuma indirilmekte ve gili¢/agirlik oran1 arttirilmaktadir.

Genetik algoritma i¢in niifus biiyiikliigii 10 ebeveynden olusmaktadir ve algoritmanin durdurma kurali1 olarak 3500
nesil secilmistir. Algoritmadaki gecis ve mutasyon olasiliklar1 ise sirasiyla 0.8 ve 0.04 olarak ayarlanmistir.
Uygunluk o6lceklendirmesi icin C katsayisi 1.8 olarak segilmistir. Sekil 6’da 3500 nesil i¢in nesiller boyunca
kullanilacak olan maksimum uygunluk degisimi gosterilmistir. 3500 nesilden sonra, amag fonksiyonunun optimal
uygunluk degeri n = 0,9454 degeri ile belirlenmistir. Bu deger optimal ¢6ziim i¢in etkinlik degerinin % 94.54 {ine
karsilik gelmektedir.
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1.00

0.95

Uygunluk olgiisii

0 500 1000 1500 2000 2500 3000 3500
Nesiller

Sekil 6. Nesiller boyunca degisen maksimum uygunluk grafigi

Tablo 1'de kalict miknatisli eksenel alanli senkron makinenin optimizasyon siirecinde kullanilan tasarim
degiskenlerinin araliklar1 ve bunlarin optimal sonuglar1 gosterilmistir. Tablo 2'de ise tasarim degiskenlerine bagh

baslangic ve optimal sonuclar1 gosterilmistir.

Tablo 1. Optimizasyonda kullanilan tasarim degiskenleri, limit araliklari ve optimal sonuglari

Tasarim Degiskenleri Limit Aralig1 (m) Optimal Sonuglar (m)
Ri 0.040 - 0.072 0.072
Ro 0.085 - 0.500 0.103
Om 0.100 - 0.950 0.559
Im 0.005-0.015 0.013
g 0.001 - 0.003 0.002

Tablo 2. Tasarim degiskenlerine bagl baslangi¢ ve optimal sonug degerleri

Tasarim Degiskenleri Baslangi¢c Degerleri (m) Optimal Sonug Degerleri (m)
Ri 0.072 0.072
Ro 0.133 0.103
Om 0.941 0.559
In 0.010 0.013
g 0.002 0.002

Tablo 2’den kalict miknatisli eksenel alanli senkron makine tasariminda onemli bir gelismenin saglandigi
goriilmektedir. Tasarim agamasinda stator ¢ekirdegi icin kullanilan bakir ve demirin hacmi 6nemli Slciide
azaltilmigtir. Bu durum sistemde olusacak olan kayiplarin azalmasina neden olmustur. Bu iyilestirmeler

neticesinde 6zellikle kalict miknatisli eksenel alanli senkron makinelerin elektrikli araglar i¢in oldukca rekabetci
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¢oziimler sunmaktadir. Kalict miknatishi eksenel alanlt senkron makinenin optimal tasariminda, gerilim, mekanik
hiz, tork, akim yogunlugu, miknatislarin kalict aki yogunlugu, rotor kutup sayisi, stator sayisi gibi kullanilan
malzemelerin belirlenen tum katsayilar1 kullanilmistir. Prototip amagh kalict miknatisli eksenel alanli senkron
makinenin farkli malzeme tiirlerindeki optimal ¢aligmalari i¢in genetik algoritma basarili bir sekilde kullanilmistir.

Genetik algoritma uygulamasi ile en iyi ¢6ziim secilmis ve optimal ¢dziimlerin sayis1 analiz edilmistir.

IV. SONUCLAR

Bu calismada eksenel alanli kalict miknatislt senkron makinelerin tasarim optimizasyonunda kullanilan, yiiksek
diizeyde dogruluk saglayan ve bircok farkli optimizasyon problemlerine uyum saglayabilme yetenegi olan bir
algoritma yapisi kullanilmigtir. Genetik algoritma optimizasyonunda sadece uygunluk degeri kullanildig igin,
amag fonksiyonu hakkinda herhangi bir ek bilgiye ihtiya¢ duyulmaz. Bu durum algoritma kullanimini kolay ve
her soruna uyarlanabilir bir hale doniistirmektedir. Genetik algoritmalardan elde edilen yeni nesil bireyler her
zaman etki alani icerisinde kalmaktadir. Bu nedenle erken yakinsama olasili§ini azaltan tek bi¢imli aritmetik
caprazlama ve dogrusal 6lgekleme ad1 verilen bir ¢aprazlama yapisi uygulanmaktadir. Calisma ile eksenel alanl
kalict miknatisli senkron makine yapisindaki tim degiskenler hesaba katilarak makine tasarimi gergeklestirilmistir.
Tiim degiskenleri hesaba katmak igin eksenel alanli kalict miknatisli senkron makinenin uygun matematiksel
modellemesi yapilmistir. Optimal tasarim siirecinde kullanilmas: gereken degisken ve limit degerleri, genetik
algoritma optimizasyon yapisi kullanilarak elde edilmistir. Bu giiglii optimizasyon yontemi, eksenel alanli kalici
miknatislt senkron makinenin matematiksel modelinin yeterli oldugunu kanitlamis ve rekabet¢i bir makine model

yapis1 olusturmustur.
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ARTICLE INFO ABSTRACT

Article history: Polyamide 6 (PA6) is one of the used engineering thermoplastics with the advantages of high resistance to
Received 23 Dec 2023 chemicals and abrasion, high fatigue resistance and toughness. However, it has some disadvantages such as
Received in revised form 02 Feb 2024 low impact strength and notch sensitivity. The blend of PA6 with elastomers can mitigate these shortcomings.
Accepted 16 Feb 2023 Lately, thermoplastic elastomers (TPE) have been frequently used to toughen notch-sensitive polymers such

as PA6 due to their outstanding properties such as high elasticity, recyclability, and easy processing. As it is
known, obtaining superior properties in polymer blends relies on the interfacial interaction between the
components of the blend. Additionally, by using compatibilizers, blends with the required properties can be
created by enhancing interaction between phases, or interfacial adhesion. Recently, polyhedral oligomeric

Auvailable online

Keywords: silsesquioxane (POSS) nanoparticles, organic/inorganic hybrid nanoparticles, are preferred as an alternative
PAS compatibilizer to conventional types. In this study, PAG/TPE blends were compatibilized with POSS
TPE nanoparticle with single epoxy group (MoEpPOSS). The morphological and rheological properties of
POSS

PAGB/TPE blends compatibilized with MoEpPOSS nanoparticle were investigated. Also, possible chemical
interactions between PA6 and/or TPE and MoEpPOSS nanoparticle were determined via Fourier transform
infrared spectroscopy (FTIR) analyses.

Mechanical properties
Morphological properties

I. INTRODUCTION

Polyamide 6 (PA6) stands as a widely recognized engineering thermoplastic material with a wide range of uses
due to its exceptional mechanical and thermal properties, including fibers, films, textiles, and different molding
products. However, its high moisture-absorbing ability, poor dimensional stability, low impact strength, and notch
sensitivity limit its application areas. Therefore, studies on modifying polyamide to impart new properties to PA6
and eliminate such disadvantages by improving its physical properties have been frequently studied by both
industry and academia [1, 2]. In recent years, PA6/elastomer blends have been prepared to remove these negative

properties of PAG.

Recently, thermoplastic elastomers (TPE) have become one of the most frequently used materials in the field of
polymer technology in both industry and academia due to their rubbery properties, such as low permanent
deformation, high elasticity, high fatigue resistance, and thermoplastic properties for instance easy processing and

recyclability. Thanks to their superior properties, such as durability, low density, and low production costs, they
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have many applications, such as automotive, packaging, and electrical industries [3]. In addition to such

applications, TPEs are frequently used in toughening PA.

Many studies have been conducted in the literature on the preparation of blends of PAs with elastomers to improve
the impact resistance of PAs [4, 5]. Yu et al. investigated the effect of ethylene vinyl acetate rubber (EVM) on the
impact strength enhancement of PA1010. The results showed that EVM significantly improved the notched impact
strength of PA1010 [6]. Xu et al. examined the effects of ethylene-propylene elastomer (EPM) with or without
maleic anhydride on the mechanical and morphological properties of PA6. The studies showed that the 1zod impact
strength values were not improved with the addition of EPM in PAG6; however, the impact strength was increased

significantly with the addition of maleic anhydride grafted EPM [7].

However, PA6/TPE blends are thermodynamically immiscible, as with many polymer blends. Therefore,
compatibilization is necessary to achieve the desired properties. Lately, polyhedral oligomeric silsesquioxane
(POSS) nanoparticles have emerged prominently as effective compatibilizers, owing to their pliable physical and
chemical characteristics and cost-effectiveness when applied on an industrial scale. POSSs exhibit a distinctive
structural configuration characterized by cage-shaped molecules, akin to polyhedral skeletons comprised of silicon
and oxygen, denoted by the closed formula (RSiO15),. The R group in the molecular structure can encompass a

wide variety of functional groups [8].

In this research, the compatibilization effectiveness of hybrid POSS nanoparticles with a single reactive epoxy
group (MoEpPOSS) in PAG6/TPE blends at varying ratios was investigated for the first time in the literature. The
morphological and rheological properties of PA6/TPE blends were examined in relation to the MoEpPOSS loading
ratio. Moreover, the possible interactions between the components in the presence of MoEpPOSS were evaluated

via Fourier transform infrared spectroscopy (FTIR) analyses.

Il. MATERIALS AND METHODS
2.1 Materials and Preparation Techniques

Polyamide 6 (PA6; trade name; Tecomid NB60 NL) and polyester-based thermoplastic elastomer (TPE; trade
name; Arnitel UM552 TPC-ES) were purchased from Eurotec (Tilrkiye) and DSM (The Netherlands),
respectively. Glycidylisobutyl-POSS (MoEpPOSS) with a single reactive epoxy group was obtained from Hybrid
Plastics Company (USA).

2.2 Sample Preparation

Pure polymers, PA6 and TPE, were kept in a vacuum oven at 80 °C for 12 h to eliminate moisture prior to blending.
The samples were prepared with a laboratory-scale twin screw co-rotating micro-compounder (Xplore Instruments
15 cc micro-compounder) with barrel temperature, screw speed, and residence time of 230 °C, 100 rpm, and 2
min, respectively. The compounding procedure was carried out by continuously purging the barrel with nitrogen
gas to prevent thermo-oxidative degradation. At the end of the residence time, the blends were molded with a

laboratory-scale micro-injection device (Xplore Instruments 12 cc Injection Molder) with a melt temperature of
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230 °C, mold temperature of 25 °C and pressure of 10 bar to obtain standard test samples. Two different PA6/TPE
ratios, 50 and 70 wt% TPE, and two MoEpPOSS ratios, 0.5 and 1 wt%, were considered.

2.3 Characterization of materials
2.3.1 Fourier transform infrared spectroscopy (FTIR)

Attenuated total reflectance-Fourier transform infrared spectrometry (ATR-FTIR) analyses were carried out to
identify possible interactions between PA6, TPE and MoEpPOSS nanoparticles. Tests were performed with a

PerkinElmer spectrum 100 FTIR instrument. The samples were analyzed in the 4000-650 cm* wavenumber range.

2.3.2 Scanning electron microscope (SEM)

The phase morphologies of the samples were examined with a QUANTA FEG 450 model scanning electron
microscope (SEM). The SEM images were taken from the surfaces of the cryogenically fractured samples, and the

samples were coated with gold before analysis.

2.3.3 Rheological analyses

The rheological properties of the samples were detected with Anton Paar MCR 102 with parallel plate geometry.
Frequency scanning was performed at a constant temperature of 230 °C under a constant nitrogen atmosphere. The

measurements were performed in an angular frequency range of 0.1-600 rad/s at a shear strain of 0.1%.

111. RESULTS AND DISCUSSIONS
3.1 Fourier transform infrared spectroscopy (FTIR)

The chemical structures of pure PAG, pure TPE, compatibilized and uncompatibilized PA6/TPE blends and the

chemical interactions between them were examined with FTIR analyses.

The spectra of pure polymers and PA6/TPE blends were given in Figure 1. The results showed that the intensities
of the N-H and C=0 peaks of PA6 decreased and the intensity of the C=0 peak of TPE increased with the decrease
in the amount of PA6 in PA6/TPE blends, as expected [9].

It was observed that the peak located at 908 cm™?, representing the epoxy group of MoEpPOSS, disappeared in
PA6/TPE/MoEpPOSS blends with the addition of MoEpPOSS nanoparticle with a single epoxy group to PA6/TPE
blends (Figure 2). This is evidence that the reactive epoxy group in MoEpPOSS was opened by ring opening

reaction and interacted with reactive functional groups of PA6 and/or TPE as represented in Figure 3.
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3.2 Scanning electron microscope (SEM)

SEM analyses were performed to investigate the phase morphology of the samples. As is known, immiscible
polymer blends often exhibit poor properties as a result of their unstable phase morphology. Therefore, in order to
produce a material that exhibits the desired properties, it is essential that the dispersed phase particle size is reduced

and uniformly distributed in the matrix [10, 11].

From the SEM images of PAG/TPE blends (Figure 4), a consistent morphological structure characterized by two
distinct phases was observed, regardless of the blend ratio. Introducing 50 wt% TPE to PA6 resulted in a co-
continuous phase morphology, wherein TPE particles with an average particle size (dAVG) of 1.52+0.32 um were
discerned at the dispersed phase location. Subsequently, elevating the TPE content to 70 wt% led to an increase in
the dAVG value to 3.11+0.68 pm, concomitant with a heightened instability in the phase morphology, as
documented in Table 1. These outcomes emanate from the inherent thermodynamic immiscibility between PA6
and TPE, coupled with a weakened interfacial interaction attributed to the lower average molecular mass of the
TPE utilized in this study as compared to that of PAG.

Upon analysis of SEM images, a discernible reduction in the particle size of the dispersed phase in PA6/TPE
blends was noted with the incorporation of MoEpPOSS nanoparticles with single reactive epoxy group,
irrespective of the blend ratio (refer to Table 1). This trend was particularly pronounced with escalating
MoEpPOSS loading ratios. For instance, in the 30PA6/70TPE blend, dave of the dispersed phase, initially
measured at 3.11+0.68 pum, experienced a decrement from 1.09+0.23 pm to 0.71+0.13 pum as the MoEpPOSS
loading ratio increased from 0.5% to 1 wt%. This shift towards a diminished particle size coincided with the
attainment of a more homogeneous surface morphology. These observations indicate that the epoxy reactive group
in the MoEpPOSS nanoparticle structure reacts with the amide (-NHCO-), amine (-NH2) and carboxylic acid (-
COOH) groups in PA6 as well as the hydroxyl (-OH) or -COOH groups at the chain end of TPE. This interaction
facilitated the creation of new molecules by an elevated molecular weight within the interphase. Consequently, the
MoEpPOSS nanoparticle augmented interfacial compatibility, inducing a more uniform structure in the dispersed

phase within the polymer matrix [12, 13].

Table 1. The average particle size (davs) of the dispersed phase in PA6/TPE blends

Sample dave (um)
50PA6/50TPE 1.52+0.32
30PA6/70TPE 3.11+0.68

50PA6/50TPE/0.5MoEpPOSS 0.98+0.17
50PA6/50TPE/1IMoEpPOSS 0.95+0.13
30PA6/70TPE/0.5MoEpPOSS 1.09+0.23
30PA6/70TPE/1IMOEpPPOSS 0.71+0.13
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Figure 4. SEM images of PA6/TPE and PA6/TPE/MoEpPOSS blends (Magnification: 4000x and 8000x)

3.3 Rheological analyses

The possible interactions between PA6/TPE blends and MoEpPOSS nanoparticle were investigated by rheological
analyses and the variations of complex viscosity, storage and loss modulus values with angular frequency were
investigated in order to determine the differences in the rheological properties of the samples. The rheological
properties of the blends are shown in Figure 5 and Figure 6.

When the complex viscosity values of PAG/TPE blends versus angular frequency were analyzed, the complex
viscosity values shifted to lower values over the entire angular frequency with increasing amounts (from 50% to
70 wt%) of TPE added to PA6. This might be seen as an indicator that the thermodynamic incompatibility between

the components grows as the TPE content of the blend increases.
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As seen in Figure 5, it was observed that the complex viscosity values increased to higher values with the addition
of MoEpPOSS to the PAG/TPE blend. Additionally, it was observed that this enhancement in complex viscosity
was greater when the loading ratio of MoEpPOSS was 1 wt%. This indicates that the single reactive epoxy group
in the structure of MoEpPOSS reacts with the reactive groups in the structure of PA6 and/or TPE by ring-opening
reaction, resulting in increased molecular weight [14]. The increased molecular weight resulted in the droplet
particle break-up of dispersed PA6 phase. This contributed to the enhanced interfacial interaction between PA6

and TPE and improved rheological properties, such as complex viscosity.

When the variations of storage and loss modulus values of pure polymers and polymer blends with angular
frequency are examined, it is seen that the loss modulus values are higher than the storage modulus values for both
pure polymers and PA6/TPE blends in the entire frequency range because of the predominant viscous character of

the samples.

As can be seen from the variations of the storage and loss modulus of PA6/TPE/MoEpPOSS blends versus angular
frequency in Figure 6, the blends exhibited higher values in the presence of MoEpPOSS than the blends without
MOoEpPPOSS. It is also observed that the loss modulus is greater than the storage modulus in the whole frequency
range. In other words, the viscous character is dominant. In the presence of MoEpPOSS, the molecular weight of
the 30PA6/70TPE blends increased substantially less than that of the co-continuous phase 50PA6/50TPE blends.
This is thought to be due to the higher potential of the epoxy group in the MoEpPOSS structure to react with PA6
compared to TPE.

The cross-over point provides a qualitative comparison of the molecular weight of polymer melts and is also a
measure of the relaxation time of the melts. Polymers exhibit a viscous (liquid-like) character with the relaxation
of chains after a certain frequency depending on the structure of the polymer. The relaxation time of the chains
gives a chance to have an idea in terms of comparing the molecular weight of the polymers [15]. It was observed
that, no cross-over transition point was determined for 30PA6/70TPE blend, indicating that relaxation behavior
occurs in very short times and the interaction between MoEpPOSS and PA6 and/or TPE is very weak. In the
presence of MoEpPOSS, the increase in molecular weight in the systems with continuous phase TPE was much

smaller compared to the systems with continuous phase PAG6.
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Figure 5. Complex viscosity versus angular frequency of A) 50PA6/50TPE and 50PA6/50TPE/MoEpPOSS blends, B) 30PA6/70TPE and
30PA6/70TPE/MoEpPOSS blends
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IV. CONCLUSIONS

This study aimed to investigate the compatibilizing efficiency of MoEpPOSS nanoparticles with a single epoxy
group for thermodynamically immiscible PA6/TPE blend. Then, the morphological and rheological properties of
the blends were determined. Moreover, possible reactions between PA6, TPE and MoEpPOSS were investigated
via FTIR analyses. As a result of the SEM analyses, it was found that the addition of MoEpPOSS decreased the
dave and improved the interfacial interaction. Rheology analyses showed that higher complex viscosity values
were achieved in the presence of POSS, and high molecular weight chains were formed as a result of possible
reactions between components and POSS. Also, FTIR analyses proved that the epoxy group in the structure of
POSS opened and reacted with PA6 and/or TPE. In the light of all these results, it can be concluded that the
MoEpPOSS nanoparticle is an effective compatibilizer for the PA6/TPE polymer blends.
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ARTICLE INFO ABSTRACT

Article history: Besides high-water consumption in the textile industry, color, quantity, and variety of chemicals in
Received 27 Sep 2023 discharged wastewater draws attention both in terms of environmental and economic aspects. Therefore,
Received in revised form 26 Dec 2023 efficient, and reliable treatment techniques are needed. In this context, coagulation is a very important step
Accepted 26 Jan 2024 in the treatment of wastewater. In this study, water recovery from textile wastewater taken from different

discharge points was investigated by using coagulation and filtration methods. Iron (111) chloride
hexahydrate (FeCls.6H20) was used as a coagulant. The optimum conditions were determined by studying
the effect of different coagulant dosages and pH values. The filtration process was performed using 12-25
um and <2 um porous filters. Laboratory-scale reactive and disperse dyeing processes have been carried out
to demonstrate the reusability of wastewater. At the end of the study, pollution removal efficiencies were
determined as 91.1% for suspended solids, 64.7% for color and 72.1% for chemical oxygen demand. The

Auvailable online

KemordS: findings of this study showed that coagulation and filtration will be useful processes for the enterprise in the
Textile V\./astewater pre-treatment of textile wastewater. It has been determined that the obtained pre-treatment waters can be
Cc:agulanon used in disperse and reactive dyeing. Despite the pollution load in the pre-treatment water, it has been
Filtration

determined that dyeing errors do not occur, especially in reactive dyeing. This study revealed the effect of
the pollution load in the pre-treatment water obtained by recovery methods from the wastewater discharged
from textile dyehouse processes on the dyeing processes. In this study, it was aimed to emphasize that in
order to reduce the water footprint, wastewater discharged from chemical processes can be classified and
recycled and that pre-treatment water can be reused despite the pollution it contains.

Disperse Dyeing
Reactive Dyeing

I. INTRODUCTION

Brundtland, known as the World Commission on Environment and Development, defined sustainability as
"development that meets the needs of the present without compromising the ability of future generations to meet
their own needs" [1, 2]. The new concept of sustainability, referred to as the Triple Bottom Line, is an approach
that includes social, environmental, and economic performances [3]. This triple bottom line is related to human
welfare (basic needs, personal development, balanced society), environmental welfare (healthy environment,
climate, energy, and natural resources) and economic welfare (future preparedness and economy) [4]. The textile
industry is an environmentally damaging process and consumes large amounts of natural resources (water, oil,
soil) [5]. The consumption of natural resources all over the world and the increase in waste costs cause the

topics of recycling or reuse to come to the forefront [6].

Chemicals used in the textile industry constitute approximately 25% of the chemicals produced in the world [7].
Many of the chemicals used in the textile processes are known to have harmful effects and are discharged into
the environment by evaporating or dissolving in water after applications [8]. Textile is recognized as the second
most water consuming and water polluting sector [9]. In a traditional dyeing and finishing process, 200 tons of

water is polluted for 1 ton of fabric [10].

Corresponding author. Tel.: +90-551-245-0061; e-mail: halil.turgut@harputholding.com
298


https://orcid.org/0000-0002-9591-8775

Textile wastewater J. Innovative Eng. Nat. Sci. vol. 4, no.2, pp. 298-313, 2024.

The environmental effects of textile industries are related to high water consumption as well as the variety,
quantity and color of chemicals in wastewater. Wastewater from finishing and dyeing processes in the textile
industry is usually high in terms of both color, and organic content [11]. Polluters from textile processes vary
greatly and depend on the chemicals used [12]. The textile industries use significant amounts of water and
chemicals for the wet processing of textiles. These chemicals are widely used in bleaching, desizing, scouring,
dyeing, printing, and finishing [13]. Wastewater from the textile industry is known to have a large amount of
suspended solids (SS), a high fluctuating pH, a high temperature and a strong colorfulness as well as a high
chemical oxygen demand (COD) [11]. High levels of COD and substances containing color make the treatment
of wastewater very difficult [14]. Industrial polluters change frequently the physicochemical characteristics like

acidity, temperature, salinity, or turbidity of water bodies at discharge points, causing ecosystem changes [12].

Dyes used in textile industries have a toxic character, are not easily degrade, quite stable and are not removed
from wastewater by conventional methods. The toxic wastes usually amass at tropic level causing a harmful
biological impact and a higher ratio of waterborne illness because of the long-time persistence and non-
degradable nature of wastewater [12]. For color removal from wastewater, there are various treatment methods
such as coagulation/flocculation, precipitation, oxidation, adsorption, biological process, ionizing/gamma
radiation [11, 12]. Howaver, particularly when applied to for treating large waste streams, many of these

methods are cost-prohibitive [11].

The disposal of textile industrial wastes may cause huge costs [12]. However, the interest in the recovery of
processed water in the textile industry is increasing. The treated wastewater must meet the quality standards
before reuse in textile processes and efficient and reliable treatment techniques must be available. Wastewater
recycling can be economically possible because of reduced discharge fees and reduced water intake costs [15].
The coagulation-flocculation process is a very important step in wastewater treatment and is widely used because
of the cost-effectiveness and simplicity of the process. The activity of the coagulation-flocculation process
potently influences the whole treatment performance. Therefore, the productivity increase of the coagulation step

appears to be a key aspect of the development of the whole treatment performance [16].

Coagulation is one of the most important physicochemical processes used in wastewater treatment and aims to
overcome the forces that stabilize the suspended particles. The coagulation process targets the colloidal particles
with a diameter of 107 to 10" cm in wastewater. Coagulation occurs in successive stages that allow the particles
to collide and the agglomeration to grow. This leads to the destabilization of the particles and charge
neutralization. In most wastewater treatment processes, the separation of colloidal particles from the aqueous
phase containing both dissolved and suspended particles is an important step. The coagulation processes are used
in particular to remove suspended solids from the wastewater. These particles differ significantly in terms of
shape, particle size, composition charge, density, and source. The understanding of the interaction between these
factors is important for the correct management of coagulation processes and the choice of coagulants [17].
However, the main disadvantage of coagulation/flocculation process is the sludge produced in very large
quantities in textile wastewater treatment [18]. Disposal of the sludge formed after precipitation is a great
challenge. During the sludge disposal process, pollutants may leach into water bodies and soil [19]. Today,
sludge management is one of the main problems that need to be solved in terms of technical and ecological

applications. Sludge disposal process is one of the main cost elements in treatment plants. Disposal of sewage
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sludge can generally be done by dewatering the sludge, reducing its volume, and transporting it to storage units
[20].

In the coagulation—flocculation process, the whole treatment can be divided into two successive processes. The
first one is the coagulation process which occurs destabilization of a solution or colloidal suspension. The aim of
coagulation is to overcome the factors supported by a stable system. It is usually achieved by the use of iron or
aluminum salts as a coagulant agent [16]. Especially the use of FeCls as coagulant has an important place in the
removal of dyes, metal ions, phosphorus, as well as oil and grease from wastewater [18]. The second one is the
flocculation process which states the precipitation of destabilized particles. In this context, they come together to
form large agglomerates separated more easily by gravity [16]. The process efficiency depends on the
wastewater characteristics, pH, temperature, type and dosage of the coagulant, intensity, and duration of mixing
[18].

The interest in the recovery of process water in the textile industry is increasing day by day. Besides, treated
wastewater must meet quality standards before being reused again [15]. The coagulation method is seen as a
very important step in wastewater treatment. It is also widely used because of its practicality and cost-
effectiveness in applications [16]. There are many effective methods used in the treatment of textile wastewater
such as ultrafiltration, nanofiltration, reverse osmosis, electrochemical processes, electrocoagulation, ozonation,
adsorption, photocatalysis and advanced oxidation processes. Operate or periodic maintenance of these methods
are difficult [18, 21]. When different treatment techniques are compared, the coagulation process has been

reported to be simpler and cheaper, as well as requiring less supervision [19].

The coagulation/flocculation method is a technique that has been frequently used for many years as the main
treatment or pre-treatment stage in textile wastewater treatment [22-25]. This method has the great ability to
remove organic, inorganic, and colloidal substances [26]. It has an excellent ability to change the color of textile
waste and reduce the total suspended solids load [18]. Textile industries that use large quantities of water aim to
reduce the water cost by reusing treated wastewater [15]. In this study, it was aimed to determine the character of
the real textile wastewater, which contains a significant type of pollution and is discharged from the existing
processes in the enterprise depending on the dyehouse processes, whose chemical content changes every year in
the textile industry, and to emphasize the importance of the effectiveness of the coagulation and filtration
methods frequently used in pre-treatment. The overall aim of this study is to remove pollution in textile
wastewater by using the coagulation and filtration methods and find out the reusability of pre-treated water in

disperse and reactive dyeing processes in the same industry.

I1. EXPERIMENTAL METHOD
2.1 Materials

In this study, wastewater samples were taken from two discharge points of Kinteks Weaving and Dyeing
Industry Inc. in Tlrkiye. The wastewater from the washing process (1% discharge point) combines with the
wastewater from the other processes (dyeing and textile finishing processes), and then these are discharged at the
last discharge point (2" discharge point). 2" discharge point contains all process wastewater as pre-treatment,

dyeing, and washing. All coagulation experiments were performed using a beaker, and magnetic stirrer at room
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temperature. FeCl;.6H,O was used as a coagulant agent. FeCls is an acidic, dark brown chemical, used as a
coagulant in drinking water, and wastewater treatment systems. It is preferred over other coagulant materials
because of its more affordable price. HCI was used for adjusting pH in the coagulation process. FeCls.6H,0 and
HCI were purchased from Merck. The filtration process was performed by grade 589/1 (pore size: 12-25 pm)
and 589/3 (pore size: < 2 um) filter papers.

In the reactive dyeing process, commercial dyes coded EVER.RED ED 4B, EVER.BLUE L-ED and
EVER.RED ED-S were used for burgundy color dyeing. In the reactive dyeing process, commercial dyes coded
EVER.YELL LX, EVER.RED LX and EVER.BLUE CLX were used for pink color dyeing. In the reactive
dyeing process, commercial dyes coded EVER.RED LX, EVER.BLUE CLX and EVER.BLUE ED-G were used
for blue color dyeing. In the disperse dyeing process, commercial dyes with codes SET.YELL BR 2RFL,
SET.RED P2G5 and SET.N.BLUE PBL were used for burgundy color dyeing. In the disperse dyeing process,
commercial dyes with codes SET.YELL BR 2RFL, SET.RED P2G5 and SET.N.BLUE PBL were used for pink
color dyeing. In the disperse dyeing process, commercial dyes with codes SET.YELL CE5G, SET.RED CEBR
and SET.BLUE CE3R were used for beige color dyeing.

In the reactive dyeing process, 100% cotton fabric was used (105 g/m? Weft: Ne 30/1 OE, Warp: Ne 30/1 OE).
In the disperse dyeing process, 100% polyester fabric was used (112 g/m?, Weft: Ne 30/1 OE, Warp: Ne 30/1
OE). Dyeing processes were performed by a MATHIS branded laboratory scale device. The fastness
measurements of the fabrics were performed with Minolta CM-3600D spectrophotometer. Reactive and disperse
dyeings were carried out in the laboratory of Kinteks company, based on the company's dyeing recipes and

processes. All chemicals and recipes used in the dyeings were supplied from the laboratory of Kinteks company.

2.2 Method

Wastewater samples were taken in accordance with TS 1SO 5667-10 standard and collected in sampling bottles.
In the first step, characterization of the wastewater samples was made according to standard methods. The
analyzed parameters (suspended solids (SS), chemical oxygen demand (COD) and color) were demonstrated in
Figure 1. The SS, COD and color measurements were performed according to SM 2540 D:2005 / gravimetric
method, SM 5220 B:2005 / open reflux methodand SM 2120 C:2005 / spectrophotometric method, respectively.
In the second step, coagulation and filtration methods were applied to wastewater, and then pre-treatment waters
were obtained. The beakers containing wastewater were placed on the magnetic stirrer and then the coagulant
(FeCls.6H,0) was added. The pH of the wastewater was adjusted using 0.1 M HCI. The wastewater samples
were stirred at 400 rpm for 2 minutes and then stirred at 100 rpm for 20 minutes. After the coagulation process,
precipitation of pollution agglomerated was expected for 40 minutes. In the optimization study, the wastewater

was first filtered from 12-25 pum and then <2 um pore size filter papers after the precipitation.

In the optimization of the coagulation process, to determine the optimum coagulant dosage and the optimum pH
value of the 1% discharge point were studied in the range of 520-600 mg/l, and 6.5-8.0, taking samples at
different times, respectively. The pH value of the wastewater was adjusted to 7.0 value. And then 520, 560, and
600 mg/l coagulant were used to determine the optimum coagulant amount. The pH values of wastewater were

adjusted to 6.5, 7.0, 7.5, and 8.0 to determine the optimum pH value using optimum coagulant dosage. For
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determined the optimum coagulant dosage and the optimum pH value of the 2™ discharge point were studied in
the range of 640-720 mg/l, and 6.0-9.0, respectively. The pH value of the wastewater was adjusted to 7.0 value.
And then 640, 680, and 720 mg/l coagulant were used to determine the optimum coagulant amount. The pH
values of wastewater were adjusted to 6.0, 7.0, 8.0, and 9.0 to determine the optimum pH value using optimum
coagulant dosage. Optimum coagulation was performed using the optimum coagulant dosage and pH value for

both discharge points. Finally, the wastewater was filtered to obtain the pre-treatment water.
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SS (mg/L) Color (Pt-Co) COD (mg/L)
= Washing Wastewater

= Wastewater from The Last Discharge Point

Figure 1. Characteristics of wastewater from different discharge points (Washing wastewater: 1 discharge point, Wastewater from the last

discharge point: 2™ discharge point)

In the last step, the reusability of pre-treatment water was investigated in laboratory scale reactive and disperse
dyeing process. In the reactive dyeing recipe, cotton fabric weight was taken as 5 g. The dyeing recipes were
adjusted in the liquor ratio of 1:10. Reactive dyeing studies were performed by adjusting the pH value in the
range of 10.50-11.00. The reactive dyeing process was carried out at a constant temperature of 60 °C for 60
minutes. The dyeing diagram is shown in Figure 2. After the dyeing process, neutralization and washing
processes were carried out and the dyeing process was terminated. In the neutralization process, the fabrics were
treated with 1000 ml of acid solution adjusted to pH 5.5-6.0 with acetic acid in a glass beaker for 2 minutes and
the fabrics were rinsed with water. In the washing process, the fabrics were treated with 1 g/l washing soap

solution in a glass beaker at 95 °C for 5 minutes. And then the fabrics were dried at 110 °C in the drying-oven.

60 °C

\] 60 min.

1 °C/min. \
40 °C

Discharge

Reactive dye
Liquid salt
Soda ash

Figure 2. Reactive dyeing process

302



Textile wastewater J. Innovative Eng. Nat. Sci. vol. 4, no.2, pp. 298-313, 2024.

In the disperse dyeing recipe, polyester fabric weight was taken as 5 g and the recipes were adjusted in the liquor
ratio of 1:10. Disperse dyeing studies were performed by adjusting the pH value in the range of 4.50-5.00. The
disperse dyeing process was performed at a constant temperature of 130 °C for 45 minutes and terminated by
washing and rinsing of fabrics. The dyeing diagram is shown in Figure 3. After the dyeing process, washing
process was carried out and the dyeing process was terminated. In the washing process, the fabrics were treated
with 4 g/l washing soap solution in a glass beaker at 95 °C for 5 minutes. And then the fabrics were dried at

110 °C in the drying-oven.

130 °C

\ 45 min.

1 °C/min. \
40 °C

\ Discharge

Disperse dye
Acetic acid
Dispersing agent

Figure 3. Disperse dyeing process

Gray scale staining degree of reactive and disperse dyed fabrics were measured using a Minolta CM-3600D
bench-top spectrophotometer. The color measurements of the fabrics were performed by the same device. The

fastness tests of fabrics were carried out according to 1SO 105 standard.

I11. RESULTS AND DISCUSSION

3.1. Effect of Coagulant Dose

The effect of the coagulant addition on the pollution removal efficiency was determined by studying 3 different
concentrations for the 1% discharge point and the 2" discharge point. The optimum coagulant dose was
determined as 560 mg/l and 680 mg/I for 1%t and 2" discharge points, respectively. When the turbidity of the
wastewater was examined, the pollution removal efficiency was observed to decrease in less and higher dosages
than the optimum dosages. Optimum coagulant dose added wastewater was filtered from grade 589/1 (pore size:

12-25 um) and 589/3 (pore size: < 2 um) filter papers, respectively and then iron analyzes were performed.

3.2 Effect of pH Value on The Removal Efficiency

The effect of pH value on pollution removal efficiency was determined by studying 4 different pH values for the
1% discharge point and the 2™ discharge point. The optimum pH values were determined as 7.0. When the
turbidity of the wastewater in the images was examined, the pollution removal efficiency was observed to

decrease in lower and higher values than the optimum pH values.
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3.3 Optimum Coagulation and Filtration

The optimum coagulation studies were performed in the presence of optimum values. The optimum values of
discharge points are shown in Table 1. Many studies were carried out for wastewater samples taken from
different discharge points at different times. The optimum values determined for the 2™ discharge point were
determined as limit values for a treatment plant to be established. The optimum pH value and coagulant dosage
were determined in laboratory-scale studies by observing the formation of clusters and then the color and

turbidity of the pre-treatment water.

Table 1. Optimum coagulation parameters and values

Optimum Parameters 1%t discharge point 2" discharge point
Coagulant dosage 560 mg/I 680 mg/I
pH 7.0 7.0

The wastewater was filtered through filter papers. It was observed that the clarity of the wastewater increased

after filtration. The experimental images of the coagulation and filtration processes are shown in Figure 4.

1t discharge point 2ud discharge point

Wastewater

—

After coagulation I ! S

After filtration |7
i

Figure 4. Experimental images after optimum coagulation and filtration of the wastewater

In order to determine the efficiency of the pre-treatment methods, firstly, measurements were made on the
samples taken from the last discharge point (2" discharge point) with the highest pollution load. Then, the
measurement results of the pre-treatment water obtained were compared with the measurement results of both
process water and wastewater. The removal efficiencies of 2" discharge point and the characteristics of the
process water are shown in Table 2. Pollution removal efficiencies of pre-treatment water for 2" discharge point
were determined as 91.1% for SS, 64.7% for color, 72.1% for COD.

In the experimental studies, it was observed that the pH values decreased with the addition of coagulants. This

decrease is related to the acid character of Fe®* metal. H* ions are released in the hydrolysis reaction by the
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addition of iron salt to water [27]. The pH value of the pre-treatment water

filtration was decreased from 10.42 to 4.54.

Table 2. The removal efficiencies of 2" discharge point and process water characteristics

after optimum coagulation and

SS (mg/l) Color (Pt-Co) COD (mg/l) pH
2" discharge point 113 721 786 10.42
Pretreatment water 10.10 254.63 219.12 4.54
Removal efficiency (%) 91.1 64.7 72.1
Process water <5 <185 9.08 7.36

3.4 Effect of Pre-treatment Water Usage on Reactive Dyeing

In this study, whether pre-treatment water used in reactive dyeing recipes has a suitable character was examined.

The reactive dyeing recipes of burgundy, pink, and blue colors were demonstrated in Table 3, Table 4, and

Table 5, respectively. After the dyeing process, the sample fabrics were washed and dried. Images of the reactive

dyed fabrics are demonstrated in Figure 5. The measurement results of cotton fabrics dyed with burgundy, pink,

and blue colors were demonstrated in Table 6, Table 7, and Table 8, respectively. Dye recipes containing process

water were taken as standard. Rubbing staining, multifiber staining (washing fastness), and color measurement

values of the cotton fabrics were found as same or very close to the values of dyed fabrics as standard. In this

context, it was determined that the washing pre-treatment water has a characteristic that can be used in reactive

dyeing processes.

Table 3. Reactive dyeing recipe for burgundy color

Color : Burgundy

Chemicals Concentration
Dyes EVER.RED ED 4B 0.2788%
EVER.BLUE L-ED 0.2618%
EVER.RED ED-S 2,5245%
Salt 80 g/l
Soda Ash 20 g/l

Table 4. Reactive dyeing recipe for pink color

Color : Pink
Chemicals Concentration
EVER.YELL LX 0.0025%
Dyes EVER.RED LX 0.0077%
EVER.BLUE CLX 0.00113%
Salt 80 g/l
Soda Ash 20 g/l

Table 5. Reactive dyeing recipe for blue color

Color : Blue
Chemicals Concentration
EVER.RED LX 0.0844%
Dyes EVER.BLUE CLX 0.1881%
EVER.BLUE ED-G 0.6116%
Salt 80 g/l
Soda Ash 20 g/l
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Textile wastewater

1** discharge point

Burgundy

Pink Blue

Figure 5. Dyeing images of cotton fabrics (1: Process water, 2: Pre-treatment water)

Table 6. Fabric measurement results of burgundy colored reactive dyeing

Burgundy
Measurement parameters
Pre-treatment water Process water (Standard)
Rubbing Fastness Wet 3 3
Test
Dry 4-5 4-5
Color Measurement L a* b Slightly open
Light source: CIELab values Slightly lively
D65-10° 0.302 0.144 -0.210 Slightly red
Acceptable limit: AE*
AE*<1.00 0.394<1.00
Total Color o
Deviation
Wool Acrylic  Polyester Polyamide Cotton Acetate
Washing Fastness Pre-treatment
Test water 5 4-5 5 4-5 3 4-5
Process water 5 4-5 5 4-5 3 4-5
Table 7. Fabric measurement results of pink colored reactive dyeing
Pink
Measurement parameters
Pre-treatment water Process water (Standard)
Rubbing Fastness Test Wet 4-5 4-5
Dry 4-5 4-5
Color Measurement Slightly open
L* a* b*
Light source: CIELab values Slightly lively
D65-10° 0.200 0.239 0.032
Acceptable limit: AE*
AE*<1.00 0313<1.00
Total Color R
Deviation
Wool Acrylic Polyester Polyamide Cotton Acetate
Washing Fastness Test Pre-treatment 5 5 5 5 5 5
water
Process water 5 5 5 5 5 5
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Table 8. Fabric measurement results of blue colored reactive dyeing

Blue
Measurement parameters
Pre-treatment water Process water (Standard)
Rubbing Fastness Test Wet 4 4
Dry 4-5 4-5
Color Measurement L* a* b Slightly open
Light source: CIELab values Slightly lively
D65-10° 0.448 -0.036 -0.112
Acceptable limit: AE*
AE*<1.00 0.463<1.00
Total Color T
Deviation
Wool Acrylic Polyester Polyamide Cotton Acetate
Washing Fastness Test Pre-treatment 5 5 5 5 5 5
water
Process water 5 5 5 5 5 5

3.5 Effect of Pre-treatment Waters on Disperse Dyeing

In this study, whether pre-treatment water used in disperse dyeing recipes has a suitable character was examined.
The disperse dyeing recipes of burgundy, pink, and beige colors were demonstrated in Table 9, Table 10, and
Table 11, respectively. After the dyeing process, the sample fabrics were washed and dried. Images of the
disperse dyed fabrics are shown in Figure 6. The measurement results of polyester fabrics dyed with burgundy,
pink, and beige colors were shown in Table 12, Table 13, and Table 14, respectively. Dye recipes containing
process water were taken as standard. According to the results, rubbing staining (rubbing fastness), multifiber
staining (washing fastness), and color measurement values of the fabrics dyed in different colors were
determined as the same or very close to the standard dyeing fabric values. In this study, it was determined that
the pre-treatment water has an effective characteristic in all disperse dyeing processes containing different
colors.

Table 9. Disperse dyeing recipe for burgundy color

Color : Burgundy

Chemicals Concentration
SET.YELL BR 2RFL 0.838%
Dyes SET.RED P2G5 1.9%
SET.N.BLUE PBL 0.288%
Dispersing agent 1g/
Acetic acid 0.43 g/l

Table 10. Disperse dyeing recipe for pink color

Color : Pink
Chemicals Concentration
SET.YELL BR 2RFL 0.0533%
Dyes SET.RED P2G5 0.0534%
SET.N.BLUE PBL 0.00876%
Dispersing agent 1g/l
Acetic acid 0.43 g/l
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Table 11. Disperse dyeing recipe for beige color

Color : Beige

Chemicals Concentration

SET.YELL CE5G 0.0184%
Dyes SET.RED CEBR 0.0084%

SET.BLUE CE3R 0.00474%
Dispersing agent 1g/l
Acetic acid 0.43 g/l

2" discharge point

Burgundy Pink Beige

Figure 6. Dyeing images of polyester fabrics (1: Process water, 2: Pre-treatment water)

Table 12. Fabric measurement results of burgundy colored disperse dyeing

Burgundy
Measurement parameters
Pre-treatment water Process water (Standard)
Rubbing Fastness Test Wet 4-5 4-5
Dry 4-5 4-5
Color Measurement Quite dark
L* a* b*
Light source: CIELab values Slightly lively
D65-10° -0.763 0.102 0.206 Slightly yellow
Acceptable limit: AE*
AE*<1.00 0.797<1.00
Total Color o
Deviation
Wool Acrylic Polyester Polyamide Cotton Acetate
Washing Fastness Test Pre-treatment water 3-4 4-5 3 2-3 3-4 3
Process water 3-4 4-5 3 2-3 3-4 3
Table 13. Fabric measurement results of pink colored disperse dyeing
Pink
Measurement parameters
Pre-treatment water Process water (Standard)
Rubbing Fastness Test Wet 5 5
Dry 4-5 5
Color Measurement
L* a* b*
Light source: CIELab values Quite yellow
D65-10° 0.010 -0.241 0.483
Acceptable limit: AE*
AE*<1.00 0.539<1.00
Total Color e
Deviation
Wool Acrylic Polyester Polyamide Cotton  Acetate
Washing Fastness Test  Pre-treatment water 4-5 4-5 4-5 5 4-5 4-5
Process water 4-5 4-5 4-5 5 4-5 4-5
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Table 14. Fabric measurement results of beige colored disperse dyeing

Beige
Measurement parameters g
Pre-treatment water Process water (Standard)
Rubbing Fastness Test Wet 5 5
Dry 4-5 5
Color Measurement L* a* b Slightly open
Light source: CIELab values Slightly lively
D65-10° 0.207 0.290 0.232 Slightly red
Acceptable limit: AE*
AE*<1.00 0.425<1.00
Total Color T
Deviation
Wool Acrylic Polyester Polyamide Cotton Acetate
Washing Fastness Test Pre-treatment water 4-5 4-5 4-5 4-5 4-5 4-5
Process water 4-5 4-5 4-5 4-5 4-5 4-5

3.6 Cost analysis of the treatment plant

In the studies carried out in 2020, it was determined that the coagulation method is a very effective pretreatment
in the treatment of textile wastewater. After the studies, pre-treatment waters were obtained by repeated chemical
precipitation processes of wastewater taken from two different discharge points at different time periods,
considering the process intensities in the enterprise. After the disperse and reactive dyeings made with
the pre-treatment water, it has been determined that the wastewater in the enterprise does not cause a
disadvantage. After dyeing, color measurements were made at different points on the sample fabrics. According
to the color measurement tests, it was determined that a homogeneous dyeing was achieved in both disperse and
reactive dyeing processes. According to the rubbing fastness, washing fastness and color measurement tests, it

was determined that the waste water of the enterprise could be recovered by designing a treatment plant.

A cost analysis has been made for the treatment plant investment. In the studies carried out, it was determined
that a treatment plant suitable for the enterprise conditions should be designed with a capacity of 1500 m%/day.

The treatment plant is designed as 3 sections.

In the first section, the enterprise wastewaters will be sent to the balancing pool by passing through a grid and a
drum sieve to retention of the solid particles, respectively. The wastewater in the balancing pool will be sent first
to the neutralization unit and then to the aeration pool. The water coming out of the aeration pool will be sent to
the biological precipitation pool and then to the chemical treatment unit. The chemical treatment system is
divided into 3 sections: neutralization unit, coagulation unit and flocculation unit. In the chemical treatment unit,
the sedimentation of the pollutants in the wastewater will be ensured. The sludge settled on the bottom of the
settling basin and the flocs that can accumulate on the surface will be transferred to the sludge pool by the pump
and surface scraper, respectively. The treated water on the surface will be transferred to the filtration pool. After
the dewatering process is done in the sludge dewatering unit, the wastewater from the system will be sent to the
balancing pool. The water from the settling basin will be sent to the 3rd section, the filtration unit. The water
coming out of the sand and carbon filter will be sent to the reverse osmasis unit. The water leaving the reverse
osmaosis unit is expected to have zero conductivity. At the end of these processes, it is predicted that 750-900

m3/day water can be recovered from the system, which is planned to be operated with 50-60% efficiency.
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The conductivity of the process water used in the enterprise is in the range of 1000-1500 pS/cm. In the
laboratory studies, it was determined that the conductivity values of the waste waters taken from two different
discharge points after treatment were in the range of 2000-3000 pS/cm and did not cause dyeing errors.
Therefore, it is predicted that the water coming out of the sand and carbon filter will be given to the clean water
tank to obtain a water character with a conductivity value range of 1500-2000 uS/cm and to recover 900-1000
mé/day of water.

Estimated the enterprise costs for the designed wastewater treatment plant;

1. Chemical cost : 660 TL/day

2. Electricity cost : 540 TL/day

3. Chemical cost of filtration system : 528 TL/day

4. Personnel cost : 450 TL/day

5. Maintenance and repair costs : 100 TL/day

6. Sludge cost : 300 TL/day

Total estimated daily cost : 2578 TL/day

m?3 cost of water earned :25TL-3.0 TL/m3

The total cost per m® of process and waste water has been determined as approximately 3.0 TL and is almost the

same as the m?® cost of treatment water.

IV. CONCLUSION

Water usage increases day by day due to population-dependent needs. Rapid depletion of water resources and

discharge from different areas of usage to nature pose a serious threat to human lives and other living creatures.

It is estimated that 4 trillion liters of wastewater are discharged daily in the world. The water consumption in the
textile industry in Turkey is between 20 and 230 m? for 1 tonne of fabric. In addition to this water consumption
in textiles, the textile industry also increases wastewater pollution with the abundance of chemical use (paint,
auxiliary chemicals, etc.) [28].

It is clear that water usage and discharge in the textile industry cannot be ignored. Therefore, this study, it was

aimed to reduce costs by the reuse of pre-treatment waters obtained from the treatment of textile wastewater.

In this study, the treatment of washing wastewater (1 discharge point) and wastewater from the last discharge
point (2" discharge point) was carried out by coagulation and filtration methods. The important findings

obtained in the study and suggestions for future studies are listed below.

» It was determined that the coagulation and filtration method was successful, especially in the pre-

treatment of textile wastewater that did not contain dye. It was observed that the color removal
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efficiency of the coagulation and filtration method was not sufficient in the pre-treatment of textile
wastewater containing reactive and disperse dyes.

Removal efficiencies of various studies based on coagulation and flocculation processes in the
treatment of textile wastewater are given in Table 15. The removal efficiency of FeCls.6H,O used in the
treatment of the textile wastewater taken from the 2nd discharge pointwas compared with other studies
in Table 15. According to the results in Table 15, it is seen that the character of textile wastewater,

operating conditions and coagulant amounts significantly affect the removal efficiency.

Table 15. The removal efficiency for FeCls; and FeCls.6H20 used in this and other studies

Rapid Slow

Coagulant o o SS Color COD
Coagulant agent mixing mixing pH
dosage o o removal removal removal
conditions  conditions
150 rpm 30 rpm
FeCl; [21] 1000 mg/I . . 68.6% 84.7% 62.2% 9
1 min. 20 min.
200 rpm 40 rpm
FeCl; [28] 4000 mg/l . . 54% 4
2 min. 15 min.
150 rpm 40 rpm
FeCls.6H,0 [20] 750 mg/l . . 96,44% 91,53%
1 min. 20 min.
FeCl;.6H,0 400 rpm 100 rpm
(textile wastewater from 680 mg/l 2 min 20 min. 91.1% 64.7% 72.1% 7

2" discharge point)

In the literatiire [18,29,30], the superiority of using FeCls as a coagulant agent in textile wastewater
treatment in terms of pollution removal efficiency is mentioned. Naghan et al. [30] examined the COD,
SS and color removal efficiency from textile wastewater by using Alx(SO4)3 and FeCls as coagulant
agents. The removal rate of COD, SS and color using Alx(SO4); was obtained 36, 19 and 68.8%,
respectively. The removal rate of COD, SS and color using FeCls was obtained 72, 60 and 98%
respectively. Studies have shown that COD, SS and color removal efficiency increases significantly
when FeCls is used instead of Alx(SO4); as a coagulant. Therefore, FeCls;.6H,0 was used as a coagulant
in this study. However, the coagulant used reduces the pH value of the pre-treatment water, and when
used in excess, it increases the pollution load of the pre-treatment water and causes color pollution. In

addition, excessive use of coagulant causes staining errors, but no staining errors were observed in the

study.

» According to the results, it was observed that the pollution that was minimized after the wastewater
treatment did not make an attempt to disperse dyeing processes where different colors were used. These
results reveal acceptable pollution character, and a reusable pre-treatment water in teh dyeings.

» Textile wastewater is treated through many treatment steps. Each treatment step in treatment plants

increases the cost. Therefore, in this study, the possibility of obtaining a low-cost pre-treatment water
that does not cause errors in fabric dyeing as a result of the application of the coagulation step, which is
one of the pre-treatment steps of the treatment process, was investigated. No dyeing errors could be

detected, especially in the reactive dyeings made by recycling the wastewater taken from the
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2" discharge point, which has a high pollution load. This finding supports that pretreatment water
recycled from pretreatment processes can be reused and costs can be reduced. In addition, it is
anticipated that pre-treatment steps should be examined in terms of reducing water footprint and correct

use of resources, and the findings will lead to future studies.

» By mixing the obtained pre-treatment water with process water in certain proportions, the character of

the water can be improved and the cost of water usage can be reduced.

» Since the ion charge created by the pollution load in the obtained pre-treatment water does not cause

any errors in reactive dyeing, the salt cost can be reduced by using pre-treatment water in salt-free

reactive dyeing.

» It is not correct to say that the coagulation method is always effective in color removal of textile

wastewater since color removal of wastewater from 2nd discharge point could not be fully realized.

According to the results, it is foreseen that this method will facilitate the next step.

» The study is laboratory-based, it does not exactly correspond to the real-scale implementation, but it is

an important data source and preliminary study for the real-scale application of the study.
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1. INTRODUCTION

Water is one of the most important resources for the continuation of life [1]. Global warming, population growth,
and rapid increase in industrialization have led to excessive water consumption and water scarcity [2]. The textile
industry is also one of the polluting sectors where the use of water and chemicals in finishing processes is high [3-
7]. About 10-15% of dyes used in textile dyeing processes are discharged into wastewater [8]. Textile wastewater
contains high COD/BOD levels, suspended solids, salts, dyes, and various chemicals [9]. The release of these
chemicals into nature through wastewater leads to the degradation of the aquatic ecosystem and an increase in
salinity in freshwater resources [8, 10]. As of 2018, about 80% of the wastewater worldwide is released into nature

without treatment, and 20% is treated by developed countries [11].

As environmental awareness continues to grow globally and the need for sustainable use of natural resources
becomes more important, the textile industry is actively researching and developing new environmentally friendly
production methods with minimal environmental impact. Research on production methods with less environmental
impact in the textile industry is progressing rapidly today [12, 13].

One of the studies carried out to reduce water consumption is waterless dyeing process in supercritical carbon
dioxide medium. Waterless dyeing is also the method used to reduce water usage. Unlike the conventional dyeing
process, carbon dioxide is used instead of water as a solvent in this method [14-16]. Carbon dioxide is preferred

in waterless dyeing since it is nontoxic, non-flammable, recyclable, and has low critical temperature and pressure
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values [14, 17-24]. In this method, the most commonly dyed textile material is polyester fiber, which shows
swelling in this medium [14]. Disperse dyestuffs that can dye polyester fiber can be dissolved in carbon dioxide,
which is a non-polar solvent, without the need for any auxiliary chemicals. In addition, these dyes penetrate into
the fiber better in the supercritical carbon dioxide medium, which has low viscosity and high diffusion coefficient
at critical points [16, 18]. Dyeing processes in this medium take place in 4 stages: dissolution of dye, transfer of

dye to fiber, absorption of dye by fiber, and diffusion of dyestuff to fiber [18].

. CO?
D),e Molecules

Polyester Fabric
Figure 1. Diagram of dyeing process in supercritical carbon dioxide medium

Zheng et al. (2015) investigated the dyeing of polyester fabrics with C.I. Disperse Red 153 dyestuff in a
supercritical carbon dioxide medium under different conditions, including temperatures (80, 110, 140 °C), pressure
values (17, 23, 29 MPa), and times (20, 50, 80 min). Their findings revealed that an increase in temperature led to
higher colour strength (K/S) values [25].

Xiong et al. (2017) focused on dyeing polyester fabrics using C.l. Disperse Yellow 82 dyestuff in supercritical
carbon dioxide (scCOz) medium. They identified the optimum conditions as 120 °C, 25 MPa, and 60 min, reporting
enhanced durability of the fluorescent dyestuff in the scCO, medium [26].

Eren et al. (2019) explored the dyeing of polyester fabrics in a supercritical carbon dioxide medium with Disperse
Blue 79 (C.1.11345) dyestuff, noting that fabrics maintained their strength and exhibited high fastness at 120 °C
and 25 MPa [18].

Ozone gas has been utilized for post-washing and hydrophilization of hydrophobic synthetic fibers, such as
polyester [27-29]. Studies have shown that ozone gas induces changes in both the fiber's surface and internal
structure, transforming it into a hydrophilic structure with the formation of reactive regions and -CO and -COO
molecules [28-31]. Surface modification with 0zone can create controllable roughening, impacting surface wetting

properties, a crucial requirement for manipulating superhydrophobic substrates [32, 33].

Gabardo et al. (2021) conducted a study in which they ozonated polyester fabrics for different durations (20, 30,
and 45 minutes) and subsequently dyed them with C.l. Disperse Yellow 211 dyestuff [30]. The results
demonstrated higher colour efficiency in ozonated fabrics, highlighting ozone gas as an alternative process to
reduce the required dye amount. In their subsequent study, Gabardo et al. (2022) employed ozone-pretreated
polyester fabrics for dyeing with C.I. Disperse Yellow 211 dyestuff [34]. Their findings indicated increased dye
uptake in fabrics pre-treated with ozone, resulting in higher colour yield. This approach is expected to decrease

textile wastewater treatment costs and reduce environmental impacts as dye consumption decreases.

As observed, surface modification studies using ozone are present in the literature. However, the distinctiveness
of this study from the existing literature lies in the fact that polyester fabrics were ozonated using a spray without

the use of water, and subsequently dyed in a waterless environment, followed by conducting tests and analyses.
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I1. EXPERIMENTAL METHOD / TEORETICAL METHOD
2.1. Materials

In the study, 100% polyester plain woven fabric (105 g/m2) was used. Dianix Dry XF2 Rubine (disperse dye)
dyestuff was used for dyeing. Ozone gas was generated using the Opal PROD02502-PRODOZON generator for
the purpose of ozonating the fabric samples. To facilitate the ozone spraying procedure, a specialized ozone cabin,
as described by Yigit et al. in their 2018 publication, was utilized [35]. Waterless dyeing processes were performed
in Rapid Xiamen Model H-12 oil bath. The process diagram of the machine can be accessed from the publication
[14]. Conventional dyeing was conducted using a Dispergator from Onan Kimya and acetic acid from Merck.
Following conventional dyeing, the after-washing process involved the use of sodium hydrosulfite from Onan
Kimya and sodium hydroxide from Merck.

2.2. Methods
2.2.1. Ozonation

The ozonation processes for the samples utilized an ozone generator with a capacity of 25 g/h. Ozone was
generated using the corona discharge method within this generator as shown Figure 2. In this method, high voltage
(electrical discharge) is applied to break down oxygen molecules, transforming them into oxygen atoms. These
liberated oxygen atoms then combine with oxygen molecules, giving rise to the formation of triatomic oxygen
molecules (O3), as elucidated by Eren et al. in 2020 [15].

Polyester fabrics were placed on the printing template and ozonated in the device where the printing process can
be carried out. Ozone gas is supplied to the system from the conical bottom part. Ozone gas entering the device
affects the fabric between the templates. The application of 0zone gas to the dry fabrics, referred to as gas flushing,
was carried out for durations of both 15 and 45 minutes. These ozone gas treatments were administered at flow

rates of 5 L/min and 10 L/min, following the procedure described by Gabardo and colleagues in 2021.

Figure 2. Ozone generator and printing device (1. Ozone Discharge Fan, 2. Screw,3. Top Cover, 4. Templates, 5. Conical Subtank, 6. Ozone
Supply Inlet) [36]
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2.2.2. Dyeing

Ozone-treated and untreated fabrics were subjected to dyeing with DyStar Dianix Dry XF2 Rubine dye at a 1%
dye concentration. To facilitate a comparison between the two sets of samples, both conventional and waterless

(scCO,) medium dyeing methods were employed.

Waterless dyeing was performed using the Rapid Xiamen Model H-12 oil bath dyeing machine from DyeCOOQ in
the Netherlands. The fabric was wrapped around beams and inserted into paint tubes with an inner volume of 290
ml, constructed from stainless steel. The dyestuff, prepared according to the specified dyestuff ratio, was
introduced into the tubes as shown Figure 3. The amount of carbon dioxide (CO2) required for each tube, based on
the designated dyeing conditions, was calculated using data from the National Institute of Standards and
Technology (NIST) Chemistry Web Book, as outlined by Yigit et al. in 2021 [14]. The scCO, medium dyeing
process was conducted at a temperature of 120°C and a pressure of 25 MPa for a duration of 90 minutes, without

the need for post-washing.

In the case of conventional dyeing, the process was executed at a pH level ranging from 5 to 5.5 and a temperature
of 120°C for 90 minutes. A liquor ratio of 1:15 was maintained, and 1 ml/I of a dispersing agent, along with 1 ml/|
of acetic acid, was employed, as described by Eren et al. in 2019 [16]. Subsequent to conventional dyeing, the
samples underwent post-washing, which involved the use of 2 g/L hydrosulfite and 3 g/L sodium hydroxide,

carried out at 80°C for a duration of 20 minutes, following the procedure detailed by Gabardo et al. in 2021 [30].

Figure 3. ScCO2 dyeing machine and tubes [16]

2.2.3. Hydrophilicity Test

Hydrophilicity tests of the samples were performed according to AATCC 79 test standard.

2.2.4. Color Measurement Tests

Colour measurements were made using Konica Minolta CM3600D model spectrophotometer device, on the

samples obtained after dyeing in conventional and waterless (ScCO,) medium.

2.2.5. Fastness Test

Colour Fastness to Washing Test: Samples were processed using 412 NB HT Model device according to 1SO-

105-C06 standard. After washing, the fabrics were measured using a Konica Minolta CM3600D model
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spectrophotometer. Colour Fastness to Rubbing Test: According to TS EN 1SO 105-X12 standard, the wet and
dry rubbing fastnesses of the samples were examined by using a James Heal Crockmeter. The rubbing fastness

measurements of the samples were measured with a Konica Minolta CM3600D model spectrophotometer.

2.2.6. Tensile Strength Test

Tensile strength tests of fabrics were tested in SHIMADZU Model AG-X-Plus (Kyoto, Japan) test device with
according to TS EN 1SO 2062 standard.

2.2.7. SEM (Scanning Electron Microscope)

Images were taken at X2000 magnification according to the in-house method in Butekom Test Laboratory.

II.LRESULT AND DISCUSSION
3.1. Hydrophilicity Test Results

Hydrophilicity test results of the samples are given in Figure 4. When the figure is examined, the hydrophilicity
decreases when the untreated sample is dyed in supercritical carbon dioxide medium. When pre-treated with ozone,
the decreasing hydrophilicity in the fabrics started to increase. In the supercritical carbon dioxide medium, the
glass transition temperature (Tg) of polyester fibers decreases. Since this medium also has swelling properties on
the fibers, it also causes polyester fibers to swell. Therefore, dye uptake of fabrics increases. However, in processes
carried out in a supercritical carbon dioxide medium, oligomers accumulate on the fiber surface [37]. For this

reason, the accumulation of oligomers on the surface affects the hydrophilicity.

Hydrophilicity
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Figure 4. Hydrophilicity test results of the samples
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It was observed that the hydrophilicity values increased after dyeing in scCO, medium for samples whose surface
modification was made by ozonation. The reason for this is supported by the literature as ozone application
increases the polar carboxyl ions, hydroxyl groups and amorphous region ratio in the fibers [30, 31, 36]. These
groups increase the hydrophilicity of the samples. In addition, Lou et al. [38] conducted XRD analyses of raw and
ozonated polyester fabrics after dyeing. According to the study, untreated raw PET fabric showed a crystalline
ratio of 41.41%. Ozonated polyester fabric also showed a crystalline ratio of 37.87%. The crystallinity of the dyed
PET fabric also decreased from 41.41% to 37.87% [38]. When the figure is examined, it is seen that the ozone gas
flow rate increased, no significant change was observed in the hydrophilicity values of the samples, but the ozone
treatment time is effective. When the ozone treatment time increased, the hydrophilicity values in the samples

increased.

3.2. Colour Measurements

The samples were dyed after pre-treatment with ozonation. Table 3.1 shows the colour measurement results. The
K/S values of the dyed fabrics in the scCO, medium were examined, and it was found that the colour efficiency
was better than conventional dyeing, which is consistent with the literature [16]. The K/S values of the fabrics that
underwent surface modification with ozone gas were higher than those without surface modification in both
conventional dyeing and dyeing experiments in scCO, medium. Notably, the samples treated with ozone gas flow
rate of 10 L/min for 45 minutes resulted in darker colours than the other samples, as shown in Figure 5 which
displays images of the fabric samples. In surface treatments with ozone, the formation of carboxylate groups
increases the fiber-dye interaction and allows more dye to penetrate the fiber [30]. Moreover, in the SEM images
presented in Figure 7, more peeling and breakage were observed on the surface of fabric (e) treated for 45 minutes

ata 10 L/min ozone gas flow rate.

Table 3.1. Colour measurement values obtained as a result of Dianix Rubin Dry XF2 dyeing of ozonated and untreated polyester fabrics in
conventional and waterless medium

Dyeing Method Ozonation L* a* b* DE* Sample K/S
Untreated ; 34,54 46,85 0,52 ; 189,92
Conventional Dyeing
5 1/min 15 min -2.351 -2.720 2.318 4.278 222,72
5 I/min 45 min -2.285 -2.053 1.734 3.528 223,99
Conventional Dyeing
10 I/min 15 min -2.252 -2.802 1.304 3.824 217,52
10 I/min 45 min -2.742 -2.846 -2.483 4.668 230,24
Untreated -3.667 -4.670 3.854 7.079 244,75
Dyeing in 5 I/min 15 min -1.349 0.676 1.176 1.913 284,98
Supercritical Carbon - -
Dioxide 5 1/min 45 min -1.622 0.905 1.926 2.676 294,76
Medium 10 I/min 15 min -1.769 0.210 1.757 2.502 295,31
10 I/min 45 min -1.732 0.912 1.685 2.582 298,19

*Reference sample: conventional dyeing of untreated polyester fabric K/S:189,92
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In Figure 6, the K/S values of the untreated and pre-treated samples dyed in supercritical carbon dioxide medium
are given. When Figure 6 is examined, the K/S values of the samples treated with ozone gas were higher than the

untreated samples. In addition, K/S values increased when ozone gas flow rate and time increased.

DYEING METHOD Conventional Dyeing Dyeing in supercritical carbon
dioxide medium

Untreated

5 I/min 15 min ozone pretreatment

5 l/'min 45 min ozone pretreatment

10 Vmin 15 min ozone pretreatment

10 IYmin 45 min ozone pretreatment

Figure 5. Dyed fabric images of the samples

Colour Strenght

350
296.19
300 S 271.12 28%56 I
243.98 g i
250 T 1
O
O 200
[&)
[9p]
@' 150
N4
100
50
0
ScCO2 5 I/min 15 min ozone 5 I/min 45 min ozone 10 I/min 15 min 10 I/min 45 min
pretreatment pretreatment ozone pretreatment  0zone pretreatment

Figure 6. K/S values of pre-treated and untreated fabrics dyed in ScCO, medium: K/SscC0,:243,98
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3.4. Fastness Test Results

Washing and rubbing fastness tests were carried out in accordance with ISO standards. Table 3.2 presents the

washing and rubbing fastness test results of the samples. The dyeing experiments conducted in scCO, medium

demonstrated higher fastness results compared to the conventional dyeing process. During dyeing, scCO; acts as

a swelling agent on synthetic fibers, causing the polymer to swell [18]. This effect enhances the diffusion of

dyestuffs in the fiber, enabling deep penetration.

Consequently, dyeing experiments conducted in supercritical carbon dioxide medium resulted in better fastness

results. In addition, it is thought that the groups formed on the fabric and the increase in the amorphous zone ratio

in ozone surface modification affect both fastness and colour measurement results.

Table 3.2. Washing and rubbing fastness test results of the samples

Washing Fastness Rubbing
Fastness
Wool Acrylic Polyester Polyamide Cotton Acetate Wet Dry

> Untreated 3 4 3/4 3/4 4 4 3 3/4
'S 5 L/min — 15 min 4 4/5 4/5 4/5 4/5 4 4 4/5
5\ ozone'pretreatnTent
g O L/min-45min 4 415 4/ 415 415 4 415 415
S ozone pretreatment
€  10L/min—15min 4 455 455 455 455 4 4 455
E ozone pretreatment
Q 10 L/min — 45 min
O

ozone pretreatment 4 4/5 4/5 4/5 4/5 4/5 5 4/5
c Untreated 4/5 4/5 4/5 4/5 4/5 4/5 5 4/5
g g S5L/min-—15min 415 415 415 415 415 415 5 415
c .= ozone pretreatment
2 S 5LU/min-45min
fa) 4 415 4 4 4/5 4 5 4
=] % ozone p_retreatme_nt
§g 10L/min—15min 415 415 455 415 455 415 5 45
Cld_a ozone pretreatment
> 10 L/min — 45 min
B szone pretreatment 4/5 4/5 4/5 4/5 4/5 4 5 5

3.5. SEM

Figure 7 shows SEM images of the samples, with the best surface images captured at 2000x magnification. Upon

examining the SEM images, the surface of the samples not pretreated with ozone gas appeared smoother, while

peeling and cracks were observed on the fiber in the pretreated samples.
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el

Figure 7. SEM images of raw and dyed fabrics; a) Sem image of raw fabric, b) SEM image of conventional dyed fabric, ¢c) SEM image of
fabric dyed in ScCO, medium, d) fabric dyed in scCO, medium, pre-treated with ozone for 45 minutes at a flow rate of 5 L/min ozone gas, €)

fabric dyed in scCO, medium, pre-treated with ozone for 45 minutes at a flow rate of 10 L/min ozone gas

3.3. Tensile Strength Test Results

The tensile strength results are graphically presented in Figure 8, with three tests conducted for each sample in the
study. The findings revealed noteworthy insights into the fabric strength under various dyeing conditions. It was

observed that the strength of fabrics dyed through the conventional process without pretreatment experienced a
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decrease when compared to raw fabrics. However, fabrics dyed in scCO; exhibited higher strength values in
contrast to conventionally dyed fabrics. When comparing pre-treated fabrics, a more substantial strength loss was
evident in conventional dyeing, whereas the strength of samples dyed in scCO, was generally less affected.

Interestingly, the raw fabrics displayed a decrease in strength as the gas flow rate and ozonation time increased.

When the tensile strength of fabrics pre-treated for 15 minutes at 5 L/min and 10 L/min gas flow rates after dyeing
in supercritical carbon dioxide medium was examined, there was a decrease in strength when the gas flow rate
increased. The same situation is observed at both gas flow rates at a processing time of 45 minutes. A 10.8%
decrease in the strength of pre-treated fabrics dyed in a ScCO, medium at a gas flow rate of 5 L/min was observed

when the processing time increased, and in addition, a decrease of 10.1% was observed when the processing time

increased at a gas flow rate of 10 L/min.

Significantly, the strength values of waterless-dyed fabrics surpassed those of conventionally dyed fabrics.
Additionally, pre-treatment with ozone was found to decrease the strength values of fabrics dyed in scCO,. This
effect was further supported by SEM images in Figure 7, which demonstrated that samples treated at a 10 L/min
ozone gas flow rate (e) exhibited lower strength values due to more surface deformation when compared to those

treated with a 5 L/min ozone gas flow rate.

In summary, the research concluded that dyeing in an scCO, waterless medium yielded high strength values

compared to conventional dyeing methods, offering valuable insights into the impact of different dyeing processes

on fabric strength.

Tensile Strenght

1000
900
800 7894 749.1
200 = 655.3663.725660.1 g o
616.95 601.55 624. Sf I :
1 - 583.65 = 596.5
600 I = T
< 500
400
300
200
100
0
Q o =) Q o o Q o o Q o o Q o =)
5 £ §|5 £ 5|3 § 5|5 § 5|3 § %
E 2 a2 £ 32 &z £ & & € 2 2 € 2 3
g = 9 : = & : = & 5 3= 8 § 3 9
@ g O ad g O a4 g O o g O a4 g O
= a = a = a = a = a
[«5) [«5) [«5) (5] [«5)
> > > > >
c c c c c
o o o o o
O O O O O

Figure 8. Tensile strength values of the fabrics
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IV. CONCLUSIONS

Environmental policies addressing the increasing impact of global warming primarily focus on water-related

issues. Consequently, there is growing interest in waterless operations. The most innovative aspect of this study is

that both surface modification and dyeing processes were conducted without water. According to the test results:

1. Ozone gas changed the surface and structure of polyester fiber.

2. When the ozone gas flow rate increases, the hydrophilicity values also increase as the amorphous region
ratio increases.

3. Since the polymer swells in the supercritical carbon dioxide medium and the amorphous region ratio
increases, the fabrics are dyed darker.

4. It has been observed that the strength values decrease as the ozonation time increases.
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Received in revised form 17 Jan 2023 procedure followed in the current study has been first validated against existing test results documented for
Accepted 3 Feb 2023 the local buckling behavior of the perforated SHS with uniform web and flange segment thickness under

axial compression. The linear elastic eigenvalue buckling and elastoplastic buckling analyses have been
implemented using the Abaqus engineering finite element code. The verification of the numerical procedure
has been achieved by favorably comparing the finite element results with the existing test results in terms of
the first local buckling mode shape and load-end shortening curves of the perforated SHS with uniform wall
thickness. . The verified numerical procedure has been applied to the problem of finding the perforation
effect on the local buckling response of the SHS with non-uniform thickness. Finite element analyses have
been performed for four various web width-to-perforation diameter ratios ranging from 0.3 to 0.9. Finite
element analysis results have revealed that the presence of perforations does not influence the local buckling
mode shape of the SHS but considerably affects the critical local buckling loads. The results have put forth
that increasing perforation diameter leads to a more pronounced and drastic decrease in the critical local
buckling load. The outcomes of the study have also shown that the critical post-buckling load of the SHS
with non-uniform wall thickness is less susceptible to perforations compared to the SHS with uniform wall
thickness. The results obtained in the context of this parametric study have been made available to practical
engineering for use in actual design of the perforated SHSs.
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1. INTRODUCTION

Square hollow sections (SHSs) have been receiving a great deal of attention for use as load-carrying components
in a broad range of application fields, including construction and automotive, due to their many promising
mechanical advantages over solid sections, such as a higher strength-to-weight ratio [1-6]. This important
mechanical quality offered by SHSs makes them very ideal for use in specific applications where high strength
with low weight is required [7]. As with other hollow section members possessing different section shapes
including rectangular and circular, understanding their failure mechanism under loads is highly imperative for
reliable design. The robust design of SHSs is generally achieved by considering both adequate- strength and
local stability requirements in a balanced way [8-11]. Taking into account the adequate-strength criterion alone
can lead the SHS to suffer local buckling prior to reaching its maximum load-carrying capacity, which brings
additional material cost [8, 12]. In other words, a critical elastic local buckling load of the SHS needs to be
considered its collapse load since the SHS cannot sustain any additional load after undergoing local elastic
buckling [13-15].
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The use of cold-formed steel SHSs as primary load-carrying components in numerous application fields has been
increasing steeply due to their high strength and high stiffness -to- weight ratios compared to hot-formed SHSs
[3, 16-19]. The key point of the local stability-based design of cold-formed steel SHSs is to first understand the
influence of the cold-forming process on material attributes and then to reproduce their non-linear stress-strain
curves by using a suitable material model [1, 3, 20, 21]. In general, cold-forming leads to a considerable increase
in the yield and ultimate strengths of the steel but a significant decrease in its ductility [3, 5, 22-24]. Especially,
the corner segments of SHSs undergo extremely large plastic deformations due to their constricted corner radius
during the cold-forming process. This larger plastic deformation results in higher yield and ultimate strengths
with less ductility in comparison in the corner coupons in comparison with the flat coupons of SHSs [3, 5, 25,
26]. Up to the present time, a considerable humber of material models have been developed to describe the non-
linear stress-strain behaviors of cold-formed steels [3, 27-29]. Among them, a constitutive expression developed
by Ramberg and Osgood [27] is considered the most notable material model to specify the mechanical

characteristics of cold-formed steels.

As reported by a significant number of researchers, thin-walled cold-formed SHSs are susceptible to global and
local elastic buckling as well as post-buckling [30-32]. This is mainly due to the inherent weakness of the thin-
walled SHS [30]. Beyond this inherent weakness, their sophisticated local buckling failure modes induced by
different loading configurations, like axial compression, bending, and combined axial compression and bending
make their satisfactory prediction of the local buckling and post-buckling behaviors very difficult [30]. American
Iron and Steel Institute’s Direct Strength Method (DSM) and Finite Strip Model (FSM) are the two common
approaches that take into account the local elastic buckling properties for the specification of the local stability
limit of the thin-walled structural members [14, 32-35]. In order to calculate the critical local elastic buckling
stress of the box sections with uniform wall thickness, analytical expressions defining the local buckling
coefficients have been developed and reported for the different cross-section dimensions (width-to-height ratio)
and different loading configurations including axial compression, bending, biaxial bending and combined axial
compression and bending [14, 15, 35]. One of the most notable studies has also documented the local buckling
mode shapes of the box sections for various types of loads [14]. Note that the local buckling coefficients and
local buckling mode shapes reported are valid for the box sections possessing uniform thickness. Interestingly,
the lack of analytical expression that describes the local buckling coefficients of SHS with non-uniform wall
segment thickness for specific loading configurations such as major axis bending, minor axis bending, and bi-
axial bending makes finite element analyses a powerful tool to deal with these types of unique local stability
problems. For the axial compression loading case, only one exploratory study has reported the local buckling
coefficients of SHS possessing different web and flange thicknesses [36]. Apart from the inexistence of an
analytical solution for the calculation of local buckling coefficients of SHSs with unequal wall thickness,
perforations can sometimes be placed on SHSs for connection or aesthetic purposes, which makes their local
stability analysis more difficult in terms of theoretical aspects [26, 32, 37]. In other words, none of the
aforementioned models (DSM and FSM) can explicitly handle the imperfections or discontinuities induced by
perforations [37]. In this case, finite element analyses need to be applied to the problem of solving the local
buckling behaviors of the perforated SHSs [26, 32, 37]. A finite element analysis is very useful for local

buckling studies involving geometric imperfections caused by holes.
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Considerable attention has been paid to comprehending the impact of imperfections generated by cut-out holes,
cracks, damage, and delamination on the mechanical behaviors of various types of materials such as metal,
composites, and functionally graded materials (FGMSs) [38—42]. From those studies, it has been deduced that the
numerical modeling of the formations of geometric imperfections in composites and FGMs is a harder task than
the metallic materials due to their non-symmetrical property variations [39, 41] and this research topic still

attracts great attention.

In essence, a deep understanding of the local buckling and post-buckling behavior of SHSs as well as
comprehending the perforations effect on their local stability is of great importance to the industry in terms of
material savings. In order to gain a deep insight into the circular perforation effect on the local buckling behavior
of rectangular plates from which SHS are constituted, a considerable number of exploratory studies have been
dedicated so far [43-47]. Those studies have reported that the local stability of the rectangular plates is adversely
influenced by the presence of circular perforations, and this unfavorable effect becomes more evident with
increasing circular perforation diameter. Parametric studies carried out on the perforated plates have concluded
that a decrease observed in the critical local buckling load is mainly due to the weakened cross-section of the
plates resulting from the circular openings [48-50].0ne of the most noteworthy outcomes has also been reported
that the critical local buckling stress might enhance with increasing the circular opening diameter beyond a
certain limit as a result of the redistribution of stresses in the plates [48-50]. Furthermore, a notable finite
element study has put forth that the plate with a circular perforation offers a higher critical local buckling load
than the plate with a square perforation [51]. Aside from the perforated plates, the effects of perforations
possessing different shapes (circular, square, or rectangular) on the local buckling behavior of thin-walled
structures with different shapes (circular, rectangular, and square) have been examined [52-57]. A notable
parametric study has focused on investigating the effects of cut-outs with different shapes, including square,
rectangular, and circular on the local buckling behavior of an axially-loaded circular tube [53]. In addition to the
mentioned perforation shapes, the location of the holes and the number of holes have been assessed employing
finite element analyses [53]. This study has shown that the local buckling failure mode of the circular tube is
independent of the shape perforation. It has also been concluded that the cylindrical thin-walled tube with a
circular perforation of a diameter identical to the width of the square cut-out sustains a similar buckling load
before collapse [53].The study has also revealed that the critical local buckling load of the circular thin-walled
tube decreases with increasing perforations size and the number of perforations but is not affected pronouncedly
by the location of perforations in the structure [53]. Similar results related to the effect of perforation location
have also been reported by a comprehensive parametric study carried out on cold-formed SHS with equal wall
segment thickness under axial compression [26]. Albeit a higher local buckling strength offered by the hot-
formed SHS under axial compression, paying the larger price for the hot-formed SHS compared to its equivalent
cold-formed SHS negates the advantage of the hot-formed SHS in terms of local buckling resistance [58].
Opposite to the parametric studies [26, 53], a parametric study centered on examining the impact of a single
circular opening on the local buckling behavior of the circular tube, made of a lean duplex stainless steel, has
shown that the location of the opening has a considerable influence on the local buckling load and a maximum
decrease in the local buckling load of the circular tube takes place when the single circular opening is located at
mid-height of the structure [57]. Nevertheless, in contrast to the circular thin-walled tube, a square cut-out

impairs the local buckling load capacity of SHS more severely than the hexagon and circular perforations of the
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same size [26]. The effect of the presence of perforations on the local buckling behavior of the lipped channel

section on the local has been studied by performing parametric studies [55].

The literature review documented above clearly indicates that the parametric studies primarily focused on
examining the local buckling behavior of perforated plates and circular thin-walled tubes. A few parametric
studies have attempted to provide a better understanding of the effect of circular perforations on the local
buckling parameters of the cold-formed SHS subject to axial compression, including the critical local buckling
load and local buckling failure mode. Nevertheless, the parametric studies carried out on the cold-formed SHS
are limited to the SHSs with equal wall segment thickness. In the literature, there is a lack of parametric studies
addressing the effect of circular perforations on the local buckling behavior of SHSs with unequal wall segment

thicknesses.

In order to fill the above deficiency noticed in the literature, this parametric study has been thereby devoted to
endeavoring the circular perforation effect on the local buckling behavior of cold-formed SHS with unequal wall
thickness subject to axial compression through finite element analyses. To this end, finite element analyses have
been implemented using the Abaqus engineering finite element software. Two various finite element analyses
including linear elastic eigenvalue and post-buckling have been performed on the perforated SHS. Local
buckling failure modes extracted from the linear elastic eigenvalue buckling simulations have been successfully
introduced to the finite element model of the post-buckling. Results obtained from the numerical analysis have
been clearly presented and well-documented. In essence, this study actually has explored the perforation effects

on the local stability performance of the SHS with non-uniform wall thickness for the first time.

Il. THEORETICAL BACKGROUND

In the case of the square hollow section (SHS) illustrated in Fig.1, an associated local buckling mode is obtained
without displacements of the adjacent of the web and flange segments [14, 15]. In other words, the influence of
rotational constraints provided by the adjacent walls is not taken into account in calculating the local buckling
stress. This actually signifies that each wall segment can suffer from buckling independently. The calculation of
the critical stress for local instability involves the geometric dimensions of SHS, material properties, and local

buckling coefficients.

In terms of geometric dimensions, elastic material properties, and local buckling coefficient, the critical stress for

local instability can be described as follows [14, 15]:

n*E  t
er=ko Gy B @

where g, is the critical local buckling stress. E and v represents the elastic modulus and Poisson’s ratio,

respectively. t and b are the associated flange or web thickness and its thickness, respectively.

Assuming that the critical buckling stress at the mid-points of the web and flange adjacent is equal, the

expression given in Eq. (1) can be rearranged as given below.

329



J. Innovative Eng. Nat. Sci. vol. 4, no.2 pp. 326-353, 2024. Buckling behavior of perforated square

_ n? E t_w 2_ n? E t_f 2
Ter=kw 12(1-1)2 (hw M 12(1-v)2 (bf )

Hﬂ B F 3
H; bf :!.
------------------------ —
i | i
1 l I
1 1
1 ]
! i
I Flange !
1 1
1 1

1
i —— Weh : _,:3 -
1 1
1

o] T !

= : * - :
1 -r 1
1 ¥ :
! i
) N .

= 2

_;gf Fy ©
Mid-Corner

Figure 1. Cross-section of SHS with uniform flange and web thickness

Herein, k,, and k; denote the local buckling coefficient for the web and flange, respectively. Note that these

local buckling coefficients vary significantly based on the geometric dimensions of SHS as well as a loading

configuration.

The thickness of flange and web segments is represented by t,, and ¢, respectively. The parameters of h,, and

by can be computed using the following expressions.

3)
hwzH'tf

bs=B-t,, (4)

where ¢,, and t are the web and flange thickness, respectively. H and B denote the web width and flange width,

respectively.

When the web thickness is equal to the flange thickness (t; = t,,), the relation between k,, and k, can readily be

extracted from Eq. (1) as given below.
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b
ky = kG2 (5)

In the case of SHS with a uniform thickness, it is known that b, is equal to h,, (b; = h,,), leading to

kf = ky (6)

The expression presented in Eq.(6) signifies that the local buckling coefficient of web is equal to the local
buckling coefficient of flange in the case of SHS possessing uniform wall thickness. However, it is important to
underline that the local buckling coefficient differ from a loading configuration to a loading configuration [14,

15, 35]. For the axial compression loading configuration, it is very well known that both k,, and ky are equal to

414, 35].

If the SHS does not possess the identical wall thickness, Eq. (5) can be rewritten accordingly as given below.

kw

kf = tf ,
)
w

(")

It is worth emphasizing that the local buckling coefficients for SHS with non-uniform wall thickness have never
been reported for the bending loading configuration but they have been made available by the study for use in
design applications for the axial compression loading [36].The buckling mode of SHS possessing uniform wall
thickness has been reported for the axial compression case as depicted in Fig.2 but the buckling mode of SHS

with non-uniform thickness has never been presented for any loading configuration to date.

SHS «— —» Buckled SHS

Figure 2. Buckling mode of SHS with uniform wall thickness under axial compression [14]
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I1l. PROBLEM DESCRIPTION

The local buckling problem of the perforated SHS under axial compression addressed to validate the finite
element procedure followed in this study is clearly depicted in Fig.3. The local buckling performance of the
perforated SHS made of cold-formed YST-310 steel has been explored by conducting axial compression tests.
During the mechanical tests, one end of the SHS was fixed and the other end was allowed to move in the loading
direction. A detailed description of the experimental setup can be found in the relevant study [26]. The axial
compression tests have been conducted of the perforated SHS for three various web width-to-perforation
diameter ratios (d/w) ranging from 0.5 to 0.9. During the mechanical tests, load and corresponding end-
shortening curves were successfully measured and well documented in the associated study [26]. The complete

geometrical specifications of the perforated SHS is tabulated in Table 1.

Table 1. The complete geometrical specifications of the perforated SHS [26, 59]

Cross-Section B L=ty L 4 fo w d diw
(mm) (mm) (mm) (mm) (mm) (mm) (mm)

50x50x2.9d/w0.5 50 2.9 200 2.9 5.8 38.4 19.2 0.5

50x50x2.9d/w0.7 50 2.9 200 2.9 5.8 38.4 26.9 0.7

50x50x2.9d/w0.9 50 2.9 200 2.9 5.8 38.4 34.6 0.9

Fixed Boundary Condition

Figure 3. The local buckling problem of the perforated SHS addressed for validation [26]
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IV. VALIDATION OF THE FINITE ELEMENT PROCEDURE AND RESULTS

A finite element method has been applied to the problem of predicting the local buckling behavior of the
perforated and unperforated SHSs subject to axial compression. Finite element analyses have been implemented
using the Abaqus finite element engineering software. Two distinct finite element analyses including linear
elastic eigenvalue and elastoplastic, have been performed on the SHS. The first local buckling mode shape
extracted from the linear elastic eigenvalue buckling analysis has been introduced as a geometric imperfection to
the finite element model of the elastoplastic buckling analysis. The finite element model of the local buckling
problem shown in Fig.3 is illustrated in Fig.4. The grid geometry of the SHS has been meshed using the 3-
dimensional continuous eight-node element with reduced integration designated C3D8R in Abaqus [60]. The
capability of this element type to predict the local buckling behavior of structures has been reported by many
studies [61-64]. After studying mesh convergence, an average number of 33600 C3D8R elements have been

decided to use in numerical simulations.

As depicted in Fig.4, two reference points have been defined at the geometric centers of both ends and these
reference points have been linked to the SHS through kinematic couplings [8, 26, 65]. Boundary conditions and
axial load transferred to the SHS by means of the defined kinematic couplings have been imposed on the
reference points. While one end of the SHS has been fixed in all directions, the other end has been allowed to
move in the loading direction as shown in Fig.4. In order to improve the computational accuracy, the region of

the SHS near perforations has been meshed finer than its remaining region.

U= Ug':LI =0

R:=Ry=R:=0 . : .
Kinematic Couplings

Figure 4. The finite element model of the perforated SHS
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In accordance with the studies presented in the relevant literature [5, 8, 26, 65-67], non-linear buckling analyses
have been performed using the RIKS method offered by Abaqus. The geometric imperfections obtained from the
linear eigenvalue elastic buckling analysis have been successfully incorporated into the finite element model of
the non-linear buckling analysis (RIKS). During the non-linear buckling analysis, the axial load has been
increased gradually. It is worth stating that the lowest local buckling mode shape has been achieved using the
Lanczos eigensolver available in Abaqus. In a consistent manner, the amplitude of local imperfection has been
set to t/100 in the non-linear buckling analysis [26].

As mentioned earlier, a cold-forming process plays a significant role in the material properties of steel. For the
corner coupon and flat coupon of the SHS made of cold-formed YSt-310 steel, the material properties taken

from the associated study are tabulated in Table 2.

Table 2. Material properties of the flat and corner coupons of the SHS made of YSt-310 [5, 26]

Region E a, o, & n
(MPa) (MPa) (MPa) (%)
Flat Coupon 190024 370 446.48 22.56 42
Corner Coupon 176191 506 571.53 7.69 2.7

In Table 2, E represents the Young’s modulus. o, and o, denote the yield strength and ultimate strength,
respectively. & and n are the fracture strain and a strain hardening exponent, respectively. Note that o, is

determined by using the 0.2% offset method.

To describe the mechanical behaviors of the flat and corner coupons of the SHS in the numerical simulations,
their engineering stress-strain curves have been regenerated using the following expressions developed by
Ramberg-Osgood[27].

o o
e=x + O.OOZ(J—y)" , 0<o<o (8)

_o—0, B Oy —0y oc—ay, 9)
£ Eo2 * <£u foz Eoz ><(Uu - Gy) ) ’ 7%

where Ej , is known as the tangent modulus and can be computed using the following expression [3].

E (10)

Eo,z = E
1+ 0.002n(=)
Oy

Furthermore, m is the second strain hardening exponent that can be defined for the current case as follows:

334



Buckling behavior of perforated square J. Innovative Eng. Nat. Sci. vol. 4, no.2, pp. 326-353, 2024.

0.

m=1+28(2) (11)
O.‘LL

Finally, the ultimate strain &, can be defined as given below][3].
Oy

g, =0.6(1—-=2) (12)
Gu

Note that the expression given in Eq. (12) is only valid for the flat coupon. The ultimate strain of the corner

coupon has been registered from the given engineering stress-strain curve [5].

After reproducing the engineering stress-strain curves by using the above expressions, they have been converted

into the true stress-strain curves by using the well-known relations below.

13
or = Ueng(l *t Eeng ) (13)

er = (1 + geng ) (14)

Herein, o7 is the true stress and er is the corresponding true strain. In the same manner, o, is the engineering

stress and &,,,4 is the corresponding engineering strain.

In order to define the mechanical behaviors of the flat and corner coupons in the finite element analysis, a
deformation plasticity model developed based on the Ramberg-Osgood model has been taken into account [68].
An entire stress-strain curve of the work material can be produced by the deformation plasticity model that is

generally applicable to the fully plastic analysis of ductile metals.

For the one dimensional case, the deformation plasticity theory is defined as given below.

o
Es=0+ a(u)("_l) N (15)
Oy

where ¢ is the stress and n is the hardening exponent. a represents the yield offset and can be described as

follows:

Ee (16)
a=—-

Oy
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The deformation plasticity material model parameters calculated for the flat and corner sections of the SHS are

documented in Table 3.

Table 3. The deformation plasticity material model parameters calculated for the flat and corner sections

Region E g, a n
(MPa) (MPa)
Flat Coupon 190024 370 1.025 13.84
Corner Coupon 176191 506 0.68 8.4

Using Eg. (15) as well as the defined parameters in Table 3, the true stress-strain curves of both coupons have
been produced and compared to experimental results, as given in Fig.5 and Fig.6. In essence, the experimental
true stress-strain curves of the flat and corner coupons have been reproduced very satisfactorily by the
deformation plasticity model; therefore, the parameters documented in Table 3 have been used to determine the

mechanical behaviors of both coupons in numerical simulations.

600

500 =
& 400 =
2
wv
§ 300
&
(]
3 200
-

100

0
0 0.02 0.04 0.06 0.08 0.1 0.12
True Strain
Experimental = — Material Model

Figure 5. The true stress-strain curve of the flat coupon
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Figure 6. The true stress-strain curve of the corner coupon

The first local buckling mode shape and corresponding critical buckling load of the unperforated SHS extracted

from the linear elastic eigenvalue buckling analysis are illustrated in Fig.7.

U, Magnitude
+1.000e-00

+5.B33e-01
+5.000a-01
44 167 @01
+3.333e-01
+2.500e-01
+1.657e-01
+8,233e-02
+0.000e+00

z X moda 1: Eigeniialua = 1224755406
Primasry War: U, Magnitude
Defarmeed Yar: W Delarmabion Scale Factar: +5.0002+00

Figure 7. The first local buckling mode shape of the unperforated SHS under axial compression
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One important outcome deduced from the results in Fig.7 is that the predicted mode shape is consistent with the
theoretically derived mode shape presented in Fig.2. For this case, the critical local buckling load has been
predicted to be 1.224x10° N. Since the SHS addressed, in this case, is unperforated, calculating its critical local
buckling stress and therefore critical local buckling load by using Eq.(2) is possible. Nevertheless, only one
Young's modulus appears in Eq. (2) but the flat coupon and corner coupon possess dissimilar Young's modulus
as documented in Table 3. To eradicate this issue, an expression to compute an effective Young's modulus has
been derived as follows:

The total force, P, acting on the entire cross-section of the SHS can be defined as given below.

P=P;+ P, (17)

where Py and P, are the acting axial loads on the flat and corner coupons, respectively.

In terms of stress, Eq. (17) can further be rearranged as given below.

Geff-Ag = O-fAf + O.C'AC (18)
Herein, A, is the gross-sectional area of the SHS. A, and A, are the section area of the flat and corner coupons,

respectively.

Dividing both sides of the Eq.(18) with A, leads to the following relation.

A A
f c
Geff = O'f._ + Oc.

T (19)
Ag Ag

The quantities of :% and :% actually imply the flat coupon area fraction and corner coupon area fraction,
g g

respectively.

Defining v, = j—f and v, = 2—” yield the following expression.
g g
Ocff = 0p.Vf + 00V (20)
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Note that vy + v.=1.

Taking into account the well-known relation, the expression given in Eq. (20) can be rewritten as follows:

Eeff E = Efo Sf + EC. Ve Ec (21)

where ¢ is the total strain. erand & are the strains sustained by flange coupon and corner coupon, respectively.
Furthermore, E.fr denotes the effective Young’s modulus and Ef and E. are the Young’s modulus of flat
coupon and corner coupon, respectively. Knowing that e = & = ¢, in the case of axial loading, the expression

given in Eq. (21) reduces to

Eeff = Efvf + EC'UC (22)

For the current case, A, = 524.7 mm?, Ay = 445.44 mm? and A, = 79.26 mm?* which leads to v, = 0.85 and
v, = 0.15.

The effective modulus can readily be calculated as given below.

Eerr = 190024x0.85 + 176191x0.1 = 187949 MPa (23)

In terms of E, ¢, Eq.(2) can be rearranged as given below.

n? Eeff tw 2— n? Eeff tf\2

As reported previously, k,, = k; = 4, t,, = 2.9 mm (Table 1) and h,, = 47.1 mm.

Substituting the above quantities into Eq.(24) leads to o, = 2573 MPa. The critical local buckling load can be

computed using the following expression.
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P,y = 0% Ay=2573x524.7=1.35x10° N (25)

The critical local buckling load has been predicted to be 1.224x10® N by the finite element analysis. The error
ratio between numerical and theoretical results has found to be 9.3%. This relatively high error ratio can be
attributed to the neglect of the effect of round corners in the theoretical calculations. In essence, obtaining an
acceptable error ratio in terms of the critical local buckling load as well as achieving a consistent failure mode

shape are actually the confirmation of the linear elastic buckling simulations.

The linear elastic eigenvalue analysis results obtained for the perforated SHS with different with-to-perforation

diameter ratios are illustrated in Fig.8.
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Figure 8. The first local buckling mode shape of the perforated SHS for different d/w ratios, (a) d/w=0.5, (b) d/w=0.7, and (c) d/w=0.9

As can be deduced from the results in Fig.8, the perforations for given various web width-to-perforation
diameter ratios do not influence the first local buckling mode shape of the SHS. In other words, the perforated
SHS displays the identical local buckling failure mode shape of the unperforated SHS. Nevertheless, the critical

local buckling load is adversely influenced by the presence of perforations, as presented in Fig.9.

As seen in Fig.9, the critical local buckling load decreases significantly with increasing perforation diameter.

Especially, a very drastic drop in the critical local buckling load is taken place when the ratio (d/w) is larger than

0.7.
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Figure 9. The variation of critical local buckling load with d/w
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To further validate the finite element procedure followed in this study, the results obtained from the elastoplastic
buckling analysis have been compared to the actual test results in terms of failure mode shape and load-end

shortening curves.
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Figure 10. Comparison of the numerical results of the unperforated SHS with the experimental results in terms of local buckling mode
shape [5]
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Figure 11. Comparison of the numerical results of the perforated SHS with the experimental results in terms of local buckling mode shape,
(d/w=0.5) [26]
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The local buckling failure modes extracted from the elastoplastic numerical analyses have been favorably
compared to the experimental results for the unperforated SHS and perforated SHS (d/w=0.5) as presented in
Fig. 10 and Fig.11, respectively. In terms of the local buckling modes, a very good agreement has been achieved
between numerical and experimental results. Due to the lack of experimental outcomes showing the local
buckling failure shapes of the perforated SHS with other ratios (d/w=0.7 and d/w=0.9), only the finite element

results have been presented for the mentioned ratios, as shown in Fig.12(a) and Fig.12(b), respectively.
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Figure 12. The predicted local buckling mode shape results for different d/w ratios, (a) d/w=0.7 and (b) d/w=0.9
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Figure 13. Comparisons of the predicted and measure results for unperforated and perforated SHS with different d/w ratios [5, 26]

As observed in the linear elastic eigenvalue buckling analysis results, the given d/w ratios also do not impact the
local buckling mode shape of the SHS extracted from the elastoplastic buckling analyses, as shown in Fig.12 (a)
and Fig.12 (b). However, the critical post-buckling load is negatively affected by the perforations. The adverse
effect of the perforations becomes more pronounced while increasing perforation diameter as presented in
Fig.13. In terms of the critical post-buckling load and corresponding end-shortening, the measurements have
been compared to the predictions, as illustrated in Fig.13. As presented in Fig.13, the predicted results have been
found to be in a very good agreement with the measurements. In essence, the results obtained from both linear
elastic eigenvalue and elastoplastic local buckling analyses confirm the finite element procedure followed in the
current study. According to the outcomes obtained in the context of this study, the deformation plasticity model
developed based on Ramberg-Osgood [26] constitutive model can be recommended to describe the mechanical

behavior of the cold-formed metals, especially for the ductile metals with small displacements.

V. PARAMETRIC STUDY

After validating the finite element procedure by achieving a good correlation between experimental and

numerical results in terms of the local buckling mode shapes and the critical local buckling load-end-shortening
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curves, the same simulations have been performed on the perforated SHS possessing non-uniform web and
flange thicknesses. This parametric study is actually the first study that explores the effect of perforations on the
local stability of the SHS with non-uniform wall thickness. The geometric specifications of the SHS addressed in

the finite element analyses are tabulated in Table 4.

Based on the experience gained from the benchmark study [26], the effects of circular web openings on the local
buckling behavior of SHS with unequal wall segment thickness have been explored for four distinct circular
perforation diameters including 11.5 mm, 19.2 mm, 26.9 mm, and 34.6 mm, as reported in Table 4. Here again,
in accordance with the literature [26], the circular web openings have been assumed to be present at the
geometric center of the two web segments which is the worst-location scenario for the susceptibility of the local
stability of SHS subject to axial compression [26]. Local buckling evaluations have been made here based on the
ratio of the circular web opening diameter (d) to web width (w), rather than circular perforation diameter (d) for
simplicity. The complete geometrical specifications of the SHS taken into consideration in the present parametric
study, including web and flange thicknesses, circular web opening diameters, length, and corner inner and outer

radius are well-documented in Table 4.

The finite element model of the perforated SHS with non-uniform wall thickness is depicted in Fig.14. The
identical boundary and loading conditions imposed in the previous model have also been employed in the finite
element model shown in Fig.14. Additionally, the material model parameters tabulated in Table 3 have been
taken into account for the determination of the material behaviors of the flat and corner coupons. The
elastoplastic local buckling simulations have been carried out for four various d/w ratios ranging from 0.3 to 0.9.
Results extracted from the elastoplastic local buckling analyses have been clearly presented and well compared
with each other in order to assess the effect of perforation on the local buckling performance of the SHS with

non-uniform thickness.

Table 4. The geometric specifications of the perforated SHS addressed in the finite element analysis

Cross-Section (mBm) (rrt1vrvn) (rr;[;n) (mLm) (mrrln) (rr:?n) (me) d (mm) diw
50x50%2.9-1.45 d/w 0.3 50 1.45 2.9 200 2.9 5.8 38.4 115 0.3
50x50%2.9-1.45 d/w 0.5 50 1.45 2.9 200 2.9 5.8 38.4 19.2 0.5
50x50%2.9-1.45 d/w 0.7 50 1.45 29 200 29 5.8 384 26.9 0.7
50x50%2.9-1.45 d/w 0.9 50 1.45 29 200 29 5.8 384 34.6 0.9
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Figure 14. The finite element model of the perforated SHS with non-uniform thickness

The local buckling modes of the unperforated and perforated SHSs with non-uniform wall thickness obtained
from the elastoplastic buckling simulations are illustrated in Fig.15. As can be comprehended from the results in
Fig.15, perforation diameter possesses an insignificant impact on the local buckling modes of the SHS.
Nevertheless, similar to the post-buckling results of the perforated SHS with uniform thickness, the critical post-

buckling load decreases considerably with increasing perforation diameter as shown in Fig.15.
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Figure 15. The predicted local buckling modes of the SHS with non-uniform wall thickness for various d/w ratios, (a) d/w=0, (b) d/w=0.3,
(c) d/w=0.5, (d) d/w=0.7 and (e) d/w=0.9

As seen in Fig.16, the unperforated SHS sustains larger plastic deformation prior to reaching its critical post-
buckling load compared to the perforated SHS. This is mainly due to the stiffness reduction in the SHS caused
by the perforations. Increasing the perforation diameter results in a more pronounced reduction in the stiffness of
the SHS.
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Figure 16. The post-buckling response of the perforated and unperforated SHSs for different d/w ratios under axial compression

In order to gain a deep insight into the effect of perforation on the local buckling response of the SHS possessing

uniform and non-uniform wall thicknesses, the local buckling behaviors of the perforated SHS with uniform

segment thickness under axial compression are compared to the perforated SHS with non-uniform thickness, as

illustrated in Fig.17.
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One interesting outcome deduced from the results in Fig.17 is that the post-buckling critical load of the SHS
possessing uniform wall thickness is more vulnerable to the perforations compared to the SHS with non-uniform
wall thickness. In other words, the presence of perforations leads to more reduction in the critical post-buckling

load of the unperforated SHS with identical wall thickness.

VI. CONCLUDING REMARKS
Based on the findings of the present parametric study, the following conclusions can be drawn as:

The finite element procedure followed in this parametric study was first validated against the post-buckling test
results of the perforated cold-formed SHS with uniform wall thickness subject to axial compression and then the
same finite element procedure was applied to the problem of finding the local stability behavior of the perforated
SHS possessing non-uniform web and flange thicknesses. The linear elastic and non-linear elastoplastic
simulations have been performed using the Abaqus engineering software. The first buckling mode shape of the
unperforated SHS with uniform wall thickness has been obtained using the Lanczos eigensolver in Abaqus. The
predicted first-mode shape of the SHS has been favorably compared to the local buckling mode shape reported in
the literature. In addition to the linear elastic eigenvalue buckling analysis results, load-end shortening curves
extracted from the elastoplastic simulations have also been compared to the test results available in the literature.
A good correlation has been found between simulations and experiments in terms of the load-end shortening
curves. The deformation plasticity model developed based on Ramberg-Osgood constitutive model has been
used in defining the material behaviors of both flat and corner coupons of the SHS. The deformation plasticity
material model parameters have been successfully determined and therefore the true stress-strain curves of both
coupons have been reproduced by the model with high accuracy. Based on this, the utilization of this constitutive
model to define the material behavior of cold-formed SHSs has been suggested for the determination of their

post-buckling response under axial compression.

The finite element analysis results have revealed that the presence of perforations plays a very significant role in
the local buckling behaviors of the SHS with uniform wall thickness and SHS with non-uniform wall thickness.
The critical local buckling stress and therefore the critical local buckling loads are adversely influenced by the
existence of the perforations. Nevertheless, one important result obtained from the parametric study is that the
critical local buckling load of the SHS with uniform wall thickness is more susceptible to perforations compared
to the SHS with unequal wall thickness. In other words, the perforations result in a more drastic drop in the post-
buckling critical load of the SHS with identical wall thickness. It has been also observed that increasing

perforation diameter leads to a more pronounced decrease in the critical local buckling of both structures.

As seen in Fig.17, the critical local buckling load of the unperforated SHS with equal wall segment thickness is
much higher than the critical local buckling load of the unperforated SHS with unequal wall segment thickness.
This can be attributed to the thickness effect on the local buckling strength of SHS. While keeping the flange

thickness constant, lowering the web thickness leads to a decrease in the local buckling strength. Additionally,
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from the results presented in Fig.13 and Fig.16, it is drawn that both unperforated SHSs sustain larger

deformation before reaching their maximum load-carrying capacity compared to the perforated SHSs.

Nevertheless, the unperforated SHS with unequal wall segment thickness withstands less deformation prior to its
critical local buckling load compared to the unperforated SHS with similar web and flange thickness. This
finding signifies that a decrease in the web thickness leads to a reduction in the resistance of SHS to local
buckling, in addition, this reduction is further increased by circular web openings. Increasing the circular
perforation diameter results in more reduction in the local buckling resistance of the SHS. This is mainly due to
the cross-section of the web segments weakened by both thickness reduction and perforations. Among the SHSs
with the same circular perforation diameter, the SHS with the identical wall thickness shows always better
performance in terms of local stability. Conversely, the results obtained demonstrate that the local buckling

failure mode shapes are independent of the web thickness and perforation diameter.

The above outcomes can be also assessed quantitatively to gain deep insight into the effects of circular
perforations on the local buckling behaviors of both SHSs with equal and unequal wall segment thicknesses. For
instance, the critical local buckling load of the unperforated SHS with equal wall thickness has been found equal
to 254 kN while it has been registered to be 172 kN for the unperforated SHS with unequal wall segment
thickness, as reported in Fig.17. This signifies that the critical local buckling load of the unperforated SHS with
identical wall thickness is higher than the critical local buckling load of the unperforated SHS with unequal wall
thickness by 47.7%. This finding directly reveals the significant effect of the web thickness reduction on the
local buckling behavior of SHS while keeping the flange segment thickness in both SHSs constant. Furthermore,
for the circular web opening diameter of 19.2 mm corresponding to d/w=0.5, the critical local buckling loads of
SHSs with equal and unequal wall thicknesses have been predicted to be 208 kKN and 159 kN, respectively. This
outcome demonstrates that the critical local buckling load of the perforated SHS with equal wall thickness is
30.8% higher than the SHS's with unequal wall segment thickness when the diameter of the circular web opening
is equal to 19.2 mm. In the same manner, for the circular web opening diameter of 26.9 mm (d/w=0.7), the SHS
with equal wall thickness begins to show a negative stiffness when the applied load reaches its critical value of
187 kN while the SHS with unequal wall thickness undergoes local buckling with the critical load of 148 kN.
This implies that the SHS with equal wall thickness sustains a 26.35% larger load prior to local buckling
compared to the SHS with non-uniform wall segment thickness. Furthermore, the SHS with equal wall thickness
offers a higher buckling load than the SHS with unequal wall thickness by 16% at the highest web opening
diameter of 34.6 mm (d/w=0.9) taken into account in the present study. At this web opening diameter, the critical
local buckling load of the SHS possessing the same wall thickness has been found to be 159 kN whereas it has
been attained to be 137 kN. From the findings of the quantitative assessment, it has been drawn that the critical
local buckling load of the SHS with unequal wall segment thickness is impaired less by the presence of circular

web openings in comparison with the perforated SHS with equal wall segment thickness.

As a conclusion, the finite element results presenting the effect of perforations on the local buckling behavior of
the SHS with non-uniform thickness have been made available to practical engineering for use in actual design

applications.
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Zemin stabilizasyonu

Geri doniigiim
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Biyokomdir

Yiiksek plastisiteli zeminlerde diisiik tagima giicine bagli meydana gelen diizensiz oturmalar ve kaymalar
sonucu deformasyonlar olusmaktadir. Bu tir zeminleri guglendirmek igin en sik kullanilan metot, zeminin
¢imento veya kire¢ gibi geleneksel baglayicilarla stabilizasyonudur. Ancak bu malzemelerin iiretiminde
yiiksek oranda karbon salinimi ortaya ¢ikmakta, bu da karbon ayak izini artirmaktadir. Bu ¢alismada, diisiik
karbon ayak izi, ucuz ve surdirilebilir geri doniisiim malzemelerinden elde edilen katkinin, Karayollart
Teknik Sartnamesi(KTS) kriterlerine uymayan nitelikteki taban zeminlerinin gii¢lendirilmesindeki kullanim
potansiyelleri aragtirilmistir. Bu amagla, ¢ay fabrikasi atiklarinin piroliziyle elde edilen biyokdmiiriin ugucu
kiil ile karistirilmastyla yeni katki malzemesi elde edilmistir. Farkli katki oranlar1 %35, %10, %15 su icerikleri
%15, %20, %25 ve kir surelerinin 0,14,28 giin stabilizasyon tizerindeki etkisini belirlemek igin Yiuzey Tepki
Yontemi(YTY) kullanilmigtir. Numuneler serbest basing mukavemeti(UCS) deneyine tabi tutulmustur.
Sonuglara gore stabilize edilmis numunelerin, saf zemin numunelere gére UCS degerinde %51-163 arasinda
artis sagladigi, matematiksel modele gore en iyi sonucun 14,5 giin kiir siiresi %11,5 katki %23,6 su
icerigindeki karigimla saglanabilecegi belirlenmistir. Ayrica Atterberg Limitleri deney sonuglarinda saf
zeminin KTS degerlerini saglamadigi ancak katkili numunelerin bu limitleri de sagladigi goriilmiistiir.
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Unsteady settlements and shear deformations occur particularly on high-plasticity soils, resulting from low
bearing capacity. The most common method for treatment of such soils is stabilization with traditional binders
like cement or lime. However, the production of these materials contributes significantly to carbon emissions,
thereby increasing the carbon footprint. This study explores the potential use of a low-carbon, low-cost, and
sustainable additive derived from recycled materials in the treatment of the subgrade that does not meet the
criteria of the Highway Technical Specification (HTS). In this study, a new additive was obtained by mixing
biochar derived from pyrolysis of tea factory waste with fly ash. Different additive ratios of 5%, 10%, 15%,
water contents of 15%, 20%, 25%, and curing periods of 0, 14, 28 days were investigated using Response
Surface Methodology (RSM) to determine their effects on stabilization. The samples were subjected to
Unconfined Compressive Strength (UCS) tests. According to the results, stabilized samples showed an
increase in UCS values ranging from 51% to 163% compared to natural soil samples. For the mathematical
model, the optimal result was achieved with a curing period of 14.5 days, 11.5% additive ratios, and 23.6%
water content. Additionally, Atterberg Limits test results indicated that the natural soil did not meet the HTS
criteria, whereas the additive- stabilized samples met these limits.
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I. GIRiS

Yiiksek plastisiteli ince taneli zeminlerde sisme potansiyellerinin bulunmasi ve yiizeye yakin tagima giiciiniin
diisiik olusu o bolgede yapilacak insaat miithendisligi projeleri igin biiyiik risk olusturmaktadir. Bu riski ortadan
kaldirmak i¢in geoteknik miihendisleri problemli zeminlerin degistirilmesi, problemli alana drenaj, kompaksiyon
uygulanmasi, problemli zeminin kimyasal katkilarla iyilestirilmesi, enjeksiyon ve jetgrout uygulanmasi gibi bircok
yontem gelistirmistir. Bunlar arasinda katkili stabilizasyon en yaygin olarak kullanilan yontem olup zemine
polimer, kireg, ¢imento gibi endiistriyel iiriinler katilarak iyilestirme yapilir. Ote yandan arastirmalar endiistriyel
yan tiriinlerin ve atiklarin da zemin stabilizasyonunda kullanilabilecegini gostermistir. Zeminlerin kimyasal
stabilizasyonu i¢in doniistiiriilmiis malzemeler veya pargalanmis kauguk, atik mermer tozu, ugucu kiil, yiiksek firin

clirufu vb. gibi ¢ok ¢esitli malzemeler kullanilir [1, 2].

Yapu tiirii olarak karayollarinda da zemin ile ilgili problemlerde, birkag alternatifte ¢6ziim 6nerisi bulunmaktadir.
Ozellikle zayif zeminin bulundugu bdlge derin ve uzun degilse degistirilmesi yerine kirma tas ile yiiksek tasima
glicline sahip malzemeler yerlestirilmesi bir alternatiftir. Ancak kilometrelerce yol boyunca uygulanmasinin
maliyetli olmasi ve inga etmenin zorluklar1 nedeniyle tercih edilirken degerlendirilir [3]. Tkinci alternatif ise kireg
veya cimento ile karistirilarak, zeminin tagima giicii kapasitenin esdeger dingil yiikii tekerriir sayisina gore
artirllmasidir. Bu alternatif olduk¢a fazla uygulanan bir metottur. Ancak gerek ¢imentonun gerekse kireg
iretiminde karbon saliniminin yiiksek olmast diinyanin gelecegi i¢in endise verici bir durum olusturmaktadir.
Karbonun atmosfere salinmasi sonucu, atmosferde birikmesi anlamima gelen karbon emisyonunun %10’luk
kismmin ¢imento ve %?2’lik kismmin ise kire¢ iiretimi sirasinda ortaya ¢iktigi tahmin edilmektedir. Yapilan
calismalar 1 ton Portland ¢imentosunun iiretimi icin yaklasik olarak 1 ton CO? atmosfere salmdigm
gOstermektedir [4, 5]. Ayrica enerji krizleri nedeniyle yiiksek sicakliklarda iiretilen ¢gimento ve kirecin maliyetleri
de artmaktadir. Bu noktada alternatif baglayici malzemelerin gelistirilmesi ve gelistirilecek malzemelerin 6zellikle
gevre dostu siirdiiriilebilir olmasi ile ilgili calismalar son yillarda 6nemli bir aragtirma konusu haline gelmistir [6,
7]. Geopolimerler bunlardan bir tanesidir ve tizerinde aragtirmalar siirmektedir. Bu aragtirmalardan bazilarinda
geopolimerlerin kisa siirede yiiksek dayanima ulagtigi, gegirimliliginin diisiik oldugu, yiiksek kimyasal ve yangin
direnci gibi olumlu &zellikleri oldugu tespit edilmistir [8, 9]. Geopolimer olusturabilecek malzeme ¢esitliligi
oldukgea fazladir. Bu noktada kullanilacak yapi tipine gore segilmesinin yan sira miimkiinse diisiik maliyetli, cevre
dostu, istenilen dayanim ve dayaniklilik kriterlerini saglayabilir ve imalat sirasinda kolay ulasilabilir geopolimerler

gelistirilmelidir.

Geopolimerler alkali hidroksit ya da silikat soliisyonunun, aliiminosilikat ile tepkimeye girerek polimer yapisi
olusturmasiyla elde edilmektedir [10]. Aliiminosilikat kaynagi olarak ugucu kiil, yiiksek firmn ciirufu ve kaolinit
gibi malzemeler kullanilmaktadir [11]. Yapilan ¢aligmalar kimyasal aktivator olarak en iyi sonuglarin Na,SiOz ve
NaOH c¢ozeltilerinden elde edildigi belirlenmistir [12]. Ancak bu ¢6zeltilerin gesitli alternatifleri de bulunmaktadir.
Bu calisma kapsaminda organik kdkenli malzemelerin termokimyasal doniisiimii sonucu elde edilen piroliz

malzemelerin alkali aktivatorii olarak kullanilmasi arastirilmistir.

Piroliz, organik malzemelerin, oksijensiz hale getirilmis ortamda yiiksek sicakliga (500-1000 °C) maruz
birakilmasiyla termal olarak organik yapisinin bozulmasidir. Oksijensiz ortamda belirli basing ve sicakliga maruz
birakilan organik kokenli atiklardan bozulma siireglerine bagli olarak farkl: {irlinler ortaya ¢ikmaktadir. Bu iiriinler;

gaz, pirolitik yag ve biyokomurdur [13, 14]. Bitkisel kokenli malzemelerin piroliz edilmesiyle elde edilen
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hammaddeler oldukga genis alanlarda kullanilmaktadir [15, 16]. Piroliz islemi sonucu elde edilen bir iiriin olan
biyokomiiriin alkali aktivatorii olarak yiiksek firmn clirufu veya ugucu kiil gibi puzolanik 6zellik gosteren atik

malzemelere katilmasi bu malzemelerin baglayicilik 6zelligini arttirmaktadir [17].

Piroliz ile elde edilen malzemenin alkali aktivatorii olarak kullanilmasi ile ilgili literatiirde su caligmalara
ulagilmistir; Gegkil vd. [18], lastik atiklarinin graniil halde piroliz edilmesinden elde edilen biyokomiirii belirli
oranlarla zemine katmis ve zeminde mukavemet degerlerinin degisimini incelemistir, elde edilen bulgulara gore
en iyi sonucu biyokdmiiriin kiitlece %10 katildig1 numunede elde etmislerdir. Ayn1 ¢aligmada 1 ve 7 giinlilk CBR
degerleri incelendiginde arastirmacilar CBR sonuglarina gore iistyap1 maliyetlerindeki sirastyla %5,13 ve %14,37
oraninda azaldigini tespit etmislerdir. Basha vd. [19], yaptiklar1 ¢aligmada, piring kabugundan piroliz ile elde
edilen biyokdmiir ile ¢imentoyu belirli oranlarda karistirmis, elde edilen malzemenin (%4 ¢imento ve %5 piring
kabugu) CBR degerlerini %60 oraninda arttirdigini tespit etmistir. Yapilan bir bagka ¢aligmada aritma ¢amurundan
elde edilen biyokomiiriin, alkali aktivite saglayan ajan olarak kullanilmasi arastirilmistir [17]. Biyokdmiir ve kil
0,5/0,5 ve 0,67/0,33 oranlarinda karigtirilmis, elde edilen bu yeni malzeme stabilize edilecek zemine %7,5 ve %10
oraninda katilmis ve 56 giin boyunca kiir almasi beklenmistir. Elde edilen kiir numuneleri ¢gimento ile karistirilmig
ve referans numuneler ile karsilagtirtlmistir. Numunelere optimum su igerigi tayini, pH, mikro ve makro yapi
analizi, mineraloji ve basing dayanimu testleri uygulanmistir. Sonuglar incelendiginde atik gamur biyokémiiriiniin
iyi bir alkali aktivatorii oldugu, 28 glnlik dayanimlarda Avrupa standardini yakaladigi ve 6zellikle %10 dozajda
0,67/0,33 oranl karigimin 1243 kPa iizeri basing dayanimlarina ulastig tespit edilmistir [17]. Wang vd. [15],
yaptiklar1 ¢aligmada ise ¢imentolu kompozitlere ilave edilen biyokdmiirlerin nem ve CO? kir{i sayesinde, ek
¢imento hidratlarin1 olusturdugu goriilmiistiir. Spesifik olarak, agirlikga %1 biyokdmiir ilavesi, ¢imentolu
kompozitlerde basing dayanimini %8,9 arttirmistir. Bununla birlikte, agirlik¢a %5 ve daha fazla biyokomiiriin
eklenmesi, biyokémuriin gézenekli ve kirllgan yapisindan dolay1 basimg dayanimini diisiirmiistiir 6te yandan CO?

kiirii ise bu olumsuz etkiyi azaltmistir.

Bu ¢aligmada ise, ¢evre dostu malzeme kullanimi hakkinda aragtirma yapilmis ve iki temel problem iizerinde ortak
¢ozliim elde edilmesi amaglanmistir. Buna gore, birinci problem olarak cay bitkisinin lif ve saplarindan olusan
atiklar1 ile Yalova ilinde bulunan Aksa Akrilik fabrikasindan ¢ikan ugucu kiil malzemelerinin depolanmasi
belirlenmis, bertaraf edebilmek igin siirdiiriilebilirlik ilkesi geregi tekrar kullanimi saglanmaya caligtlmgtir. Ikinci
problem ise ¢cimento kire¢ gibi malzemelerin zemin stabilizasyonunda siklikla kullanilmasi ve bu malzemelerin
liretiminde yiiksek karbon saliniminin ortaya ¢ikmasi sebebiyle karbon ayak izinin artmasidir. Bunun yerine ikame
ham maddeler kullanilmasinin karayolu zeminlerin tasima giictinii artirilmasinda yeterli teknik 6zelliklere sahip
olup olmayacagi arastirilmistir. Buna gore ¢aligmada pirolize edilmis ¢ay lifi atiklarinin ugucu kiilii aktive ederek
elde edilecek baglayicinin yiiksek plastisiteli killi zeminlerde stabilizasyon etkisi arastirilmasi amaglanmusgtir.
Arastirma karakterizasyon ve serbest basing mukavemetlerinin optimizasyonunun bir cevap yiizeyi yontemi

(CYY) olan Box-Behnken tasarim ile belirlenmesi seklinde iki agamadan olugsmaktadir.

Calismada oncelikle Yalova ilinde bulunan yiiksek plastisiteli kil 6zelligi gosterilen bolgelerden numuneler
alinmigtir. Alman numuneler karayolu olarak kullanilan veya kullanilacak bélgelerden secilmistir. Oncelikle
araziden getirilen dogal zeminin geoteknik 6zellikleri belirlenmis ardindan proktor deneyine gecilmistir. Proktor
deneyi once saf zemine uygulanmis ardindan ugucu kiil ve piroliz malzemesi belirli oranlarda eklenerek tekrar

edilmigtir. Buna gore malzeme degisimine gére en iyi sikisma sonuglarini veren optimum su seviyesi tespit
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edilmistir. Ardindan ¢aligmanin ikinci agamasina gec¢ilmistir. Bu asamada farkli degiskenlere sahip deney tasarimi
yapilmistir buna gore birinci degisken olarak 0-14-28 giin kiir siireleri segilmis, ikinci degisken olarak %5-10 ve
15 oranlarda katki malzemesi katilmasi belirlenmis son olarak da %15-20 ve 25 su muhtevalarina sahip tiglincii
degisken belirlenmistir. Bu degiskenlere gore deney prosediirii matematiksel modele dokiilmiis uygulanmistir.
Standart 6zelliklere sahip kaliplarda iiretilen numuneler serbest basing deneyine tabi tutulmus ve elde edilen

sonuglar iizerinden optimum tasarim kriterleri belirlenmistir.

Il. DENEYSEL METOT

Calismanin yontemi iki kisimdan olusmaktadir. Birinci kisminda Yalova ilinde bulunan sehir merkezine yakin ve
ileride karayolu iistyapist yapilacak kil malzemenin agirlikli oldugu ham yol tespit edilmigtir. Tespit edilen ham
yoldan malzeme tedarik edilmis ve ncelikle bu malzemenin karakterizasyonu yapilmistir. ikinci asamada ise
karakterizasyonu yapilan killi malzemenin igerisine %67-%33 oranlarinda piroliz malzemesi ve ugucu kiil
eklenerek, dayanim ozellikleri serbest basing deneyi ile tespit edilmistir. Ikinci asamada optimum deney
parametrelerini belirlemek amaciyla. Design Expert 11.0.5.0 yazilimi ile {ic deneysel faktoriin (su igerigi, kiir
stiresi ve katki orani (ugucu kiil/piroliz malzemesi)) serbest basing iizerindeki etkilerini belirlemek i¢in bir cevap

yuzeyi yontemi (CYY) olan Box-Behnken dizayn kullanilmistir (Stat-Ease, Inc., ABD).

Bu ¢alismada Box-Behnken tasarim yontemi ile serbest basing denemeleri temsilen yapilmasi gereken deney sayisi
3 parametre ve 3 seviyeli bir deney tasarimi i¢in 17 olarak belirlenmis olup bu on yedi deneyin 5 tanesi her bir
seviyenin merkez noktasinda tekrar denemeler seklinde yapilmistir. Box-Behnken deneysel tasarim ydntemi igin
kullanilan parametreler (bagimsiz degiskenler), bu parametrelerin kodlanmis ve gercek seviyeleri, Tablo 1’de
verilmistir. Denemelerde kullanilan bagimsiz degiskenler sirasiyla su icerigi (%), Kiir siiresi (giin) ve Katki

oranidir. Katk1 malzemesinde piroliz edilmis ¢ay ¢opii %67 oraninda ugucu kiil ise %33 oraninda katilmistir [17].

Tablo 1. Box-Bhenken Deneysel Tasarim yontemi icin kullanilan parametreler

Bagimsiz Degiskenler Sembol Seviyeler

-1 0 1
Su igerigi (W%) A 15 20 25
Kiir stiresi (gun) B 0 14 28
Katki Oran1 (W%) C 5 10 15

2.1 Malzeme temini ve dzellikleri

Numuneler Sekil 1(a) kisminda goriilen ham yoldan temin edilmistir. Sehir merkezine Sekil 1(b) kisminda
goriildiigi gibi sehir merkezine oldukga yakin bir bolgedeki bu ham yol gozlemsel incelemeler neticesinde yogun
kil tabakasina sahip oldugu tespit edildiginden tercih edilmistir. Bélgede yapilagsma hizla artmakta olup yakin
¢evresinde tamamlamis miistakil konutlar da bulunmaktadir. Bu durumda yakinda bu ham yolun tasima giicii

artirtlip lizerine kaplama yapilmas1 muhtemeldir.
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Zemin stabilizasyonunda biyokémiir

Sekil 1. (a) Numune alinan ham yol, (b) Yalova merkezin ve numune alinan ham yolun Uydu goriintiisii (Google Maps)

Yalova ilinde faaliyet gosteren Aksa Akrilik sanayi tesisinde iiretim sirasinda ortaya ¢ikan ugucu kiil deneylerde

kullanilmak iizere firmadan temin edilmistir.

Numune alinan ham yolun yakininda bulunan Sekil 1°de beyaz renkli goriilen eve ait zemin etiit raporuna ulasiimisg
ve bu rapor incelendiginde asagida Sekil 2°de goriilen detaylar tespit edilmistir buna gére; Yapilan sondajlara gore
arazi zemin modeli ve yer alt1 suyu durumlarina bakildig1 zaman yiizde 5-15 egime sahip arazide 2 ayri tabaka
goriilmektedir. 1. Tabaka ortalama kalinligi 7 metre olan sert kivamliliga sahip yuksek plastisiteli kilden

(Yalakdere formasyonu) olugsmaktadir. 2. Tabaka 6-9 metre araliinda baglayip 16 metre derinlige kadar devam

eden sert kilden (Yalakdere formasyonu) olugsmaktadir [20].
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Sekil 2. Numune alinan ham yolun yanindaki parsele ait zemin etiidii sonucu
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da elek analiz ve hidrometre deneyi uygulanmis boylelikle zeminin graniilometrisi gikartilmistir.
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Sekil 3. Zeminin graniilometrisi ¢gikartilma iglemleri

Zeminin smifinin belirlenebilmesi igin Sekil 4’te gorulen Atterberg Limit deneyleri araziden ham yoldan temin
edilen killi zemine uygulanmistir. Ayrica Atterberg Limit deneyi %10 olarak katki malzemesinin katilmasina gore

tekrar edilmistir. %10 katki malzemesi de kendi i¢inde Tablo 2’de goriildiigii gibi 3 farkli oranda uygulanmustir.

Tablo 2. Atterberg Limiti deneylerinin uygulandig: karigim icerikleri

Deney numunelerinin karisim oranlari Simge
%100 zemin 7

%90 zemin ve %10 katki (%33 biyokomiirt%67 ugucu kiil) z-BK33
%90 zemin ve %10 katki (%50 biyokomiir+%350 ugucu kiil) z-BK50
%90 zemin ve %10 katki (%67 biyokomiir+%33 ucucu kiil) z-BK67

Sekil 4. Zeminin smifinin belirlenmesi i¢in uygulanan atterberg limit deneyleri (a) likit limit (b) plastik limit

Malzeme 6zelliklerinin belirlenmesi amagli son deney olarak Sekil 5°te goriilen proktor deneyi uygulanmistir.
Proktor deneyi sadece saf zemine degil, zemine katilacak olan ugucu kiil ve piroliz malzemesi katkilarina gore de
tekrar edilmistir. Tablo 3’te goriilldigi gibi saf zemin diginda 3 farkli oranda da katki malzemesi katilmasinin

optimum sikismay1 verecek su muhtevasiin ne kadar degistirecegi takip edilmistir.
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Tablo 3. Proktor Deneyinin yapildig: numunelerin icerikleri

Deneye tabi tutulan Karisim Ucucu kil Piroliz
1600 gr. Saf Zemin 0 0

1440 gr Saf Zemin 160 gr Katk: %50 %50
1440 gr Saf Zemin 160 gr Katki %33 %67
1440 gr Saf Zemin 160 gr Katk: %67 %33

Sekil 5. Proktor deneyi uygulamasi

2.2 Serbest Basing Deneyi

Yapilan c¢alismalarda ikinci kismi serbest basing deneyi olusturmaktadir. Daha onceki ¢alismalarda saf zemin
yapilan katki oranlarinda %67 piroliz edilmis organik malzeme, %33 ugucu kiil oranmin iyi sonug verdigi tespit
edilmigtir [17]. Bu nedenle bu oran sabit tutulmus ancak katki oran1 %5,10 ve 15 olacak sekilde 3 farkli oranda
eklenmistir. Su muhtevasi da degisken tutulmus %15,20 ve 25 oranlarinda katilarak deneyler uygulanmistir. Su
muhtevasinin degistirilmesindeki ana hedef proktor sonuglar ile kiir siiresi nedeniyle su muhtevasinda ayrica
ihtiya¢c gerekip gerekmeyecegi bilgisine ulasilmasidir. Son olarak kiir siirelerinin dayanima etkisinin de
belirlenebilmesi igin 0,14 ve 28 giin igin farkli deneyler yapilmistir. Deney setlerinde her bir set igin 3’er numune
retilmigtir. Deneyde matematiksel model kullanilarak deney set adetleri azaltilmigtir. Buna gére Tablo 8’de
verilmig deney setleri uygulanmistir. Her bir numune mekanik karigtiricida yaklagik 10 dakika karigtirildiktan
sonra sikistirmaya tabi tutulmustur. Numuneler i¢ ¢ap1 50mm yiiksekligi 100 mm olan yarilabilir ¢elik kalip
icerisine 3 tabaka halinde yerlestirilerek sikistirilmistir. Sekil 6’da goriilen aparat ve standart Proktor tokmag ile
her bir tabakaya 6 vurus yapilarak standart Proktor enerjisi olan 600 kNm/m* enerji uygulanarak mekanik
sikistirma yapilmustir [21]. Sikigtirma islemi tamamlandiktan sonra numunelerin alt ve st yiizeyleri diizgiin bir
sekilde kesilerek deneylere hazir hale getirilmistir. Numuneler stre¢ film ile sarildiktan sonra desikatore
yerlestirilerek yaklasik %95 nem ve 23 °C (2 °C) ortaminda kiir siireleri bekletilmistir. Kiir siiresi bitirilen
numunelerin tamam serbest basing deneyine (UCS), ASTM-D2166-66'ya (ASTM, 2007) uygun olarak, tabi
tutulmustur [22]. Serbest basing deneylerinde eksenel yiikleme hizi 1mm/dakika olarak uygulanmis olup,
numunelerde gogme oluguncaya veya maksimum %20 eksenel deformasyon gergeklesene kadar yiikleme devam
ettirilmistir. Sekil 7a, b ve c’de sirasiyla numunelerin kiirlenmesi, serbest basing deney aleti ve numunelerin deney

sonrasi1 goriintiileri sirastyla gortilmektedir.
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Sekil 7. Serbest Basing Deneyleri, (a) serbest basing deney aleti, (b) numunelere uygulanan desikator kird, (¢) deney sonrast numuneleri

gorinimu

11l. BULGULAR VE TARTISMA

Yapilan calismalar sonucu elde edilen sonuglar asagida verilmistir. Buna gore 6nce zeminin tanimlanmasi ve
optimum su muhtevasi bilgisi i¢in proktor deneylerinin sonucu ardindan da ideal karigim kiir ve su oranlarinin

belirlenebilmesi igin serbest basing deneyinin sonucu verilmistir.

3.1 Zemin sinifinin belirlenmesi

Laboratuvara getirilen dogal zemin numunesi lizerinde yapilan elek ve 1slak analiz sonucu elde edilen graniilometri
egrisi Sekil 8’de verilmistir. Ayrica Tablo 4’te saf zeminin fiziksel 6zelliklerini ve kivam limit degerleri de

verilmistir.
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Sekil 8. Zeminin granulometrik dagilimi

Saf zemin ve %10 katki i¢erigine sahip numuneler iizerinde yapilan Atterberg limiti deney sonuglar1 Sekil 9’da
verilmistir. Ayrica karsilastirma yapilabilmesi i¢in Karayollar1 Teknik Sartnamesinde (KTS) dolgu malzemeleri

i¢in belirlenmis standart 6zellikleri de Tablo 5’te verilmistir [23].

Tablo 4. Kullanilan zemin numunesinin fiziksel ézellikleri
Ozgiil Agirlik (Gs) 2,84
Likit Limit (LL), % 71,0
Plastik Limit (PL), % 33,0
Plastisite Indeksi (PI), % 38,1
Zemin Sinifi (USCS) CH
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Sekil 9. Kivam limiti sonuglar1 ve sartname limitleri ile kiyaslamal gosterimi

362



Zemin stabilizasyonunda biyokémr J. Innovative Eng. Nat. Sci., c. 4, s. 2, 55.354-371, 2024.

Tablo 5. KTS dolgu malzemesi 6zellikleri

Deney Sartname Limiti
Likit Limit (LL), % <60

Plastisite Indeksi (PT), % <35

Maksimum Kuru Yogunluk (Standart Proktor) > 1,450 t/m3

Sonuglar incelendiginde saf zeminin likit limit degerinin ¢ok yliksek oldugu, zira kilin su emme kapasitesiyle
dogru orantili bu degerin yiiksek ¢iktig1 hem likit limit hem de plastisite indeksinin teknik sartnamelerdeki
degerlerden yiiksek oldugu tespit edilmistir. Dogal veya stabilize edilmis bir zeminin plastisite indeksinin yiiksek
olmasi zeminin su tutma kapasitesinin artmast anlamina gelmektedir. Bu durumda biinyesinde fazla miktarda su
bulunduran zeminin tagima giicii parametreleri olan kohezyon ve igsel siirtiinme agisinin azalmasina ayrica
disaridan gelebilecek yiiklere kars1 direncin azalmasina sebep olmaktadir. Dolayisiyla yiiksek plastisiteli zeminler
karayolu altinda hem yiiksek deformasyon potansiyeli hem de diisiik tasima giicii sahip olmaktadir. Ote yandan
katk: katilmasiyla likit limit degerlerinde diisme oldugu, KTS’de 6ngoriilen degerler seviyesine geldigi, plastisite
indisinin de standardi saglar hale geldigi goriilmistiir. Bu sekilde stabilizasyonu yapilan karayolu altindaki
tabakalarm KTS’ye gore kivam limitlerini sagladig1 ve kullanilabilir oldugu tespit edilmistir. KTS kivam limiti
standartlar1 agisindan degerlendirildiginde, kullanilan katki malzemelerinin, yiiksek plastisiteli kili KTS’de

belirtilen seviyelere getirebildigi goriilmiistiir.

Proktor deneyleri sonucu saf ve katkili numunelerin optimum su muhtevasi ve kuru birim hacim agirlik degerleri

Tablo 6 ve Sekil 10’da verilmistir.

Tablo 6. Proktor deneyi sonuglari

Deneye tabi tutulan Karisim Optimum Su muhtevasi vk (KN/m3)
Saf Zemin % 19,53 14,7
%90 Kil %10 Katki (%50 Piroliz %50 Ugucu Kiil) % 20,20 14,12
%90 Kil %10 Katki (%67 Piroliz %33 Ugucu Kiil) %24,94 13,10
%90 Kil %10 Katki (%33 Piroliz %67 Ugucu Kiil) %23,22 13,25
14.8 Veor =14,7 kKN/m?
14.6
14.4
142 Vazsxso =14, 1 KN/m?
~ u '
i
=138
é 13.6
=l
134
Var-aaz 13,25 kN/m?
13.2
13 =13,1 kN/m?
Voz-ere7 =19, /m
12.8
12.6
12 14 16 18 20 22 24 26 28 30 32
w (%)

Sekil 10. Saf zemin ve katkil1 zemine ait proktor deneyi sonuglari
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Katki igeriginin artigina bagli olarak optimum su igeriklerinin artt1ig1 maksimum kuru yogunluklarimin da azaldig:

anlagilmaktadir.

3.2 Zemin stabilizasyonu igin serbest basing denemeleri

Serbest basing deneyleri 6ncelikle saf zeminde uygulanmis boylelikle su i¢eriginin degisimi Tablo 7°de verilmistir.

Tablo 7. Saf zeminde yapilan ve su iceriginin degisken oldugu Serbest basing deneyi sonuclari

Su icerigi UCS degeri
(%) (kPa)
15 2745
20 2674
25 177,26

Zemin stabilizasyonu i¢in ger¢eklestirilen deney plani kapsaminda farkli su igerigi, kiir siiresi ve katki oranlarinda
17 deneme yapilarak her bir deneme sonucunda elde edilen numuneye serbest basing deneyi yapilmistir. Serbest
basing denemeleri igin kullanilan deney plan1 ve yapilan denemeler sonucunda elde edilen verilerin deneysel

degerleri ve Design Expert programi ile hesaplanan degerleri Tablo 8’de verilmistir.

Tablo 8. Zemin stabilizasyonu i¢in serbest basing deney icin deney plani ve deneme verileri

Degiskenlerin Kodlanmis Degerleri Degiskenlerin Gercek Degerleri Cevap
Su Kar Katki Serbest Basing Serbest Basing
Deney No A B C icerigi, A siiresi, B Oram Deneysel Hesaplanan

(W%) (guin) (W%), C (KN/m?) (KN/m?)
1 -1 -1 0 15 0 10 330,27 328,34
2 +1 -1 0 25 0 10 288,21 291,16
3 -1 +1 0 15 28 10 338,09 335,14
4 +1 +1 0 25 28 10 460,33 462,26
5 -1 0 -1 15 14 5 384,43 388,93
6 +1 0 -1 25 14 5 432,28 431,90
7 -1 0 +1 15 14 15 414,53 414,91
8 +1 0 +1 25 14 15 466,37 461,87
9 0 -1 -1 20 0 5 292,23 289,66
10 0 +1 -1 20 28 5 379,89 378,34
11 0 -1 +1 20 0 15 315,8 317,35
12 0 +1 +1 20 28 15 404,02 406,59
13 0 0 0 20 14 10 465,81 469,55
14 0 0 0 20 14 10 472,15 469,55
15 0 0 0 20 14 10 470,71 469,55
16 0 0 0 20 14 10 469,77 469,55
17 0 0 0 20 14 10 469,29 469,55

Yapilan denemeler sonucunda serbest basing degerlerinin 288,21 kN/m? ve 472,15 kN/m? arasinda degistigi
belirlenmistir. Tablo 8’de verilmis olan verilerden de agikga goriildiigii gibi en diisiik serbest basing degerine
(288,21 kN/m?) 2 numarali deneme sonucunda yani %25 su igerigi, O giin kiir siiresi ve w%10 katki oram
kullanilmas1 durumunda ulagilmistir. Bunun yani sira en yiiksek serbest basing degerine (472,15 kN/m?) 14
numarali deneme sonucunda yani %20 su igerigi, 14 giin kiir siiresi ve w %10 katk1 orani kullanilmas1 durumunda
ulasilmistir. Genellikle stabilizasyon ¢aligmalarin kiir siiresinin artigina bagli olarak serbest basing mukavemetin
de artmasi beklenilir ancak ¢alismada ugucu kiilii aktive etmesi igin kullanilan piroliz malzemesinin organik

kokenli olmasi ve kiir ortaminda numune yiizeylerinde olusan kiiflerin etkisiyle 28 giinliik numunelerde serbest
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basing mukavemetlerinin 14 giinliiklerden diisiik ¢iktig1 goriilmiistiir. Ayrica kiir sirasinda olusan tepkimelerin 14.

giine kadar siirdiigii ardindan daha eksenel bir davranig gosterdigi, diigmedigi ancak artmadigi da tespit edilmistir.

3.3 Serbest basing denemeleri igin regrasyon analizi ve model denklikleri

Regrasyon analizi bagimsiz degiskenler (su igerigi, kiir siiresi, katk1 orani) ve cevaplar (serbest basing) arasindaki
iligkiyi belirlemek i¢in yapilmistir. Regresyon analizinde, lineer, kuadratik, kiibik, logaritmik ve ters regresyon,
modelleri karsilagtirmali olarak incelenmistir. Bu modellerin uyumu, uyum eksikligi testi (lack of fit), diizeltilmis
R-kare ve tahmini R-kare degerleri gibi li¢ faktoriin sayisal degeri ile belirlenmistir. Her bir cevap i¢in Lineer,
kuadratik, kubik, logaritmik ve ters regresyon modelleri i¢in yapilan model uygunluk testi Tablo 9’da verilmistir.
Serbest basing analizi i¢in model belirleme analizine gore, lack of fit degerinin uyumsuz olmasindan, diizeltilmis
R-kare ve tahmini R-kare degerlerinin yiiksek olmasindan ve ayni zamanda bu iki R-kare degerinin makul dlgiide
birbirine yakin olmasindan dolay1 kuadratik (2. derece) modelin uygun oldugu sonucuna ulagilmistir. Diizeltilmis
R-kare ve tahmin edilen R-kare degeri arasindaki farkin 0,2’den az olmasi makul yakinlik i¢in kabul edilen
degerdir ve Tablo 9’da da agikca goriildiigii gibi bu iki degerin her bir cevap i¢in en yiiksek ve birbirine en yakin
oldugu deger kuadratik modeldir. Bu modele gore serbest basing denemeleri iizerinde ana parametrelerin yani sira

ana parametrelerin sinerjik etkisinin 6nemli 6l¢tide etkili oldugu sonucuna ulagilmstir.

Tablo 9. Serbest basi¢ mukameti i¢in model uygunluk testi

Kaynak Slr?h . Uyumsvuzl.u K R2 Diizeltilmis R* Tahmini R? Remarks
p-degeri p-degeri
Serbest basing kN/m?
Lineer 0,2022 <0,0001 0,2901 0,1263 -0,1984
2FI 0,6954 <0,0001 0,3815 0,0104 -0,9820
Kuadratik <0,0001 0,0765 0,9986 0,9967 0,9814 Onerilen
Kiibik 0,0765 - 0,9997 0,9988 -

Serbest basing mukavemeti (UCS) cevaplarini tahmin etmek i¢in kuadratik modele ait kodlanmis degisken ve
gercek degisken degerleri kullanilarak elde edilen regrasyon denklemleri Denklem (1) ve (2)’de verilmistir. Her
bir cevabin teorik degerleri (tahmin edilen deger veya model denklemleri kullanilarak matematiksel olarak

hesaplanan cevap degeri) bu model denklemleri kullanilarak tahmin edilebilmektedir.

Kodlanmis degiskenlere gore model denklem;
UCS=+469,55+22,48A+44,48B+13,99C+41,08AB+0,9975AC

+0,1400BC-19,45A"2-95,87B"2+25,69C"2 (1)

Gergek degiskenlere gére model denklem;

UCS=-30,143+27,006A+5,117B+22,525C+0,587AB+0,04AC

+0,002BC-0,778A"2-0,489B"2-1,028C"2 (2)
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Denklem (1) ve (2)’de A, B ve C su igerigini (%), kiir siiresini (giin), katk1 oranin1 (%) temsil etmektedir. AB, AC
ve BC gibi denklem terimleri iki bagimsiz degiskenin etkilesimini sembolize etmektedir, 6rnegin AB, su igerigi
ve kiir siiresinin etkilesimini ifade etmektedir. Diger denklem terimleri, A2, B2 ve C2 bagimsiz degiskenlerin kare
etkisini sembolize etmektedir. Parametre katsayilarmin negatif isareti bagimsiz degiskenlerdeki artisla cevapta
azalma oldugunu, pozitif isareti ise bagimsiz degiskenlerdeki artigla cevapta artma oldugunu gostermektedir.
Denklem (1) ve (2)’den acgikca goriilebilecegi gibi, serbest basing iizerine sadece bagimsiz degiskenlerin degil,
bagimsiz degiskenlerin hem etkilesimleri hem de kareleri 6nemli bir etkiye sahiptirler. Sekil 11, cevabin deneysel
(gercek) ve tahmin edilen degerlerini gostermektedir. Serbest basing mukavemeti i¢in cevabin gergek ve tahmin
edilen degerleri birbirine ¢ok yakindir. Bu sonug, yanitlarin gercek ve tahmin edilen degeri arasinda giiclii bir iliski

oldugunu desteklemektedir ve belirlenen modellin dogrulugunu giiglendirmektedir.

)
/m*

500

450 —

400

350

300

250

T I I I I I
250 300 350 400 450 500

Tahmin Edilen (Hesaplanan) Serbest Basmg Degeri kN,

Gergek (deneysel) Serbest Basmg Degeri kN/m?

Sekil 11. Tahmin edilen ve gercek serbest basing mukavemeti verileri

Serbest Basing Mukavemetinin Anova Analizi:

Olasilik degerine (p-degeri) ve Fischer test degerine (F-degeri) dayali model denklemleri igin gelistirilen varyans
analizi (ANOVA) genellikle deneysel sonuglari daha iyi tanimlamak i¢in kullanilan bir yontemdir. ANOVA
analizinde, yiiksek F degerine ve diisiik p degerine sahip bir modelin anlamli oldugu kabul edilirken, en diisiik p
degeri regresyon denklemindeki en etkili parametreyi gostermektedir. Bu c¢aligmada, cevap ile bagimsiz
degiskenler arasindaki iliskinin arastirilmasi amaciyla Box-Bhenken tasarim yontemi ile kuadratik model igin
ANOVA gergeklestirilmistir. Serbest basing mukavemet verileri igin ANOVA sonucu Tablo 10’da 6zetlenmistir.
ANOVA tablosundan agik¢a goriilebilecegi gibi, modelin p-degeri 0,0001'den kiigiiktiir ve bu nedenle diisiik p
degeri modelin anlamli oldugunu gostermektedir. Ayrica serbest basing i¢in modelin F-degeri, 542,21 olarak
hesaplanmugtir. Dahasi, serbest basing i¢in Tablo 9’da verilen modelin R-kare degeri 0,9986 olarak bulunmustur.
Serbest basing i¢in modeldeki ¢ok diisiik p degeri, nispeten yiiksek F degeri ve R-kare degeri, kuadratik modelin

anlamli oldugunu ve cevap ile bagimsiz degiskenler arasinda iyi bir iligki oldugunu gdéstermektedir.
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Tablo 10. Serbest Basing Mukavemeti igin ANOVA analizi

Kaynak Kareler Toplami df Ortalama Kare F-degeri p-degeri

Model 73783,87 9 8198,21 542,21 <0.0001 anlamli
A-su igerigi 4044,15 1 4044,15 267,47 <0.0001

B-kdr siresi 15825,98 1 15825,98 1046,70 <0.0001

C-katk1 orani 1564,92 1 1564,92 103,50 <0.0001

AB 6748,62 1 6748,62 446,34 <0.0001

AC 3,98 1 3,98 0,2632 0,6237

BC 0,0784 1 0,0784 0,0052 0,9446

A2 1593,14 1 1593,14 105,37 <0.0001

B2 38698,58 1 38698,58 2559,44 <0.0001

C2 2779,23 1 2779,23 183,81 <0.0001

Kalan 105,84 7 15,12

Lack of Fit 83,63 3 27,88 5,02 0,0765 anlamsiz
Saf Data 22,21 4 5,55

Kor Toplam 73889,71 16

Bagimsiz degiskenler ve cevap arasindaki iligskinin arastirildigit ANOVA analizine gore (Tablo 10), bagimsiz
degiskenler arasinda serbest basing mukavemeti i¢in en yiiksek F-degerine sahip olan degisken kiir siiresidir. Bu
durum serbest basing mukavemeti i¢in en etkili bagimsiz degiskenin kiir siiresi oldugunu gostermektedir. Bagimli
ve bagimsiz degiskenler agisindan bakildiginda en yiiksek F-degerine sahip parametrenin B2 yani kiir siiresinin
iissel degisimin sahip oldugu goriilmektedir ve bu B2’nin serbest basing iizerinde diger bagimsiz degiskenlerden

daha etkili oldugu sonucunu gostermektedir.

Bagimsiz Degiskenlerin Serbest Basing mukavemeti Uzerine Etkisi (3B) Grafikler:

Bagimsiz degiskenlerin serbest basing lizerindeki Sekil 12°de goriilebilecegi gibi etkisi Design Expert yazilimi ile
CYY kullanilarak 3 boyutlu yiizey grafikleri ile arastirilmistir. 3B grafiklerde, bir seferde cevap iizerine iki
bagimsiz degiskenin etkileri incelenmistir. Kalan bir parametre sabit tutulmustur ¢iinkii ikiden fazla parametrenin

etkisini ayni anda 3B grafiklerde gostermek miimkiin degildir.

Sekil 12 bagimsiz degiskenlerin serbest basing mukavemeti lizerinde sinerjik etkisi igin 3B cevap yiizeyi
grafiklerini ve her bir bagimsiz degiskenin serbest basing iizerinde tek tek etkisini gdsteren tek faktorlii grafiklerini
temsil etmektedir. Sekillerden serbest basing mukavemeti, su igerigi ve katki oranmin degismesiyle ciddi bir
farklilik gostermedigi gozlemlenmistir. Bununla birlikte serbest basincin kiir siiresinin degisiminden ciddi
miktarda etkilendigi, 16 giin kiir siiresinde maksimum degere ulastigi ve 16 giinden sonraki denemelerde ise diisiis
trendi gosterdigi belirlenmigtir. Sekil 12(a)’dan katki orant w%10’da sabit tutulup su iceriginin %15’ten %23’e
kiir siiresinin ise 0 giinden 16 giine ¢ikarilmasi durumunda maksimum serbest basing degerine ulasildigt ve bu
noktadaki serbest basincin yaklagik 484 kN/m? oldugu agikga goriilmektedir. Katki oran1 w%10°da sabit tutularak
kiir siiresi 0 giin ve su igerigi w%?24’te yapilan denemede ise minimum serbest basing degerine (yaklagik 288
kN/m?) ulasilmustir. Katki oran sabit tutularak yapilan denemelerde su igerigindeki %8’lik ve kiir siiresindeki 16
giinliik artig ile serbest basing degerinde yaklagik olarak %681k bir atig gdzlemlenmistir. Sekil 12(b) kir siresinin
14 giinde sabit tutulup diger iki bagimsiz degiskenin serbest basing iizerinde etkilerini temsil etmektedir. Sekilden
acikca goriildiigii gibi sabit kiir siiresinde en yiiksek serbest basing degerine (476,4 kN/m2), w%]11 katki oran1 ve

W%23 su icerigi kullanilmas1 durumunda, en diisiik serbest basing degerine (388,9 kN/m?) ise w%S5 katk1 oran1 ve
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w%15 su igerigi kullanilmasi durumunda ulasilmistir. Sabit kiir siiresinde serbest basing degerinde yaklagik
%22’lik bir artis tespit edilmistir. Sekil 12(c) sabit su igeriginde (w%20) kiir siiresinde ve katki oranindaki
degisimlerin serbest basing iizerindeki etkisini temsil etmektedir. w%20 su igeriginde en yiiksek serbest basing
degerine (472,5 kN/m?), yaklasik olarak 15 giin kiir siiresinde ve w%13 katki oraninda kullanilmasi durumunda,
en diisiik serbest basmg degerine ise (290 kN/m?), 0 giin kiir siiresine ve %35 katki oran1 kullanilmas1 durumunda
ulagilmistir. Sabit su igeriginde serbest basingtaki artis yaklasik olarak %62 olarak belirlenmistir. Sekil 12 (d), (e)
ve (f) kisimlarinda serbest basing mukavemeti degerlerinin degisiminin ayr1 degiskenlere gore degisimi verilmistir.

Bu grafiklerin ortak sonucu Tablo 11’de optimum sartlar olarak verilmistir.
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Sekil 12. Bagimsiz degiskenlerin serbest basing mukavemeti tizerine etkisini gosteren 3B grafikler

Optimum Sartlarin Belirlenmesi:

Tiim denesel veriler gbz oniinde bulundurularak zemin stabilizasyonu igin serbest basing degerini maksimum
yapacak optimumum proses parametrelerini belirlemek amaciyla su igerigi, kiir siiresi ve katki orani calisilan
aralikta tutularak Dizayn Expert 11 yazilimi kullanilarak optimizasyon gerceklestirilmistir. Optimizasyon
standartlar1 ve elde edilen optimum proses parametreleri Tablo 11°de verilmistir. Su igerigi, kiir siiresi ve katki
orant i¢in optimum proses degiskenlerinin sirastyla yaklasik olarak w %23,6, 14,5 glin ve w %]11,5 oldugu tespit
edilmis ve bu proses sartlarinda elde edilen serbest basing mukavemeti degerinin yaklasik olarak 480,4 kN/m?
oldugu model tarafindan tahmin edilmistir. Bu iglem kosullarinda Box-Bhenken tasarim i¢in Design Expert (DOE)
11.0.5.0 yazilimu (stat-Ease Inc., ABD) tarafindan hesaplanan arzu edilebilirligin 1 oldugu belirlenmistir.
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Tablo 11. Optimum proses sartlari

Optimizasyon Standartlar

isim Hedef En Diisiik Limit En Yiiksek Limit
A:Sulcerigi  Cahigma araliginda 15 25
B:Kiir Siiresi ~ Caligma araliginda 0 28
C:Katki Oran1  Caligma araliginda 5 15
Serbest Basing maximize 288,21 472,15
Optimum Sartlar
Su i¢erigi Kiir Siiresi Katki Maddesi Serbest Basing Arzu Edilirlik
(W9%) (gun) (W9%) (KN/m?)
23,6 14,5 115 480,4 1
IV. SONUCLAR

Dogal zeminin kivam limitleri incelendiginde karayolu teknik sartnamesinde istenilen sinir degerleri saglamadigi
ancak %10 katki eklendiginde sartname sinirlarinin saglandigi goriilmiistiir. Katki orani iceriginin ise %67 Piroliz
malzemesi %33 Ugucu kil olmast durumunda sartname sinir degerlerini en iyi ulasildigi kombinasyon olarak

belirlenmistir.

%10 katk1 orantyla yapilan proktor deney setleri incelendiginde, katki icerigindeki piroliz malzemesinin oraninin
artisina bagli olarak optimum su muhtevasimin yiikseldigi, maksimum kuru yogunluk degerinin ise azaldigi
gozlemlenmistir. Kullanilan piroliz malzemesinin diisiik tane yogunluga sahip olmasi nedeniyle kuru yogunlugun

azalmasina bosluklu yapis1 nedeniyle de optimum su muhtevasinin artmasina sebep oldugu degerlendirilmistir.

Serbest basing deney sonuglar incelendiginde ayni kiir siiresi ve katki oranina sahip olan numunelerde artan su
iceriginin UCS degerinde %36’ya varan artiglara sebep oldugu goriilmiistiir. Ancak bu ¢ikarim kiir siiresinin sifir
oldugu durumda gegersizdir. Kiir siiresi sifir oldugu durumda su miktarinin artisi taneler arasinda bogluklara neden
oldugundan UCS degerlerini diisiirmekte 6te yandan kiir siiresinin en az 14 giin oldugu durumda ise suyun

hidratasyon i¢in kullaniliyor olmasi ve ortamda bulunmas1 UCS oranina katki olarak yansimistir.

%25 su oranina sahip numunelerin UCS degerleri incelendiginde; saf zemin numunesine goére 14 kiir edilmis %15
oraninda katki eklenmesinin UCS degerini %163 oraninda artirdig: tespit edilmistir. Saf zeminde %25 oraninda
su optimum degerin iistinde olup taneler arasinda su dolu bosluklara neden olmakta ve UCS degerini
diistirmektedir. Oysaki %15 katkida ayni su oran1 hidratasyona katki saglamakta ve UCS degerini %163 oraninda

artirmaktadir.

Benzer su igeriklerinde hazirlanan saf zemin ve katkili numunelerinde UCS degeri artisinin %51-163 araliginda
oldugu goriilmiistiir. Sonuglar incelendiginde stabilize edilmis numunelerdeki su igerigindeki artis numunelerin
serbest basing mukavemet degerlerinin daha yiiksek sonu¢ vermesine neden oldugu goriilmiistiir buna gore; %10
katk1 oran1 %20 su igerigi ve 14 giin kiir %76 mertebelerindeyken, ayni katki oran1 ve kiir siiresinde %15 su igerigi

icin bu artig oran1 %51, %25 su oraninda ise bu artis %163 olarak belirlenmistir.

Optimizasyon sonug¢larindan elde edilen ideal katki orani, su igerigi ve kiir siiresi sirasiyla %11,5, %23,6 ve 14,5
giin olarak belirlenmistir. Bu sonug¢lar irdelendiginde stabilize edilmis numunelerin optimum su igerigi yaklasik

olarak proktor deneyi icin optimum su igerigi sonuglari (%23,6 ile %24,94) ile 6rtiismekte oldugu tespit edilmistir.
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El orgiisti ile evlerde sis kullanilmadan dogrudan parmaklar ile battaniye oriilmesi diinyada hizla artmaktadir.
Bu tiretim siirecinde kullanilan iplik, hali hazirda tiretilen el 6rgii ipliklerinden farkli oldugundan yeni bir iplik
retim teknigi ihtiyaci olusmustur. S6z konusu bu ipliklerin diger el orgii ipliklerine gore daha kalin, daha az
biikiimli, daha hacimli ve daha yumusak bir yapida olmasi istenmektedir. Bu &zelliklerde iplik Gretimi
konvansiyonel el 6rgii iplik iiretiminde kullanilan egirme makineleri ile yapilamamaktadir. Bu ¢alismada
konvansiyonel egirme teknigi ile yapilamayan bu tip ipliklerin iiretimini saglayacak yeni bir iiretim teknigi
gelistirilmigtir. Yeni tiretim tekniginde konvansiyonel tiretim teknolojisindeki tarak ve cer siirecini icermekte
olup cer seritlerini fitil olusturmadan dogrudan iplige doniistiirme durumu s6z konusudur. Yeni gelistirilen
makinede cer seridi dogrudan ¢ekime ugramaksizin egirme iinitesine beslenerek klasik ring egirme teknigi ile
iplige doniistiiriilmektedir.
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ABSTRACT
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Knitting blankets with hand knitting directly with the fingers without using skewers is increasing rapidly in
the world. Since the yarn used in this production process is different from the hand knitting yarns already
produced, the need for a new yarn production technique has arisen. These yarns are required to be thicker, less
twisted, bulkier, and softer than other hand knitting yarns. The production of yarns with these properties cannot
be done with conventional spinning machines used in conventional hand knitting yarn production. In this
study, a new production technique has been developed to produce this type of yarns which cannot be produced
with conventional spinning technique. The new production technique includes the carding and drawing
process in conventional production technology. The drawing slivers are directly converted into yarn without
forming a roving. In the newly developed machine, the drawing sliver is fed directly to the spinning unit
without being drawn and is spun into yarn with the classical ring spinning technique.

I. GIRIiS

Son yillarda 6zellikle Amerika ve Avrupa’da dahil olmak (izere diinyada el ile battaniye Uretimi yayginlasmaktadir.

Bu tip Uretimler genelde evlerde olabildigi gibi hobi atélyelerinde sosyallesme amagli faaliyetlerde de

yapilmaktadir [1-4]. Sekil 1°de bu tip battaniyeye ait 6rnekler verilmistir.

*Sorumlu yazar. Tel.: +90-549-783-5004; e-mail: fgebes@ormo.com.tr
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Bu tarzda battaniye Oriilmesi tig-sis gibi herhangi bir 6rgii aleti kullanilmadan dogrudan parmaklar ile
yapilmaktadir. Hem battaniyenin battaniye dzelliklerini (hacimlilik, kalinlik, hafiflik, yumugaklik vb.) sergilemesi
hem de tretimin hizli ve kolay olmasi agisindan bu tip battaniye 6riilmesi esnasinda 6zel ipliklere ihtiyac
duyulmaktadir [5-8]. Klasik battaniye Gretiminde kamgarn, strayhgarn (2,5-10 Nm) ve open-end (1-10 Nm)
iplikler kullanilmaktadir [7]. Battaniyelik ipliklerin icerikleri ise iilkemizde yaygin olarak kullanilan dogal lifler
olan pamuk ve yiinden olusabilecegi gibi akrilik, poliester ve poliamid lifleri gibi yapay liflerden de
olugabilmektedir [6, 9]. Klasik el drgl iplikleri ile érilen battaniyeler ince, sert, agir ve hacimsiz olacagindan
tercih edilmemektedir. Bu tip battaniyelerin iiretiminde daha kalin, yumusak, hafif ve hacimli ipliklere ihtiyag
duyulmaktadir [6-8]. Bu amaca uygun yeni bir iplik iretimi ve bu ipligin iretimine yonelik yeni bir Gretim
tekniginin gelistirilmesi zorunluluk arz etmektedir. Bilindigi gibi el 6rgii ipliklerinin iiretimi ring iplik iiretim
makineleri ile yapilmaktadir. El 6rgii iplikleri de elyafin tarakta acilarak tarak vatkasi iiretimi, cer makinelerinde
tarak vatkasinin cer seridine doniistiiriilmesi, cer seridinin fitil makinesinde (flyer-finisor) fitil haline getirilmesi
ve fitilden ring egirme teknigi ile iplige doniistiiriilmesi siireglerinden gegirilerek tretilmektedir [9-11]. Bu Uretim
teknigi tiim ring iplikler icin uygulanan bir teknik olup el 6rgii ipliklerinin iiretiminde iplik kalinlig1, hacimliligi
ve yumusaklilig1 agisindan bazi farkliliklar igermektedir. iplik tusesindeki bu farki olusturmak igin tek kat iplikler
diisiik biikiimli tretilirler (bikim katsayist oma=60 olmali). El 6rgii iplikleri genelde 3 ya da 4 katli Uretilip iplik
numarasi da kalin (genel olarak Nm?®) olacak sekilde kullanilmaktadir. Bu sekilde iiretilen el drgii ipliklerinin tuse

ozelligi el ile oriilen battaniye ipligi i¢in gerekli olan sartlar1 saglayamamaktadir.

Sekil 1. Battaniye drnekleri

Bu calisma sayesinde el ile drulen battaniyelerde kullanilabilecek 6zellikte iplik iiretim metodunun gelistirilmesi
amaglanmustir. Ring iplik makinesine fitil halinde gelen materyal ayn1 makinada ¢ekime tabi tutulup istenen iplik
numarasina gore 10-20 kat inceltilerek iplik formuna getirilir. Fitile biikiim ipligin mukavemetini ve son
kullanicinin talebini karsilayacak sekilde verilirken lifin cinsine gore de degiskenlik gdsterir. Bukim mimkin
oldugunca diisiik tutularak elyaf formunun hacimliligine ve tusesine tesir edilmeye ¢alisilir. Ring iplik¢iliginde
kopca ve bilezik siirtiinme yoluyla senkronize ¢alisarak; ipligin egrilmesini, biikkiimiin verilmesini ve egirilmis
ipligin kopsa sarilmasini saglamaktadir [9, 12]. Egirilmis ipligin kopsa sarim esnasindaki gerginlige ve kopsa sarim

miktarina kopga tipi (6rnegin yumusak sarim ve kopsa sarilacak iplik miktarinin daha az olmast i¢in kopca agirlig
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diisiik tutulmali) etki etmektedir. Iplik egirilmesi siirecinde bilezik, kopca ve egirilen iplik arasinda muazzam bir
etkilesim mevcuttur. Bu etkilesim; iplige yapisal biitinliik ve mukavemet kazandirirken ayn1 zamanda dretim
verimliligine direkt etki etmektedir [12, 13]. Dolaysiyla kopga ve bilezik tipi tasarimi 6nem arz etmekte olup
calisilacak hammaddeye, verilecek biikiim degerine, kops uzunluguna ve ig hizina gore degiskenlik gostermektedir
[9, 13]. Ig hiz1, biikiimle birlikte ring iplik makinesindeki iiretim miktarina etki eden parametrelerden en
onemlileridir. Bundan dolay1 iplik iireticileri kopca hizi, iplik kalitesi ve kopus miktar1 gibi sinirlandirici degerlerin
izin verdigi Ol¢lide en yiiksek ig hizlarmi ¢alisma egilimindedirler [13]. Ring iplik¢iliginde egirilmis ipligin
masuraya sarim yapilabilmesi i¢cin uygun boyutta ve capta masura kullanilmasi1 gerekmektedir. Boylece takim
dolum siiresi uzatilabilir ve dolayisiyla bir sonraki islem olan bobinleme isleminde daha az iplik baglama iglemine

tekabil etmekte olup daha kaliteli iplik olusturulmasina imkan saglanmaktadir [13].

Bu ¢aligmada standart ring egirme siirecinde modifiye edilmis olup, fitil siireci elimine edilerek cer seridinden
direkt iplik {iretimi yapilmistir. Bunun nedeni miisteri ihtiyaglariin ¢ok kalin iplik olmasi ve bu kalinliktaki bir
ipligin fitil siireci ile yapilabilir olmamasidir. Maksimum kalinlikta iiretilen fitillerin kalinhigi dahi istenilen
kalinliktaki bir ipligin tretilebilirligine olanak saglayamamaktadir. Cer seridinden direkt ring teknigi ile iplik
tiretimi cer seridinin biikiim ihtiva etmemesinden dolay1 zordur. Mevcut makine altyapisi ile cerden direkt iplik
tiretimi durumu diizenlenmemistir. Yapilan bu ¢aliyma kapsaminda gelistirilen yeni iiretim metodu ile cer
seridinden dogrudan kalm iplik iiretimi yapilabilir hale gelmistir. Bu hali ile iilkemizde bu konuda yapilan ilk

¢alisma olma 6zelligini tagimaktadir.

II. DENEYSEL METOT / TEORIK METOD

Bu c¢alisma kapsaminda tarak ve cer sirecleri konvansiyonel iiretim altyapisi ile yapilmigtir. Fitil siireci
kullanilmadan cer seritlerinin dogrudan ring egirme metodu ile iplige doniistiiriilmesini saglayacak egirme
makinesi gelistirilmistir. Makinaya ait gorsel Sekil 2a’da, makinanin sematik gosterimi ise Sekil 2b’de verilmistir.
Bu yeni Uretim surecinde materyalin egirme tinitesine direk taranmigs-diizeltilmis son cer makinesinden ¢ikan elyaf
seridi halinde beslenmesi kurgulanmigtir. Bu kapsamda ring egirme siireci detayli incelenerek biikiimsiiz cer
seridinin nasil iiretilecegine yonelik proje yonetim toplantilar1 yapilarak, fitil siirecinin devre dis1 birakilmasi ile
iiretilebilecegi tespit edilmistir. Uretilecek iplik iizerindeki biikiim miktar: diisiik olacagindan iiretim siirecinde cer
seridinin kopma riskinin yiiksek olmasi nedeni ile yeni bir cer seridi sevk sistemi tasarlanmistir. Bu tasarimda cer
seridinin kopmas1 durumunda makineyi durduracak kontrol sensorleri ve ¢ekimsiz bir cer serit sevk sistemi olmasi
gerektigi diistiniilmiistiir. Uretilecek iplik kalin oldugundan normal ring masuralari kiiiik kalmaktadir bu nedenle
iplige uygun daha biiyiik masuralarin tasarlanmasi gerektigi belirlenmistir. Uretilecek ipligin hacimli, yumusak ve
kalin olmasi gerektiginden cekim miktarim1 diisiik seviyede tutacak cekim sistemi tasarlanmstir. Uzerinde
mutabakata varilan makine formu Solidworks programi kullanilarak tasarima doniistiiriilmiistiir. Bu suregte
makine pargalart ayr1 ayr1 Solidworks programi kullanilarak tasarlanmistir. Her bir makine pargasinin birbiri ile
uyumlu ¢alisip ¢aligmadigi yine Solidworks programindaki simulasyon moduli ( simulation komutu) kullanilarak
kontrol edilmistir. Bu simiilasyon calismasi esnasinda hatalar belirlenerek tasarim yeniden yapilmigtir. Nihai
tasarimdaki tiim makine elemanlar1 (Sekil 2b’de yer alan 1 ve 2 nolu pargalar hari¢) CAM programi ile makine

diline doniistiirilmistir.

374



El 6rgusu J. Innovative Eng. Nat. Sci., c. 4, s. 2, 55.372-379, 2024.

12

Sekil 2. (a) Kalin iplik tiretimi i¢in tasarlanmis ¢ekim bdlgesiz ring makinesine ait gorsel, (b) Cer seridinden kalin iplik tiretimi i¢in kullanilan
makine ve kisimlarinin tasarimi (1) Besleme kovasi (2) Islenecek cer seridi (3) Porselen kilavuzlar (4) Tansiyon ayar diskleri (5) ‘Cer seridi
kontrol” sensér porselen kilavuzlari (6) ‘Cer seridi kontrol” sensér grup gévdesi (7) Poliiiretan (vulkolon) kapli baski silindiri (8) Ust arka metal
silindir (9) Alt 6n metal silindir (10) Kopca (11) Masura (12) Bilezik

Mevcut (konvansiyonel) iplik egirme makinelerinde g¢ekim boélgesi olmasi ve bilezik iplik egirme g¢aplarinin
iiretilmek istenen iplik kalmligina uygun olmamasi hedeflenen kalmlikta iplik {iretimine imkan vermemektedir
[12]. Yeni tasarlanan makinede ¢ekim bolgesi ortadan kaldirilarak caglik dizayni direk kovadan cer seridi besleme
tipine gére dizayn edilmistir Sekil 2b). Caligma kapsaminda iplik kopuslarinin kontrol altinda tutulmasi ve hatalt
Uretimin 6niine gecilmesi i¢in makine {izerine cer seridi kontrol sensorii eklenip seridin kopmasi durumunda igin
durmasi saglanmistir. Kontrol sensorlerinin sematik gosterimi Sekil 3a’da, fotografi ise Sekil 3b’de verilmistir.
S6z konusu makinenin bilezik ¢ap1, masura tipi-Gap1 ve kopca boyutlari standart ring egirme makinelerinden farkl
oldugundan bu makine elemanlar1 da gelistirilen makineye uyum saglayacak sekilde yeniden tasarlanmigtir. Bu
tasarimda cer sgeridine verilecek biikiim sayis1 diisiikliigine bagli olarak, iiretilecek ipligin kalinligmma ve
hacimliligine bagl olarak kopga tipi farklilastirilmistir-kalinlagtirilmistir. Sekil 4’te yeni tasarlanan kopca

ornekleri verilmistir.

Sekil 3. (a) Cer seridi kontrol sensorii tasarimi (1-Cer seridi giris, 2-Porselen kilavuzlar, 3-Cer seridi kopmasi durumunda durug konumu, 4-

Cer seridi ¢ikig), (b) ‘Cer seridi kontrol” sensor porselen kilavuzlart ve ‘cer seridi kontrol” sensor grup gévdesine ait gorsel
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Sekil 4. Kalin iplik iiretimi i¢in tasarlanip {iretilen kopga 6rnekleri

Makine pargalariin firma biinyesinde montaji tamamlanarak makine ¢alisir hale getirilmistir. Bu asamada da
sorunlar tespit edilerek sorunlu pargalar tekrar tasarlanip irettirilmistir. Calisir haldeki makinede iplik iiretimine
yonelik parametreler deneme caligmalariyla optimize edilmistir. Ig hizi, biikiimle birlikte ring iplik makinesindeki
iretim miktarina etki eden parametrelerden en 6nemlileridir. Bundan dolay1 iplik ireticileri kopga hizi, iplik
kalitesi ve kopus miktari gibi simirlandirict degerlerin izin verdigi 6lgide en yiiksek ig hizlarimi galigma
egilimindedirler [13]. Ancak bu tasarimda i§ hizi da hacimli elyaf formundaki ipligin bilezik ve kopga
stirtiinmesiyle biikiilmesinin rahat olabilmesi agisindan miimkiin oldugunca diisiik tutulmaya g¢alisilmistir. Ring
iplik¢iliginde egirilmis ipligin kopsa sarim miktari; bilezik ¢apinin izin verdigi maksimum miktarda yapilmasi
esastir. Bu prensip geregi kalin ve hacimli ipligin biiyiikk miktarlarda sarilmasi ve takim degisim siiresinin
uzatilmasi amaci ile Sekil 5’te verilen masura ve yardimer makine elemanlarinin tasarimi ve iiretimi yapilmistir.
Boylece takim dolum siiresi uzatilabilir ve dolayisiyla bir sonraki islem olan bobinleme igleminde daha az iplik

baglama islemine tekabiil etmekte olup daha kaliteli iplik olusturulmasina imkan saglanmaktadir.

(b) ' i

_ @108 _| = o
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@270

Sekil 5. Masura ve yardimci ekipmanlar (a) Kalin iplik Gretimi igin tasarlanmig makine elemanlarinin (bilezik, masura ve kopga) makine

lzerindeki goriniimu, (b) Masuranin sematik gosterimi
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Makine kurulumu tamamlandiktan sonra yapilan deneme g¢aligmalarinda AKSA(Tiirkiye) firmasinin 5 Denye
filament dogrusal yogunluguna sahip Akrilik Tow(5,6Dtex AK700 E.4316 Bright R01) kullanilmistir. Towdan
elyaf elde etme islemi firma biinyesindeki NSC TB20(Fransa) tow koparma makinesinde yapilmistir. Tow

koparma siirecinde ortalama elyaf boyu 95mm olan elyaflar elde edilmis ve bu elyaf kullanilmistir.

11l. BULGULAR VE TARTISMA

Prototipi yaptirilan makine ile yapilan cer seridinden kalin iplik {iretimi esnasinda farkl biikiim yoniinde ve biikiim
degerlerinde iplik denemeleri yapilmustir. Iplik akis hizi (m/dk) ve biikiim miktarmin iplik kopuslar1 iizerinde
etkisinin oldugu gériilmiistiir. Iplik akis hizi makine ig devri ile biikiim miktarina bagh olarak degismektedir.
Farkli biikiim miktar1 ve makine ig devrinde g¢aligilarak iplik kopuslarinin minimum oldugu iplik akis hizlar

belirlenmistir (Tablo 1).

Tablo 1. Makine akig,biikiim ve devir degerleri

Makine akisi Bukim Makine devri
(m/dk) (tur/m) (devir/dk)
25 18 450
28 20 560
30 22 660
32 24 768

Kopuslarin minimum olmasina ydnelik yapilan optimizasyon ¢aligmalarinda cer seridi kalinlig1 sabit tutulmustur.
Calismada isletme altyapisindaki cer makineleri kullanilmustir. Isletmedeki cer makine altyapist ile 10-15 ktex lik
cer seritleri iiretilebilmektedir. Deneme kapsaminda 3.62 ¢ekim ile 13 ktex lik cer seridi Uretilip kullanilmigtr.
Yeni tasarlanan egirme makinesinde ¢ekim sistemi olmadigindan sadece biikiim ve kops iizerine sarma

oldugundan nihai iplik numarasini cer seridi ktex belirlemektedir. 1 nolu denklemde bu iligki verilmistir.

iplik Numarasi(Nm) = ————— 1)

Cer seridi ktex (%)

Tek kat seritten Nm 0,076 kalinlikta iplik elde edilebilirken ayni makine kullanilarak {iretilmis ipliklerden 3-4 kata
kadar katlama ve bikiim yapilabilmektedir. Daha kalin ve hacimli ¢ok kat iplik eldesi ile {iriin marjini artirmis ve
hatta farkli renkte tek kat iplik kullanilarak yapilacak katlama ve biikiim ¢aligmalari ile farkli tasarimli muline iplik
eldesi de saglanabilmektedir. Boylece nihai iplik numarasi olarak pazar talebine uygun Nm 0,025 iplikler
Uretilebilmektedir (Sekil 6). Farkli el ile 6rme teknikleri ile de kullanilacak bu tir muline iplikler ile

zenginlestirilecek farkli tasarimlara sahip battaniyeler Uretilebilecektir.
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Sekil 6. Uretilen kalin, hacimli battaniye ipligi

IV. SONUCLAR

Yeni iiretilen makinede ¢gekim sistemi olmamasi nedeniyle hazirlama hattindan ¢ikan cer seridinin sadece bukim
iglemi gérmesi sonucunda iplik formu kazandirilmistir. S6z konusu sistem sayesinde iiretilen iplikler kalin, hacimli
ve yumusak formda olup, bu sayede ipliklerin sadece parmaklar kullanilarak oriilebilen battaniye tiretiminde
kullanilabilecek 6zellik kazandirilmistir. Son zamanlarda 6zellikle yurt disinda bulunan workshoplarda bu formda
ipliklerin kullanilmas1 yaygmlasmistir. Gelistirilen bu makine ile Turkiye de ilk kez bu tip iplikler Gretilebilir hale
gelmistir. Moda trendleri ve kiiltiirel egilimler ile giincel olan elle battaniye tiretiminin diinyada ve tlkemizde
yayginlasmasina katki saglamasi diisiiniilmektedir. Bu kapsamda gerek yurt i¢inde gerek yurt disinda yeni bir

pazar olusturulmasi hedeflenmektedir.
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Article history: In this study, bast fibers have been obtained from okra (Abelmoschus esculentus) plant stems via biological
Received 28 December 2023 degumming process. The obtained fibers were subjected to some textile pretreatment processes such as
Received in revised form 15 March 2024 scouring, alkalizing, oxygen bleaching and chlorine bleaching which are also utilized in cellulose nanoparticle
Accepted 24 April 2024 production. Effects of these processes on their physical and chemical characteristics have been investigated

and statistically analyzed. Treatments have been found to statistically affect physical properties of the fibers.
They led to decrease in fiber linear density but increase in moisture content and water absorption capacity.
Linear density reduction took place by fibrillation and elimination of impurities. Fibrillation has been
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Keywords: evidenced by microscopy images. Prolonged submerging resulted in increment in water absorption. FT-IR
Agro-residual spectra, SEM images and mass loss analysis present evidence for removal of lignin, hemicelluloses and vaxes
Biodegradable upon chemical treatments. The ranges of the linear density, moisture content and water absorption of okra bast
Chemical processes fibers are 6.3-20.1 tex, 2.9-6.0%, and 5.80 g/g to 11.8 g/g, respectively. Properties of okra bast fibers show
Natural fiber similarities to conventional bast fibers such as flax, hemp and jute.

Okra bast fiber

Renewable

1. INTRODUCTION

Last decades, production industries have started to give prime importance to environmental sustainability.
Biobased materials including natural fibers have been the subject of interest as an alternative to synthetic materials.
Consequently, considerable demand has been formed for cellulosic fibers [1]. Among plant fibers, agro-residual
fibers carry great opportunity due to the fact that they are renewable, biodegradable, cost efficient and readily
available in vast regions of the world. Since they are produced as a byproduct of edible crop agriculture, they do

not need extra arable land. Their utilization benefits agricultural economy, as well [2, 3].

Although traditional bast fibers were grown in Asia minor for around 4 millennia, the yearly production of flax
fiber, which is the most common bast fiber, has decreased to 3 tons (2017) from 3700 tons (1969) there, because
it could not compete with cotton and economic synthetic fibers [4]. Agro-residual biomass may be used to cater
plant fiber demand which has been formed in these last decades. Studies continue to obtain fibers from residues

of a number of agricultural plants including banana [5, 6], corn [7, 8], and okra [9, 10].

Within agricultural crops, okra takes an important role. Turkey was the 16th okra producer of the world in 2020
with 40,654 tons. Total okra production of the World that year was over 10.5 million tons. Over 75.7% of world
okra production was carried out by low-income countries [11]. Moreover, residues of okra give bast fibers with

properties like that of flax, hemp and jute [12].
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Effects of various chemical treatments on okra bast fibers have been studied in literature [7, 13, 14]. Khan et al.
[13] investigated effects of NaClO; bleaching, acrylonitrile grafting and 10% NaOH alkalization on IR spectra,
water absorption and tensile properties of okra bast fibers. They reported that alkalization was more effective in
removal of extra cellulosic components, while acrylonitrile grafting led to highest tensile strength with lowest
water absorption. Khan et al. [14] applied alkalization, NaCIO; bleaching, maleic anhydrite and vinyl acetate
treatments on okra bast fibers. They reported the lowest moisture content to belong to vinyl treated fibers, the
greatest initial modulus to bleached fibers whereas the highest elongation at break to alkalized fibers. Khan et al.
[7] applied alkalization at different concentrations of NaOH on okra bast fibers at boiling conditions. They found
increase and then decrease of initial modulus, breaking tenacity, and breaking elongation as the concentration

increases. They concluded the best concentration to be 3 g/L NaOH.

This study investigates effects of different chemical treatments such as scouring, alkalization, H,O, oxygen
bleaching and NaOCI chlorine bleaching which are commonly applied to cellulosic textiles for elimination of extra
cellulosic substances and impurities, in addition to forming steps for cellulosic nanoparticle preparation. The
innovative part of this study is investigating the effects of these chemical treatment steps on okra bast fibers with
parameters suitable to obtain nanoparticles which have not been studied in the literature before as far as known by
the authors. Effects of the chemical treatments on fiber morphology, linear density, moisture content, water

absorption properties and FT-IR spectra have been investigated.

Il. EXPERIMENTAL METHOD / TEORETICAL METHOD
2.1 Materials and Preparation Techniques

Okra plant (Abelmoschus esculentus) stems were collected from farms in Aegean Region in late autumn and were
biologically degummed in aqua for 2 months in winter to obtain raw fibers. All chemicals used in this research
were of analytical grade. Different chemical processes have been carried out in order to remove extra cellulosic
components of okra bast fibers. A fraction of the raw fibers was scoured using 5 mg/L Na,COs and 5 g/L detergent
at 75 °C for 40 min to produce scoured fibers. Some of the scoured fibers were treated with 17.5% NaOH at 34
°C for 2 h to get alkalized fibers. A portion of the alkalized fibers were bleached using 2% H,0, 3.5 g/L Na,CO3
and 1.5g/L NaOH at 90 °C for 1 h to obtain oxygen-bleached (o-bleached) fibers. Some of the o-bleached fibers
were bleached with 5% NaOCI for 90 min at 80 °C to get chlorine-bleached (c-bleached) fibers. 1:50 liquor ratio
was adopted for all treatments which have been carried out using magnetic hot stirrer at 200 rpm and distilled
water was used for preparation of all mentioned chemical solutions. Sample names and the treatment steps they

have undergone are listed in Table 1 in consecutive order.

Table 1. Sample names and the treatment steps they have undergone in consecutive order

Sample name 1% treatment 2" treatment 3 treatment 4™ treatment
Raw - - - -
Scoured Scouring - -
Alkalized Scouring Alkalizing - -
O-bleached Scouring Alkalizing Oxygen bleaching -
C-bleached Scouring Alkalizing Oxygen bleaching Chlorine bleaching
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2.1.1. Characterization of materials

Fiber micrographs were obtained via use of an Olympus SZ61 microscope with LCmicro software at 200X-400X
magnifications at transmitted light. Linear density was measured according to ASTM D 1577-07 at 5 replicates
with a minimum total length of a hundred centimeters length for each fiber bundle specimen using a Radwag
precision balance and a millimetric ruler. Moisture content was determined according to ASTM D2495-07 at 3

replicates by using a Nuve FN 120 dry oven and the Radwag precision balance.

Time-dependent hygroscopicity of fibers was investigated by using a modified RILEM method, that was originally
developed for plant-based construction materials [15]. Fibers were kept at 105 °C for 16 h and cooled in a
desiccator and weighed (mg). Fibers were soaked in water for 15 min, 60 min, and 120 min. They were taken out
of water, centrifuged in a salad spinner for 50 secs at 2 rpm and weighed (m(t)). Three replicates were measured.

Water absorption rate (w(t)%) as a function of duration was calculated as follows:

m(t)-mgqg

w(t)% = X 100 D

mq

Findings of physical characterization analyses are presented in Table 2 and time-functional water absorption in
Table 3. Results of physical characterizations were subjected to statistical analysis at a.:5%. Summary of statistical
analyses is presented in Table 4. Fourier transform infrared spectra (FTIR) of the samples were recorded between
4000-400 cm wavenumbers using a Perkin Elmer FT-IR Spectrophotometer Spectrum Two UATR-Two, US at

attenuated total reflectance (ATR) mode keeping force gauge between 40-50 and accumulating 16 scans.

Scanning electron microscopy (SEM) images of okra bast fibers were obtained by using Phenom ProX,
Thermofisher Scientific, at a voltage of 10 kV and magnification rates of 300x and 500x with back-scattered
electron detection. Prior to capturing SEM images, fibers were subjected to gold coating at 5.8 nm thickness by

use of a Cressington 108 auto sputter coater.

I11. RESULTS AND DISCUSSIONS

Photographs and micrographs of the fibers are given in Fig 1 and 2, respectively. Linear density, moisture content,
time-functional water absorption, FT-IR spectra and SEM images are presented in Figs 3, 4, 5, 6 and 7 in

consecutive order.

Oxygen- and chlorine- bleaching increased whiteness and fineness of the okra bast fibers as seen in Fig. 1. Photo
images and micrographs reveal that raw and scoured okra bast fibers are straight in shape, while getting crimpiness
after being subjected to alkalization (Figs. 1 and 2). Raw okra bast fibers include the greatest amount of extra
cellulosic substances. Scouring led to elimination of extra cellulosic particles. Alkalization led to crimpier and
more slender fibers. A great variability of fineness is observed for all fibers. Separation into thinner fibers is

observable in the treated fibers. Discoloration is seen in the bleached fibers. These findings agree with that of Khan
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[14]. It is evident from all micrographs that okra bast fibers are technical fibers that are bundles of elementary

fibers.

Scoured

Y

Alkalized

T

|

|

O-bleached

Figure 2. Microscopy images of (a) raw, (b) scoured, (c) alkalized, (d) o-bleached and (e) c-bleached okra bast fibers at 200x-400x

magnifications
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The applied chemical treatments have been found to have statistically significant effect on fiber linear density (p
value 2.92x107%), The chemical treatments led to finer fibers as resulting in elimination of extra cellulosic
components and in separation into fibrils (See Fig 3). Linear density analysis findings show similarity to optical

images of the fibers.

Linear density (tex)
25.00

20.00

15.00

-

10.00

5.00

0.00

Raw Scoured  Alkalized O-bleached C-bleached

Figure 3. Effect of chemical treatments on okra bast fiber linear density

The applied chemical treatments have been found to have statistically significant effect on moisture content of the
fibers (p value 3.2x10). The chemical treatments resulted in higher moisture content as leading to elimination of
extra cellulosic hydrophobic components to open hydrophilic cites; and separation of fibrils to get higher surface
area to let water molecules to bind. Lignin, which is hydrophobic and soluble in hot alkali is eliminated in the
alkalization process. Khan et al. [14] also reported higher moisture content upon alkalization of scoured okra bast
fibers. Excessive chemical treatment led to decreased moisture content by eliminating water binding cites.
Moisture content analysis show a trend that is reverse that of linear density. Fibers with high linear density show

low moisture content. Moisture content analysis results are presented in Table 2.

Yield of the chemical treatments are given in Table 2. Scouring led to elimination of 8.9% of the total fiber mass.
Alkalization was seen to show the most efficient extra cellulosic substance removal effect with 26.8% decrease in
mass. Both lignin and hemicellulose are soluble in alkaline media [16, 17]. Chlorine bleaching is observed to be
the least efficient in mass reduction: 2.7%. This might be due to the fact that c-bleaching was applied following o-
bleaching. The cites to be attacked in the c-bleaching processes might have already been eliminated in the
preceding o-bleaching step. Khan et al. [13] reported mass loss due to bleaching and alkalization were closer to

each other; however, they applied alkalization after bleaching which is contrary to the current study.

Table 2. Effect of chemical treatments on physical properties of okra bast fibers

Sample Fiber yield Linear density Moisture content
(%) (tex) (%)
Raw - 20.05+0.07 2.92+0.48
Scoured 91.6 14.43+0.97 4.58+0.39
Alkalized 73.2 11.48+0.64 4.82+0.77
O-bleached 87.6 6.33+0.47 6.00+0.74
C-bleached 97.3 6.53+0.88 5.10+0.30

Note: + numbers depict 95% confidence intervals.
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Table 3. Effect of chemical treatments on time-functional water absorption of okra bast fibers

Sample Water absorption
15 min 60 min 120 min
(9/9) (9/9) (9/9)
Raw 5.80+0.45 7.69+0.58 8.78+0.89
Scoured 6.52+2.63 9.45+1.32 11.81+2.91
Alkalized 8.28+1.30 9.60+1.38 9.41+0.49
O-bleached 10.55+2.53 9.45+0.88 11.05+0.67
C-bleached 8.34+0.18 9.26+0.65 9.52+0.54
Note: + numbers depict 95% confidence intervals.
Table 4 (a). Summary of Single-factor ANOVA applied to linear density of okra bast fibers
Source of Variation SS df MS F P-value F critical
Between Groups 663.9882 4 165.997 221.7933 2.92x10-16 2.866081
Within Groups 14.96863 20 0.748431
Total 678.9568 24
Table 4 (b). Summary of Single-factor ANOVA applied to moisture content values of okra bast fibers
Source of Variation SS df MS F P-value F critical
Between Groups 0.001507 0.000377 14.94326 0.00032 3.47805
Within Groups 0.000252 2.52E-05
Total 0.001759
Table 4 (c). Summary of Two-factor ANOVA with replication applied to time-functional water absorption of okra bast fibers
Source of Variation SS df MS F P-value F critical
Soaking duration 36.90411 18.45205 11.56569 0.000189 3.31583
Samples 39.42471 9.856176 6.177823 0.000947 2.689628
Interaction 28.23183 3.528979 2.211954 0.055163 2.266163
Within 47.86237 1.595412
Total 152.423
Moisture content (%)
7.00
6.00 i
5.00 =
. 1
4.00
3.00 I
2.00
1.00
0.00
Raw Scoured Alkalized O-bleached C-bleached

Figure 4. Effect of chemical treatments on moisture content of okra bast fibers. Error bars represent standard errors
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The applied chemical treatments have been found to have statistically significant effect on water absorption (p
value 9.47x10*) as does the soaking duration (p value 1.89x10#). Time-functional water absorption analysis
shows that water absorption is generally increased with increment in soaking duration as presented in Table 3. As
expected, raw fibers give the lowest water absorption values. Water absorption increases with chemical treatments,
whereas excessive treatments led to reduction in water absorption (Fig 5). This finding agrees with that of Khan
etal. [13]. Water absorption trend show similarity with that of moisture content. As in the case of moisture content,
water absorption shows a reverse trend of linear density. Coarser fibers exhibit less water absorption. Obtained

physical properties are within the range of those of common natural fibers such as flax, hemp and jute [12].

In the IR spectra presented in Fig 6, two major peaks are dominant: namely, one around 3400 cm™ (corresponding
to O-H due to hydrophilicity) and the other 1050-1000 ¢cm (to C-O in cellulose) [7]. Some secondary peaks
include 2918-2855 cm™ for C—H stretching in lignin and waxes, and 1732 and 1639 cm™ of carbonyl (C=0)
stretching vibration in lignin and hemicelluloses. Some peaks show differences in their strength and shifts in their
locations due to the effect of chemical treatments on reactive groups. The peaks at 2918 and 1639 cm™ lose strength
in the chemically treated fibers. The ones at 2855 and 1732 cm™* decrease at the scoured fiber and disappears after
alkalization. The 1237 cm™ peak decreases at the scoured fiber and partially disappears after alkalization. These
findings show similarities to that of [14, 18, 19].

Water absorption (g/g)

14
12

10

8
6
4
2
0

Scoured Alkalized O-bleached C-bleached

®15min ®m30min m6omin

Figure 5. Effect of chemical treatments on time-functional water absorption of okra bast fibers
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Figure 6. FT-IR spectra of okra bast fibers. Horizontal axis represents wave numbers (cm?), vertical axis transmittance (%)

SEM images are presented in Fig. 7. SEM images reveal that the okra bast fibers present longitudinal straight
shapes. Fibers show highly variable diameters. It is observed that some substances take place on fiber surfaces. It
is clearly seen that each fiber is a bundle of parallel elementary fibers stuck together. Chemical treatments result
in separation of elementary fibers and decrease in observed fiber thickness. This finding agrees with the linear
density analysis. It is also obvious that the treatments resulted in elimination of extra-cellulosic substances.
Alkalized samples show some crimpiness complying to photo images. Excessive treatments led to damage on

fibers as seen in Fig 7(j). SEM images show similarity to that of [14, 19].
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Figure 7. Scanning electron microscopy images of raw fibers at (a) 300x, (b) 1500x, scoured fibers at (c) 300x, (d) 1500x, alkalized fibers at
(e) 300x, (f) 1500x, o-bleached fibers at (g) 300x, (h) 1500x and c-bleached okra bast fibers at (i) 300x and (j) 1500x magnifications.
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IV. CONCLUSIONS

Bast fibers have been obtained from okra plant (Abelmoschus esculentus) stem via biological degumming process.
The obtained fibers were subjected to some textile pretreatment processes such as scouring, alkalizing, oxygen
bleaching and chlorine bleaching with parameters utilized in cellulose nanoparticle production. Effects of these
processes on the physical and chemical characteristics of the fibers have been experimentally and statistically
investigated. Treatments led to decrease of fiber linear density by fibrillation and elimination of impurities as
evidenced by SEM microscopy and mass loss analysis but increase of moisture content and water absorption
capacity. Prolonged submerging resulted in increased water absorption. FT-IR spectra suggest removal of lignin,
hemicelluloses, and waxes upon chemical treatments. Chemical treatments have statistically significant effects on
fiber properties. Characteristics of okra bast fibers show similarities to conventional bast fibers such as flax, hemp

and jute.
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Drug delivery systems perform to improve the drug's efficacy and heal the affected region. Electrospun
nanofibers are strong drug carriers as a scaffold due to their high specific surface area, easy processing,
lightweight material. Fibrous scaffolds encapsulating functional bioactive agents are important for drug
delivery applications, and they show higher encapsulation efficiency and higher drug loading capacity
than various types of carrier materials such as hydrogels, micro/nanobeads, films, conventional fibers, and
sponges. In comparison to conventional electrospinning, bi-component electrospinning where drug
loading does not occur largely on the surface of the polymer matrix, core-shell nanofibers showed delayed
release and a decrease in burst release because the drug was loaded into the core layer. The purpose of
this mini-review is to investigate the production and applications of the drug-loaded bi-component
nanofibers in structure core-shell, side-by-side, hollow nanofibers, and also emulsion nanofibers using co-
axial nozzles. Further, the parameters which influence of these electrospinning process, such as working
conditions and polymer properties, as well as drug delivery profile of the resulting nanofibers, have been
outlined briefly. The limited clinical studies on the nanofibers have been discussed. Eventually,
perspectives on the problems, possibilities, and new approaches for electrospinning advancements have
been presented, as well.

Drug delivery applications

I. INTRODUCTION

Nanofabrication is a rapidly growing topic for the production of all kinds of functional nanomaterials. Many
chemical and physical techniques have been developed for nanofabrication with the advancements in nanoscience
and nanoengineering over the last three decades [1]. The progress of novel concepts and theories is necessary for
nanofabrication. These can be the top three potential routes for nanofabrication: (1) decreasing in size to
picotechnology; (2) more sophisticated nanodevice structures; (3) more organized nanoproducts such arrays of

different inorganic nanotubes and aligned nanofibers [1-3].

Electrospinning enables the production of nanofibers with adjustable fiber diameters, homogenous fiber
distributions, greater wound exudate absorptions, and improved encapsulation efficiencies, among other benefits.
Furthermore, adopting an appropriate drug delivery system with a high surface-to-volume ratio and a high drug
loading capacity of fibers improves wound healing [4-6]. In this regard, polymer materials have been considered
to be potentially effective drug delivery carriers due to their excellent pharmacokinetic properties. A formulation
or technique that permits a therapeutic drug to be incorporated into the body is referred to as polymeric drug
delivery [7, 8]. Bi-component nanofibers containing different drugs are used as scaffolds fabricated by different
approaches such as core-shell, side-by-side, and also emulsion electrospinning methods (Figure 1). In this chapter,
it has been given a comprehensive explanation of core-shell nanofibers, including the design of the fibers,

production procedures, functions, and applications of biomolecule release behavior.
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Figure 1. Nanofibers for drug delivery [9]

1. BI-COMPONENT NANOFIBROUS SCAFFOLDS

Co-axial electrospinning and side-by-side electrospinning are both types of double-fluid electrospinning. The shell
fluid must be spinnable for classic co-axial electrospinning to proceed smoothly. When the shell fluid
concentration and flow rate are only a little bit higher than those of the core fluid, the shell layer effectively
encloses the core layer. Conventional co-axial electrospinning can be altered to create smooth nanofibers with a
monolithic structure using a non-spinnable solvent as the shell fluid to encapsulate the core fluid. Figure 2 shows

different kinds of bi-component structured nanofibers.

Sheath-Core Island.in-the-Sea Side-by-Side Layer-by-Layer Segmented Pie

Figure 2. Different bi-component nanofiber types [10]

2.1 Side-by-side electrospinning

Dual-phase composite nanofibers are created by side-by-side electrospinning [11]. It is possible to create
appropriate nanofibers following the requirements of particular situations by preparing two semi-circles in parallel
that contain various phases. It can be accomplished double-drug controlled release by electrospinning beads-on-
the-string nanofibers as side by side, and medication delivery at the same time [12]. Different nanofiber
architectures in co-axial and side-by-side electrospinning result in changes in the management of drug delivery

properties [13-16].
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Side-by-side electrospinning is an improved version of single-nozzle electrospinning. Figure 3 depicts the side-
by-side electrospinning method, which uses two parallel needles to generate fibers with the Janus structure. It is
disadvantage both solutions are subjected to the same voltage, and the fiber usually divides due to repulsion
between the two solutions. In side by side electrospinning, separate polymer solutions are given through a spinneret
that is split into two cavities by a thin polymer or metal film. Controlling the electric field strength is crucial in
side by side electrospinning compared to typical electrospinning. Side by side nanofiber is known as an anisotropic
system. Polymers with diverse physical properties are mixed in one fiber in an anisotropic yet uniform manner,
resulting in some attractive mechanical properties like bending and crimping [17, 18]. This is due to differential
shrinking inside the fibers, which causes one of the components to compress. One benefit of side by side fibers is

that each component can exhibit its own characteristics in a single fiber [19].

2.2 Co-axial electrospinning

Co-electrospinning is the best method for producing continuous fibers that encapsulate components inside of
polymer sleeves, however it demands the use of coannular nozzles that are quite complicated. Core-shell nano-
and/or microfibers were first produced in a two-step procedure that began with the core polymer being electrospun
normally (with a single nozzle) in step 1 and completed with the shell polymer being encapsulate in step 2 [20-
22]. For co-electrospinning, the inner core must be filled with either a polymer solution, a non-polymeric
Newtonian liquid, or even a powder [23, 24]. A compound droplet continues to flow at the edge of a core-shell
nozzle in the co-electrospinning physical arrangement, which develops into a compound Taylor cone with a core-
shell jet emerging from its tip [20, 25]. The jet is instantly stretched, extended, and winded up by the electric forces
just like in a typical electrospinning process [20]. The core-shell nano/micro fibers are produced as the solvent fast
evaporates, forcing the shell jet to solidify. After co-electrospinning, the core component should be removed
selectively to remove the inner core and create hollow tubes [20, 26]. In nanofibers, increasing the thickness of the
shell layer causes an increase in fiber diameter. Whereas in hollow nanofibers made using oil as the core and
titanium isopropoxide /polyvinylpyrrolidone (PVP) as the shell layer, increasing the PVP concentration led to a

rise in fiber diameter from the nano- to microscale [27].

There are several issues with co-annular nozzles used in co-electrospinning studies. Initially, it might be
challenging to get the core and shell components to be evenly distributed inside the as-spun fibers; as a result, a
long fragment of the core material could pull out from the shell. It follows that removing the co-annular nozzle
characteristic from co-electrospinning would speed up advancement in this field [20]. Furthermore, the objective
of controlling the core-shell structure may be attained by modifying the solution characteristics and process settings
[28]. The core-shell structure can significantly increase the flexibility of electrospinning in the wide range of drug

delivery, tissue engineering, filtration, sensing, and energy storage [29-32].

A typical electrospinning system includes a high-voltage power source linked to the spinneret. The charged
polymer solution exits the spinneret, and the solvent evaporates during this process. Then the fibers formed on the
collector surface begin to form. The solvent evaporates during this process, followed by the fibers formed on the
collector surface. Co-axial electrospinning, which uses the same operating technique as traditional electrospinning,
may be utilized to create the core-shell arranged nanowebs by electrospinning two different types of polymer

solution via a single spinneret.everal factors, including processing parameters (flow rate, voltage, operating
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distance), solution parameters (solvent’s volatility, solution’s conductivity, and surface tension) and environmental
parameters (e.g., humidity, temperature), could be used to manufacture core-shell fiber with varied morphologies
and architectures. Amongst them, solution conditions have a significant impact on the shape and architecture of
the as-prepared core-shell fiber. Recently, a great number of scientists have investigated the connection between
the production of the core-shell structure and the polymer solution [28]. In the case of a low concentration of shell
polymer solution, beaded beads-on-a-string morphology is formed in resulting nanofibers owing to starting
Rayleigh instability. On the other hand, increasing the sheath polymer concentration/viscosity inhibits instabilities
and forms smooth fibers. According to Moghe and Gupta (2008), low interfacial tension between the core and
sheath is a need for co-axial electrospinning [33]. When the core and sheath solutions are miscible, the interfacial
tension between them is insignificant. Many studies showed that co-axial electrospinning of miscible solutions led
to smaller diameter core-sheath fibers with separate surfaces due to the low interfacial tension between the
solutions [34].

The choice of solvents for the specified polymers is a critical and difficult issue in achieving core-shell fibers.
Figure 3 depicts the impact of solvent inter-miscibility throughout the co-axial spinning. There is no adverse
interaction between the solvent and solute in solutions (Figure 3a and Figure 3b). Once the solvents are miscible,
but the solutes are not dissolved in the solvent of the other layer (Figure 3c), the core/sheath solutes might

precipitate out of solution at the end of the nozzle, resulting in an unstable co-axial electrospinning process [34].

Sheath
solute

Sheath Core Sheath
solvent solvent solvent solvent

(c)

Sheath
solute

Core
solute

Sheath
solvent

Core
solvent

Figure 3. Miscibility of core and sheath solutions used in co-axial electrospinning: (a) totally immiscible solutions (solute and solvent); (b)

totally miscible solutions (solute and solvent); (c) partially miscible solutions (solvent-only miscible) [35]

The electrical conductivity of the core solution can be controlled to product core-shell nanofibers. In the process,
different conductivity of the solution can be obtained by adding ionic salts to polymer solutions or changing
conductive solvents [28]. The induced charges are localized at the sheath-air contact if the sheath polymer solution

is more conductive. In this regard, the sheath is the driving polymer solution, and core also drifts through
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Coloumbic forces in the sheath. The more conductive core component is, the more it functions as the driving
component by dragging the sheath along with it [34]. Earlier studies have given little consideration to optimize the
conductivity of the shell and core solutions during co-axial electrospinning. Actually, it is more vital to investigate
whether the core or shell solution influences the amount of current delivered by co-axial jets and the size of the
resulting droplets [28]. In this scope, to obtain successful co-axial electrospinning depends on the characteristics
of component solutions and other process parameters jets and the size of the resulting droplets. In this scope, to
obtain successful co-axial electrospinning depends on the characteristics of component solutions and other process

parameters [34]

It is very critical to adjust the flow rate of each precursor solution while co-axial electrospinning. When evaluating
the sheath precursor flow rate, faster rate tend to raise the total fiber diameter until a maximum is reached, causing
the core to segment. Once the sheath flow rate is too low, the core will not be totally encapsulated. The flow rate

of core is not effect so much thickness of shell polymer [34].

The visibility of the burst release behavior often observed in blending nanofibers can be reduced via core-shell
nanofibers produced by co-axial electrospinning. The polymeric core is often drug-embedded, whereas the shell
serves as a physical barrier between the core and the solution. The existence of the barrier in co-axial fibers enables
extended release, protecting the medicine from environmental deterioration more effectively. The existence of the
barrier in co-axial fibers enables extended release, protecting the drug or active ingredients from environmental
degradation more effectively [9, 37]. However, co-axial electrospinning is more complicated than mono-axial
electrospinning and needs the use of specialized equipment, such as a co-axial needle and two syringe pumps. The
choice of suitable polymers and process conditions may take more time than other methods. Emulsion
electrospinning is another method to produce core-shell nanofibers [38]. Polymer and micelles help achieve a
slower and more long-term release in this situation [9, 39]. As the applied voltage is increased (above the critical
voltage) in single-nozzle spinning, stronger Columbic repulsion between charges can stretch the jet, which causes
the fiber diameter to decrease. Only a narrow range of applied voltages produces core-sheath fibers in the case of
co-axial electrospinning. The jet fails to exist when the voltage is too low, and liquid drops from the spinneret. If
the voltage rises, a jet escapes from the sheath but does not entrain the core component. When the voltage is raised
further, a stable jet made up of both the core and the shell is formed. However, at higher voltages, the electrical
field pulls more solution, causing the core and sheath solutions to withdraw into the spinneret, break up, and result
in many jets. The production of fibers with various morphologies is controlled by spinneret or nozzle geometry.
The nozzle is the part that ensures the polymer flows and the voltage is carried out in practice [9]. The single-axial
arrangement is the simplest for electrospinning. Co-axial or multi-axial equipments are used in a more advanced

arrangement. Figure 4 represents the nozzle configurations [9, 40].

The academic research has given core-shell fibers a great deal of attention, both their potential use in the fields of
tissue engineering and drug delivery, and for non-biomedical applications like, supercapacitors, adsorbents, and
desalination, and energy-harvesting properties. However, the majority of core-shell fiber applications have been
focused on tissue engineering and drug delivery because of their distinctive and innovative properties that are

perfect for these applications [41].
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The charged polymer solution exits the spinneret, and the solvent evaporates during this process. Then the fibers
formed on the collector surface begin to form. The solvent evaporates during this process, followed by the fibers

formed on the collector surface [11].

MONO-AXIAL SIDE-BY-SIDE CoAXIAL TRIAXIAL
ELECTROSPINNING ELECTROSPINNING ELECTROSPINNING ELECTROSPINNING

: Inner core
4= Core solution - ution
Outer core
4m Shell solution & solution
4= shell solution

Triaxial

FSolu‘tion

Solution 1 ﬂ])__\ 4 Solution 2

Y

Core/Shell

Figure 4. Nozzle configurations [9]

Monolithic

In the co-axial electrospinning process, it can be used non-polymeric liquid or powder (as core) as well as polymer
solutions. It is also possible to create systems with inconsistent drop-shaped inclusions inside a continuous shell.
Moreover, production of hollow and non-spinnable material nanofibers by the selective removal of the core or
shell of nanofibers are performed via this process. Hollow nanofibers are produced when the inner component in
the core shell fibers is eliminated using selected solvents or heat treatment procedure [42, 43]. Thus, non- spinnable
solutions are extruded via the inner capillary, whereas spinnable solutions are extruded through the outer capillary
[19, 26, 42].

The choose to core and shell materials is important to define preferred physicochemical, biological and mechanical
properties of the core—shell fibers, and also it effects the release behavior of bioactive agents. Many core/shell
polymer combinations have been studied, such as synthetic/synthetic, synthetic/natural, and also natural/synthetic
layer combinations. Two alternative core-shell fiber fabrication methods and their significance in releasing
numerous bioactive compounds with adjustable release patterns for tissue engineering and drug delivery

applications (Figure 5).
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Figure 5. (a) Scheme illustrating two different design approaches of core—shell fibers and (b) their role in multiple biomolecules delivery with

controllable release profiles [41]

2.3 Fabrication of Hollow Fibers via Co-axial Electrospinning

Hollow nanofibers are becoming increasingly popular in a variety of study fields due to their high length-to-
diameter ratios, small diameters, hydrophilic architectures, and big topmost layer-to-unit mass benefits [44].
Hollow fibers have been investigated for many applications such as photocatalysis, biosensing, tissue engineering,
and antimicrobial treatment. To make hollow nanofibers, a variety of approaches such as template synthesis, self-
assembly, emulsion electrospinning, and co-axial electrospinning can be employed. Co-axial electrospinning is a
simple process for producing hollow fibers. Firstly, electrospinning of core/shell nanofibers and then removing
the core (inner) layer. Generally, mineral oil, olive oil, and silicon oil can be used as non-polymeric based core
part, while PVP, PMMA, PEO, PEG, PS, and PAN can be used as core polymer part [34]. Considering literature,
co-axial nanofiber studies are observed as the production of the drug-loaded hollow fiber. Wei et al. (2014)
produced curcumin-loaded PVA/Polyethersulfone (PES) hollow nanofibers. They have studied the effects of
different solvents used in the process on the release amount. Figure 6 shows the SEM images of the resulting

hollow fibers in the study [45].

Figure 6. SEM images of cross-section of hollow ultrafine fibers prepared by the core solutions of PVA/DMSO (a) and of PEG/ DMSO (b),
respectively [43]

397



Nanofibrous scaffolds J. Innovative Eng. Nat. Sci., vol. 4, no.2, pp. 391-413, 2024.

I11. DRUG DELIVERY SYSTEMS

Novel drug delivery methods have been designed to improve drugs’ effectiveness, pharmacokinetics, and toxicity.
There are many approaches to delivery suitable for drug delivery to the human body [46]. Over the past several
decades, the drug delivery administration has become attractive. There are four primary categories of current drug
delivery system research: delivery routes, carriers for cargo, and targeting approaches. [47, 48]. In line with this,
as drug delivery techniques, nanomaterials such as nanofibers, Pickering emulsions, nanoemulsions, liposomes,
micro/nanoparticles, micelles, and dendrimers have received considerable interest [34, 49-54]. Polymeric
nanofibers (NFs) have the potential to encapsulate many drugs. Electrospinning is a novel nanotechnology-based
drug delivery technology which enables to fabricate nanofibers with high porosity and specific surface area, low
density, and controllable morphology. Electrospinning allows for more flexibility in selecting materials and

pharmaceuticals for drug delivery applications in comparison with alternative formulations [47].

3.1. Drug Loading Approaches

Pharmaceutical study of novel drugs is one of the most difficult issues in both academia and business. The
pharmaceutical industry invested an estimated 83 billion dollars in research and development of new drugs in
2019. Most drug concepts fail in clinical studies owing to unforeseen toxicity or ineffectiveness in treating the
intended medical ailment. As scientists have learned in recent decades, the route of distribution has a substantial

influence on a drug's therapeutic efficacy [47].

Different strategies are used to integrate drugs into electrospun fibers. Drug loading has a significant impact on
drug release profile, therefore selecting the appropriate loading strategy for the particular application is critical.
The most basic method is direct combining of the polymer and the drug by dissolving the two ingredients in an
appropriate solvent. In comparison to other methods, blending has particularly high drug loading rate. The strength
of the polymer-drug interaction, as well as the drug solubility characteristics will influence the release profile.
However, this approach has some disadvantages such as the possibility of biooactive components/drugs to
decompose due to the existence of organic solvents [55]. Further, a burst release mechanism of drugs is commonly
reported [9, 56].

Emulsion electrospinning offers a potential alternative, allowing the drug to be encapsulated inside micelles and
formed into core-shell nanofibers. It is known that drug-containing micelles are formed by adding a supernatant
to a drug-containing water solution. A strong combination of the generated micelles with a polymer oil solution
produces a good emulsion stability is suitable for electrospinning. Thus, the interaction between the bioactive
molecule and the organic solvents is decreased, and different combinations of hydrophilic drugs and hydrophobic
polymers can be used. Moreover, no effort, such as the usage of co-axial device, is required during the production

of core-shell nanofibers [56].

Co-axial electrospinning is a loading process as well as a technology for the production of core-shell nanofibers.
As previously stated, the co-axial approach requires a particular equipment and optimizing time. It provides an
endless arrangement of polymers for the core and shell, as well as a modular framework for the loading of various
drugs in various fragments of the fiber. The co-axial loading of a single drug has the significant benefit of allowing

the drug to be introduced into the core polymer while the shell acts as a physical barrier restricting burst release,
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as well [9]. Further, different profiles can be observed while obtaining a wide range of drug release kinetic (Figure
7).
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Figure 7. Drug release profiles of various nanofiber-based drug delivery systems [57]

3.2 Tissue Engineering Applications of the Scaffolds

Electrospinning is the most widely utilized technology for producing drug-loaded nanofibers in drug delivery

applications because of the following reasons:
- It has a large loading capacity.

- Encapsulation effectiveness is high.

- Operation is simple.

- Inexpensive [58]

The aim of tissue engineering is to develop technologies for cells, structures, or living systems to restore injured
or diseased tissue structures and functions. Scaffolds are used in tissue engineering applications that assist in the
repair or regeneration of injured tissue. Numerous tissue scaffolds are composed of various materials, most of

which have already been confirmed for use in medical applications by regulations [59].

Electrospun fiber scaffolds in tissue engineering for skin regeneration have been studied by many researchers.
Because they basically resemble native tissue architecture, oriented nanofibers have been become a preferred
substrate for in vitro tissue engineering efforts [60]. Therefore, biomimetic structural signals for guiding cell
attachment and activity are available. On the other hand, typical electrospun scaffolds should possess some
requirements for good therapeutic outcomes. To solve the problem, cells, drugs with low molecular weight, and
other bioactive molecules integrated into nanofiber structures. Thus, the nanofiber scaffolds can be customized to

convey a wide range of substances [61]. Nanofibrous scaffolds with larger surface area for adhering proteins and
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providing many more binding sites to receptors found in cell membranes would be extra biomimetic and aid in

improved cell-matrix connections [62].

It is reported that hydroxyapatite (HAp) containing nanofiber scaffolds have good bone regeneration due to the
osteoconductivity, effective bone-binding capability, and excellent biodegradability properties of HAp [63-65]. Li
et al. (2018) developed ascorbic acid (AA) and B-glycerophosphate disodium salt hydrate (B-GP) loaded
electrospun gelatin/hydroxyapatite (GH) scaffolds and in vivo studies demonstrated almost bone defects with 5
mm completely closed within 6 weeks thanks to the nanofibrous scaffolds [66]. In a similar study,
hydroxyapatite/gelatin-chitosan core-shell nanofibers showed increment of osteoblast cells proliferation by to
mimicking the microenvironment and chemical structure of natural bone [67]. Further, in vitro studies of the

obtained scaffolds indicated any cyctotoxic effect for 24 h and 48 h.

Cellulose acetate (CA)/polyvinylpyrrolidone (PVP) nanofibers have been fabricated by co-axial electrospinning
method [68]. The mineral crystal nucleation and growth have been found based on SEM images of the core-shell

scaffolds.

Yilmaz et al. (2023) created polylactic acid (PLA) and polyurethane (PU) core-shell nanofibers. In their study,
silver NPs used as an antibacterial agent, and it was investigated zone inhibition to Gram (-) and Gram (+) analysis,
and in-vitro cytocompatibility test [69]. PLA is a biopolymer widely used in medical practices. It was selected
because of its biodegradable and biocompatible properties. However, to overcome some restricted properties of
PLA, PU with superior elasticity and mechanical properties has also been used. It has been found that biological
results can change with the change of core and shell material. Once bicomponent nanofibers with pure PU in the
core and pure PLA in the shell were utilized, or when PLA-Ag NPs in the core and pure PU in the shell were used

it was underlined that promote te fibroblast proliferation within 24 hours.

Many drugs and bioactive substances like growth factors, antibiotics, DNA, and proteins, could be introduced
effectively into the core, which was enclosed by the shell fragment, and a prolonged release of these substances
from the structure of core/shell nanofibers might result over time [70]. Chen et al. (2023) produced core-shell
nanofiber membranes include hyaluronic acid (HA) and platelet-rich plasma (PRP) [71]. In the study, PLA was
used as shell part and changes in the release studies and other properties of the nanofibers were noticed in the core
part on varied HA and PRP ratios. Regarding controlled drug release, the NFM may allow for site-specific
administration of therapeutic agents to solve the obstacles associated with systemic delivery of treatment to a
damaged site. It was revealed that HA release values were not affected by the PRP concentration. Further, HA
release rate was stable during the first 7 days, and the cumulative HA release amount reached almost 90% in this
period. The sustained release profile may be due to the attraction between PCL and HA. Generally, these core-

shell NFs showed minimizing peritendinous adhesion and promoting tendon healing.

3.3 Anticancer Drugs Containing Nanofibrous Scaffolds

Today, cancer is a serious public health issue to cure and one of the world's most lethal illnesses [72, 73]. For the
past three decades, targeted anticancer medicines have been increasingly developed to kill cancer cells. Some
efforts were performed on cancer diagnosis and therapy [7, 74-78]. A folate-conjugated PCL-PEG copolymer was

synthesized to produce hydrophobic doxorubicin (DOX)-encapsulated active targeting micelles, which they then
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mixed with PVA [79]. The electrospun core-shell fibers were created by the co-axial electrospinning process, with

the core layer from PVA and the synthesized micelles and also the shell layer from crosslinked gelatin.

Overexposure to ultraviolet (UV) radiation, alcohol intake, family history, and also immunological suppression
are all risk factors for melanoma. Transdermal drug delivery has been disadvantaged by low penetration in the
deeper skin layers. Therefore, several strategies have been proposed to achieve the stratum corneum barrier and
enhance drug absorption at the target site. In many studies, microneedles and nanoparticles were widely used
compared to conventional drug delivery techniques [79]. Nevertheless, using solid-lipid nanoparticles or the
development of encapsulating drugs via core-shell nanofibers is required for controlled drug delivery phenomena.
Zhu et al. (2019) have reported that the core-shell nanofibers they have fabricated may provide a synergistic effect
for skin cancer [80]. In the study, chitosan (CS)-loaded PCL was used as a shell part, while the core part was
consisted of poly(N-vinyl-2-pyrrolidone) (PVP) with 5-fluorouracil (5-FU). According to in vitro drug delivery
results, the burst release of 5-FU initially suppressed the growth of cutaneous melanoma cells. 78% of CS and
91% of 5-FU were released from the nanofibers in 24 h period, respectively. Moreover, over 87% of 5-FU and
40% of CS was released from the core-shell nanofibers with a max of 5-FU for 120 min. This showed a desired
anticancer property with the lowest side effects. The nanofibers had an average fiber diameter of around 500 nm

and demonstrated strong drug-encapsulating efficiency as well as good mechanical properties.

Solar UV radiation is the principal cause of skin damage owing to the production of reactive oxygen species (ROS),
that results to skin defects and imperfections, skin cancer, and eventually, early aging [81]. The most common risk
factor for all forms of skin cancers is repeated long-term exposure to UV radiation on the skin. The deadliest kind
of skin cancers, melanoma, frequently presents as an asymmetrical, irregularly shaped lesion with random
boundaries and a range of colors typically black or brown [82]. In a study conducted by Yuan et al. (2021), it was
reported that the produced poly (lactic-co-glycolic acid) (PLGA)/PVP nanofibers with 5-fluorouracil drug for skin
tumors showed good cell growth [83]. In another study, different amounts of imiquimod loaded PCL nanofibers
indicated drug release between 43.5 - 83.9 % for 244 h (~10 days) [84]. Moreover, it was notified that the
melanoma cells grown on imiquimod-containing fibers showed a > 50 % reduction in cell viability and a 10% drop

in cell counts between 6 and 48 h.

In recent decades, the main concern of drug delivery systems has been on effective transmission and minimal
harmful side effects, and hence ecologically sensitive drug delivery systems have attracted increased attention.
The drug delivery system both targets the intended site and improves drug absorption, and can quantitative release
the drug at time to create an effective as well as reliable therapeutic effect. In this scope, the pH-sensitive drug
delivery system, which is known as one of the most extensively researched environmentally sensitive drug delivery
methods, modulates drug delivery by variations in the pH of the area of damage. There is a pH range in which
each drug can work effectively. Therefore, it is essential to create a drug carrier with pH sensitivity for tumor
treatment and wound healing in the clinical research [85]. The pH-sensitive PVA/PCL core-shell nanofibers with
PVA and PCL forming the core and shell layers were fabricated by Yan et al. (2020). It was appointed that these
PVA/PCL nanofibers containing DOX anticancer agent degraded under acidic and neutral media [86]. In acidic
media, the DOX in PVA core layer was exposed to burst release due to the PVA core leaking into the PCL shell
layer. The burst release behavior/mechanism of drug was decreased as the thickness of the shell layer. That means
hydrophobic PCL shell layer showed the barrier property between the drug and release media. The total DOX
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release from the fibers was found to be 83%, 69%, and 66% depending on the changed PVA/PCL ratios (0.5:0.5,
0.5:0.6, and 0.5: 0.7, v/v, respectively). Although the release under neutral media was similar to the acidic release
profile, the slower drug release mechanism was observed in this media. As a result, the obtained PVA/PCL core-
shell nanofibers can be used as a carrier for the anticancer agent DOX, which demonstrated long-term and pH-

responsive drug release for cervical cancer.

3.4 Anti-inflammatory Drugs Containing Nanofibrous Scaffolds

Centrifugal spinning is a new method for producing core-shell nanofibers with excellent performance and lower
cost than electrospinning [87]. In this method, high rotational speed is required to design 3D formed nanofibers.
Unlike electrospinning, centrifugal spinning generates centrifugal force to overcome the surface tension of the
polymer solution and thus the solution evaporates by air owing to high rotating speed in the method [88]. Li et al.
(2021) created core-shell nanofibers from carboxylated chitosan (CCS) and polyethylene oxide (PEO). Two
different model drug anti-inflammatory drug (ibuprofen) and human epidermal growth factors (hEGF) were used
and these drugs loaded into both core PEO layer and shell CCS/PEQ layers, respectively. It was found that the
fibers show controlled hEGF release rate in PBS condition. It could be due to the hEGF being incorporated in the
core layer, which was contained by the shell layer, and the hEGF release rate being controlled by the encapsulation.
Besides, thickness of nanofibers effect the release rate due to changing the polymer erosion rate. In the study, the
polymer erosion rate of core-shell CCS/PEO nanofibers were lower compared to monoaxial CCS/PEO nanofiber
one. Considering the release rate of ibuprofen, ibuprofen released from core-shell nanofibers were higher than

monoaxial ones owing to the loading of this drug into the shell CCS/PEQ layer.

Emulsion electrospinning originated as a technique for developing core/shell nano microfibers without the use of
a complicated co-axial nozzle syringe, as is done with conventional co-electrospinning, and it also removed the
demand for a common solvent for natural and synthetic polymers. Core-shell structured polycaprolactone-chitosan
nanofibers were produced by emulsion electrospinning approach for wound healing applications [89]. It is claimed
that core chitosan layer cause fibroblasts to release interleukin, which is required for migration and growth, hence

speeding up wound healing by increasing proliferation of tissues and angiogenesis.

The local delivery of biological signals such as nerve growth factor (NGF) and glial cell line derived growth factor
(GDNF) may stimulate nerve tissue regeneration. In a study, poly (D, L-lactic acid) (PDLLA)/(PLGA) nanofibrous
bicomponent scaffolds were developed for controlled NGF and GDNF release [90]. When compared to the control
nanofibers, all of the nanofibers containing NGF and GDNF produced by varying the active substance/polymer
ratios showed significant cell proliferation. Further, the 2:1 ratio of NGF/PDLLA to GDNF/PLGA in bicomponent

nanofibers led in a synergistic effect of NGF and GDNF on cell differentiation.

Chitosan (CS) is one of the best prospects biological molecules for wound dressing due to biocompatibility,
biodegradability, and antibacterial efficiency [91, 92]. However, almost none of the natural polymers can be
spinnability by themselves in the electrospinning process. Compared to synthetic polymers, natural polymers have
lacking mechanical properties and processing problems, while being biocompatible and biodegradable [93]. Thus,
natural polymers are blended with synthetic polymers have the potential to enhance stiff and weak properties

properties of natural polymers [81]. To overcome this problem, non-cytotoxic but biocompatible polymers such as
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PVA can be mixed to produce bicomponent fibers. Although hydrophilic-based nanofibers are usually preferred
in tissue engineering applications, they are negatively affected by fast hydrolysis. Thus, they can be chemically
crosslinked using chemical crosslinker such as glutaraldehyde (GA). But often-utilized GA is cytotoxic. On the
other hand, thermal crosslinking approach is damage to incorporated bioactive agents and also cells in the
nanofibers. Photocrosslinked maleilated chitosan/methacrylated poly (vinyl alcohol) (MCS/MPVA) bicomponent
nanofibrous scaffolds were perfectly produced by electrospinning and subsequent photopolymerization to increase
water stability of hydrophilic-based nanofibers [94]. The study indicated that the samples have suitable in vitro

cellular compatibility.

Temperature responsive hydrogels, which may change their physicochemical characteristics in response to
changes in ambient temperature, are particularly important and have received lots of research. They were utilized
drug delivery applications owing to fast response property. Zheng et al. (2021) studied on the temperature-
responsive polymer nanofibers with olive oil as the core and N-isopropylacrylamide/N-methylol acrylamide as
shell components [95]. Fluorescein isothiocyanate (FITC)-dextran as a model biomacromolecular drug. After six
or seven temperature alternation cycles for FDLH-3 or the drug-laden SNFH, almost all of the loaded FITC-dextran

was released.

Core-shell fibers from silk fibroin/polylactic acid-caprolactone polyethylene oxide including fibroblast growth
factor 2 were created by Xu et al. (2017) [96]. According to the drug release test results, 37.6 + 1.8 % of burst
release was found during the first 8 h, and also 81.7 + 1.8% of total release was attained at 7" day. In another
study, thermos-responsive core-sheath PCL/PNIPAAmM nanofibers containing nattokinase (NK) with one-step
electrospinning were fabricated by Shi et al. (2016). These smart PNIPAAM/PCL/NK nanofibers demonstrated
more than 55% of NK release for both 20 °C and 37 °C temperatures [97]. Figure 8 illustrates fabrication of core-

shell nanofibers by inside a UV-cured hydrogel shell structures.
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Figure 8. Schematic illustration of core—shell fibers preparation via single electrospinning plus UV photocross-linking. Reprinted from the
work in [68]. Copyright 2015 with permission from [42].
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The core-shell drug-loaded polyvinyl pyrrolidone (PVP)/polylactic acid (PLA) nanofibers are produced by
emulsion electrospinning using a single nozzle. A kind of natural antioxidant which is known procyanidin, were
loaded into these fibers. The core layer consisted of hydrophilic PVP solution, while the shell layer consists of
hydrophobic PLA solution. Procyanidin was added into the core layer and the antioxidant activity of resultant

nanofibers were measured as 88.62 % by the 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay [98].

Polycaprolactone (PCL) is a polymer synthesized via the ring-opening polymerization of "€-caprolactone," an
FDA-approved substance. PCL has been prevalent in scientific literature concentrate on scaffolds for tissue
engineering for a few years. It is commonly used as wound dressing due to its excellent spinnability and tensile
strength [99, 100]. PCL/gelatin co-axial scaffolds including an antibiotic minocycline were fabricated by
Ramalingam et al. (2021) for healing of burns. Further, these nanofibers showed good antibacterial efficiency
[101].

Core-shell nanofibers are attractive materials over single structure ones because they provide to release multiple
bioactive molecules with various release kinetics, without degradation by incorporating drug in core [102-104].
Among the numerous biomaterials for wound care, hyaluronic acid (HA) has received the most interest since it is
the most abundant component of the extracellular matrix (ECM) and acts a significant role in wound healing and
tissue regeneration. Hadisi et al. (2020) developed co-axial nanofibers consisting core layer as SF-ZO and shell
layer as HA to use in burn healing. Various concentrations of ZO were loaded into fibers. These HA-SF nanofibers

displayed excellent cell adhesion, proliferation, in case of 3% ZO loading. [102].

3.5 Nanofibrous Scaffolds for Ocular Drug Delivery

Corneal abrasion is described as a scrape on the outer layer of the eye produced by a foreign body, which can cause
discomfort, redness, itching, and obscured sight in a short time. Even if it is not treated in time, the wound can
cause infection and which may result to substantial sight loss [105]. It is known that Gram (-) bacteria
Pseudomonas aeruginosa (P. aeruginosa) can cause corneal abrasion. Antibiotics and antibacterial agents have
been among the most often encapsulated therapeutic compounds in recent years, with various polymers and their
combined form serving as carriers [106]. Pirfenidone-PLGA/moxifloxacin-PVVP core-shell nanofibers were
fabricated to treat corneal disease [105]. The presence of the drugs was proved that DSC and XRD analysis.
Further, encapsulation efficiencies of moxifloxacin and pirfenidone were calculated as 87.5 % and 80.2 %,
respectively. However, moxifloxacin showed a 60 % fast release within 30 minutes, followed by a 10% increase
(70% total release). This was caused by the existence of moxifloxacin in the core layer of nanofiber. Similarly,
Martin et al. (2022) developed an antimicrobial core-shell microfiber for using wound dressing [107]. In the study,
tetracycline hydrochloride was used as the model drug, while zein was used as the core layer and shell layer was
composed of polyethylene oxide (PEO), either alone or mixed with PCL. The core-shell microfibers produced at
different drug concentrations and in different combinations have all shown antimicrobial activity both E.coli and
S.aureus. Tetracycline hydrochloride-loaded zein/PCL fibers showed increased sustain release behavior compared
to zein/PEO fibers for 48 h period. In general, mechanical properties of fiber should be suitable for wound
dressings. The resulting zein-PCL core-shell fibers without PEO displayed the required mechanical strength, and

ductility, as well.
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A detailed study of the controlled release mechanism of core-shell nanofibers containing anti-inflammatory and
antibacterial agents (Wen et al., 2019). Flurbiprofen and vancomycin were utilized in as anti-inflammatory and
anti-bacterial agents in the study [108]. Flurbiprofen was added to the shell PEO layer, while vancomycin was
added to the core polymer mixture consisting of silk/type | collagen. The cross-sectional TEM and SEM
micrographs confirmed the two different layers. In brief, the release of flurbiprofen from the nanofibers was
performed by a fast-release mechanism whereas a slower release of vancomycin was obtained due to the extra

protective effect of the core layer.

Alginate is a natural polymer that is commonly utilized in biological applications. It can improve the efficacy of
wound dressings and hence accelerate wound healing. Li et al. (2018) produced calcium alginate/Rana
chensinensis skin peptides (RCSPs) core-shell nanofibers and these nanofibers increased epidermal regeneration
and collagen deposition in-vitro release study indicated that the total release amount of RCSPs reached 100% for

10 sec [109]. Table 1 summarizes some studies on drug delivery applications.

Table 1. Summarized studies on core-shell nanofibers for drug delivery applications

Core layer Shell layer Drug(s) Properties Release time Reference
PCL and Pluronic Silver and PCL Gentamicin Burst release and 2.35 + 0.13 pg/mg for ~ Chen et al. (2017)
sustain release 5 weeks [110]
® F-127
PEG-PLGA with Ag Fe20s in PVA Silibinin Sustained drug release 70 % almost 200 h Fazio et al. (2019)
or Au [111]
PVA PCL Doxorubicin pH-responsive drug < 60 % almost 50 h in  Yan et al. (2020) [112]
release alkaline condition
PCL Chitosan Rosuvastatin pH-responsive release 84 % for 48 hiinpH 4 Yousefi et al. (2022)
[113]
PCL Zein with Erythromycin Sustained release 98.1% for 72 h Baghali et al. (2022)
[114]
Titanium dioxide
nanoparticles
PVP PLGA Moxifloxacin Initial burst and 87.5+3%almost24h  Tawfik et al. (2020)
[105]
sustained drug release
na PCL Platelet Emulsion centrigufal > 60 % for 14 day Buzgo et al. (2017)
spinning [115]
lyophylisates
PVP PLGA Naringin, MC3T3-E1 cells >90% for 24 h He et al. (2018) [116]

metronidazole

3.6 Bi-component Nanofibrous Scaffolds in Clinical Trials

Biocompatibility can be described that the ability of any foreign substance to interact with an organism or tissue
without creating toxic adverse effects, immunologic response as well as biological reaction. A material's
biocompatibility is often crucial owing to differences in intended usage, body type, time, and endurance [117]. In
this context, the performance of the obtained or to be obtained bicomponent nanofibers in pre-clinical in vivo
studies compared with the standard surgical treatment method evaluation is important. The biological evaluation
of a material (for example; nanofiber, sponge, film, hydrogel, nanoparticles etc.) for human use is handled
according to the International Organization for Standardization (ISO) ISO 14971:2007 and 1SO (10993-1:2010)
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standard. Although a large number of in vitro studies on studying the security of nanofibers have been performed,

security of in vivo security studies is considerably lower.

Wijeyaratne and Kannangara (2011) studied clinical evaluation of electrospun polycarbonate-urethane fibers to
use as vascular graft [118]. In the study, nanofibers were implanted in 17 patients from different age groups and
their clinical studies were followed for about 1 year. The study's overall findings has shown that the novel
multilayered polycarbonate-urethane which name is AVflo™ graft has been secure with no undesirable device-
related problems. The fabricated electrospun chitosan / polyethylene oxide (PEO) fibers as a wound dressing and
investigated clinical studies on some patients having second and third degree burns [119]. In comparison with
typical healing therapies for second and third degree burns and donor wounds, a newly created fibers promotes

faster self-regeneration of the wounded skin layer (Figure 9).

As explained before, although many efforts are being made for in vitro and in vivo studies of nanofibers, studies
for their clinical research are limited. Few studies are listed the studied on clinical researches of nanofiber materials
[120].

Figure 9. Example of healing of Illa burn: a)sample of chitosan nanofiber dressing, b) Illa burn before covering, c) after covering, d) 5 days

after covering, ) 10 days after covering, f) 14 days after covering. Copyright 2010 with permission from [119] Springer
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Consequently, if the drug-loaded bicomponent fibers planned to be developed with the studies achieve successful
in vivo results, it will be important from the standpoint of medicine to present a potential treatment approach for

many applications, particularly cancer studies and tissue scaffolds for wound healing in the clinic.

IV. CHALLENGES, FUTURE DIRECTIONS, AND CONCLUSION

Conventional electrospinning, melt blowing, centrifugal spinning, and bicomponent electrospinning approaches
have been seriously studied for the purpose of producing nanofibers, with different levels of commercial success.
The worldwide nanofibers market is predicted to be worth USD 785 million in 2021 and USD 3350 million by
2030, growing at an 18% CAGR during the estimated time frame (2022-2030) [120]. Nanofibers have a significant
role in the pharmaceutical applications as a drug delivery mechanism for a variety of illnesses. They are a good

drug carrier due to its tiny size for drug delivery to an appreciate location in the body.

Compared to blend electrospinning, where drug loading occurs mostly on the surface of the polymer matrix, core-
shell nanofibers displayed delayed release and a decrease in burst release because the drug was loaded into the
core layer. Nonetheless, the co-axial electrospinning approach include some disadvantages including high
production costs, the development of fibers with different characteristics during the shell layer, and also some
defects between both core and shell layers. The emulsion electrospinning technology was designed for drug release
applications to solve the drawbacks of both blend and co-axial electrospinning. Emulsion electrospinning is
preferable than co-axial electrospinning in that it is a simpler, less expensive, and more efficient way of producing

core-shell nanofibers.

The advancement of co-axial electrospinning, side-by-side electrospinning, and triaxial electrospinning has
resulted in superior-quality products. Extra sophisticated and complicated multi-fluid electrospinning technology
can be used in the future to create nanofibers with novel forms. The rise in popularity of controlled drug delivery
system still confronts several obstacles that should be addressed, and many researchers have expressed different
opinions. The shortcomings of system include its expensive cost, which makes productivity difficult, and its
limited capacity to change doses. To improve regeneration procedures, targeted drug delivery systems have been
created. But, the most intelligent scaffolds produced from nanofibers used in drug delivery systems must be
assessed in a significant number of clinical studies before it can be used in the clinic. These core-shell, emulsion,
side by side and triaxial electrospinning is gradually progressing toward large-scale production, with certain

systems currently in operation at the commercial level (for example, NanoSpinner416n, FibeRio® Technology).

Even though these approaches provides to obtain scaffolds as drug delivery systems with various polymer ranges,
the favored chemical, mechanical, and morphological features, particularly during large-scale production. Further,
to control of working environment and solutions is critical. Further challenges are always associated with drug
delivery adjustment. In many situations, improving the drug delivery profile due to polymer-drug combination
might easily lead to an enhancement of the overall approach. So, the making of a database containing data such as
scaffold characteristics, composition, and ultimate output in terms of drug delivery might provide an easy summary
of what the subsequent tuning stage could be. Therefore, the unique properties and ease of use of customized

nanofibers may serve as a major step toward personalized treatment. Lastly, an increase in both government and
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private sector investment on illness treatment will stimulate interest in nanofibers, which are utilized as tools for

drug delivery systems to particular organs in the body.
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ARTICLE INFO ABSTRACT

Article history: The environment is the external environment in which living creatures on Earth constantly interact throughout
Received 20 March 2024 their lives. Any negative situation that may occur in the environment greatly affects living life. Increasing
Received in revised form 6 May 2024 industrialization and urbanization along with the ever-increasing population are the main causes of
Accepted 14 May 2024 environmental pollution. Water pollution covers the negative effects on the physical, chemical or biological

properties of water as a result of human activities. The pollution of water, which is of vital value for living
things, due to different factors every day, causes the decrease in potable water resources. In our study, a
portable pipette was designed to use different water sources as drinkable water. Four different filter layers
were used in the pipette we designed. Filter layers used; coarse filter, activated carbon, magnetic nanoparticle

Auvailable online

Keywords: and silver nanoparticle (AgNP). Magnetic nanoparticle and silver nanoparticle were synthesized within the

Water pollution, scope of our study. The performance of the purification pipette we developed was investigated with samples

Water purification, containing methyl parathion at different concentrations. In our study, a UV-Vis spectrophotometer was used

Methy! parathion, as an analysis device. As a result of the analyses, it was found that the pipette we developed could purify

Silver nanoparticle, around 65%, regardless of the concentration of the analyte. The portable purification pipette we developed in

Magnetic nanoparticle our study is promising in terms of making water resources found in nature drinkable, especially in military
operations.

I. INTRODUCTION

Environmental pollution affects ecosystems by polluting the physical and biological components of the earth and
atmospheric system, and pollution manifests itself as a global problem. This pollution, which also affects
biodiversity, poses a serious threat to living things. The quality of life of living things, from single-celled creatures
to multi-celled organisms such as plants, animals and humans, depends on the quality of air and water resources
[1]. Due to the rapid increase in industrialization and urbanization, environmental pollution has alarmed the world
[2]. In addition, the ever-increasing needs of people have facilitated the release of more hazardous waste into the
ecosystem. Water pollution is one of the global problems that threatens the sustainability and development of
people and society [3]. Nowadays, the quality of water has deteriorated and water pollution has occurred due to
different organic and inorganic pollutants. Heavy metals are examples of inorganic pollutants due to their harmful
effects on living health [4]. It is known that many heavy metals have toxic and carcinogenic properties.
Additionally, heavy metals tend to accumulate in living organisms [5]. Another class of pollutants are polycyclic
aromatics (PAHS), organic pollutants released by oil spills and pesticides, herbicides, personal care products and
pharmaceuticals [3]. Domestic sewage, urban and industrial wastes, agricultural wastewater are the main causes
of organic pollution in water [6]. Dosages of organic pollutants that may cause health problems have been found
in both ground and surface water [3]. High pollution rates in water resources in recent years have created concern

for the whole world. The emergence of new products and industrial technologies has led to the generation of new
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wastes. This situation poses a great risk for human health and ecology if waste is not managed correctly [7]. The
effects of pollutants on humans can reach very serious and life-threatening levels, such as hypertension,
emphysema, kidney damage, neurological diseases and cancer [8]. In addition, these pollutants are known to have
harmful effects on the aquatic ecosystem [3]. In order to prevent these negativities caused by pollutants, removing
organic and inorganic pollutants from water is a very important and urgent need [8]. In addition, water treatment
is also important in order to avoid a shortage of clean and safe water and to ensure continuous use of water [9].
Some of the methods applied for the treatment of pollutants in water are adsorption, chemical treatment, advanced
oxidation and biological oxidation methods [3]. Techniques used to remove pollutants from water are generally
divided into three different categories: biological, physical, and chemical. Biological treatment refers to the
removal of biodegradable chemicals from the environment. Physical purification uses the principle of using
physical forces. Physical methods include nanofiltration, electrodialysis, and reverse osmosis. Chemical treatment
is a treatment method in which pollutants are removed from the environment as a result of chemical interactions.
Precipitation, adsorption, and disinfection are used in chemical treatment. Adsorption is the adhesion of a substrate
in a gas or liquid phase to the functional group of the adsorbent surface through various intermolecular forces.
This process continues until the adsorbent surface reaches maximum saturation [10]. Adsorbents are materials to
which molecular species adhere to the surface and may be of synthetic origin. Selection of the appropriate
adsorbent for treatment is a critical factor to ensure maximum pollutant removal, as it directly affects treatment
efficiency. Some of the adsorbents commonly used to remove pollutants are chitosan, zeolites, mesoporous silica,
activated carbons, cyclodextrins, and carbon nanomaterials [3]. Adsorption is one of the most popular methods
used to remove pollutants from wastewater due to its low cost, easy to use, environmentally friendly, low health
risk and harmless properties [11]. Nowadays, environmental pollution has become an area of concern due to its
destructive effect on living life. Different treatment materials and systems have been developed from time to time

to combat this serious problem.

Activated carbons are one of the best solutions for the removal of pollutants from water and the atmosphere, as
they are carbonaceous materials with high porosity, large surface area and select functional groups necessary for
the removal of pollutants [11]. Activated carbon is used to remove heavy metals from water sources [12].
Nanomaterials, which will be used as the third filter, are highly preferred in water purification applications due to
their large surface area-to-volume ratio and extraordinary properties [13]. Nanomaterials successfully remove
heavy metals, organic pollutants, inorganic anions and bacteria from solutions [14]. Some of the advantages of
nanomaterials; It has specific surface areas, rapid dispersion, high reactivity and adsorption capacity for different
organic pollutants, heavy metals and bacteria [15]. Silver nanoparticles (AgNP) to be used as the final filter have
strong antimicrobial properties. It is known that the antibacterial activity of AgNPs is higher than that of silver
ions [16]. Antimicrobial compounds are compounds that suppress or inhibit the growth of microorganisms [17].
AgNPs added to filter materials are considered promising for water disinfection due to their high antibacterial

activity and cost-effectiveness [18].

Various scientific studies are carried out in our country to evaluate water quality and eliminate its pollution [19-
22].The purification pipette we developed contains different adsorbents for the removal of all kinds of pollution.
In this respect, it has advantages compared to similar studies in the literature. Solid particles in drinking water are

removed by a coarse filter. Various organic pollutants in the environment are removed by the porous structure of
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activated carbon and chemical interactions. Some organic and inorganic pollutants in water are eliminated by using

magnetic nanoparticles. Finally, biological pollutants in drinking water are purified with silver nanoparticles.

Methyl parathion was used as analyte in calculating the purification efficiency. The molecular formula of methyl
parathion is CgH1oNOsPS and it is one of the insecticides with high toxicity and its molecular weight is 263.21
g/mol. Methyl parathion shows its effect by inhibiting AChE, which breaks down acetylcholine. Methyl parathion
is one of the insecticides with high toxicity according to the classification made by EPA (Environmental Protection
Agency). It is highly lipid soluble and therefore is rapidly absorbed through the skin, respiratory and digestive
tract. Most of the methyl parathion is excreted through urine and some through feces. The structural formula of

methyl parathion is shown in Figure 1.

NO
S 2
I
|—|3CO",P\O
H,CO

Figure 1. Structural formula of methyl parathion

In our study, it was aimed to develop a portable, original and innovative straw in order to make water obtained
from different sources drinkable. Considering the presence of different pollutants in water sources, four different
purification layers were placed in the pipette system. Coarse filter, activated carbon, magnetic nanoparticle and
silver nanoparticle were used as filtration layers. Each layer is effective in removing different pollutants from the
environment. Methyl parathion was used as analyte to determine the performance of the developed purification
pipette. Within the scope of our study, standard solutions containing methyl parathion were prepared, and then
these samples were passed through the pipette system we designed. The analysis of the standard solution before
the filtration process was made with a UV-Vis Spectrophotometer, and the purification efficiency after filtration
was monitored with the same device. The analytical performance of our system was determined by monitoring the

decrease in absorption value.

1. EXPERIMENTAL METHOD
2.1 Instrumentation

In the sample preparation process, Shimadzu ATX224R analytical balance, Ohaus Starter 3100 ph meter, KUDOS
SK 3310 HP ultrasonic water bath, DLAB MX-S Vortex were used. Analyzes were carried out with a P&G T60+

model Uv-Vis Spectrophotometer.
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2.2 Chemicals

Ultrapure water obtained from the Elektro-Mag Laboratory Water Still M4 brand pure water device was used in
the sample/standard preparation processes and cleaning of glassware within the scope of our study. All chemicals

used were obtained from Sigma-Aldrich (Germany).

2.3 Magnetic Nanoparticle Synthesis

Magnetic nanoparticles were synthesized according to a study in the literature [23]. 1.961 ¢ of
(NH.)2Fe(S04)2-6H,0 and 2.703 g of FeCls-6H20 were dissolved in 100 mL of ultrapure deionized water and the
solution was heated to 80 °C with vigorous stirring. Then, 1.0 mL volume of concentrated stearic acid was added
dropwise into the solution. It was observed that the color of the solution changed from brick color to black-gray.
The reaction continued for 2 hours at 80 °C in a nitrogen gas environment. The resulting nanoparticles were
repeatedly washed several times with ultrapure water and ethanol to remove excess acid and synthesis byproducts.
The magnetic nanoparticles were then kept in an oven at 50°C for 24 hours to dry. The image of the resulting

magnetic nanoparticle is presented in Figure 2.

Figure 2. Magnetic nanoparticle

2.4 Silver Nanoparticle Synthesis

In our study, silver nanoparticles (AgNPs) used as filtration layer were obtained by through an originally developed
green synthesis. Clove extract was used as the reducing chemical source used in the synthesis of silver
nanoparticles. For this purpose, firstly, 5 g of cloves were ground into powder in a grinder. Then, 100 mL of pure
water was added to 5 g powdered cloves and the mixture was heated until it reached the boiling point. After boiling
was observed, the heating process was terminated and the sample was left to cool. The mixture was left to cool at
room temperature for 24 hours and was filtered three times with filter paper with 3 different pore diameters. First,
filtration was done with a coarse filter, then 110 mm diameter filter paper was used, and finally the sample was

passed through 45 mm diameter filter paper. The obtained clove extract is shown in Figure 3.
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Figure 3. Clove extract

For silver nanoparticle synthesis, 100 mM silver nitrate solution was prepared. For this purpose, 0.17 g of AgNO3
was weighed and dissolved in 10 mL of pure water. Volume optimization was performed to determine the extract
volume to be used for AgNPs synthesis. In volume optimization, the volume of silver nitrate was kept constant at
1 mL and the total volume was 50 mL, and the extract volume was changed in the range of 0.5-4 mL. The presence
of the formed AgNPs was monitored by UV-Vis Spectrophotometry. The absorbance values obtained against the

changing extract volume were plotted. The resulting graph is presented in Figure 4.
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Figure 4. Extract volume optimization
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When Figure 5 was examined, it was seen that the highest absorbance value was obtained when the extract volume
was 2 mL. It has been observed that as the volume of extract used in nanoparticle synthesis is increased, the amount
of silver nanoparticles obtained increases. Synthesis efficiency reached its maximum when the extract volume was
2 mL. If the extract volume continued to be increased, a decrease in the reaction efficiency was observed. After
the extract volume was optimized, the reaction time optimization step was started. The mixture prepared using 1
mL of 100 mM AgNOs, 2 mL of extract and 47 mL of pure water was subjected to magnetic stirring for periods
ranging from 5 to 70 minutes. The amount of AgNP formed during the reaction was monitored with a UV-Vis

spectrophotometer. The graph obtained in the reaction time optimization step is shown in Figure 5.
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Figure 5. Reaction time optimization

When Figure 6 is examined, it was seen that the highest absorbance value was obtained when the mixing time was
60 minutes. In the step of optimizing the time in nanoparticle synthesis, it was observed that the reaction efficiency
increased with time and the efficiency reached its maximum when the time was 60 minutes. It was understood that
after the 60th minute, the reaction efficiency started to decrease. In the light of this information, the silver
nanoparticles used in our study were synthesized under determined optimum conditions. During silver nanoparticle
synthesis, the change between the Oth minute and the 60th minute of the reaction is presented in Figure 6.
Dimensional analysis of the nanomaterials synthesized within the scope of our study was performed with the Zeta

Potential Measurement Device (Zetasizer).
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(b)

Figure 6. Color change in silver nanoparticle synthesis (a) 0. min. (b) 60th min.

2.5 Design of Pipette and Experimental Setup

Within the scope of the study carried out using some of these materials, a portable pipette containing four different
filters was designed. The first filter was placed in the pipette as a coarse filter layer, the second filter as a layer
containing activated carbon, the third filter as a layer containing magnetic nanomaterials, and the last filter as a
layer containing silver nanoparticles (AgNP). Magnetic nanoparticle and silver nanoparticle were synthesized in
the laboratory within the scope of our study. When water is drawn into the pipette placed in the water source, the
drawn water is purified by passing through specifically selected filters to remove different pollutants. A schematic

representation of the designed portable pipette is given in Figure 7.

Purified water s | Purified water

= Nanoparticle

Magnetic
Nanoparticle

Solid particles

- Activated
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Heavy metals
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Filter Inorganic anions
—
Bacteria
Viruses

Dirty water )
* Dirty water

Figure 7. Schematic view of the pipette
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The pipette used in our study is a commercial product made of hard plastic and sold in the market. First, a coarse
filter was placed at the inlet of the pipette. Methyl parathion was used as analyte to determine the purification
performance of our filter system. The concentration of methyl parathion used is 50 ppm. The suction force required
to transfer liquid from the sample containing the analyte with the help of a pipette was provided by a vacuum
pump. The experimental setup designed within the scope of our study is shown in Figure 8. The purification
efficiency of the sample passed through the pipette was determined using UV-Vis Spectrophotometry. In
measurements made with a UV-Vis spectrophotometer, the maximum wavelength of methyl parathion was found
to be 273 nm.

Figure 8. The experimental setup designed within the scope of our study

111. RESULTS AND DISCUSSIONS

In our study, an optimization study was first carried out on the amounts of filtration materials used in the pipette
system we developed. For this purpose, the optimum amount of filtering layer was determined by placing the same
amounts of activated carbon, magnetic nanoparticle and silver nitrate into the pipette in increasing amounts. The

amounts of filtration material applied are shown in Table 1.

Table 1. Filtration material amounts

Silver Nanoparticle Magnetic Nanoparticle Activated Carbon
(AgNP) (mg) (MNP) (mg) (mg)
1 1 1
2 2 2
4 4 4
6 6 6
8 8 8
10 10 10
12 12 12
14 14 14

The amount of chemicals to be used as the filtration layer in the pipette we developed has been optimized. Analyzes
were carried out by increasing the amounts of silver nanoparticle, magnetic nanoparticle and activated carbon. 50
ppm methyl parathion was used as analyte in the analyses. The data obtained as a result of the measurements are

presented in Table 2, and the graphical representation is presented in Figure 9. The percentage purification value
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was calculated according to the following equation: “%oPurification: [(Ao-Apr)/Ac]*100” (Ao: The
absorbance value of unpurified 50 ppm methyl parathion ; Ap: The absorbance value obtained after

purification).

Table 2. %Purification

Silver Nanoparticle Magnetic Nanoparticle Activated Carbon Absorbance %Purification
(mg) (mg) (mg)
1 1 1 0,243 39
2 2 2 0,201 50
4 4 4 0,2 50
6 6 6 0,163 59
8 8 8 0,156 61
10 10 10 0,14 65
12 12 12 0,147 63
14 14 14 0,148 63
70
65
60
55
s
= 50
I
2
= 45
S
a
40
S
35
30
0 2 4 6 8 10 12 14 16

AgNP, Activated Carbon, MNP Amount (mg)

Figure 9. Effect of the amount of filtration layer on purification

When Figure 9 was examined, it was seen that the filtration layers used in the pipette we developed within the
scope of our study should contain 10 mg of chemicals. After determining the optimum conditions of the filtration
system in the pipette we developed, samples containing different concentrations of methyl parathion were passed
through the pipette system and the change in purification efficiency was observed depending on the changing
concentration. The absorbance values of methyl parathion standard solutions measured on the Uv-Vis

Spectrophotometer are shown in Table 3.

Table 3. Absorbance values of methyl parathion standards.

Methyl Parathion Absorbance
(ppm) (Abs)
5 0,132
10 0,164
20 0,222
30 0,292
50 0,403
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Methyl parathion samples with different concentrations were passed through the pipette system we developed and
absorbance measurements were made again. The absorbance values and % purification amounts obtained as a

result of the analyzes are shown in Table 4.

Table 4. Absorbance and %Purification values after filtration.

Methyl Parathion Absorbance %Purification
(ppm) (Abs)
5 0,048 63
10 0,061 62
20 0,081 63
30 0,103 64
50 0,14 65

When Table 4 is examined, it was seen that the purification percentages of methyl parathion samples with different
concentrations vary between 62% and 65%. These values are quite promising. The pipette system with filtration
layers that we developed within the scope of our study is not significantly affected by the concentration of the
analyte and can achieve a purification of around 65%. While calculating the percentage purification value,
measurements made with the purified sample passing through four different adsorption layers in the pipette were
used. It is considered that the chemical interaction of methyl parathion with both activated carbon and magnetic
nanoparticles forms the basis of purification. Purification efficiency in the purification of analytes with increasing
concentrations was found to be between 63 percent and 65 percent. It is seen that there is no significant change in
percent purification with increasing concentration. This result reveals that the purification pipette we developed in

our study can purify around 65 percent without being significantly affected by the analyte concentration.

IV. CONCLUSIONS

Within the scope of our study, a pipette was designed to be used in converting water samples obtained from
different sources into drinkable water. Four types of filtration layers were used in the pipette to eliminate different
sources of pollution. These filtration layers are coarse filter, activated carbon, magnetic nanoparticle and silver
nanoparticle. Activated carbon and coarse filter were commercially available. Magnetic nanoparticle and silver
nanoparticle were synthesized within the scope of our study. A unique method was developed in silver nanoparticle
synthesis and clove extract was used as a reducing chemical source in the step of obtaining nanoparticles by
reducing silver nitrate. Optimization studies were carried out within the scope of the synthesis method of silver
nanoparticle and optimum conditions for synthesis were determined. After all the filtration layers were obtained,
the pipette design step was started. Optimization was made to determine the amounts of chemicals to be used in
the pipette. As a result of optimization, the amount of chemicals to be used was determined as 10 mg. The suction
force required to ensure liquid passage through the pipette was provided by the vacuum pump. After designing the
experimental setup, analytical performance tests of our pipette started. In the analyses, methyl parathion, which is
used as an insecticide chemical in agriculture and has highly toxic properties, was used as the analyte. Methyl
parathion is a chemical that threatens living health, affects the nervous system, and poses a risk to drinking water
as a result of mixing with underground sources and streams. In order to evaluate the purification performance of
our pipette, methyl parathion solutions ranging from 5-50 ppm were prepared and passed through the pipette.

Methyl parathion samples that were not exposed to purification and methyl parathion samples after purification
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were analyzed in UV-Vis Spectrophotometer and absorbance values were determined. A remarkable decrease in

absorbance was observed in the samples passed through the pipette system. The % purification values of samples

with different concentrations vary between 62% and 65%. This result is quite promising. The pipette system with

filtration layers that we developed in our study is not significantly affected by the concentration of the analyte and

can achieve a purification of around 65%.
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S355J2 yapi celiklerinin toz alt1 ark kaynaginda dolgu metalinin mikroyap1 ve
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MAKALE BiLGiSi OZET

Makale Gegmisi: Bu calismada 20 mm kalinlhiga sahip S355J2 yap1 ¢eligine EN ISO 14171-A standardina gore tiretilmis GeKa S1,
Gelis 6 Ocak 2024 S2Si ve S3Mo dolgu metalleri kullamlarak toz alti ark kaynagi yontemi ile alin kaynagi prosesi gergeklegtirilmistir.
Diizeltme 9 May1s 2024 X kaynak agz1 geometrisi ve 60° kaynak agzi agisi ile EN ISO 147174 standardina uygun olarak iretilmis aliiminat
Kabul 22 May1s 2024 bazik Eliflux BFPP (SAAB66ACHS5) tozu kullanilarak kaynak islemleri uygulanmustir. Kaynak prosesi sonrasinda

tahribatsiz muayene, makro yapi incelemesi, mikroyapi incelemesi ile mikrosertlik, egme, cekme ve -20 °C’de

Gevrimici meveut kaynak metali ve 1sidan etkilenmis bolge (IEB)’den ¢entik darbe testleri gergeklestirilerek kaynakli yapilar

karakterize edilmistir. Farkli dolgu metalleri kullanilarak elde edilen kaynakli yapilarin 6zellikleri kiyaslanarak
kullanim alaninda beklenen performansa yonelik olarak dolgu metali se¢imi igin mikroyapi — mekanik 6zellik iliskisi
kurulmustur. Elde edilen sonuglar S1 dolgu metali ile yapilan kaynaklarin kaynak bolgesinden; S2Si ve S3Mo dolgu

Anahtar Kelimeler: ) o
metalinde ana malzemeden koptugunu gostermistir. Her {i¢ kaynakta da akma ve ¢ekme dayammi ve %uzama

Toz alt1 ark kaynagi ] o o _ )

Yapt celikleri degerlerinde bariz bir farklilik gézlenmemistir. Fakat S1’e kiyasla S3Mo kullanimi nedeniyle kaynak metali ve
Elektrot secimi IEB’deki gentik darbe dayaniminda sirastyla %15 ve %166, mikrosertlikte %37 ve %8’lik artis saglanmistir. Sonug
Mikro yapt olarak denizcilik endiistrisinde kullanilan yap1 celiklerinin kaynak uygulamalarinda S2Si ve S3Mo dolgu

Darbe dayanim metallerinin kullaniminin mikroyap: ve mekanik o6zellikler agisindan uygun oldugu fakat maliyet/performans

agisindan degerlendirildiginde ise S2Si teli kullaniminin, diisiik sicakliklarda yiiksek darbe dayanimi gereksiniminin

arttig1 kritik uygulamalarda ise S3Mo dolgu metali kullaniminin daha uygun olacag: ortaya koyulmustur.

The influence of filler wire on microstructure and mechanical properties is submerged arc
welding of S355J2 structural steel

ARTICLE INFO ABSTRACT

Article history: In this study, butt welding process was carried out on 20 mm thick S355J2 structural steel by submerged arc welding
Received 6 Jan 2024 method using GeKa S1, S2Si and S3Mo filler wires produced according to EN 1SO 14171-A standard. Welding
Received in revised form 9 May 2024 processes were carried out using aluminate basic Eliflux BFPP (SAAB166ACHS) powder produced in accordance
Accepted 22 May 2024 with EN 1SO 147174 standard. Welded structures were characterized by performing non-destructive testing, macro

and microstructural investigations, and microhardness, tensile test, bending test and Charpy impact test on the weld
metal and the heat affected zone (HAZ) at -20 0C. By comparing the properties of welded structures obtained using
different fillers, the microstructure - mechanical property relationship has been established for filler metal selection
for the expected performance in the field of use. The results showed that the welds made using S1 filler metal
fractured from the weld area, and the welds made using S2Si and S3Mo filler metal fractured from the base material.
No obvious difference was observed in the yield and tensile strength and % elongation values in all three welds.
However, due to the use of S3Mo, compared to S1, an increase of 15% and 166% in the impact toughness of the
weld metal and in the HAZ, and a 37% and 8% increase in microhardness, respectively, was achieved. As a result, in

Available online

Keywords:
Submerged arc welding
Structural steel

Filler choice

Microstructure welding applications of structural steels used in the marine industry, the use of S2Si and S3Mo filler metals is
suitable in terms of microstructure and mechanical properties. However, when evaluated in terms of cost-

Impact toughness

effectiveness, the use of S2Si wire is more appropriate, while in critical applications where the requirement for high
impact toughness increases at low temperatures, the use of S3Mo filler metal is more suitable.
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I. GIRiS

Yap1 gelikleri sahip olduklar1 iistiin mekanik 6zellikler ve gorece diisiik maliyetlerinin yan1 sira yiiksek kaynak
kabiliyetlerinden dolay1 endiistriyel anlamda en genis kullanim alani bulan ¢elikler arasinda yer almaktadir.
Yeterli seviyede mukavemetlerinin yani sira yiiksek siineklige sahiptirler [1, 2]. Bu geliklerin kaynak
kabiliyetleri yiiksek olmasina ragmen o6zellikle denizcilik endiistrisi gibi kalin parcalarin kullanildig1 ve diisiik
sicakliklarda yiiksek darbe dayanimi gerektiren alanlarda kaynak uygulamalar: giinlimiizde ¢okga calisilan bir
konudur. Ciinkii kalin plakalarin yiiksek biriktirme orani ve tatmin edici mekanik 6zellikler saglayacak sekilde
kaynaklanmalar1 genellikle ¢cok pasolu uygulamalarla miimkiindiir. Ancak endiistriyel anlamda biiyiik hiz
kaybettiren bu uygulamanin gelistirilmesi i¢in son donemlerde yiiksek kok niifuziyeti saglayan lazer kaynak ve
lazer hibrit kaynak yontemleri gelistirilmistir [3, 4]. Ancak bu yontemlerde 6zellikle lazer kaynaginda yiiksek 1s1
enerjisinin dar bir bolgeye yogunlastirilmast sonucunda dar bir kaynak dikisi ve 1sidan etkilenmis bolge (IEB)
elde edilmekte ve bu bolgelerde sertlik artist olmaktadir [5-9]. Bu da bazi ¢eliklerde, 6zellikle de Ces degeri
yeteri kadar yiiksek olan tiirlerde, kaynak dikisi ve/veya IEB’de asir1 gevreklesmeye yol acabilmektedir. Ornegin
Gook ve ark. [10] 30 mm kalmligindaki diisiik karbonlu diisiik alasimli celige lazer kaynag1 ve toz alt1 ark
kaynagi ile 2 pasolu birlestirme islemi uygulamiglardir. Toz alt1 ark kaynag ile atilan pasonun kenarinda kalan
IEB’de 260 HV sertlik elde edilirken lazer kaynagi kenarindaki IEB’de sertlik degeri 304 HV’e ulagmistir.
Bunun yani sira, her ne kadar yiiksek biriktirme oranindan dolay1 bilylik miktarlarda kaynak uygulamasinda lazer
ve lazer hibrit kaynak yontemleri maliyet anlaminda avantaj saglasa da yiliksek yatirim maliyeti ve bahsedilen
metaliirjik sebeplerden dolay1 farkli ¢oziimlerin gelistirilmesi gerekliligi asikardir ve bu konuda kaynak

teknolojilerinde gelisimler saglanmalidir.

Yiiksek et kalinligina sahip malzemelerin kaynak prosesleri icin gelistirilmis yontemlerden bir tanesi Toz Alt1
Ark Kaynag1 yontemidir. Bu yontemde kaynak prosesi sirasinda kaynak torcunun hemen 6niinden veya torcun
icerisinde elektrotun etrafindan sarj edilen tozun etkisiyle ark stitunu ve kaynak dikisi hem dis etkenlere kars1
korunmakta hem de 1s1 kayb1 onlenerek yiiksek 1s1 girdisi elde edilebilmektedir. Yiiksek akim uygulamasi ve
enerji verimliliginin yani sira hem tozun hem de ciirufun kaynak dikisini 6rtmesi sonucunda yavas soguma
saglanmasi nedeniyle yiiksek akim degerlerinde dahi gevreklesmeye sebep olan fazlarm olusumu
engellenebilmektedir. Boylelikle kalin pargalarin diisiik paso sayisiyla kaynak edilebilmesi miimkiin kilinmakta
ve hem yiiksek biriktirme oranlart hem de iyi mekanik 6zelliklere sahip kaynakli yap1 eldesi saglanabilmektedir
[11]. Toz alt1 ark kaynag1 yonteminin sagladigi avantajlar yiiksek kaynak giicii ve kaynak hizi, derin niifuziyet,
enerji verimliligi, elektrot ekonomisi, piirlizsiiz kaynak dikisi goriiniimii, kaynak¢min kaynak dikisi kalitesini
etkilememesi (otomasyon nedeniyle), yiiksek ark stabilitesi, 6zel koruyucu ekipmana ihtiyag duyulmamasi

seklinde 6zetlenebilir [12].

Ergiyen elektrotlu diger kaynak yontemlerinde de oldugu gibi toz alti ark kaynaginda da en &nemli parametre
kullanilan dolgu metalidir. Gergeklestirilen bu ¢alismada yiiksek et kalinligina sahip (20 mm) ve endiistriyel
anlamda Diinya’da en ¢ok kullanilan gelik tiirlinden biri olan S355J2 yap1 ¢eliginin toz alti ark kaynagi
yontemiyle kaynak proseslerinde TS EN ISO 14171-A standardi kapsamindaki dolgu metallerinin (S1, S2Si ve
S3Mo) kaynakli yapinin Ozelliklerine etkisi aragtirilmigtir. Tahribatsiz muayene, makro yapi incelemesi,

mikroyapisal karakterizasyon, mikrosertlik testi, ¢ekme testi, ¢entik darbe testi (kaynak metali ve IEB ig¢in) ve
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egme testi yontemleriyle elde edilen sonuglar ayr1 ayri1 sunulmustur. Boylelikle endiistriyel kaynakli imalat

teknolojilerine yonelik bilgi sunulmasi hedeflenmistir.

Il. MATERYAL VE METOT

Deneysel ¢alismalarda kullanilan 20 mm kalinliga sahip S355J2 yapi ¢eliginin ve GeKa tarafindan iiretilmis olan
TS EN ISO 14171-A standardi kapsamindaki dolgu metallerinin (S1, S2Si ve S3Mo) kimyasal bilesimi ve Es.

1’e gore hesaplanan karbon esdegerleri (Ces) Tablo 1°de sunulmustur.

Tablo 1. Deneysel ¢aligmalarda kullanilan ana malzeme ve dolgu metallerinin kimyasal icerikleri

Malzeme / Kim);asalvigerik

Dolgu Metali . . (%, ag)
Si Mn Cr Ni Mo \Y P S Cu Ces
S355 J2 Celigi 0,17 0,55 1,60 - - - - 0,025 0,025 0,55 0,45
S1 0,11 0,19 1,16 0,021 0,022 0,001 0,003 0,008 0,004 0,040 0,31
S2Si 0,11 0,29 1,41 0,046 0,054 0,001 0,004 0,010 0,004 0,037 0,36
S3Mo 0,12 0,23 1,52 0,029 0,029 0,192 0,004 0,013 0,005 0,049 0,42

Ces = %C + %Mn/6 + (%Cr + %Mo + %V)/5 + (%Ni + %Cu)/15 (1)

S355J2 yap1 geliginin ¢ekme testi sonucunda belirlenen mekanik 6zellikleri ile dolgu metallerinin iireticisi
tarafindan beyan edilen mekanik ozellikler (¢entik darbe dayanimi i¢in minimum degerlerdir) Tablo 2’de
verilmistir. Kaynak uygulamalarinda dolgu metali se¢iminde en 6nemli faktor uyumsuzluk faktdrii (mismatch
factor) olarak belirtilen “M” degeridir ve kaynak metalinin akma dayaniminin ana malzemenin akma dayanimina
oranidir [13]. Kaynak metalinin akma dayanimi, tiim kaynak metal biriktirme (all-weld metal deposit) olarak
ifade edilen ve tamamen kaynak metali bolgesinden olacak sekilde numune alinarak belirlenen degerdir ve
elektrot iireticisi tarafindan beyan edilir. Yiiksek mukavemetli zirh geliklerinin kaynak uygulamalar1 veya benzer
olmayan ferritik-ostenitik gibi kaynak uygulamalart disinda bu degerin 1’den biiyiik olmast (M > 1) istenir ve
buna overmatch tasarim adi verilir. Yani kullanilan dolgu metalinin olusturdugu kaynak metali bolgesinden test
yapilarak belirlenen mukavemet degerinin ana malzemenin mukavemet degerinden yliksek olmasi tercih edilir.
Tablo 2’de verilen degerlere gore hesaplanan M degerleri (aralikli degerler farkli parametreler icin elde
edilebilecek deger araliklart olup hesaplamalarda ortalama degerler kullanilmigtir) S1,S2Si ve S3Mo igin
sirastyla 0,97 — 1,11 — 1,37 seklindedir. Yani S355J2 ¢eliginin S1 dolgu metali kullanilarak kaynak edilmesi

undermatch bir tasarimdir ve kaynakli yapinin mukavemetinin ana malzemeden diisiik olmasi beklenir.

Tablo 2. Deneysel ¢alismalarda kullanilan ana malzeme ve dolgu metallerinin mekanik 6zellikleri

Mekanik Ozellikler

Centik Darbe

Malzeme / Dolgu Metali Kopma Uzamasi

Akma Dayanimi (MPa)  Cekme Dayamm (MPa) (%) OCDayanlml ,

S355J2 Celigi 389 597 27 -20 35

S1 360-395 460-480 24-30 -30 47

S2Si 420-450 510-550 23-29 -30 70
S3Mo 530-540 620-630 25-27 -40 50-65
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Toz alt1 kaynak islemi oncesinde plakalarin kdselerine punta atilmis ve plakalar sabitlestirilmistir. 20mm et
kalimhigmdaki plakalara TS EN ISO 9692-2 standardina uygun olacak sekilde 4 mm genisliginde ve 60 © agiya
sahip “X” kaynak agz1 agilmistir. Ttim kullanilan kaynak tellerinde (S1, S2Si, S3Mo) EN ISO 14174 standardina
uygun ELIFLUX BFPP kaynak tozu kullaniimistir. Kaynak parametreleri Tablo 3’te 6zetlenmistir.

Tablo 3. Kaynak parametreleri

Parametre Deger/ifade
Birlestirme Tiirii Alin Kaynagi
Kaynak Pozisyonu PA

Ana Malzeme S355J2

Dolgu Metalleri S1/S2Si /S3Mo
Toz Tiru (TS EN ISO 14174) SA AB 166 AC H5
On Isitma 130°C

Akim (A) 700

Gerilim (V) 27

Kaynak Hizi (cm/min) 45

Is1 Girdisi (kJ/mm) 2,394

Belirtilen parametrelerle kaynak proseslerinin uygulanmasi sonrasinda oncelikli olarak tahribatsiz muayene
yontemlerinden gorsel muayene, sivi penetrant muayenesi ve radyografik muayene gerceklestirilmistir.
Tahribatsiz muayene sonrasinda tiim plakalarda mekanik testler i¢in sulu serit testere kullanilarak numune alma
islemi gerceklestirilmistir. Numune hazirlama islemleri Sekil 1°de gosterildigi gibi, TS EN ISO 15614-1

standartlarina gore gerceklestirilmistir.
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Sekil 1. TS EN ISO 15614-1 standartlarina gore kaynakli plakadan numune alma bdlgeleri (1: Atilan bolge, 2: Kaynak yoni, 3 ve 5: Cekme

ve Egme Test numuneleri, 4: Centik Darbe Test numuneleri, 6: Makro inceleme ve Mikrosertlik test numuneleri)
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Her bir kaynakli malzemeden iki adet ¢ekme testi numunesi alinmistir. Cekme deneyi islemleri Zwick/Roell
7600 cihaz1 ile gergeklestirilmistir. Her bir kaynakli malzemeden dort adet egme testi numunesi alinmistir.
Numunelerin iki tanesine kok bolgesinden kuvvet uygulayarak egme islemi yapilmistir. Geriye kalan ikisine ise
kep bolgesinden egme islemi yapilmistir. Testler MOHR & FEDERHAFF AG cihazi ile gerceklestirilmigtir. Alti
adet centik darbe numunesi alinmigtir. Numunelerin 3 tanesi kaynak diger ii¢c tanesi ise IEB bdlgesinden
almmustir. Centik darbe testi éncesinde numuneler -20 °C’de bekletilmis ve hemen ardindan deneye tabi
tutulmugtur. Testler Zwick/Roell RKP 300 cihaz ile gergeklestirilmistir. Makro yapi analizleri TS EN ISO 5817
standartlarina gére Nikon SMZ745T Makro Cihazi ile yapilmistir. Makro ve mikroyap: incelemeleri icin
sirastyla Nitall0 ve Nital3 daglayic1 kullanilmistir. Mikrosertlik testleri Emcotest DuraScan 70 G5 cihazi
kullanilarak HVS (5 kgf) metodu ile ve 1 mm araliklarla dl¢lim yapilarak gerceklestirilmistir.

I11. BULGULAR VE TARTISMA

Kaynak prosesleri sonrasinda karakterizasyon islemleri sirasiyla tahribatsiz muayene, makro yapi inceleme,
mikroyapisal karakterizasyon, mikrosertlik, g¢ekme testi, centik darbe testi ve egme testi seklinde

gergeklestirilmistir ve bulgular bu basliklar altinda sunulmustur.

3.1 Tahribatsiz Muayene

Radyografik muayene sonuglar1 Sekil 2°de sunulmustur. S1 ve S2Si kaynak teli ile birlestirilen malzemelerde
herhangi bir kusura rastlanmamigtir. S3Mo kaynak teli ile birlestirilmis olan numunelerde 10-15 ve 20-25

araliginda yanma olugu (501) hatasi tespit edilmistir.

Sekil 2. Radyografik muayene sonuglari (a) S1, (b) S2Si, (c) S3Mo
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3.2 Makro ve Mikroyap: Inceleme

Kaynaklanmis plakalarin Sekil 2’de belirtilen bdlgesinden alinan makro inceleme numunelerinden elde edilen
kaynak dikis kesitinin alindig1 makro yap1 inceleme sonuglar1 Sekil 3°te verilmistir. Buna gore gozenek, ciiruf
kalintisi, ergime noksanligi, pasolar arasi ergime noksanligi ya da birlesme hatasi, yanma olugu vb. kusurlarin
bulunmadigi, TS EN ISO 5817 standardina goére dogrusal kagiklik, asirt kaynak metali gibi kusurlarin da B
smifinda dahi kabul edilebilir 6lgiilerde oldugu tespit edilmistir. Yalnizca ana malzemenin iretiminden

kaynaklanan laminer ¢atlak gérilmektedir.

Sekil 3. Makro yap1 goriintiileri (a) S1, (b) S2Si, (c) S3Mo

Makro yapilar lizerinde numaralandirilmis olan bolgelerden mikroyapi incelemeleri gergeklestirilmistir. Sirasiyla
kep pasonun ortasi, kok ve kep paso orta bolgesi (kok pasonun iizerine kep pasonun bindigi bdlge), kok pasonun
ortasi ve IEB bolgeleri 1, 2, 3 ve 4 seklinde numaralandirilmig ve kiyaslanabilmesi agisindan her bir dolgu metali

i¢in elde edilen mikroyapilar bdlgeler 6zelinde Sekil 4’te sunulmustur.

“1” numarali bdlge olan kep paso orta kisminin mikroyapilari kiyaslandiginda S1 dolgu metali kullanildiginda
(Sekil 4a) yapinin baskin sekilde poligonal ferrit (PF)’ten olustugu ve az miktarda asikiiler ferrit (AF)’in
olustugu (koyu renkli gorilen bolgelerde) gorilmektedir. Asikiler ferrit kaynak metali bolgesinde dstenit
taneleri igerisinde hizli soguma sonucunda olusan bir ferrit tiiriidiir. Asikiiler ferritin ince ve kenetli
morfolojisinden dolay1 ¢atlak ilerlemesine maksimum direng gosterdigi ve bu nedenle hem mukavemet hem de
darbe dayanimi anlaminda olumlu 6zellikler olusturdugu yapilan ¢aligmalarla ortaya koyulmustur [14-19]. S2
dolgu metali kullanildiginda ise (Sekil 4b) yapinin baskin sekilde asikiiler ferritten olustugu ve tane i¢inde
poligonal ferritin neredeyse hi¢ olusmadigi, kolonsal tane sinirlarinda tane sinir1 ferritlerinin (GBF) olustugu
gorulmektedir. Poligonal ferritlerin hem tane sinirinda hem de tane iginde yer aldig1 ve asir1 yiiksek sicakliktan
asir1 hizli soguma sonucunda tane sinirlarindan tane icine dogru olusan ignesel goriiniimlic Widmanstatten ferrit
(WF) fazmin olusmadifi tespit edilmistir. Widmanstatten tipi ferritlerin darbe dayanimini digiirdiigi iyi
bilinmektedir [15, 16, 19]. Benzer sekilde, lazer kaynakl ve siirtiinme karigtirma kaynakli yapi celiklerinin
kaynak bolgesinde ve ferritik celiklerin de soguma hizina bagl olarak olusan martenzitik ve beynitik yapilarin da
bu bolgenin toklugunu disiirdiigii rapor edilmistir [20-26]. S3Mo dolgu metali kullaniminda (Sekil 4c¢) S2Si
dolgu metali kullanimima kiyasla (Sekil 4b) asikiiler ferrit miktarinin ¢ok daha fazla arttigi ve tane siniri
ferritlerinin kiigiildigli ve biiyiik oranda azaldig1 tespit edilmistir. Alagim elementlerinin asikiiler ferrit oranin
artirdigi bazi ¢aligmalarla ortaya koyulmustur [16-18]. Bu ¢aliyjmada da goriilmistiir ki dolgu metalinde

molibden varlig1 asikiiler ferrit oranimi artirmaktadir. S1°e kiyasla S2Si kullaniminda asikiiler ferrit oraninin
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artisinda Mn’m 6nemli bir etken oldugu sdylenebilir. Mn’in asikiiler ferriti artirdigi birgok ¢alismada ortaya
koyulmugtur [16, 18]. “2” numarali bolge olan kok ve kep pasolarin orta bdlgesinin mikroyapilart
kiyaslandiginda S1 (Sekil 4d) ve S2Si (Sekil 4e) dolgu metali kullaniminda olusan mikroyapilarda 6nemli bir
fark olusmadig1 ve yapilarin es eksenli tane yapisinda ferrit ve perlit fazlarindan olustugu goriilmektedir. Ancak
S3Mo dolgu metali kullaniminda (Sekil 4f) yapinin ¢ok ince taneli poligonal ferrit ve asikiiler ferritten olustugu
tespit edilmigtir. “3” numarali bolge olan kok paso bolgelerinin mikroyapilar1 kiyaslandiginda “1” numarali
bolge olan kep pasodakine benzer bir durumun s6z konusu oldugu, S2Si’de asikiiler ferritin artarak tane sinir1
ferritinin azaldig1 ve S3Mo’da asikiiler ferritin ¢ok daha fazla arttig1 goriilmektedir. S1 ve S2Si dolgu metalleri
i¢in kep paso ile kiyaslandiginda asikiiler ferritin arttig1 ve poligonal ferritin azaldig1 goriilmektedir. Bu da kok
pasoda daha hizli bir sogumanin gergeklestigine isaret etmektedir. “4” numarali bolge olan IEB mikroyapilari
kiyaslandiginda kesikli ¢izgi ile gosterilen fiizyon hattinin saginda yer alan IEB’de iri taneli bdlge olusumu s6z
konusudur. Bu bolgede yiiksek sicaklik etkisi ile taneler irilesmistir. Bariz bir fark olmasa da tane irilesmesinin
en yiiksek oldugu dolgu metalinin S2Si oldugu goriilmektedir. S3Mo’da iri taneli bolgenin daha dar oldugu ve

dar bir aralikta tanelerin inceldigi goriilmektedir.

Sekil 4. Mikroyapilar (a),(d),(g),() S1, (b),(e),(h),(k) S2Si, ve (c),(f),(i),(1) S3Mo; (a),(b),(c) 1 numarali bélge, (d),(e),(f) 2 numarali bolge,
(g),(h),(i) 3 numaral1 bolge, ve (j),(k),(1) 4 numarali bélge (IEB).
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3.3 Mikrosertlik Testi

Esas metal, IEB ve kaynak metali bolgelerini igine alacak sekilde kaynak makro kesitinin iist, orta ve alt
kismindan 1’er mm araliklarla HVS sertlik testi gergeklestirilmis ve sonuglar sirasiyla Sekil 5a,b,c’de
sunulmustur. Kaynak metali bolgesi igin tiim kisimlarda S1, S2Si ve S3Mo dolgu metali kullanildiginda
sertlikler ortalama olarak sirastyla 155 HV, 185 HV ve 225 HV seklindedir. S1 ve S2Si dolgu metali
kullaniminda TEB’de sertlikler onemli oOlgiide yiikselmistir. Buna karsin S3Mo kullaniminda iist ve orta
kisimlarda IEB sertlikleri diger dolgu metallerine gore daha diisiik elde edilirken alt kisimda (yani kok paso
bolgesinde) daha yiiksek oranda seyrelme oldugu i¢in [27] IEB sertlikleri daha ylksektir. Yani S3Mo’daki
alagim elementlerinin migrasyonu sonucunda IEB sertliklerindeki ani diisiis kok bolgesinde ortadan kalkmis ve
sertliklerdeki diisiis hiz1 azalarak IEB sertliklerinin biraz daha yiiksek olmasini saglamistir. Ust kisimda IEB’de
sertliklerin asir1 yiikselmis oldugu bdlgelerde gevreklesmenin de yiiksek olabilecegi degerlendirilmistir. Sekil 4j-
I’de verilmis olan mikroyapilardan da goriilecegi lizere S1 ve S2Si kullaniminda tane irilesmesi meydana gelmis
ve bunun yani sira martenzitik yapt olusmustur. Bu durum sertlik testine de yansimis ve aynt zamanda IEB darbe

dayaniminin diisiik olacagi 6ngdriisiinii olugturmustur.
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Sekil 5. Mikrosertlik test sonuglari (a) tist kisim, (b) orta kisim, (c) alt kisim
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3.4 Cekme Testi

S355J2 ana malzeme ve S1, S2Si ve S3Mo dolgu metali kullanilarak elde edilen kaynakli yapilarda yapilan
¢ekme testi sonucunda Sekil 6a’dan goriilecegi iizere S1 dolgu metali kullanildiginda kirilma kaynak metalinden
gergeklesirken diger dolgu tellerinde kirilma ana malzemeden gergeklesmistir. Bunun nedeni S1 dolgu teli ile
kaynak bolgesinde mukavemet degerinin ana metal mukavemetinden diisilk olmasidir. Benzer durum kaynak
bolgesinde undermatch tasarim (M<1) ile gergeklestirilen s6z konusu kaynakli baglantilarda da rapor edilmistir
[28, 29]. Sekil 6b,c’de verilen ¢ekme testi sonucundan goriilecegi iizere tiim dolgu telleri i¢in akma dayanimi,
cekme dayanimi ve kopma uzamasi degerleri birbirine ve esas metalin degerlerine oldukg¢a yakindir. Kaynakli
yapmin ¢ekme dayanimmin esas malzemenin ¢ekme dayanimina orani birlestirme verimliligi olarak ifade
edilmektedir. S1, S2Si ve S3Mo dolgu metali kullanimi igin birlestirme verimleri sirastyla % 89,67, % 90,60 ve
% 91,26 olarak elde edilmistir. Olafsson ve ark. [30] 20 mm kalinlikta ve 551 MPa ¢ekme dayanimima sahip
S55J2+N celigine ortalama 1,95 kJ/mm 1s1 girdisi ile toz alti ark kaynagi uygulamislar ve kaynakli yapinin
cekme dayanimini1 534 MPa olarak belirlemislerdir. Yani birlestirme verimini % 96,9 olarak tespit etmislerdir.
Celigin normalize edilmis olmasi birlestirme veriminin yiiksek ¢ikmasinda etken olabilir ancak genel anlamda
literatiir verilerine yakin degerler elde edildigi goriilmektedir. Bir bagka ¢alismada McGrath ve ark. [31] 76 mm
kalinliga sahip C-Mn c¢eligine, bizim calismamiza benzer sekilde ancak farkli igeriklerde olacak sekilde,
alasimsiz (S1’e esdeger), silisyumlu (S2Si’ye esdeger) ve molibdenli (S3Mo’ya esdeger) dolgu metalleri ile 2,2
kJ/mm 1s1 girdisinde ¢ok pasolu toz alti ark kaynag1 prosesi uygulamislardir ve ¢ekme dayanimlarini sirasiyla
510, 575 ve 535 MPa olarak belirlemislerdir. Gergeklestirilen bu ¢aligmada ise bu degerler sirasiyla 535, 540 ve
544 MPa seklindedir. Kopma uzamasi degerleri ise sirayla %30, %30 ve %27 seklinde iken mevcut ¢alismada bu
degerler sirayla %27,84, %29,83 ve %29,21 seklindedir. Literatiir ile uyumlu sonuglar elde edildigi bu

sonugclardan da gorilmektedir.
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Sekil 6. Cekme testi sonuglar (a) kirilma bélgelerinin goriintiisi, (b) Gerilme - % Uzama diyagramlari, (c) Cekme ve akma dayanimlarinin

karsilagtirilmasi
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3.5 Centik Darbe ve Egme Testi

Kaynak metali bolgesinden ve ayrica IEB’den centik acarak -20 °C’de gergeklestirilen centik darbe testi
sonuglart Sekil 7’de verilmistir. Buna gore tiim dolgu metalleri i¢in hem kaynak metali hem de IEB darbe
dayanimi degerleri ana malzemeden ¢ok daha yiiksek elde edilmistir. Bu da kaynakli yapilarin kendisinden
beklenen performansi sergileyebilecegini ve dogru kaynak prosediirleri uygulandigini géstermistir. S1 dolgu
metali kullaniminda IEB darbe dayaniminda 6énemli bir diisiis oldugu goriilmektedir. Bu durum 6zellikle IEB’de
olusan iri taneli ve martenzitik yap1 ile iliskilendirilebilir. S2Si ve S3Mo dolgu metali kullaniminda ise kaynak
metaline gore IEB’de daha yiiksek darbe dayanimlari elde edilmigstir. Kaynak metalinde asikiiler ferrit olusumu
ve IEB’de normalizasyon tav etkisi ile ince taneli yapi eldesi genel olarak darbe dayanimlarinin artmasini
saglamistir. S1 kaynak metali darbe dayanimimin S2Si kaynak metali darbe dayanimindan yiiksek olmasi dikkat
¢ekicidir. Sekil 4g ve Sekil 4h’ta sunulan mikroyapilar kiyaslandiginda; kok bolgesinde S2Si’de biraz daha fazla
AF ve daha az GBF (tane sinir1 ferriti) olmasina ragmen, 6zellikle kep bolgesinde (Sekil 4a ve Sekil 4b) S2Si’de
PF yerine GBF olusumu artmistir. Bu da ¢atlagin tizerinden ilerlemesi i¢in tesvik edici bir fazdir [32, 33] ve bu
nedenle S1’e kiyasla, AF miktarinin artmasina ragmen, darbe dayaniminin daha diisiik olarak elde edilmesine
sebep olmus olabilir. Genel anlamda literatlir calismalar1 ile kiyaslamak amaciyla; ¢ekme testi sonuglarinda
aciklanan ve McGrath ve ark. [31] tarafindan gerceklestirilen ¢alismada S1, S2Si ve S3Mo’ya esdeger olarak
nitelendirilebilecek dolgu metalleri igin darbe dayanimi degerleri (-20 °C igin) sirastyla 105, 75 ve 110 J olarak
belirlenmistir. Bu ¢alismada elde edilen degerler ise Sekil 7°de goriildiigii Uzere (kaynak metali igin) 93,99,
75,69 ve 108,04 J seklindedir. Elde edilen sonuglarin literatiir ile uyumlu oldugu goériilmektedir. McGrath ve ark.
darbe dayanim1 anlaminda S1°e esdeger telin S2Si’ye esdeger tele gore daha iyi sonug verdigini raporlamislardir
ancak IEB darbe dayanimi o ¢alismada incelenmemistir. IEB darbe dayanimi da degerlendirildiginde S2Si’nin

daha iyi sonug verdigi bu calismada goriilmektedir.
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Sekil 7. Centik darbe testi sonuglari

Farkli dolgu metalleri kullanimt ile elde edilen kaynakli yapilarda hem kdk hem de kep bolgesinde maksimum

deformasyonun olusacagi sekilde egme testleri gergeklestirilmigtir. Egme testi sonucunda numunelerin
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goriinimi Sekil 8’de sunulmustur. Buna gore tiim numunelerde maksimum a¢1 degerine kadar gergeklestirilen
test sonucunda hem kdk hem de kep bolgesinde herhangi bir ¢atlak olusumunun gergeklesmedigi tespit
edilmistir. Bu durum elde edilen kaynakli yapilarin, 6zellikle kaynak dikisinin, olduk¢a iyi bir siineklige sahip
oldugunu gostermektedir. Sonuglar ¢ekme testi sonucunda elde edilen kopma uzama sonuglari ile uyum
gostermektedir. Her 3 dolgu metali kullanim1 i¢in de kaynakli yapilarin ¢ok iyi deformasyon kabiliyetine sahip

oldugunu séylemek miimkiindiir.

Sekil 8. Egme testi numuneleri goriiniimii (a) test 6ncesi, (b) test sonrast

IV. SONUCLAR

20 mm kalinliga sahip S355J2 yap1 ¢eligine toz alt1 ark kaynagi prosesi ile alin kaynak uygulamasinda dolgu
metalinin etkisinin arastirildigi bu caligmada tahribatsiz muayene, makro yapi incelemesi, mikroyapisal
karakterizasyon, mikrosertlik testi, ¢cekme testi, ¢entik darbe testi (kaynak metali ve IEB icin) ve egme testi

yontemleriyle elde edilen sonuglar gostermistir ki:

e S, S2Si ve S3Mo dolgu metalleri 20 mm kalmliktaki plakalarin kaynag: i¢in 2,4 kJ/mm 1s1 girdisi
degeri i¢in olduk¢a uygun dolgu metalleridir. Tiim dolgu metalleri i¢in TS EN ISO 5817 standardinin B
smifina gore degerlendirme sonucunda kaynakli yapilarin kusur igermedigi tespit edilmistir.

e Her 3 dolgu metali i¢in de gergeklestirilen mekanik test sonuglari ortaya koymustur ki belirtilen
parametrelerde toz alti ark kaynagi prosesi tatmin edici mekanik o6zelliklerin eldesini saglamistir.
Kaynakli yapilarin mekanik 6zellikleri mukavemet anlaminda S1, S2Si ve S3Mo dolgu metalleri i¢in
strastyla %89,67, %90,60 ve %91,26 birlestirme verimliligi (joint efficiency) saglandig: belirlenmistir.

e Siineklik anlaminda ana malzemenin kopma uzamasindan yiiksek degerler elde edilmistir. Ayrica egme

testi sonucunda da herhangi bir ¢atlak olusumu ger¢eklesmedigi belirlenmistir.
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Tokluk anlaminda ise ana malzemenin darbe dayanimmin oldukga iizerinde degerlerin (hem kaynak
metali hem IEB igin) elde edildigi ortaya koyulmustur. Mikroyapisinda igerdigi yiiksek oranda asikiiler
ferritten dolay1 en yiiksek darbe dayanimi S3Mo dolgu metali kullaniminda elde edilmistir. Bunun yam
sira kaynak metali bolgesinde en yiiksek sertlik degerlerinin de bu dolgu metali kullaniminda elde

edildigi tespit edilmistir.

Tim sonuglar degerlendirildiginde; denizcilik sektoriindeki kaynak uygulamalarinda S2Si ve S3Mo dolgu

malzemelerinin kullanilmasinin mikroyap1 ve mekanik degerlendirmeler agisindan uygun oldugu gorilmistiir.

Bununla birlikte, maliyet etkinligi degerlendirilirken S2Si tel kullanimmin daha ekonomik bir se¢cim oldugu

aciktir. Ancak 6zellikle diisiik sicakliklarda yiiksek darbe dayanimi gereksiniminin arttig1 kritik uygulamalarda

S3Mo dolgu metalinin ¢ok iyi performans verecegi ortaya koyulmustur.

TESEKKUR

Gergeklestirilen bu ¢alismada kaynak proseslerinin uygulanmasinda destegini esirgemeyen Gedik Kaynak A.S.

¢alisanlarina tesekkiir ederiz.
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ABSTRACT
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Trimethylolpropane triacrylate (TMPTA)
1,6-Hexanediol Diacrylate (HDDA)

The mechanical properties of the products obtained by 3D printing heavily depend on the choice of main
resins and reactive diluents. In this study, we investigated the influence of different reactive diluents on the
mechanical properties of the products derived from polyester acrylate (PEA), urethane acrylate (UA), and
silicone acrylate (SiA) resins using DLP/LCD type 3D printing. As reactive diluents, 1,6-Hexanediol
Diacrylate (HDDA), di(propylene glycol) diacrylate (DPGDA), trimethylolpropane triacrylate (TMPTA),
and TMPTAL0 were used in main resins. TMPTAL0 was prepared in this study, which includes TMPTA,
DPGDA and HDDA in its composition. While TMPTA is a reactive diluent with three acrylate functional
groups, DPGDA and HDDA have two acrylate functional groups. Our results revealed that while the
products with TMPTA reactive diluent significantly enhanced the ultimate tensile strength (UTS) and
Young's modulus, they led to a decrease in Izod impact strength. To address this, TMPTA10 was formulated
and incorporated into the main resins, resulting in improved lzod impact strength while maintaining or
enhancing UTS and Young's modulus. Notably, the products prepared by using UA resin with TMPTA or
TMPTA10, and PEA resin with TMPTAL0 exhibited exceptional mechanical properties compared to the

other products. These findings highlight the importance of reactive diluent selection in optimizing the
mechanical performance of the products obtained by DLP/LCD type 3D Printing.

Di(propylene glycol) diacrylate (DPGDA)

I. INTRODUCTION

Manufacturing procedures in many different industries have been transformed by three-dimensional (3D)
printing, which provides unmatched design flexibility and customization [1-3]. Resin systems that are
specifically formulated for a given application are essential to the success of 3D printing. In this instance, the
mechanical properties of the products produced via 3D printing mostly determine their suitability for end-use
applications [1, 4]. The mechanical performance of the products obtained by 3D printing is influenced by several
factors, including main resins and reactive diluents [5, 6]. The major resins have a high viscosity, making them
challenging to use alone. Reactive diluents are added to main resins to achieve the ideal viscosity for ease of use
and improved mechanical performance [7-9].

The reactive diluents that was used in this study are di(propylene glycol) diacrylate (DPGDA), 1,6-Hexanediol
Diacrylate (HDDA), trimethylolpropane triacrylate (TMPTA), and TMPTA10 (derivative of TMPTA). While
DPGDA and HDDA are two functional acrylate monomers, TMPTA is a three-functional acrylate monomer.
DPGDA provides flexibility and high strength due to its characteristic structure with ether bondings. HDDA has
very high compatibility with almost all resins and present high rigidity [10-12]. TMPTA, besides its three-
functional acrylate, offers high curing reactivity. Moreover, it is highly possible to provide more enhanced
mechanical properties with the resin systems having reactive diluents with three-functional acrylate groups

compared to those with two-functional acrylate groups [13, 14]. Despite its benefits, the resin systems with
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TMPTA have highly possibility to provide low impact resistance due to the providing highly crosslinking
amounts [15, 17]. Because of this, the last reactive diluent, TMPTA10, was developed to reduce the decline in
Izod impact resistance while maintaining or enhancing other mechanical properties. DPGDA, HDDA, and
TMPTA reactive diluents constitutes of TMPTAL0. After reviewing the literature, Kim and Seo [17]
investigated the effects of several reactive diluents, such as hexanediol diacrylate (HDDA), tripropylene glycol
diacrylate (TPGDA), and trimethylol propane triacrylate (TMPTA), on the mechanical characteristics of EB80
UV-cured commercial polyester acrylate resin by UV curing. They were able to achieve tensile strengths of 12.5
MPa, 14 MPa, and 18 MPa, respectively, with HDDA, TPGDA, and TMPTA. However, they did not investigate
Young’s modulus and lzod impact resistance values. Hevus et al. [18] employed furanic acrylate and
methacrylate monomers as 3D printing reactive diluents. In comparison to HDDA, a common petroleum-based
difunctional diluent, they found that furanic acrylate and methacrylate monomers exhibit noticeably better
thermal and mechanical properties (glass transition temperature, Young's modulus, tensile strength, and fracture
toughness). The impact of the contents of HDDA and Photocentric 27, which are difunctional acrylates,
Photocentric 34, which are trifunctional acrylates, and PPTTA and PE(EO)nTTA, which are four functional
acrylates, on mechanical characteristics was examined by Oezkan et al. [19]. The molecular weights of PPTTA
and PE(EO)nTTA are higher than those of the other functional acrylates. They [19] reported that molecular
weight and functionality both had an impact on mechanical properties. In light of this, in addition to the
composition and capabilities of the reactive diluents, the main resins that can serve as the skeleton or backbone
of the end product have become more significant in terms of overall mechanical properties. In this approach, in
order to obtain novel photopolymerizable resin systems, it was also chosen to examine several commercial resins
in addition to various reactive diluents.

Our research focuses on assessing the mechanical properties of products produced through DLP/LCD type 3D
printing for different novel photopolymerizable resin system combinations that include HDDA, DPGDA,
TMPTA, and TMPTA10 as reactive diluents and polyester, silicon, and urethane as the main resins. Our
objective is to find the best resin-diluent combinations that strike a balance between printability and mechanical
performance through extensive mechanical testing. Tensile, Shore D hardness, and Izod impact resistance with
notched sample were used to characterize the mechanical properties. The ultimate tensile strength, Young's
modulus, and elongation at break values were determined as a consequence of the tensile test. The findings
showed that although the products using TMPTA reactive diluent greatly increased Young's modulus and
ultimate tensile strength (UTS), they also caused a drop in lzod impact strength. In order to overcome this,
TMPTA10 was developed and added to the main resins, improving Young's modulus and UTS while also
improving Izod impact strength. Remarkably, when compared to the other products, the ones made with UA
resin with TMPTA or TMPTA10 and PEA resin with TMPTA10 showed remarkable mechanical properties.
These results emphasize how crucial it is to choose reactive diluents carefully in order to achieve the best

mechanical performance of the products produced by DLP/LCD type 3D printing.
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I1. EXPERIMENTAL METHOD
2.1 Materials

EBECRYL® 350, EBECRYL® 284, and EBECRYL® 884 were used as commercial silicone diacrylate,
aliphatic urethane diacrylate, and polyester acrylate main resins that were purchased from Allnex. As reactive
diluents, 1,6-Hexanediol Diacrylate (HDDA), di(propylene glycol) diacrylate (DPGDA), trimethylolpropane
triacrylate (TMPTA) were used. The other reactive diluent, TMPTAL0 that consisting of HDDA (20%), DPGDA
(20%), and TMPTA (10%) was prepared in our laboratory. The ratio of all reactive diluents that were used in
main resins was 50% for 3D printing. The prepared resin systems were cured via Phrozen sonic mini resin
DLP/LCD-type 3D printer. The photoinitiator utilized was bis(2,4,6-trimethylbenzoyl)-phenylphosphine oxide
(BAPO) (IRGACURE® 819).

2.2 Preparation of resin systems for DLP/LCD type 3D printer

There were three main categories of acrylate-based resins used: polyester acrylate, silicon diacrylate, and
urethane diacrylate. HDDA, DPGDA, TMPTA, and the prepared TMPTAL0 were utilized as reactive diluents.
Figure 1 presents the chemical structures of the reactive diluents that were used in this study. For every main
resin, four resin systems were intended to be obtained. Therefore, these four distinct reactive diluents were
mixed separately with each main resin. The weight adjustment for these resin systems was 1/1. The resin
systems produced by these main resins and reactive diluents were mechanically stirred in a beaker for ten
minutes. A 5% weight concentration of BAPO photoinitiator was added to the homogenous resin systems. Both
mechanical and ultrasonic stirring methods were used simultaneously for one hour to mix the resin systems
containing BAPO. A clean and uniform view of the resin systems was obtained after one hour of mechanical and
ultrasonic stirring. When the clear and homogeneous resin systems were added to the resin tank of the DLP/LCD

type 3D printer, the products were obtained during the curing process.

2.3 Characterization of Test Specimens

For the purpose of determining their mechanical properties, standard tensile tests were performed in compliance
with ASTM D638 to ascertain the material's Young's modulus, ultimate tensile strength, and maximum
elongation. The crosshead speed for the tensile tests was 5 mm/min. At room temperature, the tensile test was
conducted using Zwick Z010 apparatus. The 1ZOD impact resistance was evaluated using notched samples in
compliance with ASTM D 256. The Zwick B5113.30 test device was utilized, which had a 5.4 J hammer and a
striking rate of 3.96 m/s. The samples' hardness values were ascertained using Durometer Hardness (Shore D
hardness) in accordance with ASTM 2240. A Carl Zeiss Ultra Plus SEM (scanning electron microscope)
operating at a voltage acceleration of 20 kV was used to analyze the fracture surface morphologies following the
tensile test. Before the SEM analyses, the samples were sprayed with 2-4 nm of Au/Pd in an ion beam sputtering

system utilizing a Quorum Q150R device.
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I11. RESULTS AND DISCUSSIONS

In this study, it was believed that TMPTA would increase the crosslinking density more than DPGDA and
HDDA due to its trifunctional groups and high reactivity. As expected, the products with TMPTA reactive
diluent significantly enhanced the ultimate tensile strength (UTS) and Young's modulus, according to our results.
However, they led to a decrease in 1zod impact strength. To resolve this problem, TMPTAL0 was formulated and
incorporated into the main resins, resulting in improved lzod impact strength while maintaining or enhancing
UTS and Young's modulus. The incorporation of DPGDA and HDDA reactive diluents into the TMPTALO
formulation plays a major role in these results. It is because DPGDA has a special flexible structure due to its
ether bonding. Thus, the crosslinking structure with DPGDA has also belonged to higher elongation at maximum
besides high ultimate tensile strength. These improved mechanical properties for resin systems with DPGDA
enhanced lzod impact resistance. Moreover, HDDA has an aliphatic structure, high reactivity, and high
compatibility with almost all the resins. Notably, the products prepared by using UA resin with TMPTA or
TMPTA10 and PEA resin with TMPTAL0 exhibited exceptional mechanical properties compared to the other
products. These findings highlight the importance of reactive diluent selection in optimizing the mechanical
performance of the products obtained by DLP/LCD-type 3D printing. Figure 1 presents the chemical structures

of the main reactive diluents that were used in this study.

y H
| | ?| H H H ‘::i'
HC=C—C OG- 0—C—C=CH, He=6—C—0—&—&—0—t-t—c=—cH,
I A R S P A
1,6 Hexanediol diacrylate (HDDA) Dipropylene glycol diacrylate (DPGDA)
t [ 8
H.C—C—C c;:—:::—-t: ~C=CH,
H H H 3

Trimethylol propane triacrylate (TMPTA)

Figure 1. The chemical structures of the reactive diluents that used in this study

For instance, in the case of PEA resin composites, samples containing TMPTA10 demonstrated an increase of
50% in UTS compared to those prepared with DPGDA or HDDA. Furthermore, Young's modulus showed an
increase of 94% and 38%, respectively. Moreover, 1zod impact strength was increased by the incorporation of
TMPTA10, with an increase of 58% compared to the samples with HDDA and with an increase of 9.8%
compared to those with DPGDA. However, the samples of PEA-TMPTA were not able to be achieved on the

aluminum platform of the 3D printer when exposed to the digital light curing process.
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In the case of UA resin systems, samples containing TMPTA demonstrated a significant increase in mechanical
properties. UA-TMPTA samples exhibited increases of 60% and 67% in UTS compared to the samples with
DPGDA and HDDA, respectively. Furthermore, Young's modulus showed impressive increases of 224% and
203%, respectively. However, there was a slight decrease in 1zod impact strength compared to the samples with
DPGDA and HDDA. This trend continued with the UA-TMPTAL0 samples, which showed improvements in
UTS, Young's modulus, and Izod impact strength compared to the samples with DPGDA and HDDA. It was able
to obtain successful 3D-printed samples by using UA-TMPTA and UA-TMPTAUL0 resin systems in contrast to
PEA-TMPTA. Considering SiA resin system, it showed high compatibility with HDDA. The samples with
HDDA presented much improved mechanical properties compared to those with DPGDA. The results of SiA-
DPGDA samples could be affected by the flexible nature of the SiA main resin and the DPGDA reactive diluent
[20,21]. On the other hand, the SiIA-TMPTA and SiA-TMPTA10 samples were not able to be achieved
successfully. Evaluating mechanical properties in terms of the main acrylate resins, the resin systems with
urethane acrylate were the most prominent compared to the polyester acrylate and silicon diacrylate resin
systems. As expected, the lowest mechanical properties were obtained for SiA-based resin systems. The tensile
stress-strain curves of the acrylate-based products are presented in Figure 2. A comparative view that presented
the mechanical property trend of each acrylate-based sample is shown in Figure 3. Moreover, all mechanical

values of the produced samples are given in Table 1.
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Figure 2. The average tensile stress-strain curves of the acrylate-based products
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Table 1. The mechanical values of the nanocomposites

Ultimate Elongation

Tensile at Young's |zod Shore D
Sample Modulus Impact
Strength Break (MPa) (k/m?) Hardness

(MPa) (%)
PEA-DPGDA 10.73 18.99 67.58 9.1 56
PEA-HDDA 10.73 10.44 93.16 6.3 62
PEA-TMPTA10 15.80 14.14 132 10 64
PEA-TMPTA NA
UA-DPGDA 23.96 10.67 220.33 115 63
UA-HDDA 22.94 9.29 235.77 9.9 65
UA- TMPTAL0 26.46 7.29 396.23 9.6 65
UA- TMPTA 38.37 3.53 713.52 7.9 69
SiA-DPGDA 3.72 3.77 61.26 2.3 34
SiA-HDDA 11.06 4.95 220.97 34 48
SIA-TMPTA10 NA
SIA-TMPTA NA

Following the tensile test, Figure 4 shows the fracture surface morphologies of the PEA-HDDA, PEA-
TMPTA10, UA-TMPTA, and UA-TMPTAU10. In terms of mechanical properties, the PEA-HDDA had a poorer
Izod impact resistance than the prominent samples, PEA-TMPTA10, UA-TMPTA, and UA-TMPTA10. SEM
morphology in Figure 4 supported this condition with the overall smooth texture and river-line and textured
microflow patterns of PEA-HDDA and UA-TMPTA. The fracture behavior of PEA-TMPTA10 and UA-TMPTA
was more ductile compared to PEA-HDDA and UA-TMPTA. Moreover, it appeared that shear stresses had
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occurred on the PEA-TMPTA10 and UA-TMPTAI10 fracture surfaces. These shear forces demonstrated the
stronger interactions represented by PEA-TMPTAL0 and UA-TMPTA10 [22, 23].

Figure 4. The fracture surfaces SEM morphologies of the PEA-HDDA, PEA-TMPTA10, UA-TMPTA, and UA-TMPTA10 after tensile test

IV. CONCLUSIONS

In conclusion, the results demonstrate the significant effect of reactive diluent selection on the mechanical
properties and microstructural characteristics of 3D-printed resin systems. Samples prepared from the resin
systems with TMPTA and TMPTAL0 reactive diluents exhibited remarkable improvements in UTS and Young's
modulus, highlighting their potential for enhancing the mechanical performance of resin systems. TMPTA
reactive diluent can only be used for the urethane acrylate main resin due to its curing problem. Moreover,
UA/TMPTA exhibited poor impact resistance despite its improved UTS and Young's modulus values. For this
reason, the formulation of TMPTAL0 was prepared as a new reactive diluent. The formulation of TMPTAL0
addressed the brittleness and non-printability issues associated with the resin systems with TMPTA, resulting in
improved lIzod impact strength and successful 3D-printed resin systems while maintaining or enhancing other
mechanical properties. While UA-TMPTA, UA-TMPTA10, and PEA-TMPTA10 presented the most improved
mechanical properties, SIA-TMPTA, SIA-TMPTAL0, and PEA-TMPTA could not be obtained by 3D printing.
In brief, UA-TMPTA samples exhibited increases of 60% and 67% in UTS compared to the samples with
DPGDA and HDDA, respectively. Furthermore, Young's modulus showed impressive increases of 224% and
203%, respectively. PEA-TMPTA10 demonstrated an increase of 50% in UTS compared to those prepared with
DPGDA or HDDA. Furthermore, Young's modulus showed an increase of 94% and 38%, respectively.
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Moreover, lzod impact strength was increased by the incorporation of TMPTA10, with an increase of 58%

compared to the samples with HDDA and with an increase of 9.8% compared to those with DPGDA.

Considering the SiA resin system, it showed high compatibility with HDDA. The samples with HDDA presented

much improved mechanical properties compared to those with DPGDA, as mentioned. Considering the SiA resin

system, it showed high compatibility with HDDA. The samples with HDDA presented much improved

mechanical properties compared to those with DPGDA. These findings emphasize the importance of optimizing

main resin-diluent formulations to achieve superior mechanical performance and structural integrity in 3D-

printed parts. In the future, research may concentrate on optimizing processing parameters and investigating new

additives to further improve the qualities of resin systems for cutting-edge uses across a range of sectors.
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Bu caligmada Tiirkce Dogal Dil isleme teknikleriyle 230 ciimlenin ses bilgisi ve morfolojik analizi
gergeklestirilmistir. Islemlerde Zemberek’le entegre sekilde galisan Visual Studio ortaminda ve C# dilinde
gelistirilen yazilim kullanilmigtir. Zemberek’te bulunan 130 ekten 120’sinin Tiirk¢e dil bilgisindeki ek
karsiliklart belirlenmistir. Zemberek eklerinden 1371 kok adi, 46°s1 ¢ekim eki, 39’u yapim eki ve 22 tanesi
diger eklerdir (birlesik fiil, fiilden sifat fiil ve fiilden zarf fiil tiireten). Veri kiimesindeki 230 cimlenin 744
kelimeden olugtugu, kelimelerin ortalama 5.30 harf ve 2.26 heceli oldugu, hecelerin yaklasik yarisinin iinsiiz-
inlii birlesiminden olusan CV hece tiirlinde bulundugu ve kelimelerin yarisindan fazlasi igin Zemberek
tarafindan 1 ¢oziimleme tretildigi belirlenmistir. Ayrica, kelimelerin yarisinin ek almadigi, ¢ekim eklerinin
diger ek tiirlerinden daha ¢ok kullanildigi, yapim eklerinden sonra yapim veya ¢ekim eklerinin, diger eklerden
(birlesik fiil ve fiilden sifat fiil tiireten) veya ¢ekim eklerinden sonra ise yalnizca ¢ekim eklerinin geldigi tespit
edilmistir. Isim tiiriindeki kelime say1sinin diger tiirlerdeki kelime sayisindan, {inlii ve {insiiz uyum kurallarina
uyan kelime sayisinin uymayan kelime sayisindan daha yiiksek oldugu goriilmiistiir.
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In this study, phonological and morphological analysis of 230 sentences was carried out using Turkish Natural
Language Processing techniques. Software developed in the Visual Studio environment and C# language,
which works integrated with Zemberek, was used in the analyses. The Turkish grammar equivalents of 120
out of the 130 suffixes in Zemberek were determined. 13 suffixes are root nouns, 46 are inflectional suffixes,
39 are derivational suffixes, and 22 are other suffixes (compound verbs, deriving verbal adjective from verbs
and verbal adverb from verbs) of the Zemberek suffixes. It was determined that the 230 sentences in the dataset
consisted of 744 words, the words had an average of 5.30 letters and 2.26 syllables, approximately half of the
syllables were in the CV syllable type consisting of consonant-vowel combinations, and 1 analysis was
produced by Zemberek for more than half of the words. In addition, it was determined that half of the words
do not take suffixes, inflectional suffixes are used more than other types of suffixes, derivational or inflectional
suffixes come after derivational suffixes, and only inflectional suffixes come after other suffixes (compound
verbs and deriving verbal adjective from verbs) or inflectional suffixes. It was observed that the number of
words in the noun type is higher than the words in other types, and the number of words that comply with the
vowel and consonant harmony rules is higher than those that do not.
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I. GIRiS
Bilisim teknolojilerinde yasanan gelismeler ve bu teknolojilerin kullaniminin yayginlasmasina paralel olarak
dijital ortamdaki veri miktar1 da artmaktadir. Buna karsin verilerin tamami, yapisal forma sahip degildir. Yapisal

olmayan dogal dillerde yazilmis metinsel verilerin bilgisayarlar tarafindan islenebilmesi igin metinlerin DDI

teknikleri uygulanarak yapisal forma doniistiiriilmesi gerekmektedir.

Yapay zeka ve dil bilimin alt birimi olan Dogal Dil Isleme (DDI), dogal dillerde yazilmis metinlerin yazildig1 dilin
kurallar gercevesinde bilgisayarlar tarafindan ¢6ziimlenmesi, anlasilmasi ve yeniden iiretilmesi siireclerini kapsar.
Insan bilgisayar etkilesiminin drnegi olan ve giiniimiizde oldukga popiiler hale gelen ChatGPT [1] veya Gemini
[2] benzeri sohbet robotlar1 DDi’nin énemini ve goriiniirliigiinii daha da arttirmistir. Fakat sohbet robotlar diinya
iizerinde konusulan biitlin dillerde hizmet vermemektedir. Her dogal dilin dil bilgisi denilen kendine has kurallar1
olmas1, birtakim benzerlikler olsa da bu kurallarin dilden dile farklilik gdstermesi, bir dil igin uygulanan DDI
adimlarinin bagka dillerde farkli sekillerde uygulanamamasi, kelime tiiretiminden s6z dizimine kadar biitiin

islemlerin dilin kurallari icerisinde ger¢eklesmesi ve DDI siirecinin zorlugu, bunun sebepleri olarak gosterilebilir.

DDI, her ortamdaki metinsel igerikteki verilere uygulanacak yontemleri ifade etmektedir. Yapilmak istenilen ise,
veriye ve verinin kaynagina goére DDI adimlar farklilik gostermektedir. Ornegin, dokiiman siniflandirmadaki
islemler ile yazar tanimadaki islemler veya web ortamindaki metinsel veriye uygulanan DDI adimlari ile basili bir

dokiimana uygulanan adimlar ayni degildir.

Insan-bilgisayar etkilesiminin seviyesini belirleyen DDI, yapay zekanin en komplike konularindan biridir. Akilli
cihazlar veya web ortamindaki sanal asistan kavramiyla insanlarin hayatlarinda yer almaya baslayan DDI, bugiin
bircok uygulamada kendini gostermektedir. Metin smiflandirma [3], yazar tamima [4], duygu analizi [5], metin
Ozetleme [6], metin Gretme [7], ceviri sistemleri [8, 9], insan-bilgisayar etkilesimi [10], akilli asistanlar [11] ve

sohbet robotlar [1, 2] DDI’nin kullanim alanlarina drnek olarak gosterilebilir.

Il. TURKCENIN OZELLIiKLERI

Diinyada konugulan 7000’1 agkin dil [12], kaynag1 ve yapilarina gore siniflandirilmaktadir. Tiirkge, Ural-Altay dil
grubunun Altay koluna bagli eklemeli diller kategorisindedir [13]. Diger dillerde oldugu gibi Tiirk¢ede gergeklesen
biitiin islemler dil bilgisi kurallarina gore icra edilmektedir. Konusma dilleri arasinda benzerlikler goriilse de her
dilin dinamikleri farklidir. Dogal dillerle ilgili caligsmalarda ¢alisma yapilan dilin dil bilgisi kurallar1 bilinmeli,
dilin kurallarina veya 6zellikle dilin ¢alisma yapilan kismiyla ilgili kurallara hakim olunmalidir. Bu ¢alismada

Tiirkgenin ses bilgisi ve morfolojik analiz konularina odaklanilmistir.

2.1 Ses Bilgisi Analizi

Bir dilin en kiigiik pargasi olan ses tek basina anlami olmayan, hece veya kelimeye doniistiigiinde anlam kazanan
unsurlardir. Tiirkgede sesler, harfler ve ekler birlestirilirken ses olaylart meydana gelmektedir. Bu olaylar fonetik
veya ses bilimi olarak da ifade edilen DDI’nin ses bilgisi alaninda incelenmektedir. Seslerin iinlii/iinsiiz
uyumundan ek birlesimindeki ses diismesine kadar olan biitiin ses 0zellik ve olaylar1 ses bilgisi analizinde

incelenir.
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Harfler, seslerin yazili olarak temsili olan sembollerdir. Farkli dillerde farkli harflerin bulundugu bilinmektedir.
Ornegin; Tiirkcede Ingilizceden farkli olarak ¢, g, 1, 8, s ve ii harfleri vardir. Ingilizcede ise Tiirkgeden farkli olarak
g, w ve X harfleri yer almaktadir. Tiirkgede 8 iinlii ve 21 linsiiz harften olusan alfabe kullanilir. Esasinda 8 tinlii
harf bulunsa da konusmada bazi ara seslerin kullanildig1 da goriilmektedir. Bununla birlikte bir dilde iinlii harf

sayisina bagli olarak dilin ahengi artar [14] ve Tiirkge iinlii harf say1s1 bakimindan zengin bir dildir [14, 15].

Unlii ve iinsiiz harfler kendi i¢lerinde siniflandirilmaktadir. Tiirk¢ede iinlii harfler meydana gelis noktasina gére
kalin veya ince, agiklik/kapalilik durumuna goére genis veya dar, dudaklarm durumuna gore diiz veya yuvarlak,
uzunluk/kisalik durumuna gore normal veya kisa {inlii olarak tasnif edilmektedir [15, 16]. Unsiiz harfler ise ses
tellerinin durumuna gore sert veya yumusak iinsiizler, bogumlanma noktasina gore dudak, dis, damak veya girtlak

tnsuzleri, ses yolunun durumuna gore sirekli veya sureksiz tinsuzler olarak siniflandirilmaktadir [17].

Tiirkgede gerek koklerdeki gerekse kok ile ekler arasindaki seslerin bir araya gelmesi gelisigiizel olmamakta; bu
islemler kurallar ¢ercevesinde meydana gelmektedir. Ses uyum kurallar diye ifade edilen bu kurallar Tiirk¢enin
kolay konugulmasini ve ahenkli olmasini saglar. Tiirkge, diinyadaki en ahenkli 4 dil arasinda gosterilmektedir [14].
Ural-Altay dil grubunda goérilen biyik Gnli uyumu, kelimede bulunan Gnli harfleri incelik-kalinlik agisindan
inceler [14]. Biyuk tnli uyumunda kelimedeki ilk tinli harf inceyse kelimenin devamindaki diger tinliiler de ince,
kalinsa kalin olmalidir. Bir diger uyum kurali olan kiigiik iinlii uyumu ise giiniimiiz Tiirkg¢esinde kendini belirgin
olarak gostermektedir [15, 16]. Biiyiik iinlii uyumunun aksine bu kuralda iinliiler kelimedeki biitiin iinliilerle degil
kendinden sonra gelen unliyle ilgilenir; kelimede diiz {inliden sonra diiz Ginld, yuvarlak tnliden sonra ise dar-
yuvarlak veya diiz-genis iinlii gelebilir [13, 15, 16]. Bir diger kural olan iinsiiz uyumunda kelimelerde yan yana

bulunan {insuizlerin seda bakimindan birbirine uyma durumu incelenir.

Tirk Dil Kurumu so6zliigiine gore hece, bir solukta sdylenebilen ses veya ses birlikleri olarak tanimlanmaktadir
[18] ve Tiirkgede hecelerle ilgili kurallar mevcuttur. Ornegin; heceler en az 1 en fazla 4 harfli olabilir, hecelerde
yalnizca 1 tnlii harf bulunabilir, sadece iinsiiz harflerden olusamaz, genelde bir iinlii ile birkag iinsiiziin
birlesiminden meydana gelir [14, 15]. Ayrica, Tiirkgede kelime ve hecelerin iki veya daha fazla iinsiiz harfle
baglayamayacagi; kelime ve hece sonunda yan yana -Ig, -lk, -lp, -It, -n¢, -nk, -nt, -r¢, -rk, -rp, -rd, -rt, -st ve -st
iinsiizlerinin bulunabilecegi, 3 veya daha fazla sayida iinsiiziinse bulunamayacagi; kelimede yan yana bulunan 3
tinsiiziin ancak kelime ortasinda iki heceye ait olmak {izere bulunabilecegi bilinmektedir [15]. Bunlarla beraber V
tinlii harfi ve C tinsiiz harfi temsil etmek iizere Tiirk¢ede kullanilan hece ¢esitleri sunlardir; V, VC, CV, CVC,
VCC, CVCC.

2.2 Morfolojik Analiz

Bigim birim diye de ifade edilen morfem; anlamli, gérevli, anlam degistirme veya birlestirme gorevi olan, bir dilin
en kii¢iik birimini olusturan ses veya ses topluluklaridir. Morfolojik analizde kelimenin kok/govdeleri ve tiirleri,
aldiklan ekler, eklerin tiirleri, kelime i¢indeki kiiglik yapilar, kisacasi kelimelerdeki morfemler incelenmektedir

[14, 15]. Bu islem ise morfolojik analiz diye isimlendirilmektedir.

Morfem olan ekler tek baglarina anlami olmayan, kok/govdelere gelerek kullanilan anlamsal vazifeli seslerdir [16].
Eklemeli diller kategorisindeki Turkge son ekli bir dildir [15]. Farkli amaglar1 gergeklestirmek {izere Tiirkgede

yapim ve ¢ekim ekleri vardir. S6zctigiin anlamli, par¢alanamayan en kiigiik birimi koktiir [15, 16] ve Tirkgede
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kokler degismemektedir [14, 15]. Fakat kok/govdeler yapim eki alarak yeni anlama sahip govdeler olusturabilir
[16]. Bununla birlikte anlam1 degistirmeyen ¢ekim ekleri kok/govdelerin ciimle i¢inde kullanilmasini saglayarak
onlara islerlik kazandirmakta, ciimle iginde dil bilgisine uygun sekilde kelimelerin yer almasini saglamaktadir
[16]. Ayrica, Tiirkgedeki birlesik fiil, fiilden sifat ve zarf fiil iireten ekler bazi kaynaklarda yapim eki; bazi
kaynaklarda ise ayr1 bir ek olarak kabul edilmektedir.

Fiilden isim ve fiil, isimden isim ve fiil olmak {izere 4 tiir yapim eki vardir [15]. Yapim ekine kiyasla daha ¢ok
kullanim alanina sahip olan, isim ve fiil gekim ekleri olmak {izere 2 sinifa ayrilan ¢ekim eklerinde daha fazla sayida
ek bulunmaktadir. Tiirkgede eklerin birbiri ardina gelmesi belirli kurallar dahilinde gerceklesir [19]. Ornegin;
kelimenin en baginda kokler bulunur [13] ve Tiirkgede yapim ekleri kok/gévdenin hemen bitisiginde yer alir ve
kok/govde ile yapim eki arasma ¢ekim eki girmez, bir kelimede birden fazla yapim veya ¢ekim eki bulunabilir,
bunlarin sirasinda da belirli bir kural vardir, kdkten sonra dnce yapim ekleri, sonrasinda yapim ekleri bittikten

sonra ¢ekim ekleri gelir, yapim ve ¢ekim eklerinin de kendi iginde siralamasi vardir [15].

1. ZEMBEREK

Acik kaynak kodlu DDI kiitiiphanesi olan Zemberek [20], Tiirk dilleri icin olusturulmus DDI sistemidir [21].
Kelimelerin denetlenmesi, kok/gévdelerinin ve tiirlerinin belirlenmesi, eklerinin tespiti, ayristirilmasi ve
hecelenmesinde Zemberek kullanilabilmektedir. Kelime denetleme, analiz dncesi bir 6n islemdir. Denetlemede
basarili olan kelimelerin ¢oziimlemeleri yapilabilir. Fakat morfolojik analizin baslatilmasi, analiz 6ncesi 6n
islemler ve ¢oziimleme sonrasi elde edilenlerin islenmesi i¢in baska yazilimlara ihtiya¢ vardir. Ornegin; Visual
Studio C#, Visual Basic veya Java, Zemberek’le entegre sekilde caligtirilarak bu islemlerin gergeklestirilmesi

saglanabilir.

Ote yandan Zemberek’in bazi eksiklikleri bulunmaktadir; rakamlarla yazilmis sayilarin veya kiigiik harflerle
yazilmis 6zel isimlerin ¢oziimlemesi yapilamamaktadir. Ayrica Zemberek kelime bazli ¢alismaktadir. Zemberek’e
metinler pargalanarak kelime kelime verilmelidir. Zemberek analiz etmek {izere kelimeyi almakta ve muhtemel
biitlin ¢oziimlemeleri sunmaktadir. Hangi ¢6ziimlemenin segilecegine Zemberek degil, arastirmaci karar
vermelidir. Ayrica, baz1 kelimelerin ¢oziimlemelerinde yapim eki almis kelime ayr1 gévde olarak sunulmaktayken
bazi kelimelerin eklerine ayrilmis sekilde birden ¢ok c¢oziimlemesi sunulmaktadir. Fakat c¢oziimleme
sonuglarindaki en iistte bulunan ¢6ziim genellikle aranan kok/govdeyi isaret etmektedir. Bu ve benzeri eksik
islemlerde Zemberek’le birlikte calisacak yazilimlar devreye girmeli, eksik islemler yazilim yoluyla
tamamlanmalidir. Buradan hareketle Zemberek’in morfolojik analiz yapmak iizere tasarlandigi, tek basina yeterli

olamayacagi, eksikliklerinin yazilimlar yoluyla tamamlanmasi gerektigi sdylenebilir.

Alan yazinda Zemberek kullanildigi ¢aligmalar mevcuttur [10, 22-26]. Calismalarda agirlikli olarak Zemberek’in
kelimelerin kok/govdesinin  belirlenmesi  6zelliginden faydalanilmaktadir. Ayrica, yapilan incelemede
Zemberek’in ek isimleriyle bu eklerin Tiirk¢edeki kargiliklarinin ortaya kondugu bir ¢alismaya rastlanmamuistir.
Ozellikle kelimenin aldig1 ¢cekim eklerinin belirlenmesi, Zemberek’in s6z dizimi analizinde de kullanilabilmesini

mimkiin kilacaktir.
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1V. CALISMANIN AMACI

Bu ¢alisma, DDI kiitiiphanesi olan Zemberekteki eklerin Tiirkce dil bilgisi karsiliklarinin belirlenmesi, dogal bir
dil olan Tiirkgede yazilmis ciimlelerin DDI teknikleriyle incelenerek ses bilgisi ve morfolojik analizlerinin
yapilmasi ve islemler sonucu elde edilen nicel verilerin ortaya konulmasi amaciyla gergeklestirilmistir. Calisma

kapsaminda asagidaki sorulara yanit aranmistir;

* Zemberek ek isimlerinin Tiirk¢e dil bilgisindeki karsiliklar1 nedir?
 Nicel veriler nelerdir?

Kelimeler kag harflidir?

Kelimeler kag hecelidir

Hece tiirlerinin kullanim sayilar1 nedir?

Heceler kag harflidir?

Kelimelerin ¢éziimleme sayilar1 nedir?

Kelimeler kag¢ ek almistir?

Kelimelerin aldiklar1 eklerin tiirlerine gore sayilar: nedir?
Kelimedeki eklerin birbirlerini takip etme sayilari nedir?

Tiirlerine gore kelime sayilar1 nedir?

©O O O 0O o o o o o o

Ses uyum kurallarina uyma/uymama durumuna gore kelime sayilart nedir

Calismanin en 6nemli 6zelliklerinden birisi Zemberek eklerinin Tiirkge dilbilgisi kargiliklarinin belirlenmesidir.
Ve bu, bircok alanda kullanilabilecek veriler ihtiva eder. Ornegin; Tiirkgedeki yapim ve ¢ekim ekleri ile bu
eklerden hangilerinin daha ¢ok kullanildiginin tespitinde, eklerin siralaniginin ortaya konulmasinda, Biiyiik Dil
Modellerindeki (Large Language Model) islemlerde, anlam bilimsel (semantic) ve sdz dizimsel (syntactic)
analizlerde buradan elde edilecek veriler anlamli bilgiler igerebilir. Bununla birlikte metinlerdeki hecelerin, hece
tiplerinin ve hecelerin harf sayilarimin belirlenmesi hesaplamali dil bilimin yani sira Tiirk¢e 6gretiminde (6rnegin
1.smif metinlerinde) 6nemli bir konu olan metinlerin 6grenci grubuna uygun olup olmadiginin ortaya konulmasina

yonelik arastirmalar i¢in de yardimci bilgiler barindirir.

V. MATERYAL ve METOT

Bu c¢alismada, ciimle diizenindeki metinsel verilerin analizi gergeklestirilmistir. Zemberek’le Visual Studio
ortaminda C# dilinde gelistirilen yazilim birlikte kullanilarak metinler analiz edilmistir. Kelimelerin ¢6ziimlenmesi

islemleri icin Zemberek, bunlar digindaki tiim iglemler icinse gelistirilen yazilim kullanilmastir.

5.1 Veri Kiimesi

Calismanin veri kiimesini 230 climle olusturmaktadir. Nicel verilerin yani sira Tiirk¢ede bulunan yapim eki, ¢ekim
eki ve diger eklerin kullanimlarinin DDI yéntemleriyle ortaya konulasinin amaglanmasi nedeniyle ciimle

diizenindeki metinler tercih edilmistir.
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5.2 Veri Isleme

Verilerin DDI ile islenmesinde Zemberek’le entegre sekilde calisan, Visual Studio ortaminda ve C# dilinde

gelistirilen yazilimdan faydalanilmigtir. Ciimle diizenindeki verilerin 6n iglemden gegirilmesi, ciimlelerin

kelimelere pargalanmasi, kelimelerin harf ve hece sayilarinin, hecelerin tiirlerinin ve harf sayilarinin, kelimelerin

aldiklar1 ek sayilarmin, tiirlerine gore eklerin kullanim sayilarinin, eklerin birbirini takip etme durumlarinin,

tiirlerine gore kelime sayilarimin, kelimelerin ses uyum kuralina uyma/uymama durumlarinin kontrolii ve sayilari,

gelistirilen yazilimla gergeklestirilmistir. Kelimelerin denetlenmesi, kok/govdelerin belirlenmesi, tiirlerinin

saptanmasi, hecelenmesi, aldigi eklerin tespiti ve eklerine gore ayrigtirilmasi islemlerinde ise Zemberek

kullanilmstur.

Caligmanin islem akis semasi Sekil 1°de gosterilmistir;
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Veri kimesindeki 230 ciimle déngiiyle sisteme girdi olarak sirayla alinmaktadir.

Her bir ciimle sirasiyla islenmek iizere gelistirilen yazilima verilmektedir.

Gelistirilen yazilim iglemleri;

0 On islem: Ciimle 6n islem siirecinden gegirilmektedir. On islemde ciimle i¢inde bulunan rakamla
belirtilen sayilarin yaziyla ifadesi gerceklesmekte, ayrica kesme isareti (*) digindaki noktalama igaretleri
igerikten kaldirilmaktadir.

0 Ciimlenin parcalanmasi: Zemberek’e sunulmak iizere climle iginde bulunan kelimeler bosluk
karakterine gore parcalanmakta ve kelimeler elde edilmektedir.

Zemberek iglemleri;

0 Ciimleyi olusturan kelimeler dongiiyle Zemberek’e girdi olarak sirayla alinmaktadir.

0 Zemberek’le dncelikle kelimenin denetlenmesi yapilmaktadir.

0 Denetleme sonucu basarili olan kelimenin ¢6ziimlemesi gergeklestirilmektedir.

Gelistirilen yazilim iglemleri;

O Zemberek ¢oziimlemesi sonrasinda kelimenin harf ve hece sayilari, hecelerin tiirii, kelimenin ek sayilari,
eklerin birbirini takip etme durumlari ve ses uyum kurallarina uyma/uymama durumlar
belirlenmektedir.

Gelistirilen yazilim iglemleri;

0 Veri igleme siireci ve ciimleye ait dongi tamamlandiktan sonra ¢aligma kapsaminda elde edilen bulgular

elde edilmektedir.
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Cilmle
Veri Kilmesi
' 1 [
Gelistirilen Yazilim On 'i'“'“
| Ciimlenin Parcalanmasi
Kelime
r 3
Denetleme
*Hasarlh
Kék/Govdesinin Belirlenmesi
Tiirtiniin Belirlenmesi
Hecelenmesi
Eklerinin Tespiti
Eklerine Gére Aynstrma
]
' v
= Gelistirilen Yazilun Kelimelerin Harf Sayisiun Belirlenmesi
A
A 4 Kelimelerin Hece Sayisimum Belirlenmesi
Gelistirilen Yazilum \
Hecenin Tiiriiniin Belirlenmesi
Hecenin Harf Sayisuun Belirlenmesi
A J
Kelimelerin Ek Sayisinn Belirlenmesi
Bulgulann Elde Edilmesi + ;
Eklerin Birbirini Takip Etme Durumlarinin Belirlenmesi Biyuk Unltt Uyumu Incelemesi
Ses Uyum Kurallarinn Incelemesi : Kiigiik Unlit Uyumu Incelemesi
|
Unsiiz Uyum Incelemesi
—

Sekil 1. islem akis semast (Yesiller gelistirilen yazilimla, maviler Zemberek le yapilan islemleri belirmektedir)

Caligmada kullanilan veri tabanina ait sema Sekil 2°de goriilmektedir. Normalizasyon kurallarina ve iligkisel veri
modeline uygun olarak olusturulmus veri tabaninda 7 tablo bulunmaktadir. Tablolar arasi iliskilerden
faydalanilarak veri tabani {izerinde g¢alistirilan SQL (Structured Query Language / Yapilandirilmig Sorgu Dili)

sorgulariyla ¢aligmaya ait verilerin elde edilmesi gergeklestirilmistir.
Tablolara ait agiklamalar su sekildedir;

e tblCilimleler: Veri kiimesini olusturan 230 ciimlenin ve 6n islem sonrasi elde edilen formlarinin tutuldugu
tablodur.

e tblCiimleKelimeler: Ciimleleri meydana getiren kelimelerin islenmesi sonucu elde edilen verilerinin
tutuldugu tablodur.

* tblKelimeEkler: Kelimelerin aldiklart eklere iligkin verilerin tutuldugu tablodur.

» tblEkler: Zemberek eklerinin Tiirk¢e dil bilgisindeki karsiliklarinin, eslesmelerinin tutuldugu tablodur.

* tblKelimeHeceler: Kelimelerin hecelerine iliskin verilerin tutuldugu tablodur.

* tblCiimleGdvdeler: Kelimelerin kdk/govdeleri ile onlarin ciimle igindeki kullanim sayilarmin tutuldugu
tablodur.

* tblGovdeler: Ayrik (unique-benzersiz) kdk/gdvdelerin tutuldugu tablodur.
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tbelCamleKelimeler thiKelimeEkler
tbiCarnleler ¥ Cozamlemeld = =5 Cazamlemeld thiEkler
¥ Camleld - = camleld Ekld = L W
Camle Kelime EkSiras FemberekEkAd
CtimleGnislam CoziimlemeSayisi TiirkgeEKTrd
Govdeld TiarkgeEkKarsihd
BayakOnld ]
KicakOnla thlKelimeHeceler
Unsiiz = Céziimlemeld
Tir Hece
EkSayis! HeceSiras
EkZinciri Tar
Ayristirma
Hece
HeceSayis
thlCamleGavdeler
= Camleld thlGavdeler
KokGovdeld = ¥ kokGavdeld
Adet K&kGovde

Sekil 2. Veri taban1 semast

Tablolara ait agiklamalari ve Sekil 2’de semasi verilen veri tabanina girilmis verilerin 6rnegi Sekil 3’te
gorilmektedir. 230 climleden temsili olarak yalnizca 3 tanesiyle islemler gergeklestirilmis ve veriler veri tabanina
asagidaki sekilde kaydedilmistir. Diger ciimlelere ait iglemler de benzer sekilde veri tabaninda tutulmustur.
Bunlarla birlikte Zemberek eklerinin yer aldig1 tblEkler tablosunda, 130 Zemberek ekinden drnek olarak 50 tanesi

gOsterilmistir.

T ECUmbeKelimeer

g
=
B

Conimigmeld - | Camieid .| Kelime . | Cozimiemesaysi + | Goveeld - - | Bsaym . mrgama .| Mece .| MeceSapm .

@ 1 1= =] z
0 F] 2 = =] u ]
1 L] (%] (] B mm 2
1 3 =] =] B sear 2
s s =] B = ]
& & (=] ] (= T a
= 7 7 =] =] O sm 2
2 8 8 O =] Y] a
1 9 ) = =] M mm a
! 0 2 o = a B A 2 O, FL_SIMDIKIZAMAN_IYOR  baglaor  bagliyar ]
)
H 5
: 7 - | TaeckgeghTans TahgehKarpid
3 ]
3 ]
Epr—
WikGidesd] | KoAGivde .
1 ben
Gakim Lk saru B

Sekil 3. Veri tabaninda kayith veriler
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VI. BULGULAR VE TARTISMA

Bu boéliimde sunulan veriler 230 ciimle ve ciimleleri olugturan 744 kelimenin analizinden elde edilmistir.
Oncelikle, Zemberek ek adlarinin Tiirkge dil bilgisi karsiliklar1 6rneklerle verilmis, sonrasinda ise nicel verilere

ait bulgular tablolarda sunulmustur.

6.1 Zemberek Ek Isimlerin Tiirk¢e Dil Bilgisi Karsiliklar:

Zemberek’te toplam 130 ek adi bulunmaktadir. Bunlardan 1 tanesi BOS EK, 13 tanesiyse FIIL_KOK,
ISIM_KOK, EDAT_KOK gibi kelime tirtni de ifade eden kok adlaridir. Bunlarla birlikte eklerin 39 tanesi yapim
eki, 8 tanesi birlesik fiil, 5 tanesi fiilden sifat fiil tiireten, 9 tanesi fiilden zarf fiil tiireten ek iken 46 tanesi ¢ekim
ekidir. Zemberek ¢oziimlemeleri incelendiginde 13 kokten biri olan SORU_KOK, kdk olmasina karsin ¢ekim
eklerinden soru ekinde yer almas1 gerektigi belirlenmistir. Ote yandan Zemberek ek listesinde yer alan 10 ekin

kullanimina yapilan analizde rastlanmamaistir.

Zemberek yapim eki almis kelimeleri her zaman ayr1 bir gévde olarak sunmayabilmektedir. Ornegin; yapim eki
almis ogretmen kelimesi dgretmen olarak dogru sekilde ¢oziimlenirken; bayramlasti kelimesinin kdk/gévdesi
bayram olarak ¢6ziimlenmistir. Oysaki bayramlasti kelimesinde yapim ekleri bulunmaktadir ve bu kelimenin
govdesi bayramlas(mak) olmalidir. Kelimenin Zemberek c¢oziimlemesindeki ek zincirinde “ISIM_KOK,
ISIM_DONUSUM_LE, FIIL_ BERABERLIK IS, FIIL_GECMISZAMAN_DI” eklerinin bulundugu, bunlardan
ISIM_DONUSUM _LE ve FIIL_BERABERLIK_IS eklerinin yapim eki oldugu, kelimenin bayram-la-s-# olarak
ayrigtirildigi, buna gore bayram kokiine la ve s eklenerek bayramias(mak) olarak kullanilmasi gerektigi sonucuna
ulasilmigtir. Bu sebeple eger kelimenin yapim eki almis gévdesine ulagilmak isteniyorsa Zemberek ek zinciri de
incelenmeli, ek zincirinde yapim eki oldugu yere kadar ayristirmadaki ekler kok/gévdeye eklenmelidir. Bdylece

kelimelerin kok/govdelerinin dogru tespit edilmesi saglanmis olunacaktir.

Zemberek’teki yapim eklerinin Tiirkge dil bilgisindeki karsiliklari, ekin hangi tiirden yapim eki oldugu ve ek
kullanimina iligkin 6rnek kelime ayrigtirmasiyla birlikte Tablo 1°de verilmistir. Fiilden fiil tiireten 7, isim tiireden

11 ek varken isimden isim tlireten 18, fiil tiireten 3 ek vardir.
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Tablo 1. Zemberek ek adlarinin Tiirkge dil bilgisindeki karsiliklar1 (yapim ekleri)

Zemberek Ek Ad1 Tiirkce Dil Bilgisi Karsihg: Kelime Ayristirma
FIIL_BERABERLIK_IS bakismak bak zg mak
FIIL_EDILGEN_IL bakilir bak o/ 1r
FIIL_EDILGENSESLI_N seslenmis sesle n mis
FIIL_ETTIRGEN_TIR Fiilden Fiil baktirmak bak #ir mak
FIIL_ETTIRGEN_TEKRAR_T baktirtmak bak tir t mak
FIIL_OLDURGAN_T yiikseltmis yiksel t mis
FIIL_OLUMSUZLUK_ME bakmadi bak ma di
FIIL_DONUSUM_IK ayrilik ayril tk
FIIL_DONUSUM_IM doyum doy um
FIIL_DONUSUM_INTI bozuntu boz untu
FIIL_DONUSUM_IS kurtulus kurtul us
FIIL_DONUSUM_ME sevmenin sev me nin
FIIL_DONUSUM_MEZ Fiilden Isim sevilmez sev il mez
FIIL_DONUSUM_MIS sevilmis seVv il mig
FIIL_MASTAR_CE kovalamaca kovala ma ca
FIIL_MASTAR_MEK sevilmek sev il mek
FIIL_TANIMLAMA_ICI tzlci Uz Gct
FIIL_ZAMAN_INCE sevince sev ince
ISIM_ANDIRMA_IMSI mavimsi mavi msi
ISIM_ANDIRMA_SI adamsi adam st
ISIM_BULUNMA_LI koylileri kdy 1t leri
ISIM_BULUNMA_LIK yolculuk yolcu luk
ISIM_DURUM_LIK sabirsizlik sabir s1z lik
ISIM_GIBI_CE irice iri ce
ISIM_ILGI_CI yardimet yardim ¢z
ISIM_ILISKILI_SEL bedensel beden sel
ISIM_KUCULTME_CEGIZ . . adamcagiz adam cagiz
ISIM_KUCULTME_CIK Isimden Isim Kiigiiciik Kiiciik ciik
ISIM_TARAFINDAN_CE bence ben ce
ISIM_YOKLUK_SIZ kaygisiz kaygt siz
SAYI_KOSE_GEN tcgen ¢ gen
SAYI_SIRA_INCI ikinci iki nci
SAYI_TOPLULUK_IZ besiz bes iz
SAYI_ULESTIRME_ER ikiser iki ser
YANKI_DONUSUM_TI tikirtiy1 tikir &1 y1
ZAMAN_BELIRTME_KI sonraki sonra ki
ISIM_DONUSUM_LE adimla adim la
ISIM_DONUSUM_LES [simden Fiil siliklesti sil ik leg ti
YANKI_DONUSUM_DA fisildadigim fisil da dik m 1

* Ayristirma siitunundaki koyu olan kisimlar, ilgili ekin kelime icindeki yerini ifade etmektedir.

Tablo 2’de Tiirkgede yapim eki oldugu veya olmadigiyla kesin bir yargi bulunmayan ekler goériilmektedir. Bu
eklerden 8 tanesi birlesik fiil iken 5 tanesi fiilden sifat fiil, 9 tanesiyse fiilden zarf fiil tiiretmek amaciyla

kullanilmaktadir.
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Tablo 2. Zemberek ek adlarinin Tiirkge dil bilgisindeki karsiliklar (diger ekler)

Zemberek Ek Adi

Tiirkce Dil Bilgisi Karsihg:

Kelime

Ayristirma

FIIL_SURERLIK_EDUR

sevinedursun

sevin edur sun

FIIL_SURERLIK_EGEL alisilagelmis alig 11 agel mis
FIIL_SURERLIK_EGOR baslamayagorsiin basla ma yagor sin
FIIL_SURERLIK_EKAL R uyuyakaldi uyu yakal di
Birlesik Fiil
FIIL_TEZLIK_IVER yapiver yap wer
FIIL_YAKLASMA_AYAZ diiseyazdi diis eyaz di
FIIL_YETENEK_EBIL Olebilir ol ebil ir
FIIL_YETERSIZLIK_E alamaz alamaz
FIIL_BELIRTME_DIK yaptigt yap tik 1
FIIL_DONUSUM_ECEK verecegi ver ecek i
FIIL_DONUSUM_EN Fiilden Sifat Fiil olan olan
FIIL_DONUSUM_ESI opulesi op ul esi
FIIL_DONUSUM_ESICE kopasica kop asica
FIIL_BERI_ELI ayrilali ayril alt
FIIL_DEVAMLILIK_DIKCE doldukca dol dukca
FIIL_DONUSUM_ESIYE olduresiye oldur esiye

FIIL_GIBI_CESINE
FIIL_IMSL_IP Fiilden Zarf Fiil
FIIL_OLUMSUZLUK_DEN

FIIL_OLUMSUZLUK_SIZIN

FIIL_SUREKLILIK_EREK

IMEK_ZAMAN_KEN

aglarcasina
asip
durmadan
aldirmaksizin
giderek
ddnerken

agla r casina
as 1p

dur ma dan
aldir mak sizin
git erek

don er ken

* Ayristirma siitunundaki koyu olan kisimlar, ilgili ekin kelime i¢indeki yerini ifade etmektedir.

Bu ¢aligmada ¢okluk eki diye ifade edilen ekin ¢ogul eki, hal ekinin durum eki, iyelik ekinin aitlik eki olarak

isimlendirilmesi gibi ayn1 ¢ekim eklerinin farkli kaynaklarda farkli sekillerde isimlendirilebildigi goriilmektedir.

CGekim eklerinin Zemberek’teki isimleri ile Tiirkge dil bilgisindeki karsiliklar eslestirilerek Tablo 3’te verilmistir.

Cokluk ekinde 2, ekeylemde 5, hal ekinde 6, iyelik ekinde 10, soru ekinde 1, sahis ekinde 5, tasarlama kipinde 10

ve zaman Kipinde 7 olmak Uzere toplamda 46 ¢ekim eki bulunmaktadir.

Anlam degistirmeyen, eklendigi kelimenin ciimle iginde yer almasini saglayan ve ciimledeki kelimelerin

birbirlerinin durumlarma gore ¢ekimlenmesini saglayan ¢ekim ekleri, kelimelerde en sonda yer alir. Dolayisiyla

ek incelemelerinde 6nce kok/govde, ardindan yapim ekleri ve son olarak da ¢ekim ekleri arastirilmalidir. Ciimle

icindeki kelimeleri baglama ve onlarin bir arada kullanilmasini saglama goérevi nedeniyle kelimelerin aldig1 cekim

eklerinin belirlenmesi 6zellikle s6z dizimsel analiz yapilan ¢alismalarda 6nem tagimaktadir.
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Tablo 3. Zemberek ek adlarinin Tiirkge dil bilgisindeki karsiliklar1 (¢cekim ekleri)

Zemberek Ek Ad1 Tiirkee Dil Bilgisi Karsihg: Kelime Ayristirma
ISIM_COGUL_LER . bitkiler bitki ler
Cokluk Eki ) B
ISIM_KISI_ONLAR_LER gorenler goren ler
ISIM_KISI_BEN_IM sansliyim sans l1 yim
ISIM_KISI_SEN_SIN sanslisin sans l1 stn
ISIM_KISI_BIZ_IZ Ekeylem sansliy1z sans 1 yiz
ISIM_KISI_SIZ_SINIZ sanslisiniz sans l1 szniz
ISIM_TANIMLAMA_DIR sanshidir sans lid dr
ISIM_BELIRTME_I Belirtme oglu ogulu
ISIM_KALMA_DE pazarda pazar da
Bulunma
SAYI_KESIR_DE . binde bin de
Hal Eki
ISIM_CIKMA_DEN Uzaklagsma oradan oradan
ISIM_BIRLIKTELIK_LE Vasita kalemle kalem le
ISIM_YONELME_E Yonelme avclya avelya
ISIM_SAHIPLIK_BEN_IM evim evim
ISIM_SAHIPLIK_SEN_IN evin evin
ISIM_SAHIPLIK_O_I evi evi
ISIM_SAHIPLIK_BIZ_IMIZ evimiz ev imiz
ISIM_SAHIPLIK_SIZ_INIZ . . eviniz ev iniz
Iyelik Eki . .
ISIM_SAHIPLIK_ONLAR_LERI evleri ev leri
ZAMIR_SAHIPLIK_IM benim ben im
ISIM_BULUNMA _KI evdeki ev de ki
ISIM_TAMLAMA | ihtiyaci ihtiyag ¢
ISIM_TAMLAMA_IN ihtiyacin ihtiyag in
SORU_KOK Soru Eki Ben mi? ben mi
FIIL_KISI_BEN yaptim yap ttm
FIIL_KISI_SEN yaparsin yap ar sin
FIIL_KISI_BIZ Sahis Eki yapariz yap ar iz
FIIL_KISI_SIZ yaptiniz yap t1 nig
FIIL_KISI_ONLAR yaparlar yap ar lar
FIIL_EMIR_O_SIN arasin ara sin
FIIL_EMIR_ONLAR_SINLER Emi arasinlar ara sinlar
mir
FIIL_EMIR_SIZ_IN arayin araymn
FIIL_EMIR_SIZRESMI_INIZ aramayiniz ara ma yinizg
FIIL_ISTEK_E o Istek gideyim giteyim
Tasarlama Kipi
FIIL_ISTEK_SENE alsana al sana
FIIL_ISTEK_SENIZE . alsaniza al saniza
Dilek-Sart
FIIL_SART_SE alsa al sa
IMEK_SART_SE alirsa al ir sa
FIIL_ZORUNLULUK_MELLI Gereklilik olmalt ol maly
FIIL_GECMISZAMAN_DI ) geldim geldim
Gegmis .
FIIL_GECMISZAMAN_MIS gelmis gel mis
FIIL_GELECEKZAMAN_ECEK Gelecek gelecegim gel ecek im
FIIL_SIMDIKIZAMAN_IYOR Zaman (Bildirme) Kipi Simdiki geliyor gel iyor
FIIL_GENISZAMAN_IR Genis gelir gel ir
IMEK_RIVAYET_MIS Ogrenilen Gegmis gelecekmis gel ecek mis
IMEK_HIKAYE_DI Gorllen Zaman gelecekti gel ecek ti

* Ayristirma stitunundaki koyu olan kisimlar, ilgili ekin kelime igindeki yerini ifade etmektedir.
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6.2 Nicel Veriler

Harf sayisina gore kelime sayilar1 Tablo 4’te verilmistir. Harf sayilarinin belirlenmesinde kelimelerdeki noktalama
isaretleri kaldirilmigtir (* . ? !). Kelimeler toplam 3945 ve ortalama 5.30 harflidir. Kelime havuzunda en az 1, 12
ve 13 harfli; en ¢ok ise 5 harfli kelimeler bulunmaktadir. Veri kiimesindeki en uzun kelime dikddrtgendir
kelimesidir. Kelimelerin %76’s1 3-7 harflidir.

Tablo 4. Harf sayisina gore kelime sayilar

Harf Sayisi Kelime Sayisi
1 1
2 57
3 137
4 68
5 172
6 97
7 92
8 53
9 41

10 21
11 3
12 1
13 1

Hece sayisima gore kelime sayilart Tablo 5°te gorulmektedir. Kelimeler toplam 1683 hecelidir. Kelimelerin
ortalama hece sayist ise 2.26’dir. Veri kiimesini en az 0 ve 5 heceli, en ¢ok 2 heceli kelimeler olusturmaktadir. En
cok heceye a-ga-be-yim-le ve bi-sik-le-ti-mi kelimeleri sahiptir. Bunlarla birlikte 0 heceli kelime de tespit
edilmistir. 0 heceli olan spor kelimesinin Zemberek denetlemesinden gectigi, kokiinlin spor olarak belirlendigi
fakat hecelenemedigi goriilmiistiir. Bu kelimenin Tiirk¢enin 6zelliklerinden olan kelime ve hecelerin basinda 2

iinsiliziin yan yana bulunamayacagi kuralina aykir1 oldugu saptanmustir.

Tablo 5. Hece sayisia gore kelime sayilari

Hece Sayis1 Kelime Sayisi
0 2
152
317
197
74
2

a b~ W N B

V, VC, CV, CVC, VCC ve CVCC olmasina gore hece tiirlerinin sayilar1 Tablo 6’da sunulmustur. Tiirkcede var
olan ve (nlu-Unsliz-iinsiiz harf birlesiminden meydana gelen VCC tiirlinden bir heceye veri kiimesinde
rastlanmadig1; en ¢ok iinsiiz-iinlii harf birlesiminden olusan CV hece tiiriiniin bulundugu belirlenmistir. Ote yandan
Turkcedeki hecelerde goriilmeyen unsliz-linsiiz-iinlii harf birlesiminden olugsan CCV tipine ait 1 kelime, {insiiz-
Uinstiz-UnlU-tinsiiz harf birlesiminden olusgan CCVC hece tipine ait 2 kelime kullanildigi saptanmistir. CCV
tipindeki heceye sahip sporu kelimesi Zemberek denetlemesinden gegmis, kok/govdesi spor olarak belirlenmis ve

spo-ru olarak hecelenmistir. CCVC tipindeki heceye sahip olan spor kelimesi de Zemberek denetlemesinden
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geemis, kok/govdesi ve hecesi spor olarak tespit edilmistir. Esasinda spor ve spo hecelerinin, Tiirkgedeki hecelerin
2 iinsiiz harfle baslayamayacagi kuralina aykir1 olmalarina karsin Zemberek tarafindan hecelerin iretilebildigi

gdzlenmistir.

Tablo 6. Tiiriine gére hece sayilar

Hece Tlru Hece Sayis1
\% 105
VvC 74

cVv 839
CcvC 653
VCC

CvCC 11
Diger (CCV)

Diger (CCVC) 2

*V: Unli harf, C: linsiiz harf

Hecelerin harf sayisina gore sayilarimin gosterildigi Tablo 7 incelendiginde hecelerin %93 {iniin 2-3 harften
olustugu, 4 harfli hece sayisinin %1’in altinda oldugu, hecelerin ortalama 2.34 harften meydana geldigi

gorilmisgtiir.

Tablo 7. Harf sayisina gore hece sayilari

Harf Sayis1 Hece Sayis1
1 105
2 913
3 654
4 13

Zemberek islemek iizere aldigi kelimenin olasi tim ¢oziimlerini kullanictya sunmaktadir. Ozellikle ek alan
kelimelerde birden fazla ¢oziimleme Zemberek tarafindan sunulmaktadir. Fakat hangi ¢oziimlemenin aranan
¢oziimleme olduguna aragtirmaci dikkatli sekilde inceleyerek karar vermelidir. Coziimleme sayilarina gore kelime
sayilart Tablo 8’de verilmistir. Kelimelerin %67 sinin 1 ¢6ziimlemeli olmasi, kdk/gévde seklinde olduklarini ve
muhtemelen yapim veya ¢ekim almadiklarma iliskin bilgi vermektedir. 1 ¢éziimlemeli kelime sayisinin oraninin
yiiksekligi, arastirmacilarin hangi ¢dziimlemenin aranan ¢dziimleme oldugunu belirlemeleri agisindan kolaylik
saglayacaktir. Kelimelerin %96’sinin 1-3 ¢dziimlemeye sahip oldugu, 5-7 ¢dziimlemeli kelime oraninsa %2’den

az oldugu gozlenmistir.

Tablo 8. Coziimleme sayisina gore kelime sayilart

Coziimleme Sayis1 Kelime Sayisi
575
169
73
24
6
5
1

~N o OB~ W N
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Turkcede gekim eki olan mi soru eki, ciimlelerde ayr1 yazilmaktadir. Fakat kelimelerin aldiklari ek sayilarinin
tespitinde soru eki ayr1 bir kelime olarak degil; oniindeki kelimenin eki olarak isleme alinmistir. Bu bilgiler 1s1ginda
Tablo 9’a gore kelimelerin en fazla 3 ek aldigi, %50’sinin higbir ek almadan kullanildig: ve 1 ekli kelime oranin

%36 oldugu belirlenmistir.

Tablo 9. Ek sayisina gore kelime sayilari

Ek Sayis1 Kelime Sayis1
0 371
1 268
2 86
3 19

Veri kiimesindeki 230 climlenin analizi neticesinde ciimlelerdeki kelimelerde kullanilan yapim eki, diger ekler ve
¢ekim eklerinin kullanim sayilar1 Tablo 10’da verilmistir. Yapim eklerinden en ¢ok fiilden fiil ve isimden isim
tiiretenlerin, diger eklerden birlesik fiillerin, ¢gekim eklerindense zaman kipinin ve iyelik ekinin kullanildiklari
goriilmiistiir. Tim ekler birlikte degerlendirildiginde ¢ekim eklerinin yapim ve diger eklerden ¢ok daha fazla
kullanildig1 gozlenmistir; ¢cekim eklerinin toplam kullanim orani %91, yapim eklerinin %7 ve diger eklerin
kullanim oram %2’dir. Ote yandan yapim eklerinden isimden fiil tiireten ve diger eklerden fiilden zarf fiil
donisiimii yapan ek kullanimina rastlanmamigtir. Ayrica, Zemberek’in yapim eki almis bazi kelimelerin
¢oziimlemelerinde yapim eki almis kelimeyi bazen ayri bir govde olarak bazen de kok/govde ve yapim eklerini

vererek sunmasi nedeniyle, yapim eklerinin kullanim sayilar az olabilir.

Tablo 10. Tiirlerine gore eklerin kullanim sayilart

Ek Turd Ek Ad Kullanim Sayist
Fiilden fiil 17
Yapim eki Fiilden isim 5
Isimden isim 14
Birlesik fiil
Diger ekler
Fiilden sifat fiil
Cokluk eki
Ekeylem 20
Hal eki 85
. . fyelik eki 119
Cekim eki i
Soru eki 25
Sahis eki 58
Tasarlama kipi 2
Zaman Kipi 140

Eklerin birbirlerini takip etme durumlarimi ortaya koymak amactyla, hangi ekten sonra hangi ekin geldigi
belirlenerek Tablo 11 olusturulmustur. Buna gore fiilden fiil tiireten yapim ekinden sonra yalnizca zaman kipinin,
fiilden isim tiireten yapim ekinden sonra isimden isim tiireten yapim eki veya hal ekinin; isimden isim tiireten
yapim ekinden sonra ekeylem, iyelik eki veya soru ekinin; birlesik fiilden sonra yalnizca zaman kipinin, fiilden
sifat fiil tiireten yapim ekinden sonra yalnizca iyelik ekinin geldigi; buna karsin yapim ekinden sonra yapim ekinin
gelmedigi gozlenmistir. Cekim eklerinin durumu incelendiginde hal ekinden sonra yalnizca gokluk ekinin; iyelik

ekinden sonra ekeylem, hal, iyelik ve soru ekinin; soru ekinden sonra yalnizca ekeylemin, sahis ekinden sonra
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yalnizca soru ekinin, tasarlama kipinden sonra yalnizca sahis ekinin, zaman kipinden sonra ise ekeylem, soru eki

ve sahis ekinin geldigi saptanmustir.

Tablo 11. Eklerin birbirlerini takip sayilar
Yapim Eki Diger Ekler Cekim Eki

- Isimden Isim Cokluk Eki Ekeylem Hal Eki fyelik Eki Soru Eki Sahis Eki Zaman Kipi
Fiilden Fiil - - - - ; i : ] 1
Yapim Eki  Fiilden Isim - 2 - - 1 - - - -

Ek Turd Ek Ad1

Isimden Isim - - - 3 - 3 1 } _
Diger Ekler Birlesik Fiil - - - - - - - R 2
Fiilden Sifat Fiil - - - - - 3 - - -
Hal Eki - - 1 - - - - - R
Iyelik Eki - - - 1 18 2 1 - -
Soru Eki - - - 1 - - - - -
Sahis Eki - - - = - - 7 - -
Tasarlama Kipi - - - - - - - 2 -

Zaman Kipi - - - 1 - - 8 55 -

Cekim Eki

Tiirlerine gore kelime sayilarinin verildigi Tablo 12’ye gore, en az edat, en fazla isim tdriinden kelime
bulunmaktadir. Isim tiiriinden kelimelerin fazla olmast Tiirkgenin bir &zelligidir. Fakat bunun bagka bir sebebi

olarak, Zemberek’in bazi1 edat, baglag ve soru ifade eden kelimelerin tiirlerini isim olarak belirlemesi gosterilebilir.

Tablo 12. Tiirlerine gore kelime sayilar

Tur Kelime Sayisi
Edat 1

Fiil 192

Isim 337

Ozel 10

Say1 20

Sifat 100

Soru 23
Zaman 21
Zamir 40

Tablo 13’te ses uyum kurallarina uyan/uymayan kelime sayilar1 sunulmustur. Kelimelerin %81 inin biiyiik tinlii,
%91inin kiigiik iinlii ve %99 ununsa iinsiiz uyumuna uydugu belirlenmistir. Ote yandan kelimelerin %76’smin
biyuk ve kicuk Gnli uyumuna birden, %81’inin biiyiik tinlii ve {insiiz uyumuna birden, %90’ 1n1n kiigiik tinlii ve

iinsiiz uyumuna birden, %75 ininse her tigiine birden uydugu tespit edilmistir.

Tablo 13. Ses uyum kurallarina gore kelime sayilari

Ses Uyum Kurah Uyan/Uymayan Kelime Sayis1
PR, Uyan 606
Biytk Unli Uyumu
Uymayan 138
.. Uyan 675
Kugtik Unli Uyumu
Uymayan 69
_— Uyan 738
Unsiiz Uyumu
Uymayan 6
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VII. SONUCLAR

Bu ¢alismada 230 Tiirkge ciimle DDI teknikleriyle analiz edilmistir. Ciimleleri olusturan kelimelerin ses bilgisi ve
morfolojik incelemelerinin yani1 sira DDI kiitiiphanesi olan Zemberek eklerinin Tiirkce dil bilgisindeki karsiliklari
tespit edilmistir. Islemler, Zemberek’le entegre sekilde calisan Visual Studio ortamimnda ve C# dilinde gelistirilen
yazilimla gerceklestirilmigtir. Ciimlelerin 6n islemden gegirilmesi ve kelimelere ayrilmasi, kelimelerin harf ve
hece sayilarinin, hecelerin tiirlerinin ve harf sayilarinin, kelimelerin aldiklar1 ek sayilarinin, tiirlerine gore eklerin
kullanim sayilarinin, eklerin birbirini takip etme durumlarinin, tiirlerine gére kelime sayilarinin, kelimelerin ses
uyum kuralina uyma/uymama durumlarinin kontrolii, uyan/uymayan kelime sayilariin belirlenmesi iglemlerinde
gelistirilen yazilim; kelimelerin denetlenmesi, kok/govdelerin belirlenmesi, tiirlerinin saptanmasi, hecelenmesi,

aldig1 eklerin tespiti ve eklerine gore ayristirilmasinda ise Zemberek kullanilmistir.

Zemberek ek listesinde bulunan 130 ekten 120 tanesinin Tiirk¢e karsilig: tespit edilmistir. Zemberek eklerinin 1
tanesinin BOS EK olarak isimlendirildigi; 13 tanesinin FIIL KOK, ISIM _KOK ve EDAT KOK seklinde
kelimenin tiiriinii ifade eden kdk ad1 olarak tanimlandigi; SORU_KOK, 13 kok adindan biri olarak tanimlanmasina
ragmen bu ekin ¢ekim eklerinden soru ekinde yer almasi uygun goriilmiistiir. Ote yandan Zemberek eklerinden 39
tanesinin yapim eki, 46 tanesinin ¢ekim eki, 8 tanesinin birlesik fiil, 5 tanesinin fiilden sifat fiil tiireten ve 9

tanesinin fiilden zarf fiil tiireten ekler olduklar1 belirlenmistir.

Caligmada 230 ciimle ve bu ciimleleri olugturan 744 kelime incelenmistir. Kelimelerin ortalama 5.30 harf ve 2.26
heceden meydana geldigi, hecelerin agirlikli olarak {insiiz-iinlii birlesiminden olusan CV ve iinsiiz-Unli-insiz
birlesiminden olugan CVC hece tiiriinde yer aldigi, hecelerin ortalama 2.34 harfli oldugu, kelimelerin yarisindan
fazlasinin 1 ¢oziimlemeli ve yaklasik yarisinin ek almadigi, ¢ekim eklerinin diger ek tiirlerine kiyasla ¢ok daha
fazla kullanildigi, yapim eklerinden sonra yapim veya ¢ekim eklerinin geldigi, diger eklerden (birlesik fiil ve
fiilden sifat fiil tiireten) veya ¢ekim eklerinden sonra ise yalnizca ¢ekim eklerinin geldigi, en ¢ok isim tiirlinden
kelimelerin bulundugu, kiigiik iinlii uyumuna uyan kelime sayisinin biiyiik iinlii uyumuna uyan kelime sayisindan
fazla oldugu, iinsiiz uyumuna uyan kelime sayisinin da iinlii uyum kurallarina uyan kelime sayisindan yiiksek

oldugu belirlenmistir.

Bu ¢alisma kapsaminda yapilan islemler ve elde edilen veriler Biiyiik Dil Modelleri, anlam bilimsel analiz, s6z
dizimsel analiz, dil bilgisi analizi, hesaplamali dil bilim ve Tiirk¢e &gretimi arastirmalarinda kullanilabilir.
Ilerleyen galismalardaysa daha fazla sayida ciimleye sahip veri kiimesiyle ¢alisma yiiriitiilebilir. Boylece, karsiligi
belirlenememis 130 ekten 10 tanesinin Zemberek eklerinin karsiliklarinin tespit edilmesi de saglanabilir. Ote
yandan Zemberek, aldig1 kelimenin muhtemel tiim ¢éziimlemelerini sunmaktadir. Cekim eklerinin kullanimlarinin
climle tizerinde detayli analizi yapilarak olasi ¢6ziimlemelerden hangisinin segileceginin karar verilmesine yonelik

bir ¢aligma da gergeklestirilebilir.

BILGIi

Bu makale, 1. yazarm “Ug Boyutlu Sanal Model ile Tiirk Isaret Dili Simiilasyonu” baslikli doktora tezinden

uretilmistir.
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I. INTRODUCTION

In the fields of theoretical computer science, automata, coding theory, and formal languages, as well as in the
solutions of graph theory and optimization theory, semigroups serve as the fundamental algebraic structure. ldeals
are crucial to the advanced study of algebraic structures and their applications. Further study of algebraic structures
requires the generalization of ideals in algebraic structures. Numerous mathematicians demonstrated significant
findings and characterized algebraic structures by introducing various extensions of the idea of ideals in algebraic
structures. The idea of almost left, right, and two-sided ideals of semigroups were first presented by Grosek and
Satko [1] in 1980. When there are no proper left, right, or two-sided ideals in a semigroup, they investigated how
these ideals are characterized. As an extension of bi-ideals, Bogdanovic [2] developed the idea of almost bi-ideals
in semigroups later in 1981. In 2018, Wattanatripop et al. [3] proposed the notion of almost quasi-ideals by utilizing
the notions of quasi-ideals of semigroups and almost ideals. Using the ideas of almost ideals and interior ideals of
semigroups, Kaopusek et al. [4], in 2020, proposed the notions of almost interior ideals and weakly almost interior
ideals of semigroups and examined their features. lampan et al. [5] in 2021; Chinram and Nakkhasen [6], in 2022;
Gaketem [7] in 2022; introduced the notion of almost subsemigroups of semigroups; almost bi-quasi interior ideals
of semigroups; almost bi-interior ideal of semigroups, respectively. Additionally, different types of almost ideals’

fuzzification were studied by many researchers in [3, 5-9].

Molodtsov [10], in 1999, proposed the idea of the soft set as a function from the parameter set E to the power set

of U to model uncertainty. Since then, soft set has attracted the attention of researchers in many fields. In [11-26],
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soft set operations, the basic concept of the theory, are studied. Cagman and Enginoglu [27] modified the definition
of soft set and soft set operations. Moreover, several soft algebraic structures were inspired by the notion of soft
intersection groups, introduced by Cagman et al. [28]. The usage of soft sets in semigroups came up with the notion
of soft intersection substructures of semigroups. Sezer et al. [29, 30] introduced and studied soft intersection
subsemigroups, left (right/two-sided ideals), (generalized) bi-ideals, interior ideals, and quasi-ideals of
semigroups. Sezgin and Orbay [31] characterized semisimple semigroups, duo semigroups, right (left) zero
semigroups, right (left) simple semigroups, semilattice of left (right) simple semigroups, semilattice of left (right)
groups and semilattice of groups in terms of soft intersection substructures of semigroups. Soft sets were studied
as as wide range of algebraic structures in [32-43]. Recently, Rao [44-47] introduced some new types of ideals of
semigroups such as bi-interior ideals, bi-quasi ideals, quasi-interior ideals, weak-interior ideals, and bi-quasi-

interior ideals, respectively. Baupradist [48] defined essential ideals of semigroups.

In this study, we introduced the notion of soft intersection almost left (resp. right) ideals, which is a generalization
of the nonnull soft intersection left (resp. right) ideals of a semigroup. Furthermore, we show that every idempotent
soft intersection almost (left/right) ideal is a soft intersection almost subsemigroup. We obtain that the collection
of soft intersection almost left (resp. right) ideals of a semigroup constructs a semigroup under the binary operation
of union for soft sets, but not under the binary of operation of intersection for soft sets. Furthermore, we
demonstrated the connection between almost left (resp. right) ideals and soft intersection almost left (resp. right)

ideals of a semigroup corresponding with minimality, primeness, semiprimeness, and strongly primeness.

Il. PRELIMINARY

In this section, we review several fundamental notions related to semigroups and soft sets.

Definition 2.1. Let U be the universal set, E be the parameter set, P(U) be the power set of U and K € E. A soft
set fx over U is a set-valued function such that f: E - P(U) such that for all x ¢ K, fx(x) = @. A soft set over U

can be represented by the set of ordered pairs
fie = {(x fx()): x € E, fie(x) € P(V)}
[10, 27]. Throughout this paper, the set of all the soft sets over U is designated by S (U).

Definition 2.2. Let f, € Sg(U). If f,(x) = @ for all x € E, then f, is called a null soft set and denoted by @. If
fa(x) = U forall x € E, then f, is called an absolute soft set and denoted by U [27].

Definition 2.3. Let £, fz € Sg(U). Ifforall x € E, f,(x) S fz(x), then f, is a soft subset of f; and denoted by
fa € fp. If f4(x) = fz(x) forall x € E, then f, is called soft equal to f and denoted by £, = f5 [27].

Definition 2.4. Let f,, fz € Sg(U). The union of f, and f5 is the soft set f, U f, where (f, U f3)(x) = f,(x) U
fs(x) for all x € E. The intersection of f, and f is the soft set £, N f5, where (f, N fg)(x) = f,(x) N fz(x) for
all x € E [27].

Definition 2.5. For a soft set f,, the support of f, is defined by
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supp(fa) = {x € A+ f4(x) # 0} [15]

It is obvious that a soft set with an empty support is a null soft set, otherwise the soft set is nonnull.

Note 2.6. If f, € f5, then supp(f,) S supp(f3) [49].

A semigroup S is a nonempty set with an associative binary operation and throughout this paper, S stands for a

semigroup and all the soft sets are the elements of Sg(U) unless otherwise specified.
Definition 2.7. A nonempty subset A of S is called,

(1) asubsemigroup of S if AA € A,

(2) arightideal of S if AS < A; and a left ideal of S if SA € A; and an ideal of S when is both a left ideal of
S and a right ideal of S,

(3) analmost subsemigroup of S if AAN A + @,

(4) analmost leftideal of SifsAN A+ @ forall s € S; and an almost right ideal of Sif Asn A = @ forall

s € §; and an almost ideal of S when is both an almost left ideal of S and an almost right ideal of S.
Definition 2.8. An almost left (resp. right) ideal A of S is called minimal almost left (resp. right) ideal of S if for
any almost left (resp. right) ideal B of S if whenever B < A, then A = B.

Definition 2.9. Let P be an almost left (resp. right) ideal of S. Then P is called,

(1) aprime almost left (resp. right) ideal of S if for any almost left (resp. right) ideals A and B of S such that
AB < P impliesthat A€ PorB c P,

(2) asemiprime almost left (resp. right) ideal of S if for any almost left (resp. right) ideal A of S such that
AA < Pimpliesthat A € P,

(3) astrongly prime almost left (resp. right) ideal of S if for any almost left (resp. right) ideals A and B of S
such that AB N BA < P impliesthat A € P or B < P.

Definition 2.10. Let f; and g be soft sets over the common universe U. Then, soft intersection product fs ° gs is

defined by [29]

{fsO) Nngs(2)}, if 3y,z € Ssuchthatx = yz
(fs °gs)(x) = x=yz

o, otherwise

Theorem 2.11. Let f;, gs, hs € Sg(U). Then,
) (fs°gs)°hs = fs° (gs ° hs).
i) fs°9s % gs° fs,generally.
i) fs°(gs Uhs) = (fs° gs) U (fs ° hs) and (fs U gs) © hs = (fs ° hs) U (gs ° hs).
V) fs°(gs Nhs) = (fs° gs) N (fs ° hs) and (fs A gs) © hs = (fs ° hs) N (gs ° hs).

v) If f5 € g, then fs°hg € g5 ° hgand hg° fs € hg ° gs.
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vi) If tg, ks € Sg(U) such that tg € f; and kg € gg, then ts ° kg € f5 ° g [29].

Lemma 2.12. Let f; and g be soft sets over U. Then, fs°gs = 05 & fs = Og0r gs = Os.
Definition 2.13. Let A be a subset of S. We denote by S, the soft characteristic function of A and define as

_ (U, ifx€eA
SA(")_{@, if x € S\A

The soft characteristic function of A is a soft set over U, thatis, S;: S — P(U) [29].

Corollary 2.14. supp(S,) = A [49].

Theorem 2.15. Let X and Y be nonempty subsets of S. Then, the following properties hold [29]:
i) If XcvyifandonlyifSy € S,
i) Sy NSy =Sy and Sy USy = Syuy
iii) Sy °Sy = Sxy

Proof: In [29], (i) is given as if X € Y, then if Sy € S,. In [49], it was also shown that if Sy € Sy, thenX C Y.
Let Sy € S, and x € X. Then, Sy(x) = U and this implies that S, (x) = U since Sy € Sy, Hence, x € Y and so
X €Y. Now let x & Y. Then, Sy (x) = @, and this implies that Sy(x) = @ since Sy € S,. Hence, x & X and so
Y' € X', implyingthat X C Y.

Definition 2.16. Let x be an element in S. We denote by S, the soft characteristic function of x and define as

_(U, if y=x
Sx(J’)—{Q)' lf y#:x

The soft characteristic function of x is a soft set over U, thatis, S,:S — P(U) [49].

Corollary 2.17. Let x € S, fs and S, be soft sets over U. Then,

[s°5x=0s © fs =05 (Sx°fs =05 © fs=0s).

Proof: By Lemma2.12, f;°S, = 05 & fs = @gor S, = @s. By Definition 2.16, S, # @g; hence the rest of the

proof is obvious.

Definition 2.18. A soft set f; over U is called a soft intersection subsemigroup of S over U if fg(xy) 2 fs(x) n
fs(y) for all x,y €S; and is called a soft intersection left (resp. right) ideal of S over U if fs(xy) 2
fs) (fs(xy) 2 fs(x)) for all x,y € S. A soft set f; over U is called a soft intersection ideal of S if it is both a

soft intersection left ideal of S over U and a soft intersection right ideal of S over U [29].

It is easy to see that if fs(x) = U for all x € S, then f; is a soft intersection (left/right) ideal. We denote such a
kind of soft intersection (left/right) ideal by S. It is obvious that S = S, that is, S(x) = U for all x € S [29].

469



J. Innovative Eng. Nat. Sci. vol. 4, no.2, pp. 466-481, 2024. Soft intersection almost ideals

Theorem 2.19. Let f; be a soft set over U. Then, f; is a soft intersection subsemigroup of S over U if and only if

fs° fs € fs; and f is a soft intersection left (resp. right) ideal of S over U ifand only if S° £ € fs (fs°S € f5)
[29].

Definition 2.20. Let f; be a soft set over U. Then, fs is a soft intersection almost subsemigroup of S over U if

(fs° fs) O fs € fs [49].

Inspired by the divisibility of determinants, we refer to [50] for the considerations of graph applications and
network analysis.

I11. RESULTS ON SOFT INTERSECTION ALMOST IDEALS OF SEMIGROUPS
Definition 3.1. Let f; be a soft set over U. f; is called a soft intersection almost left ideal of S if for all x € S,
(Sx°fs) N fs # Bs
Definition 3.2. Let f; be a soft set over U. f; is called a soft intersection almost right ideal of S if for all x € S,
(fs°S) 0 fs # Bs
Definition 3.3. Let f; be a soft set over U. f; is called a soft intersection almost ideal of S if for all x € S,
(Sx°f) B fs # Bs and (fs ° Sy) N fs # Bs

Hereafter, for brevity, soft intersection almost left ideal and soft intersection almost right ideal of S are denoted by
Sl-almost L-ideal and Sl-almost R-ideal, respectively. The similar arguments and abbreviations are valid for

almost left and right ideals and soft intersection left and right ideals of S.

Example 3.4. Let S = {#, g, n} be the semigroup with the following Cayley Table.

Let fs and hg be soft sets over U = {[8 2] |a € 24} as follows:

et (1 PR 1) LG e e RO PR e )
= {(efly ollo W-elly ollo WD (+ {5 ol o 21D}
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and let gg be softsetover U = D; = {< x,y >: x3 =y% = ¢, xy = yx?} = {e,x,x2,y, yx, yx*} as follows:

gs ={{.{e}), (g, {x, x*}), (n, {y, yx, yx*}}

Here, fs and hg are both Sl-almost ideals. Let’s first show that f; is an Sl-almost L-ideal, that is, for all x € S,
(Sx°f) D fs # Os:

Let’s start with S,:

[(Se° f) A fs1C) = (Se IO N fs(8) = [(Se (&) 0 fs(0)) U (Se(@) 1 fs(n)) U (Se(m) 0 fs(@))] 0
rs@=r@={ 3.5 3

[5:° ) P AI@) = 22 @) 0 fs(@) = [(5:0) 1 £5(@) U (S:(e) 0 £5(®) U (Se) 1 fsm))]
r@ =@ =2 [ 3

[(5:° ) A f100) = (S2° o) 0 f() = [(S20) 1 fs(0m)) U (1) 1 f5(@)) U (o) 1 ()]
s = ={; 1 I}

Thus,

seman=(eld 0L DB DL Wefd LB D=o

Let’s continue with S,:

[(5,° £) A1) = (S5.° £5)(0) 0 £5(8) = [(8,00) 0 £5(8)) U (S, () 1 fs(m)) U (S, () 0 ()]
i@ =@ ={; I}

[(5,° f5) A Al @) = (S,° £5)@) 0 £s(@) = [(5,0) 0 f5(@)) U (S,(@) 0 £5) U (S,(0) 0 fs())|
@ =f@nf@={

[(5,°£) T A1) = (S, ° £5) ) 0 fs(n) = |(S40) 0 £5()) U (Sy(@) 1 f5(@) ) U (S,0m) 0 £5(O) )| 0
fin) = i@ o fmy = {3 9]}

| s MR W D)o

Let’s continue with S,,:

(S, ° f5) FA10) = (S, ° f)(8) 0 f5() = [(S4(0) 0 £(0) U (S (@) N fs(m)) U (S,,(m) 0 fi()] 0
K@ =f@ns@={Z I}
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[(5,° ) B AI@) = (S0 ° F)@ 0 fs(@) = [(5208) 0 £5(@)) U (54(@) 0 £6(D) U (S40) 0 fs(m))]
@ =rmnf@={3 9

[(S,° f) D fsl(n) = (S, ° fs)(m) N fs(n) = [(Sn(f) n fs(’n)) U (Sn(g’) n fs(g))) u (Sn(’n) n fs(f))] n

fsn) = £ 0 fsy = {29}

Consequently,

L (7 4 M [ M A P

Therefore, forall x € S, (S, ° fs) O fs # Bg, SO fs is an Sl-almost L-ideal. Now let’s show that f5 is an SI-almost
R-ideal, that is, forall x € S, (fs °S,) D f5 # Bs.

Let’s start with S,:

[(fs°S) A F1(8) = (fs°S)E) N fs(£) = [(fs(£) NS, () U (fs(g) NS, (n)) U (fs(n) N S,(g))] n
s =50 ={1 UL 2]

[(fs° S A fsl(@) = (fs° (@) n f£5(g) = [(£s(8) N Se()) U (fs(9) N Se(D)) U (fs(n) N Se(m))]
r@ =@ =2 [ 3

[(f° SO A A1) = (5 ° S 0 fs() = [(£s0) 0 Se(m)) U (@) 0 So(@)) U (fs(m) 0 $,(0)] 0
i = ={ L 3

Thus,

Gesonss={(efy Nl D@ 2l B (el 1 aD=os

Let’s continue with S,:

[(F5°S) A£1@) = (f5°5,)(0) n £5(8) = [(£:(8) 0 $,(0)) U (fs(9) 0 S,(m)) U (Fs(m) 1 5,(9)]
@ =@ ={; I}

[(F5°S) A £l @) = (f5°5,)@) 0 £s@) = [(£:(0) 0 S,(@)) U (£s9) 0 $,(®)) U (fs(m) n S, ()]
i@ =f@nf@={

[(fs°$,) A fsl ) = (s° $,)(m) 0 fm) = [(£5() 1 5,(n)) U (fs@) 1 5,@)) U (fs(m) n5,(0))]
A = i@ =3 9}

Hence,
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Gesamn= (el -2 Wl =0

Let’s continue with S,,:

[((fs°S) D fs]1(8) = (fs°S )W) N f5(£) = [(fs(f) n Sn(f)) u (fs(gJ) n Sn(’n)) u (fs(’n) n Sn(g’))] n
@ =f@nf@={ J}=o

[(fs° S0 P f1@) = (s °S.)@) 0 f(@) = [(fs(8) 1 5,@) U (fs(@) 0 Su(®) U (fs(m) 0 S, ()]
i@ =frmnf@={ J+o0

[(fs°S) D fsl(n) = (fs°S)(n) N fs(n) = [(fs(f) n Sn(’n)) u (fs(gJ) n S/n(g')) u (fs(’n) n Sn(f))] n

iy =@ nfso ={[; ]} =0

Consequently,

Giesonfs={(e{lg S1)-(ellg SD-(nlls JD}=os

Therefore, forall x € S, (f5°S,) N fs # B, SO f is an Sl-almost R-ideal, thus f; is an Sl-almost ideal.

Similarly, hg is an Sl-almost ideal. In fact;

seronn={e S5 W@l IL WL DL M=o
somnn= {2 D)0 Il J)=os
seemnne= {3 D@0 -0 P)o

Hence, hg is an Sl-almost L-ideal. And,

O (1 R A
s ins= (00 o3 (03 I)=os
oo samns= {3 DS )-8 D)o

Thus, hg is an Sl-almost R-ideal, thus hg is an Sl-almost ideal.

One can also show that g is neither an Sl-almost L-ideal nor an Sl-almost R-ideal. In fact;

[(5;°95) B gs](®) = (S, ° 95)(®) 1 g5(®) = [(5,(8) 0 g5 () U (S, (@) N gs(m)) U (S, () 0 gs(@))|

9s(g) = gs(n) N gs(£) = @
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[(5,°95) A gs1(@) = (S, ° 95)(@) 0 g5(@) = |(S,(0) 1 g5(@)) U (5,(9) 0 gs(&)) U (S,(m) 0 gs(m))|
9s(@) = gs(®) ngs(g) =0

[(5;° 95) i gs](m) = (85 95) () 0 gs(m) = [(S,(8) 1 g5 (1)) U (S,(9) N g5(@)) U (S, () 1 gs())]
gs(n) = gs(@) N gs(n) =0

Hence, for g € S; (S, ° gs) A gs = {(£,0), (g, 0), (n, )} = B, thus g is not an Sl-almost L-ideal. Similarly,
forn € S; (gs°S,) Ngs ={(#,0),(g 0),(n0)} =@, thus, g5 is not an Sl-almost R-ideal. It is obvious that

Js is not an Sl-almost ideal.

From now on, the proofs are given for only Sl-almost L-ideal, since the proofs for Sl-almost R-ideal can be shown

similarly.
Proposition 3.5. If f is an SI-L (resp. R)-ideal such that fs # @, then f is an Sl-almost L (resp. R)-ideal.

Proof: Let f; # @5 be an SlI-L-ideal, thus S ° f; € f;. Since fs # @, by Corollary 2.17 it follows that S, ° f; #
@s. We need to show that for all x € S,

(Sx °f) O\ fs # Bs.
Since S, °fs € S°f; € f, itfollowsthat S, ° fs € f. Thus,
(Sx°fs) A fs = Sx° fs # O
implying that fs is an Sl-almost L-ideal.

Here it is obvious that @5 is an Sl-L-ideal as S ° @5 € @; but it is not Sl-almost L-ideal since (S, ° @s) A @5 =
@5 ﬁ @5 = @5-

Here note that if f5 is an Sl-almost L (resp. R)-ideal, then f; needs not to be an SI-L (resp. R)-ideal as shown in

the following example:

Example 3.6. In Example 3.4, it is shown that f; and hg are Sl-almost L (resp. R)-ideals; however f; and hg are

not SI-L (resp. R)-ideals. In fact,

B £)@ =[5 n @) u (S@) n fs(m) u (St 0 £ )|
=fs(®) U fs(n) U fs(g) € fs(£)

thus, fs is not an Sl-L-ideal. Similarly,

(£°8)® = (6@ nS®) U (fs(@) NS u (£ N S())]
=fs(O) U fs(@) U fs(n) € f5(£)

thus, fs is not an SI-R-ideal. It is obvious that f is not an Sl-ideal.
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Similarly,
(§°hs)(® = [(S(&) n hs(®)) U (S(9) N hs(m)) U (S(1) N hs())]
= hs(£) U hg(n) U hs(g) € hs(¥)
thus, hg is not an SlI-L-ideal. Similarly,
(hs°8)(®) = |(hs(0) nS(0)) U (s(g) NS(m)) U (hs(n) n §(g))]
= hs(€) U hs(g) U hs(n) € hs (£)
thus, hg is not an SI-R-ideal. It is clear that hg is not an Sl-ideal.

Proposition 3.7. Let f; be an idempotent soft set. If f; is an Sl-almost (L/R)-ideal, then f; is an Sl-almost

subsemigroup.

Proof: Assume that fs is an idempotent Sl-almost L-ideal, then f5 ° fs = fs and (S, ° fo) N fs # @ forall x €
S. We need to show that f; is an Sl-almost subsemigroup, that is (fs ° f5) N fs # @s.

(Sx°fs) n fs =1(Sx° fs) n fs A fs
= [(Sx ° fs) n (fs ° fs)] n fs
S f)Nfs

Since (S, ° fo) N fs # Bg, itis obvious that (fs ° fs) N fs # Bs. Thus, f5 is an Sl-almost subsemigroup.
Theorem 3.8. Let £ € hg such that f5 is an Sl-almost L (resp. R)-ideal, then hg is an Sl-almost L (resp. R)-ideal.

Proof: Assume that f; is an Sl-almost L-ideal. Hence, for all x € S, (S, ° f5) N fs # @5. We need to show that
(S, °hs) A hg # @. In fact,

(Sx ofS) ﬁ fS g (Sx ° hS) ﬁ hS'
Since (S, ° fs) N fs # @, it is obvious that (S, ° hg) N hg #+ Bg. This completes the proof.
Theorem 3.9. Let f5 and hg be Sl-almost L (resp. R)-ideals. Then, fs U hg is an Sl-almost L (resp. R)-ideal.

Proof: Since f5 is an Sl-almost L-ideal by assumption and f5 € f; U hg, f; U hg is an Sl-almost L-ideal by
Theorem 3.8.

Corollary 3.10. The finite union of Sl-almost L (resp. R)-ideals is an Sl-almost L (resp. R)-ideal.
Corollary 3.11. Let f; or hg be Sl-almost L (resp. R)-ideal. Then, f; U hg is an Sl-almost L (resp. R) ideal.

Here note that if f; and hg are Sl-almost L (resp. R)-ideals, then f; A hs needs not to be an Sl-almost L (resp. R)-

ideal.

Example 3.12. Consider the Sl-almost L (resp. R)-ideals f; and hg in Example 3.4. Since,
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fS ﬁ hS = {(f' Q)' (g" @), (/n" Q)} = Q)S
fs N hg is not an Sl-almost L (resp. R)-ideal.

Now, we give the relationship between almost L (resp. R)-ideal and Sl-almost L (resp. R)-ideal of S. But first of

all, we give the following lemma to use it in Theorem 3.14.
Lemma 3.13. Let x € S and Y be nonempty subset of S. Then, S, °Sy = S,y.

Proof: Let s € S such that s € xY. Then, s = xn forsomen € Y and x € S. Thus,

5 °50) = | 6500 050

s=xq
25.(x)NnSy,(n)
=UnU

=U

S0 (S, °Sy)(s) = U . Since s = xn € xY, it follows that S, (s) = U. Hence, S, ° Sy = S,y.

In another case, let s € S such that s € xY. Then, if s = mn for some m,n € S, we have thatm = xorn ¢ Y.

Consider the following equations:

5250 = | 6.0 05,003

s=mn

Case 1: Let m # xand n € Y. Then,

U smnssan= | Jonuy=o

s=mn s=mn

Case2: Letm =xandn € Y. Then,

U somnsson=|Jwno =0

s=mn s=xn

Case 3: Letm #= xandn € Y, Then,

U smnssan=|Jena=o

s=mn s=mn
In all cases, (S, ° Sy)(s) = @when s ¢ xY. Since s & xY, it follows that S, (s) = @. Hence S, ° Sy = S,y.

When X is a nonempty subset of S and y € S, then it is obvious that Sy ° S, = Sy,

Theorem 3.14. Let A be asubset of S. Then, A isan almost L (resp. R)-ideal if and only if S,, the soft characteristic
function of 4, is an Sl-almost L (resp. R)-ideal, where @ = A C S.
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Proof: Assume that @ # A is an almost L-ideal. Then, xA N A # @ forall x € S, and so there exist k € S such that
k € xAnNn A. Since,

(S °SD) AS)U) = (Sxa NSK) = (Seana) (k) =U # 0
it follows that (S, °S,) 0 S, # @;. Thus, S, is an Sl-almost L-ideal.

Conversely assume that S, is an Sl-almost L-ideal. Hence, we have (S, °S,) NS, # @5 forall x € S. To show
that A is an almost L-ideal, we should prove that A = @andxANA = @ for all x € S. A # @ is obvious from

assumption. Now,

Bs# (Sx°SONSy = 3L €ES; ((5°S)NS,)(R) =0
= ARES; (SaNSHR) %0
= AR ES; (Sxana)R) # 0
= IR ES; (Spana)(B) =U
> REXANA

Hence, xA N A # @. Consequently, A is an almost L-ideal.
Lemma 3.15. Let f; be a soft set over U. Then, fs € Sqpp(rs) [49]-
Theorem 3.16. If f is an Sl-almost L (resp. R)-ideal, then supp(fs) is an almost L (resp. R)-ideal.

Proof: Assume that f5 is an Sl-almost L-ideal. Thus, (S, ° fs) N fs # @ for all x € S. To show that supp(fs) is

an almost L-ideal, by Theorem 3.14, it is enough to show that Sg,;, (s, is an Sl-almost L-ideal. By Lemma 3.15,

(Sx ° fs) B fs € (Sx ° Ssupprs)) N Ssupp(rs)

and (S, ° fs) 0 fs # @s, itimplies that (S, ° Ssupp(rs)) N Ssupp(rs) * Ds- Consequently, Se,pp ) is an Sl-almost

L-ideal and by Theorem 3.14, supp(fs) is an almost L-ideal.
Here note that the converse of Theorem 3.16 is not true in general as shown in the following example.

Example 3.17. We know that g is not an Sl-almost L-ideal in Example 3.4. and it is obvious that supp(gs) =
{¢,¢,n} =S. Since,

[{£}supp(gs)] N supp(gs) = (EHE, g n3n{t, g, n} ={{,g,n} # 0
[{g}supp(gs)] N supp(gs) = {g}{f, g, n}n{t, g, n}={f, g, n} 0
[{/n}supp(gs)] N Supp(gS) = {’I/L}{f, g’l /n’} n {f' g" ’I’L} = {f, g’l /I’L} * @

It is seen that [{x}supp(gs)] N supp(gs) # @ for all x € S. That is to say, supp(gs) is an almost L-ideal;

although g5 is not an Sl-almost L-ideal.
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Definition 3.18. Let f5 and hg be Sl-almost L (resp. R)-ideals such that hg € fs. If supp (hg) = supp(fs), then f;

is called a minimal Sl-almost L (resp. R)-ideal.

Theorem 3.19. A is a minimal almost L (resp. R)-ideal if and only if S,, the soft characteristic function of A, isa

minimal Sl-almost L (resp. R)-ideal, where @ = A € S.

Proof: Assume that A is a minimal almost L-ideal. Thus, A4 is an almost L-ideal, and so S, is an Sl-almost L-ideal
by Theorem 3.14. Let f5 be an Sl-almost L-ideal such that f; € S,. By Theorem 3.15, supp(fs) is an almost L-
ideal, and by Note 2.6 and Corollary 2.14,

supp(fs) < supp(Sy) = A.

Since A is a minimal almost L-ideal, supp(fs) = supp(S,) = A. Thus, S, is a minimal Sl-almost L-ideal by
Definition 3.18.

Conversely, let S, be a minimal Sl-almost L-ideal. Thus, S, is an Sl-almost L-ideal, and A4 is an almost L-ideal by
Theorem 3.14. Let B be an almost L-ideal such that B < A. By Theorem 3.14, Sy is an Sl-almost L-ideal, and by

Theorem 2.15 (i), Sz € S,. Since S, is a minimal Sl-almost L-ideal,

B = supp(Sg) = supp(Sa) = A
by Corollary 2.14. Thus, A is a minimal almost L-ideal.

Definition 3.20. Let f5, gs and hg be any Sl-almost L (resp. R)-ideals. If hg ° g5 € f5 implies that hg € f5 or

gs € fs, then fs is called an Sl-prime almost L (resp. R)-ideal.

Definition 3.21. Let f5 and hg be any Sl-almost L (resp. R)-ideals. If hg ° hg € f5 implies that hg € f, then f5 is

called an Sl-semiprime almost L (resp. R)-ideal.

Definition 3.22. Let f;, gs, and hg be any Sl-almost L (resp. R)-ideals. If (hg ° gs) A (gs ° hs) € fs implies that

hg € fsor gs € fs, then f is called an Sl-strongly prime almost L (resp. R)-ideal.

It is obvious that every Sl-strongly prime almost L (resp. R)-ideal is an SI-prime almost L (resp. R)-ideal and every

Sl-prime almost L (resp. R)-ideal is an SI-semiprime almost L (resp. R)-ideal.

Theorem 3.23. If Sp, the soft characteristic function of P, is an SI-prime almost L (resp. R)-ideal, then P is a prime

almost L (resp. R)-ideal, where @ = P C S.

Proof: Assume that S, is an SI-prime almost L-ideal. Thus, Sp is an Sl-almost L-ideal and thus, P is an almost L-
ideal by Theorem 3.14. Let A and B be almost L-ideals such that AB < P. Thus, by Theorem 3.14, S, and Sy are
Sl-almost L-ideals, and by Theorem 2.15 (i) and (iii), S, ° Sg = S, € Sp. Since Sp is an Sl-prime almost L-ideal
and S, °Sz € Sp, it follows that S, € S, or Sy € Sp. Therefore, by Theorem 2.15 (i), AS P or B S P.

Consequently, P is a prime almost L-ideal.

Theorem 3.24. If Sp, the soft characteristic function of P, is an SI-semiprime almost L (resp. R)-ideal, then P is a

semiprime almost L (resp. R)-ideal, where @ = P C S.
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Proof: Assume that S, is an SI-semiprime almost L-ideal. Thus, S, is an Sl-almost L-ideal and thus, P is an almost
L-ideal by Theorem 3.14. Let A be an almost L-ideal such that AA < P. Thus, by Theorem 3.14, S, is an Sl-almost
L-ideal, and by Theorem 2.15 (i) and (iii), S, ° S, = Sy € Sp. Since S is an Sl-semiprime almost L-ideal and
S,°58, € Sp, it follows that S, € Sp. Therefore, by Theorem 2.15 (i), A € P. Consequently, P is a semiprime

almost L-ideal.

Theorem 3.25. If Sp, the soft characteristic function of P, is an Sl-strongly prime almost L (resp. R)-ideal, then P

is a strongly prime almost L (resp. R)-ideal, where @ = P C S.

Proof: Assume that S, is an Sl-strongly prime almost L-ideal. Thus, Sp is an Sl-almost L-ideal and thus, P is an
almost L-ideal by Theorem 3.14. Let A and B be almost L-ideals such that AB n BA < P. Thus, by Theorem 3.14,
S, and Sy are Sl-almost L-ideal, and by Theorem 2.15, (S °Sg) 1 (Sg °Sy) = Sag N Sga = Sapnpa S Sp. Since
Sp isan Sl-strongly prime almost L-ideal and (S, ° Sg) A (Sg °S,) € Sp, it followsthatS, € S, or Sz € Sp. Thus,

by Theorem 2.15 (i), A € P or B < P. Therefore, P is a strongly prime almost L-ideal.

IV. CONCLUSIONS

In this study, as a generalization of the nonnull soft intersection left (resp. right) ideal of a semigroup, we
introduced the idea of the soft intersection almost left (resp. right) ideal of a semigroup. We showed that every
idempotent soft intersection almost (left/right) ideal of a semigroup is a soft intersection almost subsemigroup. We
obtained that a semigroup can be constructed under the binary operation of union, but not under the binary of
operation intersection for soft sets, given the collection of almost (left/right) ideals of a semigroup. Moreover, we
showed the relation between soft intersection almost left (resp. right) ideals of a semigroup and almost left (resp.
right) ideals of a semigroup in accordance with minimality, primeness, semiprimeness, and strongly primeness. In
future studies, many types of soft intersection almost ideals, including quasi-ideal, interior ideal, bi-ideal, bi-

interior ideal, bi-quasi-ideal, quasi-interior ideal, and bi-quasi-interior ideal of semigroups can be examined.
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Dijitallesme, iilkelerin gelecegini belirleyen unsurlardan biridir. Bu nedenle iilkelerin dijitallesme
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Digitalization is one of the factors that determine the future of countries. Therefore, comparing the
digitalization levels of countries is an important multi-criteria decision-making (MCDM) problem. This
study aims to compare the digital society levels of Scandinavian countries from an objective perspective.
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this study. NM-TOPSIS determines the criteria weight vector in a way that minimizes the sum of squares of
the Euclidean distances of alternatives to the negative ideal solution. In other words, it compares alternatives
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I. GIRiS

Dijital teknolojilerin yayginlagsmasiyla birlikte dijitallesme kavrami giderek daha fazla 6nem kazanmaktadir.
Dijitallesme siireci, bireylerden baslayarak toplumlari, isletmeleri ve iilkeleri etkilemektedir. Ornegin, bireylerin
iletisim ve 6grenme olanaklari gelisirken, sosyal yapilar doniismektedir. Ayrica rekabetin artmasiyla ekonomik
bliylime ivme kazanmaktadir. OECD'ye gore dijitallesme; dijital teknolojilerin kullanildig1 yeni faaliyetlerin
tiiremesini veya mevcut faaliyetlerde degisiklik meydana gelmesini ifade etmektedir. Yani dijitallesme siireci

dondstiiriicii bir etkiye sahiptir. Dijitallesmenin ekonomik ve sosyal etkileri ise dijital doniisiim kavramiyla ifade

edilmektedir [1, 2].

OECD’ye gore dijitallesmenin yedi boyutu vardir. Bu g¢alisma bu boyutlardan biri olan toplum boyutu
iizerinedir. Dijital teknolojiler; bireylerin, sirketlerin ve hiikiimetlerin birbirleriyle etkilesim kurma yollarini
onemli 6l¢iide degistirdiginden, dijital doniisiim toplumu ve kiiltiirii etkilemektedir. Dijital doniisiimiin toplumsal
etkileri karmagiktir. Clinki genel etkiler genellikle net degildir ve iilkelere gore degisiklik gosterebilmektedir.
Dijital doniisiimiin bliylime ve refah saglamasi i¢in pozitif ve kapsayici bir dijital toplumun desteklenmesi sarttir.
Dijital toplumun OECD tarafindan belirlenen alt1 kriteri; 55-74 yas arasi bireyler i¢inde internet kullanicilarinin
orani (K1), gelir olarak en diisiik %20'lik dilimde olan bireyler i¢inde internet kullanicilarinin orani (K2), fen,
matematik ve okuma alanlarinda en iyi performans: gosteren 15-16 yas arasi 6grencilerin orani (K3), 16-24 yas
arasindaki kadinlar i¢inde programlama bilenlerin orani (K4), kadin ve erkek arasinda internet kullaniminda

esitsizlik (K5) ve OECD Dijital Devlet Endeksi (K6) seklindedir [1, 2].

Dijitallesme, iilkelerin gelecegini belirleyen unsurlardan biridir. Bu nedenle iilkelerin dijitallesme diizeylerinin
karsilagtirilmasi dnemli bir CKKV problemidir. Bu kapsamda TOPSIS’in kullanildig1 son dénemdeki ¢aligmalar
su sekilde 6zetlenebilir. Avrupa iilkelerinin dijital ekonomi ve toplum seviyeleri karsilastirilmistir ve Isvigre
birinci sirada bulunmustur [3]. Avrupa Birligi (AB) iiyesi iilkelerin inovasyon kapasitesine ve dijitallesme
seviyesine dayali rekabetciligi karsilastirilmistir ve Isveg birinci sirada bulunmustur [4]. AB iiyesi iilkelerdeki
sirketlerin dijitallesme ve otomasyon seviyeleri karsilastirilmistir ve Finlandiya birinci sirada bulunmustur [5].
Avrupa tilkelerinin dijital rekabetgiligi karsilagtirilmistir ve Finlandiya birinci sirada bulunmustur [6]. Merkez ve
Dogu Avrupa iilkelerindeki sirketlerin dijitallesme seviyeleri karsilagtirilmistir ve Slovenya birinci sirada
bulunmustur [7]. AB iiyesi iilkelerdeki internet kullanimi karsilastirilmistir ve Isveg birinci sirada bulunmustur
[8]. AB iiyesi iilkelerinin dijital doniisiimleri karsilagtirilmigtir ve Danimarka birinci sirada bulunmustur [9].
Avrupa iilkelerinin dijital ekonomi ve toplum seviyelerinin karsilastiriimasinda kullanilan TOPSIS ile elde
edilen sonuglarin, secilen normalizasyon yontemine ve belirlenen kriter agirliklarina hassasligi incelenmistir
[10]. TOPSIS’ten farkli yontemleri kullanarak iilkelerin dijitallesme diizeylerini karsilagtiran galigmalar da vardir
[11-19]. Ulkelerin dijitallesme diizeylerini karsilastiran [3-19] calismalar1 icinde, bu ¢alisma kapsamindaki bes

Iskandinav iilkesini de inceleyen tek calisma ise [3] caligmasidir.

TOPSIS, yaygin kullanilan ¢ok kriterli karar verme (CKKV) yontemidir. Clinkii TOPSIS; basit, anlasilabilir ve
matematiksel altyapisi giiglii bir yontemdir [20, 21]. Buna karsin kriter agirliklarinin belirlenmesi konusu
TOPSIS i¢in de bir elestiri konusudur. Ciinkii TOPSIS ile elde edilen sonuglar 6nemli oranda kriter agirliklarina
baglidir [20]. Bu sorunun ¢6ziimii i¢in kriter agirliklarinin belirsiz oldugu durumlarda kullanilan bir TOPSIS

uzantist (UW-TOPSIS) 6nerilmistir [22]. Ote yandan UW-TOPSIS ile bulunan kriter agirliklari, alternatiften
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alternatife degismektedir ve bu durum UW-TOPSIS i¢in 6nemli bir simirlilik olusturmaktadir [23]. Bu nedenle

kriter agirliklarini i¢sel olarak belirleyen bir TOPSIS uzantisina ihtiya¢ duyulmaktadir.

Bu caligmanin amaci, Iskandinav iilkelerinin dijital toplum seviyelerinin objektif bir bakis agis1 ile
karsilastirilmasidir. Bu ¢alismanin temel motivasyonu kriter agirliklarini ig¢sel olarak belirleyen bir TOPSIS
uzantisi ile bu amaca ulagmaktir. Bu nedenle norm minimizasyonuna dayali bir TOPSIS uzantis1 (NM-TOPSIS)
bu c¢alismada onerilmistir. Bu ¢alismanin 6zgiinliigd, alternatiflerin dnceliklerini ve kriter agirliklarini belirli bir
sart altinda tek olarak belirleyen ilk TOPSIS uzantisinin bu ¢alismada Onerilmesinden kaynaklanmaktadir.
Ayrica dijitallesmede 6ncl olan iskandinav iilkelerini ayni anda karsilastiran sinirl sayida calisma oldugundan,

bu ¢aligmanin s6z konusu literatiire katki saglamasi beklenmektedir.

NM-TOPSIS kriterlerin agirlik vektoriinii en koti durum senaryosunu baz alarak belirlediginden kriter
agirhiklandirma tartigmasina ¢6ziim bulur. NM-TOPSIS alternatiflerin 6ncelik vektoruni bir konveks kuadratik
minimizasyon probleminin sonucu olarak belirler. Buradaki Hesse (H) matrisi pozitif tanimli iken NM-TOPSIS
tek sonu¢ verir. Eger H matrisi pozitif tanimli degilse, NM-TOPSIS ile elde edilen 6ncelik vektori tek
olmayabilir. Ote yandan tanimi geregi tek sonu¢ veren Tikhonov’un diizenlenmis probleminin yardimryla,
orijine en yakin olan 6ncelik vektorii yaklagik olarak bulunabilir. NM-TOPSIS, TOPSIS’e oranla daha fazla bilgi
tagidigi i¢in alternatiflerin siralanmasindan farkli amaglar i¢in kullanilabilir ve daha objektif sonuglar verir. Buna

kargin TOPSIS, NM-TOPSIS’e oranla daha pratik ve esnek bir yontemdir.

Bu ¢alismanin devami su sekilde organize edilmistir. Boliim 2.1°de TOPSIS ana hatlartyla agiklanmistir. B6lim
2.2’de NM-TOPSIS tanitilmigtir. Bolim 3’te OECD’nin dijital toplum i¢in belirledigi alt1 kriter i¢in giincel tiim
verileri OECD’nin resmi web sitesinde bulunan bes Iskandinav iilkesinin dijital toplum seviyeleri, TOPSIS ve

NM-TOPSIS kullanilarak karsilastirilmistir [24]. B6liim 4 ile ¢alisma sonuglandirilmstir.

II. TEORIK METOD
2.1 TOPSIS

Farkli normalizasyon yontemleri, TOPSIS igin kullanilabilir [10, 25]. Bu g¢aligmada Weitendorf’un dogrusal
normalizasyonu kullanilmigtir. Buna gore TOPSIS’in adimlari agagidaki gibidir [20, 22, 25].

Admm 1: Karar matrisi Anxm=(ajj) olusturulur. Burada n adet alternatif, m adet kriter vardir ve i. alternatifin j.

kriter icin performans degeri ajj ile gosterilmistir.

Adim 2: Es. 1’de verilen Weitendorf’un dogrusal normalizasyonu kullanilarak normalize edilmis karar matrisi
B=(bj)) olusturulur. Burada fayda (maliyet) yonli kriter i¢in oj, A matrisinin j. siitununun en diisiik (yiiksek)
degeridir. j icin bunun tersi gecerlidir. Buna gore her bir alternatif i¢in normalize edilmis degerlerin degisim

araligi [0,1] kapali araligidir [26].

b, = %~  her i, j icin Q)
|ﬂi ‘“i|
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Admm 3: Kriterlerin agirlik vektorii w=(w;) herhangi bir yontemle belirlenir. Bunun elemanlar1 nonnegatiftir ve

Es. 2’deki kosulu saglar.

m

> w, =1 @)

j
Adim 4: Agirliklandirilmis normalize edilmis karar matrisi C=(Cjj) Es. 3 ile olusturulur.

c; =w,by, heri, jicin ©)

ij

Admm 5: Kriterler i¢in alternatiflerin en kotii performans degerini gosteren negatif ideal ¢6ziim tiim elemanlar1 0
olan vektor olarak bulunur. Kriterler i¢in alternatiflerin en iyi performans degerini gosteren pozitif ideal ¢6ziim
kriterlerin agirlik vektoriine (w) esit olarak bulunur. i. alternatifin ideal ¢6ziime benzerlik indeksi (si) Es. 4 ile
hesaplanir. Benzerlik indeksi [0,1] kapali araliginda deger alir. Benzerlik indeksi 1’e esit ise ilgili alternatif ve

pozitif ideal ¢6ziim 6zdestir. Benzerlik indeksi 0’a esit ise ilgili alternatif ve negatif ideal ¢6ziim 6zdestir.

O 2
Ci
i1

s = , her i igin 4)

Eese

Uyari: Es. 4’lin pay ifadesi, i. alternatifin negatif ideal ¢6ziime Oklid uzakhgidir. Es. 4°(in payda ifadesi, i.
alternatifin negatif ideal ¢dziime Oklid uzakhigi ve i. alternatifin pozitif ideal ¢dziime Oklid uzakliginin

toplamuidir.

Adim 6: Ideal ¢6ziime benzerlik indeksleri ile alternatifler biiyiikten kiigiige siralanr.

2.2 NM-TOPSIS

NM-TOPSIS, iki farkli konveks kuadratik minimizasyon probleminin sonucuna dayanir. Bunlardan ilki, kriter
agirhiklarinin bulunmasi i¢indir. NM-TOPSIS kriterlerin agirlik vektoriinii, alternatiflerin negatif ideal ¢dziime
olan Oklid uzakliklarinin kareleri toplamimi minimize edecek sekilde belirler. Baska bir deyisler kriterlerin

agirlik vektorii Es. 5’in tek optimal sonucudur.
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min ZZWZb2

i=1 j=1

m Q)
ka. ) w, =1
=

Toplam semboliiniin 6zellikleri nedeniyle Es. 5°teki amag fonksiyonu Es. 6’daki gibi yazilabilir. Burada d;

ifadesi B matrisinin j. sutunundaki elemanlarin kareleri toplamidir.
4= Y >3 S w3 S b - Z[wf(ZbﬁD ~Yd ©
Es. 6°daki bilgi dogrultusunda Es. 5, Es. 7°deki gibi yeniden yazilmistir.

m
minZdjwj2
=1

m @)
ka.l-3 w; =0

Es. 7’nin ¢6ziimil, Lagrange ¢arpanlari yontemiyle bulunabilir. Es. 7 i¢in Lagrange fonksiyonu Es. 8’deki
gibidir. Burada A, Es. 7’nin kisidr ile iligkili olan dual optimaldir ve Lagrange ¢arpani olarak adlandirilir.

Zd w; +/1[ iwj] (8)

Es. 8’in X’ya gore kismi tiirevi alinip 0’a esitlendiginde Es. 7’nin tek kisidi elde edilir. Es. 8’in wj’ye gore kismi
tirevi almip 0’a esitlendiginde Es. 9’daki optimal ¢6ziim elde edilir. Kriter agirliklarinin toplami 1 oldugundan

ve dj degerleri pozitif oldugundan A degerinin de pozitif oldugu agiktir.

W :%, her j icin ©)

Buna gore alternatiflerin negatif ideal ¢ziime olan Oklid uzakliklarinin kareleri toplamini minimize eden kriter

agirhiklar Eg. 10’°daki gibi tek olarak bulunur.

486



Dijitallesme J. Innovative Eng. Nat. Sci., c. 4, s. 2, 55.482-494, 2024.

%
d=>bi>w = |

————, her jigin (10)

i=1 i%

j=1 ]

Es. 10°da verilen kriter agirliklarini Kullandigindan, NM-TOPSIS en kétit durum senaryosu altinda alternatifleri
karsilastirir. Kriter agirliklarin yansiz bir sekilde belirlenebilmesi igin kriterler bazinda normalize edilmis
degerlerin degisim araliginin aymi olmasi gerekir. Bu nedenle Weitendorf’un dogrusal normalizasyonu, NM-
TOPSIS ig¢in tercih edilmistir. NM-TOPSIS’in ilk iki adimi, TOPSIS’in ilk iki adimi ile aynidir. NM-TOPSIS’in
diger adimlar1 agagidaki gibidir.

Adim 3: Kriterlerin agirlik vektorii (w) Es. 10 ile belirlenir.
Adim 4: Agirliklandirilmis normalize edilmis karar matrisi C=(Cjj) Es. 3 ile olusturulur.

Vi degeri i. alternatifin agirhigi olmak iizere v=(vi) vektoril i¢in kriter bazinda performans vektorii, agirlikli
toplam ifadesine kars1 gelen C™v vektoriine esittir. (Burada CT ifadesi ile C matrisinin transpozu gosterilmistir.)
Pozitif ideal ¢ozim (w) ve CTv vektorii arasindaki Oklid uzakligin1 minimize eden v vektorii alternatiflerin
optimal agirlik vektoriidiir ve dncelik vektorii olarak adlandirilmistir. Bu da (w-CTv) vektoriiniin 2-normunun?

minimize edilmesi demektir [27]. Baska bir deyisle Es. 11°deki norm minimizasyonu problemi ¢ozilmelidir.

min|

W — CTv"2

k.a. Zn:vi =1 (11)

v, >0, Vi

Es. 11 konveks optimizasyon problemi oldugundan bir MATLAB yazilimi olan CVX kullanilarak ¢o6ziilebilir
[28]. Es. 11 i¢in CVX kodu, Es. 12’deki gibidir.

cvx_solver mosek
cvX_begin
variables v(n);

minimize (norm(w—transpose(c)*v)); (12)
subject to

ones(Ln)*v=1

v >= zeros(n,1);
cvx_end

Es. 11’in amag fonksiyonunun karesi, vT(CCT)v-2(Cw)Tv+w'w seklinde yazilabilir. w'w ifadesi sabit bir deger

oldugundan dikkate alimmasm. Ayrica H:=2CCT ve b:=2Cw olarak atansin. Buna gore Es. 11, Es. 13’teki

L w vektdriiniin 2-normu, bu vektdriin orijine olan Oklid uzaklig: olarak tanimlanir ve (W"w)%8 ifadesine esittir [27].
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konveks kuadratik minimizasyon problemi ile 6zdestir. C matrisinin ranki? alternatif sayisina (n) esitse H matrisi
pozitif tammhdir® [27]. Bu durumda Es. 13, kesin konveks minimizasyon problemidir ve bunun ¢ozimi tektir

[29]. Es. 13’lin tek ¢oziimii MATLAB paket programinda quadprog() fonksiyonu ile bulunabilir.

min %VT Hv-b'v

ka. ) v =1 (13)

i=1

v, 20,Vi

Adimm 5: C matrisinin ranki n iken Esitlik 11, Esitlik 12°de verilen CVX kodu ile ya da baska bir sekilde

cozilerek alternatiflerin 6ncelik vektori (v*) tek olarak bulunur. i. alternatifin énceligi bu vektdriin i. elemanidir.

Adim 6: Oncelik degerleri ile alternatifler biiyiikten kiigiige siralanir. Bunlar alternatiflere kaynak dagitiminda da
kullanilabilir. Ayrica 6ncelik degeri pozitif olan alternatifler gorece yeterli alternatifler olarak, 6ncelik degeri

sifir olan alternatifler gérece yetersiz alternatifler olarak gruplandirilir.

11l. BULGULAR VE TARTISMA

Bu bolimde OECD’nin dijital toplum i¢in belirledigi alt1 kriter icin gilincel tiim verileri OECD’nin resmi web
sitesinde bulunan bes Iskandinav iilkesinin (alternatiflerin) dijital toplum seviyeleri TOPSIS ve NM-TOPSIS
kullanilarak karsilastirilmistir. S6z konusu kriterler; K1, K2, K3, K4, K5 ve K6 seklinde kodlanmis olup Giris
boliimiinde agiklanmustir. Her bir kriter igin her bir {ilkenin 100 iizerinden skor degeri kullanilmistir ve bu deger
arttik¢a iilkenin ilgili kriter bazindaki performansi artmaktadir. NM-TOPSIS’in uygulama adimlar1 agagidaki
gibidir.

Adim 1: Karar matrisi (A) Tablo 1’deki gibi olusturulmustur.

Tablo 1. Karar matrisi

K1 K2 K3 K4 K5 K6
Danimarka 96,043 94,220 42,892 82,569 96,895 87,792
Finlandiya 93,335 96,812 60,175 45,088 95,848 47,909
[zlanda 84,560 99,676 49,453 26,475 96,613 71,925
Norveg 100,000 100,000 46,387 63,674 97,007 74,067
Isveg 94,420 94,847 57,211 43,095 95,485 34,588

2 C matrisinin lineer bagimsiz satir sayisidir ve MATLAB paket programinda rank(C) fonksiyonu ile bulunur [27].

3 Tiim 6zdegerleri pozitif olan simetrik matrisler, pozitif tanimli matris olarak adlandirihr [27].

4 H matrisi pozitif taniml degilse Es. 13{in optimal ¢6ziimii tek olmayabilir. Bu durumda &, 0°a oldukga yakn bir say1 ve I
uygun boyutta birim matris olmak {izere Eg. 13’te H yerine H+el kullanilarak Es. 13’iin tiim optimal ¢6ziimlerinin iginde 2-
normu en diigiik olan optimal ¢oziim yaklagik olarak bulunur. Tek ¢dziim veren bu yeni probleme Tikhonov’un diizenlenmis
problemi denir [29].
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Adim 2: Es. 1 kullanilarak, normalize edilmis karar matrisi (B) Tablo 2’deki gibi olusturulmustur.

Tablo 2. Normalize edilmis karar matrisi

K1 K2 K3 K4 K5 K6
Danimarka 0,7437 0,0000 0,0000 1,0000 0,9266 1,0000
Finlandiya 0,5683 0,4484 1,0000 0,3318 0,2390 0,2504
[zlanda 0,0000 0,9440 0,3796 0,0000 0,7411 0,7018
Norveg 1,0000 1,0000 0,2022 0,6631 1,0000 0,7420
Isveg 0,6386 0,1083 0,8285 0,2963 0,0000 0,0000

Adim 3: Es. 10 kullanilarak; K1’in agirligi 0,1490, K2’nin agirligi 0,1617, K3’tin agirligi 0,1818, K4’iin agirlig
0,2078, K5’in agirhig1 0,1381 ve K6 nin agirhigi 0,1616 olarak yani w=(0,1490, 0,1617, 0,1818, 0,2078, 0,1381,
0,1616)" olarak bulunmustur. En k&tii durum senaryosu altinda alternatifleri karsilagtirdigindan, NM-TOPSIS te

bunlardan farkl kriter agirliklart kullanilamaz.

Adim 4: Es. 3 kullanilarak, agirliklandirilmis normalize edilmis karar matrisi (C) Tablo 3’teki gibi

olusturulmustur.

Tablo 3. Agirliklandirilmig normalize edilmis karar matrisi

K1 K2 K3 K4 K5 K6
Danimarka 0,1108 0,0000 0,0000 0,2078 0,1279 0,1616
Finlandiya 0,0847 0,0725 0,1818 0,0689 0,0330 0,0405
izlanda 0,0000 0,1527 0,0690 0,0000 0,1023 0,1134
Norveg 0,1490 0,1617 0,0368 0,1378 0,1381 0,1199
Isveg 0,0951 0,0175 0,1506 0,0616 0,0000 0,0000

Adm 5: C matrisinin ranki, alternatif sayisina (5’€) esittir. Bagka bir deyisle H=2CC" matrisi pozitif tammhdir.
Es. 12 kullanilarak Es. 11’in tek ¢dziimii Tablo 4’teki gibi bulunmustur ve alternatiflerin éncelik vektorii (v¥)
olarak atanmistir. (Adim 3’te verilen kriter agirliklar1 kullanilarak TOPSIS ydntemi de uygulanmigtir. Buna gore
TOPSIS’in ilk dort adimi ile NM-TOPSIS’in ilk dort adimi 6zdestir. TOPSIS’in son adimindaki ideal ¢dziime

benzerlik indeksleri ise Es. 4 ile hesaplanmistir. Bu degerler de Tablo 4’te sunulmustur)
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Tablo 4. TOPSIS sonuglari ve NM-TOPSIS sonuglarinin karsilagtirilmasi

TOPSIS NM-TOPSIS
Benzerlik indeksi Sira Oncelik Vektori Sira
Danimarka 0,5593 2 0,0072 3
Finlandiya 0,4907 3 0,2332 2
izlanda 0,4422 4 0,0000 45
Norveg 0,6576 1 0,7596 1
isveg 0,3853 5 0,0000 45

Adim 6: Tablo 4’teki 6ncelik degerleri ile tilkeler siralandiginda Norveg’in 0,7596 Oncelik degeri ile birinci
sirada oldugu, Finlandiya’nin 0,2332 oncelik degeri ile ikinci sirada oldugu, Danimarka’nin 0,0072 6ncelik
degeri ile UgUncii sirada oldugu goriilmustiir. S6z konusu ii¢ tilke dijital toplum karsilastirmasinda gorece yeterli
iilke olarak belirlenmistir. Oncelik degeri 0 olarak bulunan Isveg¢ ve izlanda, bu karsilastirmada gérece yetersiz

llke olarak belirlenmistir ve son siradadir.

Spearman’in sira Korelasyonu, siralamalar i¢in bulunan lineer korelasyon katsayisina esittir [30]. TOPSIS
sonuglart ve NM-TOPSIS sonuglar1 arasindaki Spearman’in sira korelasyonu 0,8721 olarak bulunmustur. Bu
deger 0,71-0,90 arasinda oldugundan bu sonuglar arasinda yiiksek diizeyde pozitif yonlii iliski vardir [31]. Ote
yandan TOPSIS sonugclari, kriter agirliklarina bagh olarak degismektedir. SX, X. kriterin agirhiginin 0,5 oldugu
diger kriter agirliklarinin ise 0,1’¢ esit oldugu kriter agirliklar1 senaryosu olsun. S7 kriter agirliklarinin esit olugu
senaryo ve BS kriter agirliklarinin NM-TOPSIS ile bulundugu baz senaryo olsun. Farkli kriter agirliklari

senaryolari i¢cin TOPSIS ile bulunan siralamalar Tablo 5’te ve Tablo 6’da sirasiyla sunulmustur.

Tablo 5. TOPSIS i¢in duyarlilik analizi I

S1 S2 S3 S4

Benzerlik indeksi Sira  Benzerlik indeksi Sira  Benzerlik indeksi Sira  Benzerlik indeksi Sira

Danimarka 0.6814 2 0.2657 4 0.2657 5 0.7844 1
Finlandiya 0.5464 4 0.4558 3 0.7788 1 0.3696 3
Izlanda 0.2186 5 0.7495 2 0.4067 3 0.2186 5
Norveg 0.8542 1 0.8542 1 0.3582 4 0.6700 2
Isveg 0.5636 3 0.2038 5 0.6734 2 0.3169 4
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Tablo 6. TOPSIS i¢in duyarhlik analizi I

S5 S6 S7 Baz Senaryo (BS)

Benzerlik indeksi Sira  Benzerlik indeksi Sira  Benzerlik indeksi Sira  Benzerlik indeksi Sira

Danimarka 0.7677 2 0.7844 1 0.5621 2 0.5593 2
Finlandiya 0.3066 4 0.3139 4 0.4788 3 0.4907 3
Izlanda 0.6571 3 0.6328 3 0.4747 4 0.4422 4
Norveg 0.8542 1 0.7277 2 0.6896 1 0.6576 1
Isveg 0.1726 5 0.1726 5 0.3704 5 0.3853 5

Tablo 5 ve Tablo 6’daki sonuglar i¢in bulunan Spearman’in sira korelasyonu matrisi Tablo 7°de sunulmustur. Bu
matrisin negatif elemanlari, negatif yonlii iliskiye kars1 gelmektedir. Bu matrisin 0,71°den biiylik elemanlari,
yiiksek diizeyde veya cok giiclii pozitif yonlil iliskiye karsi gelmektedir. Bu matrisin 0,71°den biiyiik olmayan
pozitif elemanlari, iliskisiz duruma, kii¢lik veya orta diizeyde pozitif yonlu iliskiye karsi gelmektedir [31]. Buna
gore TOPSIS igin farkli kriter agirliklar kullanildiginda, birbirlerinden cok farkli sonuglar elde edilebilmektedir.

Tablo 7. Spearman’in sira korelasyonu matrisi

S1 S2 S3 S4 S5 S6 S7 BS
S1 1 0.1000 -0.6000 0.8000 0.6000 0.5000 0.7000 0.7000
S2 0.1000 1 -0.2000 0.0000 0.7000 0.4000 0.6000 0.6000
S3 -0.6000 -0.2000 1 -0.6000 -0.8000 -0.9000 -0.6000 -0.6000
S4 0.8000 0.0000 -0.6000 1 0.6000 0.7000 0.8000 0.8000
S5 0.6000 0.7000 -0.8000 0.6000 1 0.9000 0.9000 0.9000
S6 0.5000 0.4000 -0.9000 0.7000 0.9000 1 0.8000 0.8000
S7 0.7000 0.6000 -0.6000 0.8000 0.9000 0.8000 1 1
BS 0.7000 0.6000 -0.6000 0.8000 0.9000 0.8000 1 1

Calisma kapsamindaki bes Iskandinav iilkesini de karsilastiran [3] calismasinda elde edilen siralama; Isveg,
Izlanda, Finlandiya, Danimarka ve Norve¢ seklindedir. Bu ¢alismada NM-TOPSIS ile elde edilen siralama ile bu
siralama arasindaki korelasyon katsayisi -0,8721 olarak bulunmustur. izlanda disindaki dort Iskandinav iilkesini
de karsilastiran [6] ¢alismasinda elde edilen siralama; Finlandiya, Danimarka, Isve¢ ve Norveg seklindedir. Bu
¢alismada NM-TOPSIS ile elde edilen siralama ile bu siralama arasindaki korelasyon katsayis1 -0,2000 olarak
bulunmustur. Izlanda disindaki dért Iskandinav iilkesini de karsilastiran [15] ¢alismasinda elde edilen siralama;
Finlandiya, Danimarka, Norve¢ ve Isve¢ seklindedir. Bu ¢alismada NM-TOPSIS ile elde edilen siralama ile bu
siralama arasindaki korelasyon katsayis1 0,4000 olarak bulunmustur. izlanda disindaki dért Iskandinav iilkesini
de karsilastiran [17] ¢alismasinda elde edilen siralama; Norveg, Isvec, Finlandiya ve Danimarka seklindedir. Bu

calismada NM-TOPSIS ile elde edilen siralama ile bu siralama arasindaki korelasyon katsayis1 0,4000 olarak
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bulunmustur. Bagka bir deyisle [3, 6, 15, 17] ¢alismalarinin bulgulari, bu ¢alismanin bulgular icin destekleyici
Ozellikte degildir. Bu durumun nedeni, kullanilan veri veya yontemin farkli olmasi olabilir. [19] ¢aligmasinda s6z
konusu dort Glkenin veri zarflama yontemi ile bulunan etkinlik skorlar1 1 olarak bulunmustur. Bagka bir deyisle
s0z konusu Ulkelerin tim ilk siradadir ve etkin tlkedir. Bu ¢alismada ise Norveg, Finlandiya ve Danimarka’nin

aksine Izlanda ve Isveg gorece yetersiz iilke olarak bulunmustur.

IV. SONUCLAR

Dijitallesme kavrami ve iilkelerin bu kapsamda karsilagtirilmasi giin gectikge 6nem kazanmaktadir. CKKV
yontemlerinin farkl kriter agirliklar igin farkli sonuglar vermesi yapilan karsilastirmalarin yeterince objektif
olmamasina neden olmaktadir. Bu nedenle kriter agirliklarini igsel olarak belirleyen NM-TOPSIS, bu ¢aligmada
onerilmistir. TOPSIS’in norm minimizasyonuna dayali bir uzantis1 olan NM-TOPSIS, Iskandinav iilkelerinin
dijital toplum seviyelerinin karsilagtirilmasinda kullanilmistir. Yapilan kargilastirma sonucunda sirasiyla Norveg,
Finlandiya ve Danimarka gorece yeterli iilke olarak bulunmustur. izlanda ve Isve¢ gorece yetersiz ke olarak
bulunmustur. NM-TOPSIS ile elde edilen kriter agirliklart TOPSIS i¢in de kullanildiginda; Norve¢, Danimarka,
Finlandiya, izlanda ve Isveg siralamasi elde edilmistir. Ote yandan s6z konusu siralama farkli kriter agirliklari
kullanildiginda &nemli oranda degisebilmektedir. Bu ¢alismada dijitallesmenin toplum boyutuna odaklanilmigtir.
Bu nedenle OECD’ye godre dijitallesmenin diger boyutlar1 (kullanim, erigim, piyasalarin agikligi, giiven ve isler)

calismada incelenmemistir. Calismanin en 6nemli sinirliligi budur.

NM-TOPSIS, kriter agirliklarim belirlemede en kotli durum senaryosunu baz aldigindan kriter agirliklandirma
tartigmasina ¢éziim bulur. NM-TOPSIS alternatifleri siralar, gruplandirir ve alternatiflere kaynak dagitiminda
kullanilabilir. Ote yandan agirliklandirilmis normalize edilmis karar matrisinin (C) ranki alternatif sayisma (n)
esit degil iken alternatiflerin oncelikleri tek olarak belirlenemeyebilir. Bu tir durumlarda, 2-normu minimum
olan tek optimal ¢6zimi yaklasik olarak bulmak icin Tikhonov’un diizenlenmis problemi kullanilabilir. Bazi
durumlarda yaklagik ¢6ziim bulunmasi, NM-TOPSIS’in en 6nemli sinirliligidir. Bununla birlikte NM-TOPSIS
kriter agirliklarinin esnek bir gekilde belirlenmesine imkan vermez. Bu nedenle objektiflik yerine esnekligin
istendigi durumda tercih edilmemelidir. Ayrica TOPSIS’in uygulanmasi daha kolaydir. Calismada diger CKKV
yontemleri kullanilmadigimdan, sadece TOPSIS ve NM-TOPSIS’in birbirlerine karst goreli Gistiinliikleri analiz
edilmistir. Ilerideki calismalarda portfdy segimi gibi farkli CKKV problemlerinin ¢dziimiinde NM-TOPSIS
kullanilabilir. Ayrica grup karar verme problemleri i¢in NM-TOPSIS genellestirilebilir.
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ARTICLE INFO ABSTRACT

Article history: In this study, mechanical properties of continuously cooled low carbon steels were predicted via Artificial
Received 1 March 2024 Neural Network (ANN) and Multiple Linear Regression (MLR) models. Unlike the previous studies,
Received in revised form 14 May 2024 laboratory scaled self-generated data that consists of chemical compositions and cooling rates were used as
Accepted 23 June 2024 input while yield strength (Y'S), ultimate tensile strength (UTS) and total elongation (TE) were served as target

data. The prediction performances of the models were compared by applying new data set extracted from
external sources like previously studied research papers, thesis or dissertations. A better agreement between
predicted and actual data was achieved with ANN model. Additionally, the response of ANN model to new
external data resulted in lower prediction errors even the data has one or more input value that is not included
in the range of training data set. Unlike ANN model, MLR model shows a significant decrease in prediction
accuracy when input data has non-uniform distribution or target data takes place in relatively narrow range.
In general, it was shown that ANN model trained with self-generated data can be used as an efficient tool to
estimate mechanical properties of continuously cooled low carbon steels that are produced with various
conditions, even for the phenomena between input and output is complex and data distribution is non-uniform.
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1. INTRODUCTION

Over the last several decades, many attempts have been made in automotive industry to develop new Advanced
High Strength Steel (AHSS) grades to meet the rising demands of both increasing passenger safety and decreasing
fuel consumption by reducing vehicle’s weight. Previous works showed the successful applications of low carbon
AHSS grades to satisfy these needs with their combination of high strength and toughness properties [1-3].
Recently, in addition to new material developments studies, steel producers deal with reducing carbon emissions
arising from production steps to cope with climate changes. Continuous cooling process is one of the promising
candidates to reduce carbon emissions with eliminating the need of additional heat treatments [4-6]. Therefore,
research and development studies in steelmaking field focus on developing alternative new continuously cooled

low carbon AHSS grades in order to fulfill these tasks in common.

Chemical composition and heat treatment conditions are the main parameters that effect mechanical properties of
steel through arranging its microstructure. It is possible to obtain various strength and toughness values for the
same steel by applying combinations of different alloy designs and heat treatment routes. Generally, laboratory
scaled productions are performed for determining optimum parameters before scaling up to industrial productions.

However, a large number of trials usually needs to be done to obtain satisfying results. Even for the laboratory
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scaled productions, this requirement brings along time consuming and high cost operations. On the other hand,
increasing the number of trials provides the researchers generating a database consists of varying production
parameters and test results. In such a case, statistical, mathematical or computational modelling comprise effective

solutions on deciding the best option available before physical trials.

Multiple Linear Regression (MLR) is one of the simplest and the most frequently used statistical-based models to
predict the changes of a dependent outcome in accordance with at least two independent variables. It is being
extensively applied to find the relationships between the properties of steel material and its mechanical
performance in service conditions. Estimating the strength or hardness of steel based on its chemical composition
is the most studied case on this subject [7-9]. In addition to chemical composition, the process parameters of hot

rolling and heat treatment have also been used in some other MLR based studies as predictor variables [10, 11].

In general, traditional statistical regression models have some limitations when calculated phenomena is complex
and non-linear [12, 13]. In such cases, Artificial Neural Network (ANN) is a quite useful approach for solving
non-linear problems and has a wide usage in steelmaking processes such as estimating the properties of liquid steel
and slag [14], optimizing continuous casting [15] and rolling process parameters [16]. ANN is also an effective
technique for predicting material properties like critical transformation temperatures [17], continuous cooling

transformation (CCT) diagrams [18] and microstructural classifications [19].

The successful applications of ANN for estimating mechanical properties of steel via using various material
properties as input data have also been reported in previous studies. Lee et al. [20] designed an ANN model to
predict tensile properties of steels based on the fraction of microstructural constituents such as polygonal ferrite,
granular bainite, and bainitic ferrite. Yemelyanov et al. [21] developed an ANN model with multi-layered structure
to determine mechanical properties of steel. The neurons of input layer were consisted of the amount of different
non-metallic inclusions in addition to phase fractions. High performance of model was confirmed with calculated
low error values. Saravanakumar et al. [22] proposed an ANN-based model to predict mechanical properties of
1S1079 grade low carbon steel by applying hot rolling process parameters and model results were found to be
almost same as the measured values. Somkuvar [23] developed an ANN that effectively predicts the hardness of
low carbon steel by introducing austenitization temperature and holding time. Fujita et al. [24] used chemical
compositions and forging process parameters for training an ANN model in order to estimate hardness distributions
and results were compared with finite element method (FEM) calculations. They have reported that ANN approach

is more suitable in situations where several phenomena such as metallurgical ones are involved.

In neither of these cases discussed above, the prediction model was developed by using self-generated data nor the
performance of models were analyzed by using external data which were extracted from other sources like
experimental studies in previous works, data provided from another facilities, etc. Unlike the previous studies
related with estimation of mechanical properties of steels, in this study, the self-generated data derived from
laboratory scaled productions were used. These data were collected from several R&D projects related with
development of continuously cooled low carbon AHSS grades conducted in a steelmaking company. Firstly, MLR
model proposed to predict mechanical properties of steels depending on the changes in chemical composition and
cooling rates. It is found that MLR method provides faster and accurate solutions when the relationships between
predictor and response variables are linear and distribution of data is uniform. However, MLR model falls short

of desired performance when the phenomena is complex and needs to be evaluated by taking into consideration of
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all dependent parameters. Then, the studies were carried out with ANN based model approach by using the same
variables and it is seen that a better correlation can be obtained between predicted and actual values, even the
distribution of data is non-uniform and there are non-linear relations between the predictor variables. Moreover, a
comparative assessment of MLR and ANN models with external data set has been performed. Performance results
showed that the response of ANN model to new external data have a better agreement with actual values compared
to MLR model. It is accepted as a common knowledge that a small sized data set in training stage of ANN model
results in a poor approximation (14, 25). In this study, it is shown that compared to MLR model, ANN model has
not only better performance on predicting mechanical properties of continuously cooled low carbon steels but also
its prediction accuracy can be enhanced by increasing the number of data with introducing external data set. It is
thought that improved prediction capabilities offers a good opportunity for reducing the production costs and the

required time by minimizing the need of plant trials for new material development studies.

Il. MATERIALS AND METHODS
2.1 Experimental Alloys

Laboratory scaled vacuum induction melting unit was used for producing experimental heats with various chemical
compositions. Industrially produced special steel products were used as raw material for laboratory scaled melting
process. Since the raw materials used in this study have already been produced by degassing while their industrial
production, the purpose of using vacuum cabinet in laboratory scaled productions was to ensure prevention of re-
oxidation during re-melting and casting stages. Therefore, all the melting and casting processes were performed
under a vacuum pressure of 20 mbar. Together with the steel raw material, required amount of ferro additions
were added to meet the desired chemical compositions. Sectional dimensions of 80x80 mm ingots were cast and
homogenization heat treatment was applied at 1200 °C for 2 h. The chemical compositions of steel ingots were
analyzed via optical emission spectroscopy (OES) method. The ingots were re-heated at 1150 °C for 45 mins., and
then hot deformed into 45x45 mm by using 120-ton capacity hydraulic press. The deformation process consisted
of sequenced three steps and 32% of reduction ratio was applied within each step. The final temperature of
deformed samples was measured between 914 — 920 °C. After deformation stage, the deformed samples were
continuously cooled to room temperature. In order to obtain various cooling rates, fan controlled air cooling unit
was used with applying different cooling fan speeds. Cooling regime of each sample was measured and recorded

by using a K-type thermocouple with data logger. The production route for this study is shown in Figure 1.

Mechanical properties of continuously cooled productions were obtained via uniaxial tensile test. Yield strength
(YS), ultimate tensile strength (UTS) and total elongation (TE) of each specimen were evaluated according to
tensile test results. Optical microscopy (OM), scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) techniques were applied in order to investigate the microstructural properties of selected
specimens. Metallographic sample preparation procedure that covers grinding, polishing and etching steps were
carried out for OM and SEM examinations. After grinding by using water-cooled silicon carbide papers with
different grit-sizes, 9 um and 1 um diamond pastes were used for coarse and fine polishing. Then samples were
etched with 4% Nital solution. For TEM examinations, continuously cooled samples were cut into small pieces,
then grinding was performed until achieving a thickness about 100 um. Then, jet polishing technique was applied

by using a solution consists of 2% picric acid, 5% hydrochloric acid and ethanol. Additionally, extraction
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replication, which is a commonly used sample preparation technique for TEM examinations that provides an
opportunity to characterize nano-sized particles, was performed to analyze possible carbide precipitations in
samples containing 1,4% silicon [26-28]. X-ray diffraction (XRD) technique was also applied to high silicon
contented samples in order to verify the carbide-free structure. XRD samples were prepared as following the same
metallographic sample preparation procedure applied to OM and SEM samples. XRD analyses were performed

with Cu-Ka radiation at a scan rate of 1 °C/min.

Homogenization Annealing
[1200 °C, 1 h] [1150 °C, 45 min.]

000000
©00000

Laboratory Scaled 80x80 mm Annealing Furnace
Vacuum Induction Melting Unit Ingots

Hot Deformation

|

Continuous Cooling

Mechan:al Tests ‘
Microstructural Examinations

Hot Deformed Samples

45x45 mm
Fan Controlled

Airr Cooling Unit

Figure 1. Production route of laboratory scaled experimental heats

2.2 Artificial Neural Network [ANN] Model
2.2.1. Network selection

MATLAB r2020b software was used for the construction and calculation of ANN model. The effectiveness of
network-based prediction models relies on its network architecture and selected parameters. A Multi-Layer
Perceptron (MLP) based feed forwarded ANN structure was proposed for the estimation of mechanical properties
in this study. The MLP is one of the most common type of ANN and its topology consists of one or more hidden
layer between input and output layers. The signals are received by input layer is transferred in forward direction
to the nodes in hidden layers. Then each nodes performs a computation on received signal by using an activation
function, and produces an output signal [29]. The purpose of using more than one hidden layer is generally related
with decreasing the need of total number of nodes [30]. Depending on input parameters and complexity of the
problem, it was decided that one hidden layer is a suitable selection for this study. The number of nodes in the
hidden layer has a great influence on accuracy of training. It is known that, choosing too many nodes may cause

an overfitting that means even a high performance acquired in training, insufficient response of network might be
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observed in testing stage. On the contrary, if the hidden node number is selected fewer than the necessary, the
training of network might be insufficient for learning. Although, there is no generalized approach or rule of thumb
for selecting the number of hidden nodes, some suggestions were made in previous studies [31, 32]. These
suggestions cover different calculation criteria such as “(n + 0)/2”, “2n” or “2n + 1” where “n” and “o” are the
size of input and output variables, respectively. In this study, optimum hidden node number was determined by

comparing results of trials in the range of “1” to “2n + 1”.

Performance of each training, validation and test stages were calculated with Mean Squared Error (MSE) and

Correlation Coefficient (R) according to Eq. 1 and Eq. 2, respectively;
1
MSE = ~ %21 (f () — yi)? @

L F)—-fFO)(vi—9)

R= )
J2?=1(f(xi)—f(x>)2 [ o

@

where n, y; and f (x;) are the total number of data, corresponding output and predicted data, respectively. A total

number of 10 tests were performed with each hidden neuron trials and average performance results were compared.

2.2.2. Data selection and pre-processing of data

The chemical compositions and cooling rates (CR) of each experimental conditions were served as input data while
YS, UTS and TE were used as output data. A total of 174 sets of data were collected under varying conditions.

The ranges of the data are given in Table 1.

Table 1. The variables in input and output data sets

Variable Description Unit Mean Std. Dev. Min. Max.
Input
Carbon (C) w% 0,2150 0,0382 0,1300 0,3304
Silicon (Si) w% 0,6320 0,4407 0,2223 1,5650
Manganese (Mn) w% 1,6987 0,2612 0,5680 2,2552
Chromium (Cr) w% 1,0640 0,2121 0,2603 1,8986
Molybdenum (Mo) w% 0,1418 0,0745 0,0100 0,3094
Vanadium (V) w% 0,0121 0,0098 0,0019 0,0960
Titanium (Ti) w% 0,0158 0,0095 0,0002 0,0572
Niobium (Nb) w% 0,0126 0,0148 0,0038 0,0510
Nitrogen (N) w% 0,0083 0,0016 0,0038 0,0129
Boron (B) w% 0,0018 0,0011 0,0001 0,0038
Cooling Rate (CR) °Cs? 1,18 2,68 0,74 4,11
Output
Yield Strength (YS) MPa 678 79 344 959
Tensile Strength (UTS) MPa 1080 124 611 1386
Elongation (TE) % 13,9 1,9 10,1 25,5

Randomly selected 70% of input data set were used for training the network while other pair of 15% were used

for validation and test stages. Generally, slower learning rate and weak convergence are observed when processing
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data have more than one dimension and if the size ranges of variables are different. As shown in Table 1, the input
and output data have variables with different size ranges. For example, the average content of Mn (1,6987%) is
approximately one thousand times larger than the average content of B (0,0018%) in steel compositions. Likewise,
there is a large numerical difference between strength and elongation values in the output variables. In order to
reducing the impact of difference in magnitudes and improving the training stability, the used data were normalized

within the range of 0 and 1 by using Eq. 3;

— X~ Xmin ®)

Xmax — Xmin

where x,, is the normalized value of the corresponding x; X4, and x,,;, are the maximum and minimum values

of processing data, respectively.

2.2.3. Training and testing of network

The network was trained with Bayesian regularization backpropagation algorithm. The backpropagation performs
an adjustment in model parameters after each forward pass by minimizing error of the network. Even though
backpropagation is an effective method on minimizing of error, it may suffer from overfitting problem as explained
before. In such a case, regularization can help to overcome this issue by decreasing or removing the requirement
of extensive cross-validation [33]. As one of the most common regularization algorithm, Bayesian regularization
enables to avoid overfitting and improves the generalization of back-propagated network structure [34]. A

schematic view of network structure is given in Figure 2.
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Figure 2. A schematic example of multi layered feed forwarded ANN
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2.3 Multiple Linear Regression [MLR] Model

The input data used in training stage of ANN model was also selected for regression model calculations as the
independent predictors for estimating mechanical test results. The predicted values of YS, UTS and TE were

calculated separately for each dependent outcome and results were given in an equation format as shown Eq. 4;

Y = a¢g+a;x; +azx, +azxs ...+ ayx, 4)

where Y is the predicted or expected value of the dependent variable, x; is the independent variable or predictor
and q; is the calculated regression coefficient for each variable. Data normalization was also applied to MLR

model to have comparable regression coefficients for each independent predictor.

2.4 Validating ANN and MLR Model with External Data Set

In order to verify the accuracy of the developed ANN and MLR model, a new data set consisting of chemical
composition of low carbon steel and corresponding cooling rates extracted from experimental results of previous
studies [35-37] and served to each model as input or independent predictor. The predicted results were compared
with mechanical test results shared by authors in their research papers. Input and target variables of 27 new external

data set are given in Table 2.

Table 2. The variables in input and target of external data sets

Variable Description Unit Mean Std. Dev. Min. Max.
Input
Carbon (C) w% 0,2266 0,0254 0,1900 0,2800
Silicon (Si) w% 1,3471 0,1941 1,1100 1,8310
Manganese (Mn) w% 1,8331 0,3111 1,4800 2,4800
Chromium (Cr) w% 0,6486 0,3791 0,0100 1,2000
Molybdenum (Mo) w% 0,1096 0,0765 0,0060 0,2500
Vanadium (V) W% 0,0084 0,0085 0,0030 0,0500
Titanium (Ti) w% 0,0237 0,0095 0,0010 0,0330
Niobium (Nb) w% 0,0250 0,0148 0,0021 0,0500
Nitrogen (N) W% 0,0057 0,0020 0,0012 0,0080
Boron (B) w% 0,0022 0,0011 0,0001 0,0033
Cooling Rate (CR) °Cs? 1,90 181 0,50 12,5
Output
Yield Strength (YS) MPa 906 129 662 1089
Tensile Strength (UTS) MPa 1321 125 1054 1552
Elongation (TE) % 10,9 33 5,0 16,2

111. RESULTS AND DISCUSSION

The ANN performances of various hidden neuron numbers are compared in Figure 3. It was seen that R results
show a rising trend depending on the increment in the number of hidden nodes for the first eight trials, however
all the correlation coefficients were resulted below 0,95 in this region. Even though relatively low significant
differences were calculated, the overall performances became stable in trials with the number of hidden nodes nine

and above. Based on the lowest MSE and the highest R results, eighteen hidden node was found as the best option
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available as the overall performances compared. Therefore, a [11-1-3] network architecture with eighteen nodes

in the hidden layer was purposed for the further study.
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Figure 3. Performance results of ANN with various hidden nodes

The MLR analysis of the same selected variables used in the ANN model for YS, UTS and TE were resulted as

follows;

YS = —0,584 + 0,334[C] + 0,018[Si] + 0,640[Mn] + 0,748[Cr] + 0,061[Mo] + 0,131[V] + 0,215[Ti] —
0,107[N] + 0,064[Nb] — 0,012[B] + 0,321[CR] (5)

UTS = —0,644 + 0,376[C] + 0,011[Si] + 0,714[Mn] + 0,777[Cr] + 0,109[Mo] + 0,124[V] + 0,259[Ti] —
0,150[N] + 0,080[Nb] — 0,06[B] + 0,208[CR] (6)

TE = 1,11 — 0,215[C] + 0,003[Si] — 0,539[Mn] — 0,643[Cr] + 0,110[Mo] — 0,208[V] — 0,293[Ti] +
0,142[N] — 0,187[Nb] + 0,127[B] — 0,273[CR] @)

C is the main alloying element in steel and generally with the increasing C content; the hardness and the strength
proportionally increase while the toughness decreases [38]. The correlation coefficient of C calculated positive for
YS and UTS while negative for TE as its expected contribution explained above. Mn and Cr are commonly added

to low carbon steel in order to retrieve the reduced strength due to lack of C content without compromising the
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toughness. Additionally, the microstructural contribution of Mn and Cr in continuously cooled low carbon steels
is to improve mechanical properties by promoting transformation of bainitic microstructure, which is relatively
harder than ferrite and pearlite [39, 40]. The microstructural changes depending on the amount of Mn and Cr in
the composition of laboratory scaled productions are shown in Figure 4. The increase of these elements provides
a bainite dominant microstructure by suppressing ferrite and pearlite transformations as the steel cooled down from
high temperature austenite region to room temperature, and helps to improve YS and UTS. This mechanism
confirms the correlation coefficient calculation results of Mn and Cr for MLR model as the most effective input

parameters enhancing YS and UTS.

Mn: 1,24%, Cr: 1,76%

Mn: 1,01%, Cr: 0,47%

¥S: 718 MPa, UTS: 1089 MPa

YS: 450 MPa, UTS: 772 MPa

Figure 4. Optical microscope (OM) images of continuously cooled low carbon steel samples (a) lower Mn+Cr content (b) higher Mn+Cr

content (F: ferrite, P: pearlite and B: bainite)

The major purpose of the addition of Si into continuously cooled steels is to retard the precipitation of carbides
and provide a carbide-free microstructure, which is beneficial for mechanical properties of steel. The previous
studies showed that carbide-free microstructure obtained with high Si addition helps to improve both strength and
elongation properties of steel (41-43). TEM images of samples that have over 1,40% of Si confirm the absence of
any carbide formations as shown in Figure 5. The dark field TEM image points out the presence of retained
austenite on the edges of bainite plate while there is no sign of cementite or any other carbide formation around
the bainitic microstructure. Additionally, X-ray diffraction (XRD) patterns shown in Figure 6 further confirm that
only body-centered cubic («) and face-centered cubic (y) structured phases are present, without diffraction peaks
of carbides detectable. According to MLR results, Si addition has a positive effect on both YS, UTS and TE, which
supports the phenomena explained above. However, the magnitudes of the correlation coefficients of Si are
calculated lower than its expected microstructural contribution. The bimodal shaped distribution of Si in data set

is thought as to be the main reason for the lower correlation coefficients as shown in Figure 7.
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Figure 5. TEM images of sample with 1.44% silicon content (a) bright field image (b) dark field image
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Figure 6. XRD patterns of sample with 1.44% silicon content
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Similar to Si, MLR results showed that Mo addition also helps to improve both YS, UTS and TE. Previous studies
indicated that a proper amount of Mo addition in continuously cooled low carbon steels provides an enhancement
in strength by changing the microstructure from granular bainite to lath like upper bainite. Moreover, it was also
reported that martensite/austenite (M/A) islands becomes finer with the addition of Mo which assists to improve
elongation [44]. The effect of Mo to bainite morphology is confirmed with the SEM images as shown in Figure 8.

o 3 Mo: %0,161

Figure 8. SEM images of continuously cooled low carbon steel (a) without Mo addition (b) with Mo addition (GB: granular bainite, LL-B:
lath like bainite, M/A: martensite/austenite)

The significant positive contributions of micro-alloying elements such as Ti, Nb and V were also observed in MLR
results. These elements are strong carbide, nitride and/or carbo-nitride formers and their influence on mechanical
properties of continuously cooled low carbon steels by precipitation hardening and grain size refinement
mechanism have been reported [45]. The prior austenite grain boundary (PAGB) sizes of trial heats with same
cooling regime and chemical composition except Nb addition are compared in Figure 9. It is seen that the average
grain size is decreased from 32,2 um to 13,4 um by adding 447 ppm Nb while YS and UTS increase 31,2% and
15,0%, respectively. As shown in Figure 10, Energy Dispersive Spectroscopy (EDX-SEM) results also confirmed
the effective role of Nb precipitates in pinning mechanism of austenite grain boundaries and inhibiting the grain
growth.

Nb: 0,0023%

S s psioe G S
S g S e
YS: 573 MPa, UTS: 874 MPa ¥S:702MPa, UTs: 1088 MPa  [osd oo G k| 100 pm

Figure 9. The comparison of PAGB sizes (a) without Nb addition (b) with Nb addition
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Figure 10. EDX-SEM results of Nb precipitates found in continuously cooled low carbon steel with 447 ppm Nb addition

The cooling rate (CR) has a strong effect on the transformation of austenite to different microstructural constituents
resulting with the changes in mechanical properties [46]. It is possible to generate martensitic and/or bainitic
microstructure instead of polygonal ferrite and pearlite by accelerating the CR which provides higher YSand UTS.
Figure 11 shows the effect of CR on the microstructural changes for continuously cooled low carbon steel. It is
seen that accelerating the CR from 0,74 °C/s to 2,40 °C/s enables bainite dominant microstructure by suppressing
ferrite and pearlite for the same steel. The microstructural changes contribute an increment in both YS and UTS

while TE decreases from 18,9% to 13,6%. The MLR result confirms the expected contribution of CR for both Y'S,
UTS and TE.
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Figure 11. The microstructures of continuously cooled low carbon steel (a) lower cooling rate (b) higher cooling rate
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In continuously cooled low carbon steels, the hardenability is increased by suppressing the nucleation of ferrite
with even small amounts of B addition [47]. However, in order to benefit from its advantages on mechanical
properties, B should be available as soluble atoms instead of precipitates at the grain boundaries [48]. For this
purpose, a proper amount of Ti is generally added to molten steel in order to stabilize N and prevent B to precipitate
as BN. Moreover, Mo and Nb additions are preferred to avoid grain boundary segregations of B element [49].
Nevertheless, in contrast to the explained phenomena, the correlation coefficient of B is calculated as negative for
both YS and UTS while positive for TE in MLR model predictions.

In general, MLR performs a good correlation with expected microstructural effects on mechanical properties in
case of significant differences for predominant predictors such as C, Mn, Cr and CR. However, when the
phenomena is complex and needs to be evaluated by taking into consideration of all dependent parameters, as in
the example of the effect of B addition in continuously cooled low carbon steels, MLR falls short of desired
performance. Additionally, the individual indicators of each predictor strongly depends on the distribution of data,
therefore any disordered shapes except uniform distribution as in the example of Si in this study might conduct to
a misleading result.

Table 3. MSE and R performance results of ANN and MLR models

Performance ANN Model ANN Model I\'>I/|0I:j§I MLR Model
Indicator [Overall] YS UTS TE [Overall] YS UTS TE
MSE 0,0030 0,0027 0,0027 0,0037 0,0090 0,0071 0,0062 0,0138
R 0,974 0,951 0,967 0,935 0,921 0,865 0,920 0,728

The overall MSE and R performance results of each output variable for the developed ANN and MLR models are
given in Table 3. The ANN model shows a better prediction accuracy with lower MSE and higher R results
compared to MLR model. The performance difference is more significant in TE prediction in which MLR model
has the lowest R-value. Figure 11 also indicates a comparison of the data fitting both models to predict YS, UTS

and TE. A better correlation was found between predicted and actual values for the ANN model compared to MLR

model.
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Figure 11. The prediction performance comparison of ANN and MLR models via data fitting (a) YS (b) UTS and (c) TE
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The accuracy of the developed ANN and MLR models were also tested with 27 external data set extracted from
previous studies. In order to compare the individual performance of each new data, Absolute Errors (AE) of each
output and Mean Absolute Percentage Error (MAPE) of overall data were also calculated according to Eg. 8 and
Eq. 9.

®)

©)

MAPE = 23, |22

Aq

where n is the number of total data set, A and P values are the actual and predicted results, respectively. The
predicted YS, UTS and TE values of ANN and MLR models with AE results for each new data set are given in
Figure 12.
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Figure 12. AE Performance results of ANN and MLR models with external data set (a) YS (b) UTS and (c) TE

The MAPE results of the models are given in Table 4. According to AE and MAPE results, better prediction
accuracy with lower errors were calculated for YS and UTS compared to TE in both models. The possible reason
behind of the poor prediction performance of TE for external new data is contributed with the limited distribution
of values in a narrow range. Additionally, the chemical composition and cooling rates of new data set have some
incompatible values with the input of experimental data set used in the developed ANN and MLR models. For
example, Si and Mn contents of some new data are slightly higher than maximum value of experimental data while
there are some other data that have lower Cr, Mo and CR than of those used for developing the models. Therefore,
it is thought that the lower prediction capabilities might be arise from out-of-range data in the new data set. This
assumption is also confirmed with the previous studies [50, 51] that report the outliers in test data may cause a

significant decrease in prediction accuracy as the percentage and magnitude of the differences increase.

Table 4. MAPE results of ANN and MLR models with external data set

Performance Indicator ANN Model MLR Model
YS UTS TE YS UTS TE
MAPE 8,6% 6,4% 14,9% 28,6% 20,3% 52,3%

In order to evaluate the prediction performance of models in detail, the external data was divided into two sub-
groups. The first group was composed by selecting data that are completely included in experimental data set. The
other group was consists of “unseen” data which have one or more out-of-range input value compared to data used

for the training section. The newly categorized data sets are given in Table 5.
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Table 5. The input and output variables of divided new data sets

. . . Experimental Data In-range Data Out-of-range Data

Variable Description Unit Min. Max. Min, Max. Min. Max.
Input

Carbon W% 0,1300 0,3300 0,2000 0,2600 0,1900 0,2800
Silicon W% 0,2223 1,5650 1,1800 1,5400 1,1100 1,8310
Manganese W% 0,5680 2,2552 1,4900 2,0200 1,4800 2,4800
Chromium W% 0,2600 1,8986 0,3000 1,2000 0,0100 1,0020
Molybdenum W% 0,0100 0,3094 0,0710 0,2500 0,0020 0,2290
Vanadium W% 0,0019 0,0960 0,0048 0,0080 0,0010 0,0500
Titanium W% 0,0002 0,0571 0,0100 0,0330 0,0010 0,0330
Niobium W% 0,0038 0,0910 0,0150 0,0500 0,0010 0,0350
Nitrogen W% 0,0037 0,0110 0,0059 0,0080 0,0012 0,0080
Boron W% 0,0001 0,0038 0,0010 0,0033 0,0001 0,0033

Cooling Rate °C-s? 0,74 4,09 0,89 4,00 0,50 12,50

The MAPE results of new sub-divided data are shown in Table 6. Although a remarkably decrease especially in

TE output was calculated, the MAPE results of MLR are still higher than of those error results of the developed

ANN model. The MAPE results also indicate that the respond of the ANN model to new external test data remains

stable even so the presented data includes one or more values that do not take part in the range of training data.

Table 6. MAPE results of ANN and MLR models with divided new data set

All New Data Set In-range Data Set Out-of-range Data Set
Model [27 Data] [11 Data] [16 Data]
YS UTsS TE YS UTS TE YS uTsS TE
ANN [MAPE] 8,6% 6,4% 14,9% 7,9% 7,2% 14,3% 9,2% 5,9% 15,3%

MLR [MAPE] 28,6% 20,3% 52,3% 22,0% 17,7% 32,9% 33,2% 22,2% 65,7%

IV. CONCLUSIONS

Based on the investigations of the present study, the following conclusions can be drawn;

510

Depending on the magnitude and direction of the correlation coefficients, MLR model successfully
predicted the effects of major predictor inputs such as C, Mn, Cr, Mo and CR on mechanical properties
of steel in accordance with metallurgical aspects. However, the correlation coefficients of Si and B was
calculated in conflict with their expected impacts by means of their microstructural contributions. This
result indicates that the prediction capability of MLR model has a high dependency on uniform
distribution of data. Furthermore, MLR model has a relatively low precision ratio when phenomena is

complex and needs to be considered with more than one independent predictor.

The MAPE results showed that the response of ANN model to new external data was found in better
agreement with actual values compared to MLR model. In particular, the calculated errors in MLR model

distinctively rises if the predicted data takes place in a narrow range.

It was seen that even though the performance of MLR can be increased significantly by excluding out-
of-range data from input predictors, the prediction accuracy remains lower than the developed ANN
model results. However, the performance of ANN model resulted in a better accuracy with considerable

stability even the newly tested input values are not included in training data set.

In general, compared to MLR model, ANN model has not only better performance on predicting
mechanical properties of continuously cooled low carbon steels but also its prediction accuracy can be

enhanced by increasing the number of data with introducing external data set. It is thought that improved
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prediction capabilities offers a good opportunity for reducing the production costs and the required time

by minimizing the need of plant trials for new material development studies.
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ARTICLE INFO ABSTRACT

Article history: Because of the Magnetic Levitation System's (MLS) low energy consumption and little friction two factors
Received 16 Jan 2024 that are deemed crucial for unstable and nonlinear systems MLS research is now being conducted in the
Received in revised form 17 May 2024 engineering area. This article discusses the comparison of the performance of control theories used by
Accepted 31 May 2024 applying advanced control theories to cope with the complexity of the structure and controllability difficulties

of MLS. The control methods compared are Proportional-Integral-Derivative (PID) and Self-Tuning Fuzzy
PID (STFPID) methods. These methods were developed in the MATLAB environment. The MLS model
created in the MATLAB environment was subjected to the suggested control methods, and the outcomes were
compared. The outcomes unequivocally demonstrate that MLS location control may make use of PID and

Auvailable online

Keywor.ds: o STFPID techniques. Four criteria were used to compare the developed control approaches performances.
Magnetic Levitation system These are the criteria; rise time, settling time, percent maximum overshoot and overshoot value. It is clearly
PID control

seen in the results that the STFPID control method provides control of the MLS with greater stability than the

Self-tuning fuzzy PID control PID control method.

Nomenclature

MLS Magnetic Levitation System
PID Proportional-Integral-Derivative
STFPID Self-Tuning Fuzzy PID
FLC Fuzzy Logic Control

Kp Proportional gain

Ki Integral gain

Kd Derivative gain

m Mass of ferromagnetic ball,
g Gravitational acceleration

L Inductance of the coil

R Coil resistance

C Constant value

Xo1 Position of ball

Xo2 Velocity

Xo3 Current

1. INTRODUCTION

MLS has a significant advantage due to the absence of friction losses due to its non-contact working principle. It
has wide application areas in transportation, aviation, healthcare sector and other industrial organizations.
However, since the system is unstable in open-loop control and has a non-linear characteristic, the difficulty of
system control increases, and the control algorithm must have higher requirements. Therefore, research on the

control algorithm of MLS has very important theoretical value and practical importance.
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In applications designed and currently used for MLS, various control methods have been suggested by many
scientists in order to increase the fast dynamic response of the system, minimize the steady-state error and prevent
the disruptive effects caused by external factors [1-4]. Fuzzy Logic Control (FLC) increases understandability
thanks to the simplicity of the structure of the underlying rules and their linguistic expression, reduces the
complexity of the algorithm design and provides the ability to produce strong and stable results. In addition, the
self-adjusting fuzzy PID control structure, which is formed by combining fuzzy control and PID control, is widely
used in many control systems by updating the gain coefficients online [5], which ensures that the system used
operates with the same stability in variable conditions [6, 7]. In the literature [8] fuzzy PID control structure was
applied for frequency control of power systems, and fuzzy control was used in online adjustment of PID control
gains. When the reconstructed control system is compared with the standard PID control, it can be seen that the
designed control system has a stronger anti-distortion ability. In literature [9], an adaptive PID control system is
proposed for position control of MLS. In the proposed system, the parameters of the adaptive PID controller are
adjusted online according to the derived adaptation laws. Literature [10] proposes fuzzy logic controller and PID
control methods for position control of MLS. He interprets the performance performances of both control methods
comparatively and states that the fuzzy logic controller produces better temporary and permanent state results in
the results found. In literature [11], a fuzzy logic controller-based PID control method was designed and presented
to effectively control MLS. In the literature [12], real-time application of the fractional order PID control system
for MLS has been carried out, and the results clearly state that the developed control algorithm is applicable in
MLS. In the literature [13], performance comparisons of fuzzy logic controllers and PID controllers in a test setup
with feedback MLS are interpreted depending on various criteria. The results revealed that the fuzzy logic
controller is more stable in the control of MLS because it has a much lower steady-state error than the PID control
method for dynamically changing sine and square wave inputs. A study was carried out on the optimum control
of the MLS by calculating PID parameters with a genetic algorithm [14]. It is clearly seen in the literature that
various systems can be controlled using intelligent control methods [15-18]. Additionally, many systems have

been developed to provide solutions to MLS's control problems [19-24].

PID control method is frequently used in control systems when it has a simple structure. The gain coefficients
inherent in the PID control system are determined based on expert knowledge or using various calculation methods
to ensure that the system can operate within the desired limits under certain conditions. However, in cases of
unforeseen working conditions and uncertainty, it has difficulty in producing the desired results and is insufficient
to compensate for the error that occurs. If these coefficients in the structure of the PID control method are changed
online, the performance of the control method is increased. Various control algorithms are applied in online
updating of these coefficients [25-30]. One of these control algorithms is the fuzzy logic controller. With the PID
control method created using a fuzzy logic controller, PID gain coefficients are updated online, ensuring that the

system operates with the same stability under variable operating conditions [31, 32].

As can be clearly seen in the literature study, MLS is one of the areas that researchers pay attention to. Therefore,
every effort made to develop MLS is very valuable. Researchers who want to make significant contributions to

the field of control systems are carrying out serious development work in this field.

It is known that MLS has an unstable structure and nonlinear dynamics that should be taken into consideration due

to its characteristic structure. It requires position, speed, and electrical current measurements and therefore attitude
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observers must be used to estimate the MLS's current control signals. In addition, complex systems must be
designed to perform the control process, and some of these systems are costly. Considering the mentioned work,

the development of a controller that will stabilize the MLS becomes of great importance.

In this study, a simulation study developed only in the Matlab/Simulink environment is presented, without the
need for an MLS created in the real environment. Controlling MLS through simulation allows researchers to obtain
faster results. This advantageous situation allows faster development of control methods. PID and STFPID control
methods have been developed for position control of the ferromagnetic ball in the simulated MLS. The gain
coefficients used in the PID control method are determined by the developer using various methods. However,
disturbances caused by environmental factors have a negative impact on the operation of the system, and the PID
control method cannot compensate for these negativities. It is possible to compensate for these negativities by
updating PID earnings online. The STFPID control method developed within the scope of this study constantly
changes the PID gain coefficients according to the needs of the system with FLC. With the results found, MLS
can be checked more quickly and efficiently. In this way, the importance of updating PID gain coefficients online
is clearly seen. It is understood that using constant gain coefficients in the PID method alone is not sufficient for
the control of MLS.

This study will shed light on the selection and design of appropriate control methods for scientists who want to
conduct research on MLS in the future. In this way, it contributes to scientists having an idea about what to pay
attention to in the design criteria of the control methods they will use. Expressing MLS mathematically also allows
researchers to carry out research and development activities on this subject without conducting experimental

studies.

Il. EXPERIMENTAL METHOD

The system discussed in Figure 1 represents the MLS created by suspending the ferromagnetic ball in a magnetic
field with a typical voltage control. The subject addressed in this study consists of checking this MLS using

mathematical equations.

The current used in the control of the electromagnet is denoted by I. The position of the ferromagnetic ball is
determined by the optoelectronic sensor. The Vsensor signal received from the optoelectronic sensor is applied to
the controller as position information. The result of the developed control system, denoted by U, serves as the
reference value for the MLS's current control block. The ferromagnetic ball's weight should be equal to the
electromagnetic attraction force that the electromagnet creates on it with the current | determined based on the
reference U value. The ball is raised into the air in equilibrium when the buoyant force acting upon it equals its
weight. Without a feedback control system, it is a highly unstable and nonlinear system. Therefore, it is very
important to design an efficient control system that is stable, has low steady-state error, and has optimum

performance in case the operating conditions change, in accordance with the characteristic structure of the system.
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2.1 MLS Dynamic Equations and Modeling

Figure 1. Block model of MLS

In this section, the mathematical equations of the MLS mechanism examined, and the control modeling of these

equations are explained. To model the motion of the MLS, the electromagnetic and mechanical system dynamic

equations need to be examined. Here, the equations obtained from the mathematical modeling of this

electromechanical system are used to produce a linear model.

The differential equation below can be used to express the MLS nonlinear model. Electromagnetic modeling is the

foundation of this model [33].

dx
dt

iz
m5c'=mg—C<;)

B 'R+Ldi C(i)zdx
=t dt x/) dt

(1)

)

®)

Here V is the speed of the suspended ferromagnetic ball. U is the voltage value applied to the system. x is the

position of the ferromagnetic ball, m represents the mass of the ferromagnetic ball, C is expressed as the magnetic

force constant, g is expressed as the gravitational acceleration, L and R are expressed as the inductance and

resistance of the coil, and i is defined as the current of the coil.

The following can be used to write Egs. 1, 2, and 3 assuming that x=X1, v=x2, and i=xs.
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X2

i g-< (E) :

XZ = m xl + 1 (4)
X3 R 4 2C (x3x, I

L L\ x?
y=[*x1 % x%]T=[1 0 0] (5)
x=fx)+g@u (6)
The state equations for a nonlinear system can be written as in Eq. 7 [34, 35].

dx(t

O = feecwro) @

In this case, the state vector x(t) has dimensions of (nx1), and the input vector r(t) has dimensions of (px1). In

general, f[x(r), r(t)] is written as a vector function of input vectors and a (nx1) dimensional state.

In a given initial state, it can be written as the nominal operating trajectory xo(t) vs the notional input ro(t). Eq. 8
with i=0, 1, 2,...,n is obtained if the nonlinear state equation given in Eq. 7 is enlarged based on a Taylor series

around x(t)=x0(t) and all higher order terms are removed.

n p
. afi(x,1) afi(x,7)
%,(t) = fi(x,70) + Z 3 |xo,7 (x]- - xoi) + Z P |xo.r0 (r]- - rﬂj) (8)
j=1 & j=1 i

Moreover,

Ax; = x; — X ©)
and,

Axi = xi - xoi (10)

If differences are detected between Eq. 9 and Eq. 10,
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Ax, = X, — xp, (11)

The relationship with the expression given in Eq. 11 is provided.

Eqg. 8 can be expressed as Eq. 13 because of the expression given in Eq. 12.

Xo, = fi(x0,75) (12)
&0, (x,7) o 0f,(x,7)
' (x, T (x, 7
M=+ ) TR g Y R (13)
j=1 / j=1 1

If Eq. 13 is expressed in vector-matrix form, Eq. 14 is produced.

Ax = A*Ax + B*Ar (14)
Here,
[0h . OA)
xl xn
A* =]\ : -, : (15)
| X1 Xp
0 OA)
n %
B* =] - : (16)
% .
n [
is defined as.

The following equation can be used to find the velocity and acceleration parameters that will maintain the system

in balance when the MLS control problem is linearized around the x=xo1 equilibrium point.

%oz (O) = dx(c’ilt(t) =0 an
d?x01(t)
—R—0 (18)
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Eq. 19 can be produced by writing the expression given in Eq. 3 as the nominal value of the current value i(t),

which will maintain system equilibrium. This expression is given in Eq. 18.

[gm
Xo03 = Xo1 < (19)

Eq. 20 represents the linearized state equations for the planned MLS.
Ax(t) = A*Ax(t) + B*Au(t) (20)

In this instance, the linearized state equations A* and B* matrices are constructed in the manner shown in Eq. 21.

0 1 0 0
2 _ 9 Cxo03
a-|Cx6 0 2 | g0 1)
0 Cxo3 R 1
Lx3, L L
Eq. 22 provides an expression for the C matrix of the output function.
C=[1 0 0] (22)

The space state equations of MLS are expressed by the equations found in Eqgs. 21 and 22. The system has a

transfer function according to the parameters determined for the designed system.

Table 1 lists the specifications of the MLS that has to be examined [36]. Unlike other applications in the literature,
the precision of the developed controllers and the uniqueness of the study are conveyed here through the weight

and position of the ferromagnetic ball.

Table 1. MLS parameters

Parameters Unit Value
Mass of ferromagnetic ball, m Kg 0.5
Gravitational acceleration, g m/s2 9.8
Inductance of the coil, L H 0.01
Coil resistance, R Ohm 1
Constant value, C 0.0001
Position of ball, X01 m 0.024
Current, X03 A 0.84

Eqgs. 23 and 24 are produced by applying the parameters listed in Table 1 to the state space equations presented in

Egs. 21 and 22.
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0 1 0 0
A=100001 © —0.5833], B=]|o0 l c=[1 0 0] (23)
0 2917 —100 100

The matrices given in Equation 23 were defined in the Matlab/m-file environment and the linearized transfer
function was calculated. The calculation was carried out using the 'ss2tf' and 'tf' functions in the Matlab program.

Control methods were developed by transferring the found transfer function to the Matlab/Simulink environment.

—58.33

T =
) s34+ 100s? + 17.01s — 0.007056

(24)

PID and STFPID control methods were designed according to the transfer function given in Eq. 24.

2.2 Design of PID and STFPID Controllers

The PID and STFPID control methods design criteria for MLS are covered in this section. In the PID control
method, three mathematical calculations are made: proportional, integral and derivative. The result expression is
created by adding the values found as a result of these calculations. Since P, | and D operations do not want to
affect the output expression at a constant rate, they are multiplied by Kp, Ki and Kd coefficients and collected in
the output expression. Many methods have been developed to determine these coefficients. As in the Ziegler
Nichols method, which is one of these methods, Kp, Ki and Kd parameters can be calculated by applying certain
inputs to the system input and evaluating the information obtained from the output [37]. Eq. 25 illustrates how the

transfer function in the s domain of PID control can be expressed:

Kps? + Kps + K; (25)

Tpip(s) = S

The integral gain constant is represented by the Ki value, the derivative gain constant is represented by the Kd
value, and the proportional gain constant is represented by the Kp value in Eq. 25. Figure 2 shows the block

diagram depiction of the PID control system's fundamental architecture.
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—IP Kye(t)
Reference .
tfz\ErrorH | & [ewa Process Output
y ¢ )
N ! de(t)
dt

Figure 2. Basic structure of PID control system

MLS, which is designed according to the transfer function given in Eq. 24 in the Matlab/Simulink environment

and has a PID control structure used in controlling the position of the ferromagnetic ball, is given in Figure 3.

@—> out.time_data1

e outreference_data

Group 1 . —58.33 g D
Stonal o>, ) PO 7™ 3 1002 + 17.015 — 0.007056 | T ™

[
[ L]

A

out.position_data1

Figure 3. Matlab/Simulink structure modeled with the PID control method of MLS

Calculation of PID parameters was carried out by rearranging the results obtained with the help of
Matlab/PID/Toolbox tuning feature through simulation study. As a result of the calculations, for PID gain
coefficients; Values of P=11, 1=0.1, D=64 was found.

In the STFPID control method, the gain coefficients of the PID controller are constantly updated online. FLC is
used to update PID controller coefficients. The general structure of the STFPID control method is given in Figure
4.
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Figure 4. General structure of the STFPID control method

The inputs of FLC are the error occurring depending on the position information of the ferromagnetic ball and the
change values of the error over time. The limits of the input membership functions used for FLC are given in
Figure 5. The linguistic definitions expressed here are chosen as Negative Big (NB), Negative Middle (NM),
Negative Small (NS), Zero (Z), Positive Small (PS), Positive Middle (PM), Positive Big (PB).

J®
Tagat; Positive o
P Negatve 1 Positiv Positive
Negatwe - Negatve . stive Middle :

Big ~ Midde >~ Zer Smoll Big

1 0 i

Figure 5. Input membership functions used for FLC

The output expressions of FLC are the gain coefficients of the PID controller. The limits of the output membership

functions used for FLC are given in Figure 6. Membership function definitions of the outputs defined for the kp,

523



J. Innovative Eng. Nat. Sci. vol. 4, no.2, pp. 514-529, 2024.

PID control methods

ki and kd gain coefficients of the FLC; Seven membership functions were selected: Very Very Small (VVS), Very

Small (VS), Small (S), Middle (M), Big (B), Very Big (VB), Very Very Big (VVB).

Big

Figure 6. Output membership functions used for FLC

Using the "Fuzzy Logic Toolbox" package in the MATLAB environment, the FLC design for the STFPID control

mechanism was produced. After being constructed, the model was evaluated on MLS and moved to the Simulink

environment. Table 2 provides the Kp and Ki coefficients, while Table 3 provides the Kd coefficient. These tables

comprise the rule foundation of the FLC created for the STFPID control mechanism. MLS with STFPID control

structure, designed according to the transfer function given in Eq. 24 in the Matlab/Simulink environment and

used to control the position of the ferromagnetic ball, is given in Figure 7.

Table 2. Rule table created for Kp and ki gain coefficients.

de S PK PO PB
NB VVS VS S M
NO VS S M B
NK S M B VB
S M B VB VVB
PK S M B VB
PO VS S M B
PB VVS VS S M
Table 3. Rule table created for Kd gain coefficient.
¢ s PK PO PB

de
NB VVB VB B M
NO VB B M S
NK B M S VS
S M S VS VVS
PK B M S VS
PO VB B M S
PB VVB VB B M
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Figure 7. Matlab/Simulink structure modeled with the STFPID control method of MLS

111. RESULTS AND DISCUSSIONS

To examine and contrast the performance outcomes of the PID and STFPID control techniques established for the

regulation of MLS, experimental investigations were conducted, and a simulation environment made using the

Matlab/Simulink software was used. The desired height value for the ferromagnetic ball to hang without contact

was applied to the controllers as a reference input value. Equitable attainment of the reference value by both

controllers is the intended outcome. The trials showed that PID and STFPID controllers could successfully and

evenly move the MLS to the reference position. Examined were the controllers' performances created using various

tests. Reference values in the form of constant function, step function and ladder function were applied in the

experiments. The constant function was applied separately for both control methods and the results are shown in

Figure 8.

Constant Function Result

1.2 T T T T T T T T
PID
STFPID
1 Desired
Constant Function Rasuk .
PID
08 - —— STFPID 1
Desirad
=06 |
i
=~ 04 1 -
o4 |- =
O 2 — 0.92 m —
L ! | |
1 1 1.1 1.15 1
o Time B
i 1 1 1 1 1 1 1
0 0.5 1 1.5 25 3 35 4 4.5 5

Time

Figure 8. Results of PID and STFPID controllers for constant function.
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With the results, it is clearly seen that both control methods reach the MLS to the desired reference value. However,
the STFPID control method reached the reference value faster and with less overshoot than the PID control method.

This result is considered as a desired result in control methods.

A step function was applied separately for both control methods and the results are shown in Figure 9.

Step Function Result
T T T T T T T T
1 2 b= + + + + PID —
- STFPID
Desired
08 )\ e - -

Position (mm)
o
[}
1

: 1
bss

02k i ! i | ! ! i | —
0 0.5 1 1.5 2 2.5 5 4 4.5 5
Time
Figure 9. Results of PID and STFPID controllers for stepper function.
Ladder Function Result
T T T T T T T T
16 | | 1 | | PID |
STFPID
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1.4 t t / 1 —
12 T T T 1 B
1+ / —1
% 0.8 - Y-S ]
é 06 I %, s N
0.4 - —
0.2 |- 35 - -] —
0 s = 208 : s s = —
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Figure 10. Results of PID and STFPID controllers for ladder function.

Table 4 displays the comparative outcomes of a performance study performed on the data collected from the tests

carried out for both controllers.

526



PID control methods J. Innovative Eng. Nat. Sci. vol. 4, no.2 pp. 514-529, 2024.

Table 4. Comparison of the performances of PID and STFPID control methods

Parameters PID STFPID
Reference value 1 1
Rise time (sec) 0.072 0.0885
Setting time (sec) 0.1675 0.147
Maximum overshoot (%) 1.15 0.55
Overshoot (mm) 0.0115 0.0055

Table 4 shows the performance comparison of the PID and STFPID methods developed for position control of
MLS for four different parameters. Comparisons were made according to rise time, settling time, maximum
exceedance percentage and exceedance values. In line with these results, it was observed that the STFPID method
had the lowest overshoot value and the fastest settling time. It is clearly seen in the results that the STFPID control

method gives faster dynamic responses than the PID control method for position control of MLS.

IV. CONCLUSIONS

Due to developments in technology, it becomes difficult to express many systems mathematically. This situation
creates systems that are difficult to control and nonlinear. In order to cope with these problems, existing control
systems need to be improved and thus more successful control methods need to be created. MSLs attract the
attention of researchers working on development studies in this field due to their nonlinear structure and difficulty
in controlling. In this study, PID and STFPID controllers were developed for an MLS modeled in a simulation
environment. The created controllers were used on MLS, and four distinct factors were evaluated between the
techniques and performance outcomes. Based on the information gathered from the simulation outcomes, both
approaches successfully moved the ferromagnetic ball, which started out at zero position, to the intended location
in a balanced way. The PID controller simulation research demonstrates that the system surpasses the reference
point and attains the intended result. In the simulation study conducted with the STFPID controller, it is clearly
seen in the results obtained by exceeding the reference point less than the PID controller. The STFPID controller
reaches the reference point by overshooting by 0.0055 mm. The PID controller reaches the reference point by
overshooting by 0.0115 mm. The STFPID controller reaches the reference point in 0.147 seconds. The PID
controller reaches the reference point in 0.1675 seconds. In line with these results, it is clearly seen in the results
that the STFPID control method gives faster and more dynamic responses than the PID control method. On the
other hand, in application areas where very fast responses are required, such as magnetic suspension and balancing
systems, the use of the STFPID control method allows precise positioning within the desired time. Using the
STFPID controller for applications that require very precise positioning, such as magnetic valves, will enable more
effective and stable system operation. Consequently, using the STFPID controller is advised in order to reach the
reference value in MLS and to maintain system stability precisely, in line with the results found. The overall
findings make it evident that using the STFPID controller to regulate nonlinear systems would enhance control
performance and boost system stability. Simulation results confirm the effectiveness of the proposed control
algorithm. In future studies, the effects of the STFPID controller on the system can be examined by applying it on

various nonlinear systems.
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ARTICLE INFO ABSTRACT

Article history: This study focuses on the mechanical properties of DLP/LCD-type 3D-printed nanocomposites comprised
Received 11 May 2024 of polyester acrylate resin with DPGDA reactive diluent filled with untreated PTFE and surface-modified
Received in revised form 12 Jun 2024 PTFE powders by the Na-Naphtalenide system. To obtain the nanocomposites, untreated and surface-
Accepted 16 July 2024 modified PTFE powders were incorporated into the resin systems at loading ratios ranging from 1% to 6%.

The X-ray photoelectron spectroscopy (XPS) data following the Na-naphthalene system treatment
demonstrated the existence of functional groups such as OH, carbonyl, and C=C unsaturation groups on the
surface of the untreated PTFE powders. The study showed improvements for the nanocomposites obtained
through a DLP/LCD type 3D printer up to a certain ratio in terms of tensile strength, Young's modulus, Izod
impact resistance, and Shore D hardness values. Evaluating the promising samples, the nanocomposites with
surface-modified PTFE powders of 2% and 1% showed increases of 5.1% and 7.6% in ultimate tensile
strength and Izod impact resistance compared to the unfilled polyester acrylate sample. On the other hand,
the nanocomposite with untreated PTFE powders of 1% only showed increases of 2.4% and 3.2% in
ultimate tensile strength and Izod impact resistance. Moreover, Young’s modulus showed less decrease for
surface-modified PTFE-filled nanocomposites.
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1. INTRODUCTION

Recent years have seen a surge in research into new formulations as the need for high-performance composite
materials in additive manufacturing grows [1-3]. With its adjustable qualities and good processing
characteristics, polyester acrylate (PEA) has become a potential resin system for 3D printing when combined
with dipropyl glycol diacrylate (DPGDA) reactive diluent [4]. Nonetheless, the investigation of particular
additives is driven by the need for even greater improvements [5]. In this work, untreated PTFE powders and
surface-modified PTFE powders modified with Na-Naphtalenide (m-PTFE) were combined with DPGDA
reactive diluent to create an innovative polyester acrylate resin. The loading ratios of these powders ranged from
1% to 6%, making it possible to compare how each one affected the mechanical characteristics of the final 3D-
printed composites. Untreated PTFE has been shown to improve impact resistance, wear resistance, and thermal
stability when added to polymer matrices because of its unique characteristics, which include a high Tg
thermoplastic structure, a low friction coefficient, and a high thermal decomposition energy of C-F bonds [6,7].
These commercially available PTFE powders were used in our earlier study to modify the Na-Naphtalenide
system [7]. This allowed us to obtain significant functional groups on the surface of the pure PTFE powders,
including COOH, OH, and C=C [8-10]. These functional groups were identified by XPS analysis. The surface
property of these m-PTFE powders was thought to offer improved mechanical properties. This is due to the fact
that our earlier research [7] shown significant gains in tensile strength, Young's modulus, and Izod impact
resistance of 22%, 32%, and 95% when these treated PTFE powders were added to epoxy resin. The goal was to
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increase the interfacial strength and surface energy between the fillers and matrix because of their functional
groups on the PTFE powder's modified surface. Because of their large interfacial surface area, porous fillers, like
fume silica particles, have been employed in literature to enhance the mechanical characteristics of UV-curable
systems [8-11]. Sadej and Andrzejewska’s study [12] served as a literary example. Tensile strength increased by
81% with silica/aluminum oxide hybrid fillers in their study. UV-cured urethane acrylate nanocomposites were
created by Lahijania et al. [13] by combining untreated and silane-treated nanosilica fillers into the resin. For the
non-treated silica filled samples, they saw an increase in the modulus of elasticity of 55%; however, for the
silane-treated silica filled samples, the increase was 88%. While the untreated silica-filled samples showed an
increase of 91% in hardness, the silane-treated silica-filled samples showed an increase of 200% in hardness.

In the light of this information, the present study decided to use surface-modified PTFE powders by Na-
Naphtalenide system in the concentration range of 0-6% for the PEA/DPGDA resin system in order to achieve
enhanced mechanical properties by the usage of a DLP/LCD type 3D printer. These results were also compared
to the untreated PTFE powder-filled PEA/DPGDA-based nanocomposites produced using a 3D printer of the
DLP/LCD type. This research aims to systematically evaluate the mechanical properties of these novel
composite materials, shedding light on the potential advantages and limitations associated with the introduction
of untreated PTFE and surface-modified PTFE powders. The outcomes of this study not only contribute to the
fundamental understanding of the synergies of untreated PTFE and surface-modified PTFE filling powders and
PEA/DPGDA resin systems but also provide valuable guidance for optimizing these composite materials for
specific applications in industries such as coatings, adhesives, and advanced materials [14,15]. In this context,
undiluted polyester acrylate resin, which has a very high viscosity value, was diluted with DPGDA reactive
diluent. The polyester acrylate resin that was used in this study has good flexibility, good reactivity, and good
hardness. It exhibits moderate adhesion, good chemical resistance, and excellent abrasion resistance [16].
Moreover, DPGDA, which is the other component of the prepared resin system in this study, is a difunctional
reactive diluent. It is generally used for applications that require improved flexibility, adhesion, and good
moisture resistance [17,18]. This prepared PEA/DPGDA resin system was filled with commercial untreated
PTFE powders with a mean particle size of 24 nm and surface-modified PTFE powders. These PTFE powders
were surface-modified by the Na-Naphtalenide system, as mentioned. The mechanical properties of the
nanocomposites that were produced from these PTFE powder-filled PEA/DPGDA resin systems, such as their
tensile strength, Shore D hardness, Young modulus, tensile strain, and notched-lzod impact resistance, were

investigated. In addition, the SEM morphologies of the fracture samples were observed following the tensile test.

Il. EXPERIMENTAL METHOD

2.1 Materials

The main commercial resin was EBECRYL® 884, an undiluted polyester acrylate resin. Excellent hardness,
reactivity, and flexibility characterize it. It has also outstanding abrasion resistance, strong chemical resistance,
and moderate stickiness. In plastics, EBECRYL® 884 is utilized. Allnex was the supplier of this primary resin.
Reactive diluent, dipropylene glycol diacrylate (DPGDA), was acquired from BASF. Poly (tetrafluoroethylene)
(PTFE) homopolymer powder, of which TeflonTM PTFE 7B is its trade name, was acquired from GLEMCO. 24
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pm is its mean particle size (ASTM D4894). The resins were cured by using a Phrozen sonic mini resin
DLP/LCD type 3D printer. The photoinitiator utilized was bis(2,4,6-trimethylbenzoyl)-phenylphosphine oxide
(BAPO) (IRGACURE® 819).

2.2 Surface Modification and Functionalization of PTFE Powders

By adding metallic Na to a round-bottom flask fitted with a magnetic stirrer, naphthalene flakes were dissolved
in one liter of THF at room temperature. For a while, this solution was stirred. This procedure led to the
preparation of a bath for the PTFE modification. After adding the PTFE particles, this bath was mechanically
stirred for five minutes while exposed to the atmosphere. Following the stirring procedure, the powders were
rinsed and cleaned three times using distilled water and acetone. Following the washing procedure, the powders
with surface modifications were vacuum dried for 24 hours at 80 °C. It was noted that the functionalized and
surface-modified PTFE powders had a light brown color. The X-ray photoelectron spectroscopy (XPS) results of

untreated PTFE and the surface-modified PTFE powders are given respectively in Figure 1 and 2.

2.3 Preparation of PTFE and surface-modified PTFE powders filled polyester acrylate/DPGDA resin and
curing by DLP/LCD type 3D printer

Commercial polyester acrylate (PEA) was used as the main resin. These resins were diluted by DPGDA.
DPGDA decreased the viscosity of the main resins and increased the crosslinking density. Besides that, it was
thought that the unique flexible structure of DPGDA would gain improved mechanical properties after the
crosslinking reactions in the resin tank of the 3D printer. Each resin system was adjusted to 1/1 by weight with
DPGDA. This resin system was mechanically stirred in a beaker for 10 minutes to achieve homogeneity. As
filling materials, untreated commercial PTFE and surface-modified PTFE powders were used in the resin
system. Surface modification of PTFE powders was carried out by the Na-naphthalenide system in our previous
study. The presence of functional groups such as OH, carbonyl groups, and C=C unsaturation points on the
surface of the PTFE powders was confirmed by X-ray photoelectron spectroscopy in our previous study [7], as
shown in Figure 2. The concentration range of 0-6% was used to introduce these untreated PTFE and surface-
modified PTFE powders into the resin systems. PEA and DPGDA were stirred at equal weight. After obtaining
homogeneity, PTFE powders were added to the beaker. These powders in the resin system were stirred both
mechanically and ultrasonically simultaneously for 45 minutes in a beaker. Therefore, the powders are uniformly
distributed in the PEA/DPGDA resin system. Then BAPO photoinitiator at a weight concentration of 5% was
added to the filled PEA/DPGDA resin system and stirred again mechanically and ultrasonically for 45 minutes.
After obtaining a clear and uniform resin system, the 3D printer's resin tank was filled with this prepared resin
system, and the nanocomposite products were generated by the curing of the digital light process in the 3D

printer.
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2.4 Characterization of Test Specimens

For every weight percentage, three samples were generated. For the results, the mean of these three values was
employed. Based on the average outcomes, analyses were carried out. X-ray photoelectron spectroscopy (XPS)
was used to measure the binding energies of atoms in order to describe the bonds on the surface of surface-
modified PTFE particles. Young's modulus, ultimate tensile strength, and elongation at break were measured
using standard tensile tests in accordance with ASTM D638 to describe the mechanical properties of the
samples. A deformation speed of 5 mm/min was used for the tensile testing. Zwick Z010 equipment was used for
the tensile test, which was conducted at room temperature. Notched samples were used to assess the 1ZOD
impact resistance according to ASTM D 256. With a hammer of 5.4J and a striking rate of 3.96 m/s, Zwick
B5113.30 equipment was used for this test. A Carl Zeiss Ultra Plus SEM (Scanning Electron Microscope)
instrument operating at an acceleration voltage of 20 kV was used to study the fracture surface morphologies
following the tensile test. Prior to SEM investigations, the specimens were coated with 2-4 nm of Au/Pd using a

Quorum Q150R device in an ion beam sputtering system.

111. RESULTS AND DISCUSSIONS

In this study, PTFE powders were exposed to surface modification treatments utilizing a Na-naphthalenide
system. The resulting surface-modified powders were then mixed at ratios ranging from 0 weight percent to 6
weight percent with the PEA/DPGDA resin system. It was anticipated that PTFE would be included as a
reinforcement component in the PEA/DPGDA resin system. These surface-modified PTFE powders' strong
interactions with the PEA/DPGDA resin system would therefore make them more effective and matrix-
compatible. Functional groups must be present on the surface of the surface-modified PTFE particles in order to
generate strong interactions between the PEA/DPGDA matrix and the powders. XPS characterization provided

the identity of these functional groups.
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Figure 1. XPS examination of the surface of untreated PTFE powder
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Considering the surface examinations of the untreated and Na-naphthalenide-etched PTFE powders as a whole,
the XPS analysis substantially contributed to the determination of the functional groups on the polymer surface.
These XPS peaks are shown in Figure 1 and 2. The C1s main peaks of the untreated PTFE were at 292.26 eV
and 293.75 eV, which successively corresponded to -CF,- and —CFs- bonds. On the contrary, the surface-
modified PTFE powders exhibited two major C1s peaks at 284.66 eV and 285.25 eV successively corresponding
to sp2 (-C=C-) and sp3 (-C-C-) carbons. It was thought that the lower C1s peaks at 287.55 eV and 289.59 eV
could be related to —C-CFx- bonds and carbonyl groups. The F1s peak of the untreated PTFE powders was single
and had a much higher intensity compared to that of the surface-modified PTFE powders. This peak was at
689.97 eV, which corresponded to-CF»- bonds. The surface-modified PTFE powders also exhibited a small peak
that corresponded to -CF- bonds besides -CF»- bonds. This peak was at 686 eV [5-7,8].
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Figure 2. XPS examination of the surface of surface-modified PTFE powder

The O1s peak intensity of the untreated PTFE powders was negligibly low. It was thought that this could be due
to contamination. The surface-modified PTFE powders exhibited two O1s peaks that had much higher
intensities. It was thought that these peaks belonged to C-O and C=0O groups that formed after the Na-
naphthalenide system treatment. Moreover, the XPS curves that are given in Figures 1 and 2 provide the
opportunity to compare the atomic ratios of F, C, and O between the untreated and surface-modified PTFE
powders. The XPS results of the untreated PTFE powders showed fluorine and carbon atoms. Fluorine atoms
had a much higher ratio than carbon, as expected. On the other hand, the XPS results of the surface-modified
PTFE powders showed a much higher carbon ratio, and their fluorine ratio was substantially lower. Moreover,
oxygen atoms became prominent and had a high ratio in the surface-modified PTFE powders. The order of the

atomic ratios of the examined elements was as follows: C > O, > F [7-9,10].
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The low fracture toughness property of UV- or light-curable acrylated resin systems is a very significant
restriction for engineering applications in industrial sectors. The desired mechanical properties of these resin
systems also need to be increased to higher levels for some engineering applications such as gears, cams, wheels,
impellers, brakes, clutches, conveyors, transmission belts, bushes, and bearings. Various fillers, such as oxides,
nitrides, carbides, solid lubricants, and short fibers, have been used in these systems to overcome these
limitations [19-21]. In addition to these fillers, elastomers and soft segments, such as liquid rubbers, have also
been used. These conventional fillers have provided improvements in certain properties [7,22]. For instance,
while the strength or modulus values of the manufactured composites increase, their impact resistance values
substantially decrease or do not show remarkable improvement, or vice versa. Furthermore, currently, more
efficient functional fillers and reinforcement materials are available for applications to enhance overall
mechanical properties. For this reason, it was decided to use surface-modified PTFE powders treated with a Na-
naphthalenide system as the filling material. This was because poly (tetrafluoroethylene) has excellent heat
resistance and wear resistance due to the C-F bonding dissociation energy and the low friction coefficient of
fluorine atoms. Besides, PTFE has excellent thermo-mechanical properties above 150 °C [23,24]. However,
PTFE has very low surface tension and poor compatibility with different matrices. To increase its compatibility
and achieve strong bonding with the matrix, surface modification and functionalization processes are required
[15,25]. This way, it will be feasible to obtain more favorable engineering properties such as mechanical
strength, wear resistance, and heat resistance with surface-modified and functionalized PTFE particles. On the
other hand, it should be kept in mind that PTFE also has high density besides its low surface tension. Hence,
incorporating PTFE without surface modification and functionalization into a main resin or solution via
mechanical stirring is very difficult. This is because these particles tend to collapse into the matrix resin [26,27].
Therefore, the surface modification of PTFE powders is becoming popular in attempts to obtain PTFE-filled
homogeneous resins easily and achieve an easier process. The surface modification of PTFE has been carried out
via various methods, such as chemical treatment, plasma treatment, irradiation treatment, corona discharge,
flame treatment, and ozone treatment. Clearly, these methods have their own advantages and disadvantages. For
example, plasma treatment and irradiation methods usually require expensive and complex equipment, while
chemical methods have potential problems in terms of environmental pollution. Among them, the sodium
naphthalene solution method has more merits, such as a simple process, low costs, and a good activation effect;
thus, this method is widely used [26]. In addition to these, Benderly et al. [15] reported that a Na-naphthalene
solution can be stored and intermittently used without an exhaust device or inert atmosphere, and the activated
sample does not need high-temperature treatment. This is an important advantage in terms of practicality. A Na-
naphthalenide system is also very effective in promoting the adhesion of fluoropolymers. Mechanical properties
were investigated with tensile, 1zod impact, and Shore D hardness tests for all filled nanocomposites. The stress-
strain curves of the nanocomposites are given in Figure 3. Moreover, the obtained tensile, impact, and hardness
test values are shown in Table 1. In the examinations of the samples, the increased PTFE and surface-modified
PTFE powder content increased the maximum tensile strength, 1zod impact resistance, and Shore D hardness
values up to certain ratios. However, the Young’s modulus values decreased with increasing the content of PTFE
and surface-modified PTFE powders. The comparative trend of these mechanical values for each sample is given
in Figure 4. Ultimate tensile strength, elongation at ultimate tensile strength, 1zod impact resistance, and Shore D

hardness increased up to a certain filler ratio for both filled nanocomposites. While this value was 1% for PTFE-

535



J. Innovative Eng. Nat. Sci. vol. 4, no.2, pp. 530-540, 2024. 3D printed nanocomposites

filled nanocomposites, 2% was the maximum ratio for surface-modified PTFE powder-filled hanocomposites.
However, Young’s modulus values showed decreases for both PTFE and surface-modified PTFE powder-filled
nanocomposites. The only thing to note is that surface-modified PTFE powder-filled nanocomposites exhibited
higher Young’s modulus values compared to the PTFE powder-filled nanocomposites. This could be derived
from the characteristic structure of PTFE. Surface modification of PTFE did not affect the rigidity. Evaluating all
mechanical results, PEA-DPGDA-1% m-PTFE, PEA-DPGDA-2% m-PTFE, and PEA-DPGDA-1% PTFE
samples have come forward in terms of improved mechanical properties. The ultimate tensile strength value of
PEA-DPGDA-1%m-PTFE was 11.28 MPa and showed an increase of 5.1%. Moreover, 1zod impact resistance
was 9.6 kJ/m? and showed an increase of 5.4%. PEA-DPGDA-2%m-PTFE showed increases of 3.5% and 7.6%
in ultimate tensile strength and Izod impact resistance, respectively. However, the Young’s modulus of PEA-
DPGDA-1%m-PTFE and PEA-DPGDA-2%m-PTFE showed decreases of 6.5% and 20.7%, respectively. On the
other hand, the ultimate tensile strength and lzod impact resistance of PEA-DPGDA-1%PTFE showed increases
of 2.4% and 3.2%, respectively. However, the Young’s modulus showed a decrease of 14.7%. The decrease in
Young’s modulus was higher than PEA-DPGDA-1%m-PTFE. Besides them, the ultimate tensile strength and
Izod impact resistance values of PEA-DPGDA-1%m-PTFE showed higher increases than PEA-DPGDA-
1%PTFE compared to PEA-DPGDA. Moreover, PEA-DPGDA-2%m-PTFE presented the highest 1zod impact
resistance, and its ultimate tensile strength value was still higher than PEA-DPGDA-1%PTFE and PEA-
DPGDA. Considering the nanocomposites without surface modification, except PEA-DPGDA-1%PTFE, the

mechanical values of all nanocomposites were lower than the reference sample, PEA-DPGDA
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Figure 3. The average tensile stress-strain curves of the nanocomposites
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Table 1. The mechanical values of the nanocomposites

Ultimate Elongation at

Tensile Ultimate Tensile Young's Izod Shore D
Samples Modulus Impact
Strength Strength (MPa) (ka/m?) Hardness
(MPa) (%)

PEA-DPGDA 10.73 18.99 67.58 9.1 55
PEA-DPGDA-1%PTFE 10.99 19.33 57.59 9.4 57
PEA-DPGDA-2%PTFE 9.13 15.48 47.52 7.3 55
PEA-DPGDA-3%PTFE 7.36 15.39 45.39 6.1 54
PEA-DPGDA-4%PTFE 6.78 15.60 37.67 5.9 51
PEA-DPGDA-6%PTFE 8.06 15.87 46.45 6.5 52

PEA-DPGDA-1%m-PTFE 11.28 20.09 63.13 9.6 56
PEA-DPGDA-2%m-PTFE 1111 20.55 53.56 9.8 56
PEA-DPGDA-3%m-PTFE 7.79 17.19 45.93 6.7 55
PEA-DPGDA-4%m-PTFE 8.98 17.04 30.98 75 53
PEA-DPGDA-6%m-PTFE 9.07 18.10 33.98 7.8 53
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Figure 4. Comparative display of mechanical property trend of each sample

Figure 5 presents the fracture surface morphologies of the prominent filled nanocomposite samples (PEA-
DPGDA-1%PTFE and PEA-DPGDA-1%m-PTFE), and the nanocomposite sample that showed the highest
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decline in mechanical properties (PEA-DPGDA-4%PTFE). White particle agglomerates were attributed to the
neat PTFE and surface-modified PTFE powders in the views of the filled nanocomposite samples. The PEA-
DPGDA-1%PTFE and PEA-DPGDA-1%m-PTFE sample morphologies shown in Figure 5 appeared to point to
a brittle fracture surface. Agglomeration was much less for PEA-DPGDA-1%m-PTFE, and these surface-
modified PTFE particles also distributed more homogeneously [28, 29].

Figure 5.SEM morphologies of the prominent PTFE and surface-modified PTFE powders filled nanocomposites

Strong interfacial bonding’s between the matrix and the surface-modified PTFE powders were also observed in
this view, which is represented by the partially formed nodular networks of the surface-modified PTFE particles
in the circular shape of Figure 5. However, as seen by the circular form in Figure 5, the PEA-DPGDA-1%PTFE

sample exhibited tiny regional nodular hills that belonged to PTFE particles. While these hills had a minor

538



3D printed nanocomposites J. Innovative Eng. Nat. Sci. vol. 4, no.2, pp. 530-540, 2024.

impact on the mechanical properties, the surface-modified PTFE particles' nodular networks had a more
favorable effect [30,31].

IV. CONCLUSIONS

In this study, it was aimed at enhancing the mechanical properties of the PEA/DPGDA resin system (polyester
acrylate resin containing DPGDA reactive diluent) with the filling of PTFE powders and surface-modified PTFE
powders. This surface modification was carried out by treating the PTFE powder surface with a Na-naphthalene
system. The pure PTFE and surface-modified PTFE powders were incorporated into the PEA/DPGDA resin
system at various ratios of 1, 2, 3, 4, and 6%. The manufacturing of these nanocomposites was carried out by a
DLP/LCD-type 3D printer. A Na-naphthalene system was used to modify the surfaces of the PTFE powders, and
functional groups such as OH groups, carbonyl groups, and C=C unsaturation points that had been confirmed by
XPS in our previous study were formed on the surfaces of the PTFE powders. According to the results of this
study, the PEA/DPGDA samples into which PTFE powders whose surfaces were modified using a Na-
naphthalene system were incorporated exhibited improved mechanical results. PEA-DPGDA-1% m-PTFE
(surface-modified PTFE of 1% filled nanocomposite) and PEA-DPGDA-2% m-PTFE (surface-modified PTFE
of 2% filled nanocomposite) showed the most improved properties compared to the PEA/DPGDA reference
sample. The ultimate tensile values of PEA-DPGDA-1% PTFE and PEA-DPGDA-2% PTFE were 5.1% and
3.5% higher, respectively, compared to those of PEA/DPGDA. Moreover, the 1zod impact resistance values of
these samples showed increases at rates of 5.4% and 7.6%, respectively. However, Young’s modulus values of
PEA-DPGDA-1% PTFE and PEA-DPGDA-2% PTFE showed decreases at rates of 6.5% and 20.7%,
respectively. The mechanical properties of the nanocomposites filled with surface-modified PTFE and the pure
PTFE powders that have a higher filler ratio than 2% became poorer compared to the PEA/DPGDA sample. This

situation could be derived from the additive manufacturing process in this study.
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Bu calismada, keten tohumu yagindan NaOH’un katalizor olarak kullanildig: transesterifikasyon prosesi ile
metil ester ve etil ester liretimi ve galigma parametreleri klasik yontem yardimiyla optimize edilmistir.
Katalizor kitlesi (%0,4-1,0 wt. NaOH), alkol:yag molar orami (3:1-9:1), reaksiyon sicakligi (30-60°C) ve
reaksiyon suresi (30-75 dakika) gibi biyodizel verimi tizerindeki degiskenlerin etkilerini belirlemek i¢in
toplam 26 deney tasarlanmistir. Metil esterin tiretimi i¢in optimum kosullar %0,60 NaOH wt., 6:1 metanol/yag
molar orani, 60 °C reaksiyon sicakligi ve 60 dakika reaksiyon sicakliginda %92,16 biyodizel verimi elde
edilirken, etil ester tretiminde ise en yiksek verim %0,60 NaOH wt., 8:1 etanol/yag molar orani, 30 °C
reaksiyon sicakligi ve 60 dakika reaksiyon sicakliginda %89.83 biyodizel verimi ile saglanmustir. Optimal
kosullarda tiretilen metil ester ve etil ester hacim bazinda kendi aralarinda harmanlanmigtir. Saf biyodizeller,
karigim biyodizeller ve saf dizel yakitin yogunluk, kinematik viskozite ve 1s1l deger gibi temel yakit 6zellikleri
Olgtilmugtiir. Karigimlarin yogunluk, viskozite ve 1sil degerlerini tahmin etmek icin genellestirilmis
denklemler verilmistir. Tim karisimlar icin yogunluk, viskozite ve 1s1l degerlerin 6lgiilen ve tahmin edilen
degerleri arasinda kayda deger bir uyum oldugu bulunmustur. Sonuglara gére, yakit karigimindaki metil ester
konsantrasyonunun artmastyla karigimlarin yogunlugu ve viskoziteleri artmus, etil ester konsantrasyonunun
artmasiyla ise karigimlarin 1s1l degerinin artig gosterdigi tespit edilmistir. Keten tohumu yagindan optimize
edilen saf biyodizeller ve biyodizel karigimlarin bu 6zellikleri ASTM D6571 ve EN 14214 biyodizel
standartlarini karsilamaktadir. Bu yakitlarin dizel motorlar i¢in nitelikli bir yakit olarak kullanilabilecegi ifade
edilebilir.

Comparison of density, kinematic viscosity, and heating values of blended biodiesels produced
by blending methyl and ethyl esters produced from flaxseed oil
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In this study, methyl ester and ethyl ester production from flaxseed oil through the transesterification process
using NaOH as a catalyst and its operating parameters were optimized with the help of the classical method.
A total of 26 experiments were designed to determine the effects of variables on biodiesel yield, such as
catalyst weight (0.4-1.0 wt. NaOH), alcohol:oil molar ratio (3:1-9:1), reaction temperature (30-60°C) and
reaction time (30-75 min). The optimum conditions for producing methyl ester were KOH of 0.4 wt%, 6:1
methanol/oil molar ratio, 60 °C reaction temperature, and 92.16% biodiesel yield obtained at 60 min reaction
temperature. In ethyl ester production, the highest yield was achieved with 0.60% NaOH wt., 8:1 ethanol/oil
molar ratio, 30 °C reaction temperature, and 89.83% biodiesel yield at 60 minutes reaction temperature.
Methy! ester and ethyl ester produced under optimal conditions were blended among themselves on a volume
basis. Basic fuel properties of pure biodiesels, blended biodiesels and pure diesel fuel, such as density,
kinematic viscosity and heating value, were measured. Generalized equations are given to predict the density,
viscosity and heating values of mixtures. It was found that there was a remarkable agreement between the
measured and predicted values of density, viscosity and calorific values for all mixtures. According to the
results, it was determined that the density and viscosity of the mixtures increased as the methyl ester
concentration in the fuel mixture increased, and the calorific value of the mixtures increased as the ethyl ester
concentration increased. These properties of pure biodiesels and biodiesel blends optimized from flaxseed oil
meet ASTM D6571 and EN 14214 biodiesel standards. It can be stated that these fuels can be used as a
qualified fuel for diesel engines.
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I. GIRiS

Enerji, insanlarin giinliik faaliyetlerini siirdiirebilmesini ve her ulusun sanayi, altyapi, ulasim ve diger temel
ihtiyaglar1 gelistirmesi i¢in dnemli bir unsurdur. Diinyadaki enerji tiiketiminin ¢ogu ham petrol ve komiir gibi fosil
yakitlardan saglanmaktadir. Tarim, mesken, ticaret ve sanayi sektdrlerindeki enerji talebi fosil yakit talebi iizerinde
biiylik bir bask: olusturmaktadir. Yogun fosil yakit kullanimi diisiik fosil yakit rezervlerine sahip iilkeler i¢in
6nemli bir ekonomik sorun ve enerji arz giivenligini olusturmaktadir [1, 2]. Bu asir1 kullanim ayn1 zamanda ham
petrol fiyatlarinin yiikselmesine neden olmakta ve diinya ekonomisinde dengesizlik olusturmaktadir. Ayrica fosil
yakitlarin yakilmasi, kiiresel 1sinmayla sonuglanan sera gazlarinin emisyonu gibi ciddi ¢evresel tehditlere yol
acmaktadir. Bunlarin diginda bir bagka biiyiik sorun ise fosil yakit rezervlerinin sinirli olmasi ve hizla tiikkenmesidir
[3]. Bu sorunlar, toplumlarin ve kurumlarin yenilenemeyen enerji kaynaklarinin yerine alternatif, yenilenebilir

enerji kaynaklar1 kesfetmelerini zorunlu kilmistir [4].

Biyokiitle enerjisi sera gazi emisyonlarinin diisiiriilmesi ve fosil yakitlara olan bagimliligin azaltilmasi nedeniyle
biiyiik ilgi goren yenilenebilir ve siirdiiriilebilir bir enerji kaynagidir. Biyokiitle enerjisi uzun 6miirlii olmasina
ragmen geleneksel yakitlarla pek cok ortak dzellige sahiptir. Enerji elde etmek i¢in biyokiitle dogrudan yakilabilir,
ayni zamanda ¢esitli sivi ve gaz yakitlarin (biyoyakitlar) iiretiminde hammadde olarak da kullanilabilir [5,6].
Yenilenebilir yapisi, ¢evre dostu olmasi ve dizel yakita alternatif olmasi nedeniyle biyodizel uygulanabilir bir
secenek olarak buyik ilgi gormektedir [7]. Biyodizel tretimi 2012°de 25,9 milyar litreden 2022°de 47,4 milyar
litreye son on yilda istikrarlt bir sekilde artmistir ve Oniimiizdeki bes yilda da 52,5 milyar litreye ¢ikmasi
beklenmektedir [8]. Biyodizelin faydalar1 arasinda iistiin yaglama performansi, biyolojik olarak pargalanabilirlik,
disiik kiikdiirt igerigi ve etkin giivenlik performansi yer almaktadir. Ayrica, motor parcalarindaki asinma oranini

etkili bir sekilde azaltir ve motorun servis dmriinii uzatir [9].

Biyodizel, yenilenebilir hayvansal veya bitkisel yag kaynaklarindan tiretilen, uzun zincirli yag asitlerinin alkil
esterlerinin bir karigimidir [10]. Trigliserit iceren bir yagin biyodizele donistiiriilmesi i¢in seyreltme, mikro
emiilsifikasyon, piroliz ve transesterifikasyon olmak iizere dort farkli yaklasim vardir. Bu islemlerin 6ncelikli
amaci, iiretilecek biyodizelin viskozitesini azaltarak direkt ya da dizel yakitla karsilagtirilabilir hale getirerek dizel
motorlarda yanma verimliligini artirmaktir [11, 12]. Transesterifikasyon, kolayligi1 ve maliyet etkinligi nedeniyle
bu iretim yontemleri arasinda yaygin olarak kullanilmaktadir. Transesterifikasyon, trigliseritlerin uygun
katalizorlerin varliginda, kisa zincirli bir alkol ile reaksiyona girerek mono alkil esterlere doniistiiriilmesi olarak
bilinir ve tersinir bir reaksiyondur [13, 14]. Biyodizel iiretiminde kullanilan katalizérler; homojen katalizorler,
heterojen KkatalizOrler ve biyokatalizorler (enzimler) olarak siniflandirilabilir. Homojen katalizorler biyodizel
iiretiminde yaygin olarak kullanilan katalizorlerdir. Bu katalizorler ayni zamanda yiiksek katalitik aktiviteye sahip
olduklar i¢in ticarilestirilmis biyodizel iiretiminde de kullanmilmaktadir. En ¢ok kullanilan bazik katalizorler
sodyum hidroksit (NaOH) ve potasyum hidroksit (KOH) olarak ifade edilebilir [15]. Metanol, kolay bulunabilirligi
ve diigiik maliyeti nedeniyle biyodizel sentezinde siklikla kullanilmaktadir. Ayrica trigliseritlerle reaksiyonu
hizlidir ve NaOH igerisinde kolayca ¢dziilebilir. Ancak metanoliin yalnizca fosil tiirevli yakit kaynaklarindan elde
edilebilmesi ve dolayisiyla bu alkolden iiretilen biyodizelin tamamen yenilenebilir bir yakit olmadig1 gergegi
unutulmamalidir [16, 17]. Etanoliin karbon nétr olmasi, yenilenebilirligi, cevreye duyarli olmasi ve daha az toksik
olmasi metanoliin en uygun alternatifi olarak goriilmektedir. Ayrica, etil ester yakitlarin soguk akis 6zellikleri,

oksidatif stabiliteleri, biyolojik olarak parcalanabilirlikleri, yaglama o6zellikleri, 1sitma igerikleri metil ester
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yakitlardan daha iyidir [18, 19]. Bu avantajlarin yam sira, transesterifikasyonda etanoliin metanolle
karsilastirildiginda disiik reaktiviteye sahip oldugundan dolayi1 reaksiyonun tamamlanmasina dogru ilerlemek igin

uzun reaksiyon siiresine ihtiyag vardir [20].

Biyodizelin EN 14214 ve ASTM D6751standartlarinin 6zelliklerine uygun olmasi gerekmektedir. En 6nemli
ozelliklerden biri viskozitedir. Yakitin viskozitesi, belirtilen bir sicaklikta yakitin serbest akigina karsi direncin bir
Olclsudir [21]. Yiiksek viskoziteli bir yakit biyodizelin atomizasyon reaksiyonunu etkiler. Bu durum motorun
calisma kosullarini, damlaciklarin boyutunu, jet akiminin niifuzunu ve yanma siirecinin kalitesini degistirir. Ayn1
zamanda, daha yiiksek basing ve artan pompalama giicii gereksinimleri nedeniyle yakit pompasina zarar verebilir.
Bu faktorler igten yanmali motorlarin verimliligini azaltarak gii¢ ¢iktilarini azaltir [22, 23]. Cok diisiik viskoziteli
yakitlar ¢ok ince bir sprey olusumuna yol acarak oldukga diisiik kiitle ve hiza sahip damlalar iiretir. Boylece
yetersiz yakit niifuzuna ve oksijen yoklugunda yanmanin karakteristik 6zelligi olan siyah duman olusur. Bunun
yani1 sira yakit pompasinda daha yiiksek kacak kayiplarina ve yakit enjeksiyon sistemi bilesenlerinin
yaglanmasinin azalmasina neden olabilir [24]. Biyodizelin viskozitesi bitkisel yaglardan 5-10 kat daha diisiik ve
dizel yakittan 1,1-2 kat daha yuksektir. [25]. Kinematik viskozite degeri belirli bir aralik i¢inde olmalidir. Bu
aralik, 40 °C’de sirasiyla Avrupa ve Amerikan standartlarina gore 3,5-5 mm?/sn ve 1,9-6 mm?sn arasinda
belirlenmistir [26]. Cevrim basina piiskiirtiillen yakitin kiitlesi yakit yogunluguna baghdir. Yakitin yogunlugu ayni
zamanda yanma odasi i¢indeki yakit-hava oranmin dagilimimni da etkiler. Genel olarak biyodizel yogunlugu
dizelden daha yiiksektir. Biyodizel yogunlugu, yag asidi bilesimine ve safligina bagh olarak 0,85-0,89 g/cm?®
arasinda degismektedir [27]. Dizel motorlarda yakit enjeksiyonu ve yakitin hava ile karigtirilmasi genellikle 15—
50 MPa arasindaki basinglarda ve 300-350K arasindaki sicakliklarda gerceklestirilir. Motora piiskiirtiilen yakit
miktari, hacmine gore tahmin edilir ve dolayisiyla yogunluk, yakit enjeksiyon siirecini dogrudan etkiler. Ayrica
yogunluk; viskozite, 1s1l deger ve setan sayist ile iligkili 6nemli bir parametredir [28]. Isil deger, birim kiitle veya
hacim basia yakitin enerji icerigidir. Bir birim yakit miktarinin standart bir durumda tamamen yanmasi ile agiga
¢ikan 1s11s1l deger olarak bilinir. Biyodizelin 1s1l degeri, yakita bagli oksijen igerigi nedeniyle dizele gore yaklagik
%10 daha diisiiktiir. Ayrica, biyodizelin 1s1l degeri igerdigi metil ester bilesenlerine baglidir. Biyodizelin 1s1l degeri
genel olarak 39,5 MJ/kg ile 45,95 MJ/kg arasinda degismektedir [29]. Mujtaba ve ark. [30] biyodizel-dizel yakit
karigimlarina yakit katkisi eklenmesi ve sicakligi degisiminin yogunluk ve viskozite Uzerindeki etkisini analiz
etmislerdir. Daha diisiik ve daha yiiksek sicakliklarda dizel-biyodizel yakit karisimlarina farkli konsantrasyonlarda
yakit katki maddesi eklenmesiyle tiglii yakit karisimlarinin yogunluk ve viskozite degerlerinde sirasiyla artis ve
azalma goriilmistiir. Pham ve ark. [31] saf biyodizel ve biyodizel-dizel yakit karigimlarinin yogunlugunu ve
kinematik viskozitesini tahmin etmek i¢in sicakliklara ve hacim oranlarina dayali ikili bir model gelistirmislerdir.
Saf biyodizelin yogunlugu ve kinematik viskozitesi sicaklikla ters orantili iken, biyodizel-dizel yakit karisiminin
yogunlugu ve kinematik viskozitesi biyodizelin hacimsel oran yiikseldikge arttigini belirlemislerdir. Verduzco ve
ark. [27] molekiillerin iki yapisal 6zelliginden (molekiil agirligi ve doymamiglik derecesi) yag asidi metil esterlerin
setan sayisi, kinematik viskozitesi, yogunlugu ve daha yiiksek 1sitma degerini tahmin etmek i¢in dort yeni ampirik
korelasyon gelistirmislerdir. Calismalar neticesinde, deneysel ve hesaplanan fiziksel 6zellikler arasinda iyi bir

uyum oldugunu bulmuslardir.

Biyodizel iiretimi icin yemeklik ve yemeklik olmayan bitkisel yaglar, atik yemeklik yaglar ve hayvansal yaglar da

dahil olmak iizere ¢esitli yag hammaddeleri iizerinde ¢alisilmaktadir. Yemeklik yaglar; kolay temin edilebilmesi,
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uygun yag asidi bilesimi ve basit doniisiim prosesi nedeniyle bir yag ham maddesi olarak yaygin sekilde kullanilir
[32]. Keten, yaklasik %35-45 oraninda yag iceren, ¢ok amach ve ekonomik agidan 6nemli ve en biiyiik kiiresel
yaglt tohum bitkilerinden biridir. Eski Misirlilardan beri yetistirilmekte ve ¢esitli amaglarla kullanilmaktadir.
Keten tohumlar1 4-6 cm uzunlugunda, kokusuz, oval sekilli, kirmizims: renkli, parlak ve yag orani oldukga
yuksektir [33]. Danish ve ark. [34] yaptiklar1 ¢aligmada keten tohumu yagindan KOH katalizérii kullanilarak
transesterifikasyon prosesi yoluyla biyodizel Uretimi ve galisma parametreleri yanit ylizey metodolojisinin (RSM)
ylUz-merkezli merkezi kompozit tasarimi (FCCD) yardimiyla optimize edilmistir. Calismada kullanilan bagimsiz
degiskenler metanol yag orani (4:1-6:1), KOH konsantrasyonu (0.4-1.0), reaksiyon sicakligi (35 °C-65 °C) ve
reaksiyon suresi (30-60 dk.) olarak belirlenmistir. Keten tohumundan maksimum biyodizel verimi; optimum
metanol yag oran1 5.9:1, katalizér (KOH) konsantrasyonu %0,51, reaksiyon sicakligi 59,2 °C ve reaksiyon suresi
33 dakika olarak tespit edilmistir. Etim ve ark. [35] ¢aligmalarinda, bio-alkali katalizér varliginda, katalizor
yiiklemesi, metanol/yag oran1 ve reaksiyon siiresi proses parametreleri yanit yiizeyi metodolojisi araciligiyla
tasarlanmis ve optimize edilmistir. Keten tohumu yag1 metil ester verimini maksimuma ¢ikarmak igin elde edilen
optimal kosullar; metanoliin yaga molar oran1 11:1, katalizér (KOH) yiiklemesi %2,70, 65 °C sicaklik ve 51,42
dk. reaksiyon siiresidir. Elde edilen sonuglar, keten tohumu yagi metil esterinin gegerli bir yakit ikamesi oldugunu,

ekonomik bir biyodizel iiretim siireci olarak 6lgeklendirilebilecegini ve ticarilestirilebilecegini gostermektedir.

Giliniimiizde biyodizel iiretiminde digiik maliyeti, fiziksel ve kimyasal avantajlar1 nedeniyle metanol en sik
kullanilan alkoldir [36]. Etanol yenilenebilirligi ve metanol iizerinde baz1 teknik istiinliikleri nedenleriyle yeni
caligmalara onclliik edebilir [37]. Bu arastirma keten tohumu yagindan elde edilmis olan metil ester ve etil esterin
farkli karigim oranlarinin yogunluk, viskozite ve 1s1l deger iizerindeki etkilerini aragtirmaktadir. Ayrica olusturulan
karigimlarin farklh fraksiyonlarda ilgili yakit 6zelliklerinde gosterdigi davranislari izlemektir. Bunlarin yani sira
literatir taramasi yapildiginda, keten tohumu yagindan aymi calisma igerisinde metil ester ve etil ester
optimizasyon ile ilgili yapilmis bir ¢aligmaya rastlanmamuistir. Bu nedenle bu ¢alisma asagidaki genel ve spesifik
hedefleri ele almaktadir. i-) Farkli reaksiyon parametrelerinin metil ester ve etil ester verimi {izerindeki etkilerini
degerlendirerek proses parametrelerini en st diizeye ¢ikarmak, ii-) metil ester ve etil ester {iretiminde kullanilan
farkli reaksiyon sistemlerinin proses optimizasyonunu degerlendirmek ve iii-) iki farkli alkoliin bir ¢alismada ayni
optimizasyon metodu caligmasi gerceklestirilerek karsilagtirmali analiz yapilmis olmasidir. Ayrica, iiretilen
biyodizellerin farkli oranlarda harmanlamasi yapilarak elde edilen yakitlarin kinematik viskozite (40 °C),
yogunluk (15 °C) ve 1s1l degerleri dlciilerek saf metil esterden saf etil estere gegiste kinematik viskozite, yogunluk
ve 1s1l degerin degisimi gdzlemlenip tartigilmigtir. Karisimlarin yogunluk, viskozite ve 1sil degerlerini tahmin
etmek icin genellestirilmis denklemler verilmistir. Deneysel olarak odl¢ililen ve hesaplanan yakit 6zelliklerinin
degerleri arasindaki mutlak ve % hata gosterilmistir. Istatistiksel analiz sonuglarma gore karisimlarin yogunluk,
kinematik viskozite ve 1sil degerleri karakterize edilmis ve temel ozelliklerini tahmin etmek igin ampirik

korelasyonlar kullanarak matematiksel modeller gelistirilmistir.
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Il. DENEYSEL METOT
2.1 Materyal

Bu ¢alismada kullanilan keten tohumu Aksaray’da faaliyet gosteren yerel bir firmadan satin almmuistir. Biyodizel
iretimi ve optimizasyon ¢aligmalarinda kullanilan metanol (saflig1 > %99) ve etanol (saflig1 > %99), NaOH (saf
peletler) Merck firmasindan satin alinmistir. Keten tohumlarindan 15-45 kg/h tohum presleme kapasitene sahip,
230 W 1siticr giiciinde ¢ift baglikli vidali yag ¢ikarma presinde 6 mm kiispe ¢ikis agz1 kullanilarak keten tohumu
ham yagi elde edilmistir. Soguk presleme sonrasinda ham yagn filtrasyonunda M&Nagel’den temin edilen
kantitatif filtre kagidi kullanilmistir. Calismanin 6nemli cihazlarindan biri olan 1siticili manyetik karistirici; 100-
1500 rpm hiz araligi, 20-500 °C sicaklik degisim aralig1 ve 0,1 °C sicaklik 6l¢lim ¢oziiniirliigiine sahip IKA marka
C-MAG HS 7 model kullanilmistir. Tartim uygulamalar1 0.001 gr okunabilirlik ve harici kalibrasyon agirligina
sahip Weightlab marka LB.WL-603 model hassas terazi ile ger¢eklestirilmistir. Keten tohumu yagmm ortalama
molekiil agirligr hesaplamasinda gerekli olan yag asidi kompozisyonlar: tespiti Shimadzu marka gaz

kromatografisi-kiitle spektrometresinde belirlenmistir.

2.2 Metot
2.2.1 Keten tohumu yaginin elde edilmesi

Keten tohumu yagimni ¢ikarmak icin 5-9 mm 6lgiilere sahip keten tohumlar1 Yozgat Bozok Universitesi Bilim ve
Teknoloji Uygulama ve Arastirma Merkezi (YOBU-BILTEM) biinyesinde bulunan vidali pres makinesinde
sikilmstir. Yag igerisinde asili bulunan kiispe parcaciklarinin dibe ¢okmesi i¢in sikma iglemi sonrasi keten tohumu
ham yag1 bir giin dinlendirilmistir. Sonrasinda filtreleme islemi ile kat1 pargaciklarindan tamamen arndirilarak

keten tohumu yag1 elde edilmistir. Keten tohumundan yag ¢ikarma islem asamalar1 Sekil 1°de verilmistir.
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\ 7

v
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Sekil 1. Keten tohumundan yag ¢ikarma islem asamalari
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2.2.2 Transesterifikasyon

Biyodizel iiretmek igin keten tohumu yaginin metanol ve etanol ile transesterifikasyon reaksiyonu, geri akish
kondansatorli 250 mL’lik ti¢ boyunlu yuvarlak dipli siselerde ve sicakligi ayarlanabilen bir manyetik karigtiricida
gerceklestirilmistir. Belirli miktarda NaOH pelletleri alkol igerisinde daha iyi ¢dziinmesi amactyla doviilerek
ufalanmug ve tartilmistir. Daha sonra sodyum metoksit veya sodyum etoksit ¢ozeltisi, 250 mI’lik {i¢c boyunlu bir
cam sise icindeki onceden 1sitilmig keten tohumu yaga ilave edilmis ve 400 rpm’lik sabit bir hizla belirlenen
reaksiyon sicakliginda sicak plakali manyetik karistirici izerine yerlestirilmistir. Reaksiyon siiresi tamamlandiktan
sonra karigim ayirma hunisine alinarak sogumasina izin verilmis ve {ist katman ester, alt katman gliserol olmak
iizere iki katmana ayrilmistir. En az 8 saat beklendikten sonra, ¢oken gliserol alinmis ve ester alkoliin kaynama
noktas: istiindeki bir sicaklikta 1 saat karistirilmadan 1sitilarak reaksiyona girmemis alkol uzaklagtirilmistir. Bir
sonraki asamada, gliserolden ayrilmis ester igerisinde dagilmis kirletici maddeleri (katalizor, gliserol ve alkol gibi)
ayirmak icin distile su ile saflagtirma islemi yapilmistir. En az sekiz saat sonra bekleme sonrasi ester tabakasi
icinde kalan su molekiillerinin buharlastirilmasi i¢in 2 saat boyunca 100 °C iizerine kadar isitilmistir. Ester
veriminin yiizdesi, ester katmaninin Kitlesi ile kullanilan keten tohumu yaginin Kitlesi karsilastirilarak Denklem

(1) yardimiyla hesaplanmustir [38]:

Elde edilen ester kiitlesi (g)

Ester verimi (%)= 100 (1)

Harcanan yag kiitlesi (g)

2.2.3 Optimizasyon

Bitkisel yagin alkole molar orani, katalizor tiiri ve miktari, reaksiyon siiresi, reaksiyon sicakligi ve karigtirma hizi
gibi transesterifikasyon parametrelerinin ester verimi yiizdesi tizerinde 6nemli bir etkisi vardir. Transesterifikasyon
isleminin optimizasyonu, biyodizel iretim verimini &nemli Olglide artirabilir. Biyodizel iiretim verimini
degerlendirmek ve en uygun degerleri analiz etmek igin optimizasyon yontemleri kullanarak en diisiik {iretim
maliyeti saglanabilir [39]. Birgok optimizasyon metodu olmakla birlikte anlasilir, herhangi bir ticret ve program
kullanim1 gerektirmemesi sebebiyle klasik metot tercih edilen bir yontemdir. Bu ¢alismada, NaOH katalizori
metanol ve etanol kullanilarak keten tohumu yagindan biyodizel iiretim siirecini optimize etmek i¢in klasik
optimizasyon metodolojisi gerceklestirilmistir. Optimizasyon i¢in secilen bagimsiz reaksiyon degiskenleri NaOH
kiitlesi, alkol:yag molar orani, reaksiyon sicakligi ve reaksiyon siiresidir. Bu degiskenler igin belirlenen araliklar,

deneysel tasarim i¢in karsilik gelen degerlerle birlikte Sekil 2°de sunulmustur.
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Sekil 2. Optimizasyon islemlerinde tercih edilen parametreler ve sayisal degerler

Proses degiskenlerinin ve deger araliklarinin se¢imi, mevcut uygulamalarla uyumlu ve keten tohumu yagi
transesterifikasyonu hakkindaki sinirli literatiire dikkate alinarak tespit edilmistir. Literatiir incelemesi neticesinde,
verim ve maliyet hususlarmi dengelemek igin hammadde yagma 3 ila 12 arasinda degisen bir molar orani
secilmigtir. Etanol:yag molar oran1 metanol yag molar oranlarina gore biraz yiiksek secilmistir. Buna sebep olarak
etanol;yag diigik molar oraninda reaksiyonu iriin tarafina dogru ilerletmek igin yetersiz etanol
konsantrasyonundan dolay1 diisiikk reaksiyon hizi gliserol ¢okmesini gerceklestirmedigi veya zorlastirdigi
sOylenebilir [40]. Biyodizel iiretim ¢aligmalarinda avantajlar1 sebebiyle se¢ilen NaOH dozu bu ¢alismada %0,4-
1,0 wt. arasinda kullanilmistir. Transesterifikasyon verimliligini ve enerji kaynaklarmin korunmasini optimize
etmek icin 40-60°C sicaklik aralig1 belirlenmistir. Keten tohumu yagi biyodizeli {iretim optimizasyon agamalari
Sekil 3’te verilmistir. Metil ve etil alkol kullanilarak yapilan optimizasyon c¢alismalarina ait bazi gorseller Sekil

4’te verilmistir.
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Sekil 3. Keten tohumu yag: biyodizeli iiretim optimizasyon agamalart
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Sekil 4. Optimizasyon ¢aligmalarina ait gérseller

2.2.4 Karisim biyodizel yakitlarin hazirlanmasi

Her iki alkol ile optimizasyon sonucu elde edilen biyodizel yakitlardan metanol ile tiretilenlere metil ester (ME)
etanol ile tretilenlere etil ester (EE) seklinde isimlendirilmistir. ME ve EE yakitlarin birbirleri ile hacimsel olarak
%80ME+%20EE (ME8OEE20), %60ME+%40EE (MEG60EE40), %40ME+%60EE (ME40EE60) ve
%20ME+%80EE (ME20EE80) oranlarinda karigtirilmistir. Yakitlarin adlandirilmast ile ilgili gorsel Sekil 5’te

verilmistir.

2.2.5 Yakat ézelliklerinin belirlenmesi

Hazirlanan ME20EE80, ME40EE60, ME60EE40, MESOEE20 karisim biyodizel yakitlarin, ME100 ve EE100 saf
biyodizellerin ve BO dizel yakitin yogunluk (15°C’de) kinematik viskozite (40°C’de) ve 1s1l degerleri YOBU-
BILTEM’de test edilmistir. Yogunluk dl¢iimii yapilan cihazda ASTM D 1250 ve ISO 12185 standartlarina uygun
olarak ol¢lim yapilabilmektedir. Cihaz, l¢iim sicakliginda su yogunlugu igin 6zgiil agirlik (t/4) ve 4°C’de su
yogunlugu i¢in 6zgiil agirlik (t/t) hesaplamasi yapabilmektedir.

ME: Metil ester
EE: Etil ester

Sekil 5. Karigim biyodizel yakitlarin isimlendirilmesi
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Yogunluk dl¢iimiinden 6nce cihaz 6l¢iilecek sicaklik olan 15°C’ye ulagmast saglanmistir. Cihaz tiipi icerisindeki
kalintilar1 gidermek amaciyla etanol ile temizlenmistir. Cihazin i¢ duvarlarini 1slatmak i¢in dlglimlerden 6nce
numunelerin 2 mL’si yogunluk hiicresinden gegirilmistir. Olgiim hiicresi, her l¢iim alinmadan énce bir yakit
numunesi ile yeniden doldurulmustur. Daha sonra hiicre 6l¢iim sicakligi olan 15°C’ye ayarlanmis ve 2 mL yakitla
doldurulmustur. Her yakit numunesi i¢in yogunluk degerinin okumasi 3 kez gergeklestirilmis ve raporlanmak
iizere ortalamasi alinmistir. Kinematik viskozite dl¢imii yapilan cihaz ASTM D 445 standardina uygun olarak
calismaktadir. Kinematik viskozite 6lgtimiinden 6nce cihaz 6lgiilecek sicaklik olan 40°C’ye kadar 1sitilmistir.
Cihaza batirilan viskozimetre cam kapilerler 6l¢iim tiipliniin i¢indeki kalintilar aseton-toluen-etanol karigimi ile
temizlenmistir. Viskozitesi tespit edilecek numune yakit cam 6lgiim tiipiine dokiilmiis ve dlgiilecek sicakliga
ulagmasi i¢in yakit 1sitilmasi saglanmistir. Cam 6lgiim tiipiiniin iist kisminda bulunan balon bir puar yardimi ile
doldurularak ters akisa birakilmistir. Akig siiresi dlgiilerek cam 6l¢iim tiipiiniin belirli sicakliklarinin katsayilari ile
carpilmistir ve sonug raporlanmustir. Isil deger 6l¢iimii yapilan cihazda EN 61010, EN 50082, EN 55014 ve EN
60555 standartlarma uygun olarak dl¢iim gergeklestirilmektedir. Olgiim igin yakit (~0.1 g), yeterli basingta (~30
bar) tam yanma i¢in oksijenle doldurulmus ve yeterli miktarda normal su (18-25°C +1°C’de ~2000 mL) ile
gevrelenmis kalorimetre bombasinin iginde yakilmistir. Yanma 1sis1 suya aktarilarak kalorimetrede yiikselen
sicaklik dlgiilerek 151l deger (MJ/kg) belirlenmistir. Biyodizel yakitlarin ve dizelin kinematik viskozite, yogunluk
ve 1s1l deger zelliklerini tespit etmek i¢in kullanilan cihazlara ait 6zellikler Tablo 1°de, aygitlara ait gorselleri ise

Sekil 6’da verilmistir.

Tablo 1. Yakit 6zelliklerini 6lgmek i¢in kullanilan cihazlar

Ozellik Cihaz Arahk Birim  Hassasiyet Uretici Standart
Yogunluk  Kem Kyoto DA- Yogunluk: 0-3 g/lcm®  +0.00005 Kem Kyoto Electronics, EN ISO 3675
645 Japonya
Sicaklik : 0-93 °C +0.03 EN ISO
12185
Kinematik  Polyscience Ortam sicakligi-150 °C +0.05 Polyscience, USA EN ISO 3104

viskozite 7306A12E

Olgiim tiipi: 1.2-10 mm?s 0.5
Isil Deger  IKA C 200 0-40 MJkkg +0.1 IKA, UK DIN 51900
kalorimetre

(b)

Sekil 6. (a) Yogunluk cihazi (b) Kinematik 6l¢iim cihazi (c) Kalorimetre

2.2.6 Istatiksel analiz

Bu caligmada karisim biyodizel yakitlara ait yogunluk, kinematik viskozite ve 1s1l deger yakit 6zelliklerle ilgili

deneysel yollarla elde edilen degerler ile karisim yiizdelerine gore hesaplanan degerler arasindaki iliski istatiksel
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analiz yapilarak tespit edilmigtir. Mutlak hata, hata (%), belirlilik katsayis1 (R?) degerleri ve her bir 6zellik igin
olusturulan denklem formlarinin katsayilart Microsoft® Excel kullanilarak belirlenmistir. Buradaki istatistik

gostergeler Denklem (2) ve (3) kullanilarak hesaplanmistir [41]:

Mutlak hata=|Deneysel deger -Hesaplanan deger]| 2
Hata (%)= Mutlak hata *100 3)
o Deneysel deger

III. BULGULAR VE TARTISMA
3.1 Yag asidi kompozisyonu

Keten tohumu yagina ait yag asidi bilesimi Shimadzu-QP2010 (Kyoto, Japonya) gaz kromatografisi (GC) sistemi
ile kilcal kolon DB-5MS (30m x 0,32 mm x 0,25 mm) ve ag kiitle segici dedektorii ile birlestirilmis olarak analiz
edilmistir. Keten tohumu yagindan alinmis 1 mL 6rnegi otomatik 6rnekleyici aracilifiyla (1:10) giris bdlme
oranina sahip bir bolme modu kullanilarak GC’ye enjekte edilmistir. Tastyic1 gaz olarak helyum kullanilmis olup
kolon akig hiz1 1,5 mL/dak belirlenmistir. Kolon sicakligi 10 °C/dak hizinda 120 ila 300 °C arasinda ayarlamis ve

enjektor sicakligi 250 °C’ye programlanmigtir. Keten tohumu yagina ait yag asidi bilesimi Tablo 2’de verilmistir.

Keten tohumu yag1 esas olarak miristik, palmitik, stearik ve behenik asitten olusan %12,48 doymus yag asidi,
palmitoleik, oleik ve gondoik asit iceren %20,61 tekli doymamuis yag asidi, linoleik ve linolenik asitlerden meydana
gelen %66,91 ¢oklu doymamis yag asitten olusur. Bu ¢calismada kullanilan keten yaginin yiiksek oranda doymamis
yag asitleri icermektedir. Herhangi bir hammaddedeki yiiksek doymamis yag asidinin ester doniisiim verimliligi
artiginda etkili oldugu bilinmektedir [42]. Oleik asit, linoleik asit ve linolenik asit gibi yiiksek karbon uzunluguna
sahip yag asitleri kinematik viskozite artigint 6nemli 6l¢iide etkilemektedir. Bunlarin aksine, yiiksek miktarlarda
¢oklu doymamis yag asitleri oksidatif stabiliteyi olumsuz yonde etkilemekte ve nitrojen oksit egzoz emisyonlarini

artirmaktadir [43].

Tablo 2. Keten tohumu yaginin yag asidi kompozisyonu

No Yag asidi Molekiil agirhg: Yap1 Keten tohumu
Yagi (%)

1 Miristik 228 14:0 0.10

2 Palmitik 256 16:0 7.07

3 Palmitoleik 254 16:1 0.07

4 Stearik 284 18:0 511

5 Oleik 282 18:1 20.42

6 Linoleik 280 18:2 15.21

7 Linolenik 278 18:3 51.70

8 Gondoik 312 20:1 0.12

9 Behenik 340 22:0 0.20
YDoymus 12.48
XTDYA 20.61
2CDYA 66.91

TDYA: Tekli doymamis yag asidi
CDYA: Coklu doymamus yag asidi
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3.2 Reaksiyon parametrelerinin optimizasyonu
3.2.1 Katalizor kitlesinin etkisi

Katalizor ktlesinin etkisini incelemek igin, 100 gr keten tohumu yagina NaOH %0,4, 0,6, 0,8 ve 1,0 wt. olarak
secilmistir. Diger reaksiyon kosullari metanol ile yapilan denemelerde 5:1 metanol-yag molar orani, 50 °C
reaksiyon sicakligi, 600 rpm karistirma hizi1 ve 60 dakikalik reaksiyon siiresinde sabit tutulmustur. Etanol ile
yapilan ¢alismada 5:1 molar oranda ester gliserol ayrigmasi gdzlemlenmediginden farkli molar oran denemeleri
sonucunda 8:1 etanol-yag molar orani ile ¢alismaya baglanmistir. Bu galismada kullanilan NaOH kataliz6rtinlin

metanol ve etanol kullanimi elde edilen biyodizellerin verimi tizerindeki etkisi Sekil 7°de gosterilmistir.

100 )
Metanol Etanol
g o g
2% e u:x =%
] . 0 E 5022
H H
- Ly g -
] ]
H H
& 0 ] 7209
TLO3
] * 60 :
04 06 08 Lo 04 06 038 "‘{??
NaOH kiitlesi (%owt.) NaOH kiitlesi (%wi.)

Sekil 7. Katalizor kitlesinin keten tohumu metil ester ve etil ester verimi tzerine etkisi

Maksimum keten tohumu yagi metil ester veriminin %0,6 wt. katalizor yiiklemesinde %91,66 keten tohumu yag1
etil esterim veriminin %0,6 wt. katalizor kitlesinde %80,22 oldugu gézlenmistir. Katalizor kiitlesindeki artis,
biyodizel verimini artmistir ancak optimal esigin iizerine ¢ikmakla birlikte biyodizel veriminin azalmasina neden
olmugtur. Etil ester verimi metil ester verimine gére oldukgca diisiik oldugu gézlemlenmektedir. Etanol ve NaOH
reaksiyonunda sabunlagmaya neden olan etoksit olusumu ¢ok hizlidir. Etanoliin daha diisiik asitligi ve daha yiiksek
miktarda hidroksit iyonlar1 nedeniyle sabunlagma, etanol ¢ozeltilerinde metanol ¢ozeltilerine gore daha fazla
gerceklesebilir [44,45]. Bunlarin yani sira %0,4 wt. NaOH ve etanol ile yapilan denemede ester-gliserol ayrisimi
gbzlemlenmemistir. Buna neden olarak, diisiikk miktarda katalizor tercih edildiginde reaksiyon tamamlanamadigi

ve ester olusumu gerceklesmedigi ifade edilebilir [46].

3.2.2 Alkol:yag molar oraninin etkisi

Alkol:yag molar orani, katalitik performansi etkileyen dikkate deger bir faktordiir. Stokiyometrik olarak 1 mol
yag, transesterifikasyon ig¢in 3 mol alkol ile reaksiyona girmekte ancak reaksiyonun dogasi geregi tersinir olmasi
nedeniyle {iriin tarafindaki dengeyi saglamak i¢in daha fazla miktarda alkol gerekmektedir [12]. Alkol:yag molar
oraninin etkisi metanol:yag molar oran1 3:1-9:1, etanol:yag molar orani 6:1-12:1 arasinda her bir alkol i¢in 2:1
molar artisiyla incelenmistir. Deneyler her iki alkol ¢esidinde, NaOH yagin agirlikca %0,6’Iik katalizor
konsantrasyonu, 600 rpm karistirma yogunlugu ve 50 °C sicaklikta 60 dk. siireyle gergeklestirilmistir. Sekil 8,

alkol:yag molar oraninin keten tohumu metil ester ve etil ester verimi lizerindeki etkisini gdstermektedir.
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Sekil 8. Alkol:yag molar oraninin keten tohumu metil ester ve etil ester verimi iizerine etkisi

Sekil 8 incelendiginde, en yiiksek keten tohumu yagi metil ester veriminin 5:1 molar oraninda %91,66 keten
tohumu yagi etil esterim veriminin ise 8:1 molar oraninda %80,22 oldugu belirlenmistir. Alkol miktarindaki artis
katalizor ¢oziiniirligini arttirmakta ve biyodizel olusumuna yonelik reaksiyonu desteklemektedir [46]. Asir1 alkol
kullanimu trigliseritin monogliseritlere doniisiimiinii kolaylastirsa da monogliserit, gliseroliin biyodizel i¢indeki
¢oziniirligiini arttirarak gliseroliz reaksiyonuna neden olmaktadir. BOylece, reaksiyonun sonunda gliserol ile
biyodizelin yercekimsel olarak ayrilmasinda zorluk gézlenmekte ve sonu¢ olarak biyodizel verimi diismektedir
[16]. Ayrica, 6:1 molar oraninda etanol ile yapilan denemede ester-gliserol ayrisimi gézlemlenmemistir. Etanol ile
yapilan deneylerde metanole gore daha yiiksek miktarda alkol tiiketilmistir. Bunun nedeni, etanoliin molar
hacminin (25 °C’de 58,39 mL/mol), metanolin molar hacminden (25 °C’de 40,45 mL/mol) daha yiiksek olmasidir
[20].

3.2.3 Reaksiyon sicakliginin etkisi

Reaksiyon sicakligi ekonomik agidan transesterifikasyon siirecini etkileyen en dnemli parametrelerden biri olarak
kabul edilmektedir. Bu ¢alismada kenevir tohumu yaginin transesterifikasyonu cesitli sicakliklarda (30, 40, 50 ve
60 °C) gergeklestirilmistir. Tim deneylerde, %0,60 NaOH wt., 6:1 metanol/yag molar orani-8:1 etanol/yag molar
orani, 60 dK. reaksiyon siiresi ve 600 rpm’lik karigtirma hizi kullanilmigtir. Reaksiyon sicakliginin keten tohumu

metil ester ve etil ester verimi lizerindeki etkisi Sekil 9°da verilmistir.

Metanol Etanol

8511

Biyodizel verimi (%)
L g
Biyodizel verimi (%)

30 40 50 60 30 40 50 60
Reaksivon sicaklign (*C) Reaksivon sicakhig (7C)

Sekil 9. Reaksiyon sicakliginin keten tohumu metil ester ve etil ester verimi iizerine etkisi
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Maksimum keten tohumu yagi metil ester veriminin 60 °C sicaklikta %92,16 keten tohumu yag etil esterim
veriminin 30 °C sicaklikta %89,83 oldugu tespit edilmistir. Metanol ile yapilan testlerde sicaklik artigi biyodizel
verimini ylikseltmistir. Sicaklik yiikselisi metanoliin yagdaki ¢ozliniirliigliini artirmis ve reaksiyona giren
molekiiller arasindaki temasi fazlalagtirarak biyodizel verimini yiikseltmistir [47]. Etanol ile yapilan denemelerde
ise sicaklik artisi ile biyodizel verimi azalmistir. Deneme sicakliklardan biri olan 60 °C reaksiyon sicakliginda
ester gliserol ayrismasi olusmamustir. Valle ve ark. [48] etanol kullanilarak diisiik sicakliklarda en yiiksek verime
sahip biyodizel iiretimi gergeklestirmislerdir. Artan reaksiyon sicakliginin sabunlasma nedeniyle olumsuz etki

yaptigini iddia etmislerdir.

3.2.4 Reaksiyon suresinin etkisi

Reaksiyon siiresi optimize edilmesi gereken 6nemli bir parametredir. Clinki ester verimini etkilemede kritik bir
rol oynamaktadir. Sekil 10°da 15 dk. araliklarla 30-75 dk. arasinda degisen reaksiyon siiresinin keten tohumu yagi
metil ester verimi ve etil ester verimine etkisi gosterilmistir. Reaksiyon siiresi disindaki parametreler; %0,60 NaOH
wt., 6:1 metanol/yag molar orani-8:1 etanol/yag molar orani, metanol igin 60 °C, etanol icin 30 °C reaksiyon
sicakligi ve 600 rpm’lik karistirma hizi olacak sekilde sabit alinmistir. Her iki alkol kullaniminda reaksiyon siiresi
30 dakikadan 60 dakikaya g¢iktikca ester verimleri artmistir ancak reaksiyon siiresi 75 dakikaya ulasildiginda
azalmistir. Uzatilmig reaksiyon siiresi, tersinir reaksiyonu destekledigi i¢in biyodizel {iretiminin azalmasina neden
olarak esterlerin tiilkenmesine ve sabun Uretimine neden olabilmektedir [49]. En yiiksek keten tohumu yagi metil

ester veriminin 60 dk. stirede %92,16 ve keten tohumu yagi etil esterim veriminin 60 dk. siirede %89.83 oldugu

tespit edilmistir
100 100
Metanol Etanol

3 3

290 |ss3 A .16 A o0
£ A o s.39 £ |ssm 89.83

H H §7.94 B
E E
= -
=80 =80
1 - 1 -
30 45 &0 75 30 45 &0
Reaksivon siiresi (dk.) Reaksivon siiresi (dk.)

Sekil 10. Reaksiyon siresinin keten tohumu metil ester ve etil ester verimi tzerine etkisi

3.2.5 Optimum kosullarin degerlendirilmesi

Keten tohumu yagina NaOH kullanilarak metil alkol ve etil alkol olmak iizere iki farkli alkol esliginde katalizor
kitlesi, alkol:yag molar orani, reaksiyon sicakligi ve reaksiyon siiresi kosullarinda klasik optimizasyon islemi
uygulanmistir. Calismalar sonucunda her iki alkol igin en yiiksek biyodizel verimlerinin elde edildigi optimum

reaksiyon kosullar1 Tablo 3’te verilmistir.
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Tablo 3. ME100 ve EE100 Biyodizel Yakitlarin Optimum Reaksiyon Kosullari

Biyodizeller Optimum reaksiyon kosullar Verim (%)
Katalizor Alkol:Yag Reaksiyon Reaksiyon
miktar1 (% wt.) molar orani Sicakligi (°C) Siiresi (dk.)
ME100 0,6 5:1 60 60 92,16
EE100 0,6 8:1 30 60 89,83

Metil ester veriminin etil ester verimine gore %2,33’liik daha fazla verime sahip oldugu goriilmektedir. Bunun
nedeni etanoliz sirasinda stabil emiilsiyon olusumudur. Metanolizde olusan emiilsiyonlar kolayca parcalanarak
gliserol agisindan zengin bir alt katman ve metil ester agisindan zengin bir iist katman olusturulmasidir. Etil
esterde, etanolde daha bilyiikk polar olmayan grubun varligi nedeniyle olusan emiilsiyonlar daha stabildir, bu
durumda biyodizelin ayrilmasini ve saflagtirilmasini zorlagtirmaktadir [50]. Optimizasyon ¢aligmalarinda elde
edilen en yuksek verime sahip veriler ile 250 mL hacminde ME100-EE 100 biyodizel {iretilmis ve karigim biyodizel
yakitlar elde edilmistir. Karisim yakitlar 40 mL cam kavanoz igerisinde yogunluk, kinematik viskozite ve 1s1l deger

tespiti igin muhafaza edilmistir. Saf motorin (B0) ve karisim biyodizel yakitlar Sekil 11°de gosterilmistir.

Sekil 11. Saf biyodizel yakitlar (ME100-EE100), karisim biyodizel yakitlar (ME20EE80-ME40EE60-MEG0EE40-MESOEE20) ve saf dizel
yakit (BO)

3.2.6 Yakt ozelliklerinin tespiti

Yogunluk

Yogunluk birim hacim bagma kiitle olarak tanimlanir. Deneysel veriler ampirik dogrusal denklemle biyodizel
karisiminin bir fonksiyonu olarak iliskilendirilmistir. Olgiilen degerler kullanilarak regresyon analizinden elde
edilen bu denklem yogunlugun tahmin edilmesinde kullanilmistir. Her bir yakit ve karisim i¢in dlgiilen ve
hesaplanan yogunluk degerleri Tablo 4’te gosterilmistir. Yogunluk igin biyodizel karigiminin bir fonksiyonu

olarak genel formu asagida Denklem (2)’de verilmistir.

p=Ax+B 2)

Burada; p yogunluk (kg/m®), A ve B katsayilar ve x biyodizel karisim oranidir.
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Tablo 4. Yakitlarin hesaplanan ve 6l¢iilen yogunluk degerleri

Yakatlar Deneysel  Hesaplanan Mutlak  Hata Metanol (%) Etanol (%)
(kg/m?) (kg/m3) Hata (%) A B R? A B R?

BO 822.70 - - -

EE100 885.85 - - -

ME20EE80  887.72 887.67 0.048 0.0054

ME40EE60  889.61 889.49 0.116 0.0130

MEGOEE40 89111 89131 0.206 0.0231 0.0888 885.96 0.997  0.0888 885.96 0.997
MESOEE20  893.14 893.13 0.002 0.0002

ME100 894.96 - - -

Biyodizel yogunlugu EN 14214 standardina gére 15 °C’de 0,860 ile 0,900 g/cm® araliginda belirlenmistir. Bu
caligmada iiretilen biyodizellerin yogunluklar1 bu degerler arasindadir. Biyodizeller arasinda etanol ile iiretilen
biyodizelin (EE100) yogunlugu en diisiik olanidir ve metanol ile iiretilen biyodizelin (ME100) yogunlugu ise en
yiiksek olanidir. Etanoliin yogunlugunun metanoliin yogunluguna gdre daha diisiik olmasi bu farki olusturabilir.
Dizel yakit (B0) yogunlugu biyodizellere gore daha diisiiktiir. Biyodizelin yogunlugu ¢ok daha fazla olmasina
ragmen, enerji igerigi dizel yakita gére hem hacim hem de kiitle bazinda daha diisiiktiir. Boylece, motordan ayn1
giicii elde etmek i¢in yanma odasina daha fazla yakitin enjekte edilmesini gerektirmekte ve bu durumda yakit
tiiketimini arttirmaktadir [41]. Tablo 4 incelendiginde; katsayilar, R? ve regresyon analizinden hesaplanan
yogunluk degerleri, 6l¢iilen yogunluk degerleri, 6l¢iilen ve hesaplanan yogunluk degerleri arasindaki mutlak ve %
hata gosterilmektedir. Karigim biyodizeller i¢in Slgiilen ve tahmin edilen degerler arasindaki maksimum hata
%0,0231 ve R? ise 0,997 olarak tespit edilmistir. Olgiilen ve tahmin edilen degerler arasinda kayda deger bir uyum

vardir.

Kinematik viskozite

Kinematik viskozite biyodizelin karakteristik ve temel fiziksel 6zelligidir. Deneysel veriler, ampirik ikinci derece
denklemle biyodizel karisiminin bir fonksiyonu olarak iligkilendirilmistir. Lineer bir denklem verilere tam olarak
uymadigindan daha yiiksek dereceli denklemlerin kullanilmasina ihtiyag¢ duyulmustur. Olgiilen degerler
kullanilarak regresyon analizinden elde edilen bu denklem kinematik viskozitenin tahmin edilmesinde
kullanilmistir. Her bir yakit ve karisim icin Olgiilen ve hesaplanan kinematik viskozite degerleri Tablo 5’te
verilmistir. Kinematik viskozite i¢in biyodizel karisiminin bir fonksiyonu olarak genel formu agagida Denklem

(3)’de verilmistir.
N=Ax*+Bx+C (3)

Burada, n kinematik viskozite (mm?s), A,B ve C katsayilar ve x biyodizel karigim oramdir. Kinematik viskozite
degeri belirli bir aralikta olmalidir. Bu aralik 40 °C’de Avrupa ve Amerika standartlarina gore sirasiyla 3,5-
5,0 mm?/s ve 1,9-6,0 mm?/s arasindadir. Tablo 5’de gériildiigii gibi biyodizellerin viskoziteleri 4,150-4,242 mm?/s
araliginda degismekte olup dizel yakitinkinden daha yiiksektir. ME100 yakitin kinematik viskozite degeri EE100
kinematik viskozite degerinden %2,22 daha bulyuktur. Yiksek viskozite degeri enjeksiyonda daha biiyiik
damlaciklar olusturma egilimindedir ve bu da zayif atomizasyona neden olur. Bu durum yakit tiiketimini, motor
tortularini, enjektorlerin ve yakit pompalarinin aginmasini, egzoz dumanini ve emisyonu artirir [51]. Ote yandan

diisiik yakat viskozitesi sizintiya ve yetersiz yaglamaya neden olabilir [52]. Tablo 5 incelendiginde; katsayilar, R?
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ve regresyon analizinden hesaplanan kinematik viskozite degerleri, dlgiilen kinematik viskozite degerleri, dlgiilen
ve hesaplanan kinematik viskozite degerleri arasindaki mutlak ve % hata gosterilmektedir. Karisim biyodizeller

igin 6lciilen ve tahmin edilen degerler arasindaki maksimum hata %0,022 ve R? ise 0,9901 olarak tespit edilmistir.

Tablo 5. Yakitlarin hesaplanan ve dl¢iilen kinematik viskozite degerleri

Yakatlar Deneysel Hesaplanan Mutlak Hata Metanol (%) Etanol (%)
(mm?s)  (mm?/s) Hata (%) A B C R? A B C R?
BO 2,810 - - -
EE100 4,150 - - -
ME20EE80 4,161 4,169 0,008 0,1923
ME40EE60 4,172 4,187 0,015 0,3595 5 5
MEGOEE40 4,184 4206 0022 05231 1x10®° -0,0021 4,2515 0,9901 1x10 0,0004 4,2515 0,9901
MESOEE20 4,215 4,224 0,009 0,2135
ME100 4,242 - - -
Isil deger

Isil deger yakittan elde edilen enerji miktarint gdsterir. Biyodizel yakitinin kontrollii ve hesaplanmis kosullarda
tamamen yakilmast durumunda yanma sonucu agiga ¢ikan birim miktar igindeki biyodizel termal igerigidir [41].
Deneysel veriler ampirik dogrusal denklemle biyodizel karisiminin bir fonksiyonu olarak iliskilendirilmistir.
Olgiilen degerler kullanilarak regresyon analizinden elde edilen bu denklem 1s1l degerin tahmin edilmesinde
kullanilmustir. Her bir yakit ve karisim igin 6lgiilen ve hesaplanan 1s1l degerler Tablo 6’da gosterilmistir. Isil deger

icin biyodizel karigiminin bir fonksiyonu olarak genel formu agagida Denklem (4)’de verilmistir.
H=Ax+B 4)

Burada; H 1s1l deger (MJ/kg), A ve B katsayilar ve x biyodizel karigim oranidir. Hem ASTM D6751 standardinda
hem de EN 14214 standardinda 1s1l degere iliskin bir spesifikasyon igermemektedir. Onemli miktarda oksijen
iceriginden dolayi, tiim kaynaklardan elde edilen biyodizelin, petrol dizelinden yaklasik %10 daha diisiik kiitle
enerji icerigine (MJ/kg) sahip oldugu genel olarak kabul edilmektedir [53]. Tablo 6’de goriildagii gibi EE100
yakitin 1s1l degeri ME100 1s1l degerinden %0,54 daha fazladir. Yag asidi etil esteri (FAEE), bir karbon ve iki
hidrojen atomunun fazlali§1 nedeniyle yag asidi metil esterinden (FAME) daha yiiksek bir 1sitma degeri gosterir.

Genellikle bu 6zellik karbon atomlari ile artar, doymamishk derecesi ile azalir [54].

Tablo 6. Yakitlarin hesaplanan ve dlgiilen 1s1l degerleri

Yakatlar Deneysel Hesaplanan Mutlak Hata Metanol (%) Etanol (%)
(MJ/kg)  (MJ/kg) Hata (%) A B R? A B R?

BO 45,872 - - -

EE100 40,091 - - -

ME20EE80 40,042 40,0472 0,0052  0,0130

ME40EE60 40,003 40,0034 0,0004  0,0010

ME6OEE40 39,965 39,9596 0,0054  0,0135 -0.002 40,083 0.9989 0002 39.883 09989

MESOEE20 39,921 39,9158 0,0052  0,0130

ME100 39,872 - - -

Tablo 6 incelendiginde; katsayilar, R? ve regresyon analizinden hesaplanan 1s1l degerler, &lgiilen 1s1l degerler,

Olciilen ve hesaplanan 1s1l degerleri arasindaki mutlak ve % hata gosterilmektedir. Saf biyodizeller ve karigim
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biyodizeller igin &lgiilen ve tahmin edilen degerler arasimndaki maksimum hata %0,013 ve R? ise 0,9989 olarak

tespit edilmistir.

IV. SONUCLAR

Bu calismanin amaci, klasik optimizasyon teknigi sonucu en yiiksek verim ile elde edilen keten tohumu yag1 metil
ve etil esterinin karistirilmast durumunda yogunluk, viskozite ve 1si1l degerinin nasil degistigini karakterize
etmektir. Bu nedenle iki saf biyodizel, dort adet karisim biyodizel yakit ve saf dizel yakitin yogunluk, viskozitenin
ve 1s1l degerinin belirlenmistir. Karigimlarin yogunluk, viskozite ve 1sil degerlerini tahmin etmek igin 6lgilen
degerler kullanilarak dogrulanan genellestirilmis ve ampirik denklemler olusturulmustur. Sonuglara gore agagidaki

¢ikarimlar1 yapmak miimkiindiir.

e  Optimizasyon g¢alismalar1 sonucunda %0,60 NaOH wt., 6:1 metanol/yag molar orani, 60°C reaksiyon
sicaklig1 ve 60 dakika reaksiyon siiresi kosullarinda en yiiksek keten tohumu yagi metil ester verimi %92,16,
%0,60 NaOH wt., 8:1 etanol/yag molar orani, 30°C reaksiyon sicakligi ve 60 dk. reaksiyon siiresi kosullarinda

maksimum keten tohumu yagi etil ester verimi %89,83 olarak tespit edilmistir.

e  Yakit yogunluklari arasinda en diisiik yogunluk dizel yakita aittir. ME100 yakitin yogunlugu EE100 saf
biyodizele gore daha yuksektir. Bu nedenle ME100 konsantrasyonunun artmasiyla karigimin yogunlugu da
artmaktadir. Dizel yakitin viskozitesi biyodizellere gére daha diisiiktir. EE100 yakitin viskozitesi ME100 saf
biyodizele gore daha diisiiktiir. Karisim igerisinde etanol biyodizelinin artis1 yakitin kinematik viskozitesini
diisiirmektedir. En yiiksek 1s1l deger dizel yakita aittir. EE100 yakitinin 1s1l degeri ME100 saf biyodizele gore daha

yiiksektir. Karigim igerisinde etanol biyodizelinin artis1 yakitin 1s1l degerini arttirmaktadir.

e  Karisim biyodizellerin yogunluk, kinematik viskozite ve 1s1l degerler i¢in dlgiilen ve tahmin edilen degerler
arasindaki maksimum hata-belirlilik katsayisi sirasiyla %0,0231-0,997, %0,022-0,9901 ve %0,013-0,9989 olarak
belirlenmistir. Olgiilen ve tahmin edilen degerler arasindaki bagint1 kinematik viskozitede ikinci derece denklemle

iliskilendirilirken, yogunluk ve 1s1l degerde lineer bir denklemle uyum saglanmistir.

e  Keten tohumu yag1 gerek biyodizel verimliligi gerekse yakit 6zellikleri acisindan toplumsal, ¢evresel ve
finansal faydalara sahip olabilecek dizel ikame yakit1 olarak tanimlanabilir. Gelecekte iiglii yakit karigimlar: (dizel
+ metil ester + etil ester) icin yakit 6zelliklerinin ampirik modelleri gelistirilebilir. Nanopartikiller dizel motor
Ozelliklerinde onemli iyilesme gostermektedir. Bu {iglii karigimlara nanopartikil eklenerek dortli karigimlarin
viskozitesi ve yogunlugu izlenmelidir. Farklt hammaddelerden elde edilen metil ester ve etil esterlere farkli oranda
karsilagtirilmast bu arastirmanin gelecekteki kapsamlar1 arasinda diisiiniilebilir. Ayrica yapay zeka ve makine

Ogrenimi ile birlestirilerek gelistirilebilir.
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ARTICLE INFO ABSTRACT

Article history: In geotechnical engineering, the void ratio stands out as a critical parameter that is closely related to several
Received 20 April 2024 essential soil properties, including permeability, compressibility, settlement and bearing capacity. Accurate
Received in revised form 29 May 2024 and rapid determination of this key parameter is therefore essential. Traditional methods involve assessing the
Accepted 16 June 2024 properties of soil samples taken from the field using simple laboratory techniques. However, determining the

void ratio requires the determination of parameters such as soil water content and specific gravity. Whilst
these parameters can be determined using straightforward methods, their determination in civil engineering
typically takes place over an extended period. Consequently, there is a tendency to explore alternative methods
for delineating specific physical properties of soils. While some methods provide direct results, such as nuclear
methods, others provide results indirectly through correlations using techniques such as drilling. Due to

Auvailable online

Keywords: technological advances and the increased importance of time as a critical economic parameter, there is an
TD_R ) increasing demand for fast and reliable methods. Accordingly, Time Domain Reflectometry (TDR), which is
Void ratio widely used in electrical engineering, has begun to find application in civil engineering. In this study, research
Sandy soil

is carried out to determine the void ratio, a key parameter in soil mechanics, using the TDR method.
Experiments were therefore carried out on samples prepared in the laboratory with different void ratios, and
the void ratios of the soils were then determined using the TDR method. The results of this study suggest that
the TDR method could serve as an alternative approach for determining the void ratio of soils.

Water content
Dielectiric constant

I. INTRODUCTION

The void ratio, as an index property of soil, is one of the basic parameters in many important engineering problems
such as bearing capacity, consolidation, stability and permeability of soil [1-3]. Therefore, it is very important to
determine the void ratio of a soil accurately and quickly. Traditionally, the preferred method for determining the
void ratio is to subject the field boring samples to a series of tests in geotechnical laboratories and then determine
the void ratio by simple calculations. However, in cohesive soils this method can easily be used to take undisturbed
soil samples, whereas in granular soils it can be very laborious and costly. Therefore, the void ratio of granular
soils is generally estimated using empirical relationships established from in-situ measurements and measurements
obtained from tests such as SPT, CPT, etc.. However, these methods are affected by changes in the soil grain
diameter and may occasionally give inaccurate results [4-6]. Another method can be listed as geophysical methods.
According to geophysical methods, void ratio can be estimated by using shear wave velocity and surface wave
velocity [7-13].

As these methods are in some cases inadequate, new methods need to be developed. To this end, it is considered
appropriate to investigate the applicability of TDR, which uses radar logic to locate the points where cable damage
occurs. It first became an accepted technique for cable testing in the 1930s. The physical principles are simple.

The electromagnetic signal sent along a known transmission line will not be reflected if there is no change in
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impedance. If there is an impedance difference on the line, i.e. if there is a discontinuity in the transmission line,
part of the signal will be reflected from that point. By using the reflected signal, this technique can be used to find
the location and extent of the damage [14]. The method is currently used in a wide range of applications in fields
such as geotechnics, hydrology, construction, agriculture, materials testing and aviation [15]. TDR is effective for
monitoring landslides by detecting shear planes in slopes [16-17], as well as for scour monitoring [18-19],
monitoring of stream and drainage stages [20], monitoring ballast fouling [21], measuring water content in railway
subgrades [22], assessing compaction quality by measuring soil saturation [23], and measuring water content

during continuous desiccation and intact conditions [24].

The TDR method has been used in geotechnical engineering for the last 30 years as a method of indirectly
determining water content from the dielectric properties of soils. Apart from the TDR method, there are other
methods such as Amplitude Domain Reflectometry (ADR) and Frequency Domain Reflectometry (FDR), whose
basic approach is to determine the dielectric coefficient of the soil [25]. Among these methods, only TDR directly
determines the velocity of the signal, while ADR solely measures the amplitude of the reflected signal. The basic
logic of these methods is based on the determination of the velocity of an electromagnetic wave passing through
the soil by means of metal rods buried in the soil. The speed at which the electromagnetic wave travels through
the soil depends on the dielectric coefficient of the soil. As the dielectric coefficient increases, the speed of
transmission slows down [26]. Soil is a composite structure consisting of air, minerals, organic particles and water.
Soil components have different dielectric coefficients, air has a value of 1, water has a value of 80 and grains have
a value between 2 and 4. The fact that the dielectric coefficient of water is considerably higher than the others
means that the dielectric coefficient measured in soil, which is actually a soil-water-air mixture, is largely related
to the amount of water. The water content of soils can be determined using empirical relations established by

laboratory studies of the soil whose dielectric coefficient is being determined [27].

Jones et al. (2002) highlighted TDR as an accurate and automated technique for assessing water content and
electrical conductivity in porous media. They explained how water content is determined from dielectric
permittivity, while electrical conductivity is inferred from TDR signal attenuation. The influence of clay and
organic matter on water binding and the need for individual calibration were discussed. It also highlighted the
versatility of TDR probe configurations for specific site and media requirements. It also highlighted advances in
TDR technology and other dielectric methods, suggesting the potential for cost-effective and accurate

determination of various properties beyond water and solute content in porous media [28].

Soil moisture content and density have a significant effect on pavement performance, particularly under cyclic
traffic loads. TDR provides a non-destructive approach to assessing both moisture content and density. Byuhan et
al (2020) performed laboratory TDR measurements under varying conditions and developed theoretical
formulations correlating voltage drop and electrical conductivity. These formulations were validated against field
data, demonstrating satisfactory accuracy. The calibrated models facilitate routine performance monitoring and

contribute to a better understanding of material behavior, such as road rutting [29].

Bittelli et al. (2021) introduced a novel algorithm integrated into TDR software to effectively measure soil bulk
density. Their method, tested on samples with different textural properties, showed an accuracy between 1 and
3%. The algorithm allows the simultaneous measurement of density and soil water content, using automated

methodology and non-linear least-squares optimization to analyze multiple waveforms. Dielectric mixing models
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gave the most accurate results for deriving soil water content from electrical permittivity. The robustness of the

method makes it suitable for field monitoring applications [30].

Fu et al. (2021) developed a method for estimating soil water retention curves (SWRCs) using bulk soil electrical
conductivity (o) as a proxy for water content. Their approach uses the van Genuchten model parameters m and «,
which are derived from ¢ measurements at saturated and residual water contents, together with intermediate water
content measurements. Thermo-time domain reflectometry sensors were used to measure o and water content (6)
simultaneously. SWRCs were estimated for different soils and compared favorably with direct SWRC

measurements, demonstrating the accuracy of the o-based method [31].

Yu and Drnevich (2004) proposed a novel method for assessing soil water content and dry density using a single
TDR test, offering improvements over ASTM D6780. Their method involves the simultaneous measurement of
apparent dielectric constant and bulk electrical conductivity on the same soil sample, with calibration equations
correlating these parameters with gravimetric soil water content and dry density. This approach compensates for
temperature effects and provides a fast, automated test of about 3 minutes, making it suitable for both laboratory

and in-situ applications, providing an efficient tool for construction quality control [32].

Zhang et al. (2023) investigated the shrink-swell behavior of clayey soils, which is crucial for understanding their
impact on agricultural and engineering projects. They introduced a thermo-time domain reflectometry technique
for in-situ monitoring of soil shrinkage-swelling dynamics and hydrothermal regimes during wet-dry cycles. Field
experiments on two clayey soils showed significant volume changes, with the thermo-TDR method providing
accurate bulk density measurements compared to independent core sampling and ruler image processing methods.
The technique also allowed consistent monitoring of soil shrinkage curves and water retention areas, demonstrating
its reliability for continuous in-situ assessment of soil shrinkage-swell processes, with implications for future

comprehensive soil transport models [33].

Leao et al. (2020) conducted a study focusing on water management in agricultural areas of tropical savannas,
where low rainfall and prolonged droughts necessitate efficient irrigation practices. TDR sensors evaluated for
estimation of soil water content in different soil types commonly found in the Brazilian savannah. The study
investigated different calibration equations considering soil properties such as bulk density, organic matter, clay
content and magnetic materials. The results showed that a single logarithmic calibration equation performed best
across all soils, with no significant influence of bulk density, clay content, organic matter or magnetic permeability

on the calibration equations [34].

Lee and Yoon (2020) presented a novel method for measuring hydraulic conductivity using TDR. They established
a theoretical relationship between the dielectric constant obtained from TDR and hydraulic conductivity,
demonstrating its potential as an alternative approach to conventional methods. Their method, validated by various
experiments, showed a high similarity to results obtained from traditional constant head experiments, confirming

its reliability and effectiveness in determining hydraulic conductivity by TDR [35].

Yoon and Lee (2010) conducted a study aimed at estimating elastic moduli and void ratios using compressional
and shear wave velocities and electrical resistivity measured by a field velocity resistivity probe (FVRP). They
used piezoelectric and bending elements installed on the tip of the FVRP frame to measure waves and electrical

resistivity. Tests were carried out in various soil mixtures in both controlled and field conditions. The data collected
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was used to determine Young's moduli and void ratios, showing promising potential for the FVRP to accurately

assess soil properties [36].

The importance of accurate and rapid determination of void ratio under field conditions is obvious. Given the
varying advantages and disadvantages of existing methods, it is essential to estimate void ratio quickly and
innovatively. This study aims to investigate the potential of using TDR, which has previously been used for a
variety of purposes, as a rapid and reliable tool for determining void ratio in soil. Experiments were carried out on
two different soil samples to assess the feasibility of the TDR method. The void ratios of the soils were determined
using both conventional methods and TDR. The values obtained were then compared to evaluate the effectiveness
of the method.

11. MATERIALS AND METHOD
2.1 Materials

As part of the experimental study, soil samples from two different quarries in Kocaeli are used. The proportions
of gravel, sand and fine grains in the soil are determined by sieve analysis tests carried out on the materials brought
to the laboratory and are presented in Table 1. As seen in Table 1, three of the soil samples are classified as poorly

graded sand (SP), while the other soil sample is classified as silty sand (SM).

Table 1. Percentages of gravel, sand, and clay+silt in utilized soils

Soil Classification Gravel (%) Sand (%) Clay + Silt (%)
SP 9 86 5
SM 0 90 10
2.2 Methods

The study began with the procurement of soil samples to be used in the experimental study. The relationship
between the dielectric constant - volumetric water content - void ratio of the soil was then established theoretically.
The accuracy of this theoretical relationship was investigated experimentally. The flow chart of the study is shown

in Figure 1.
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Figure 1. Flow diagram of the study

2.2.1. Determination of the dielectric constant of soils using the TDR method

In TDR reflection forms, two different reflections occur. The first reflection occurs at the air-soil interface and the
second reflection occurs at the end of the TDR probe [32]. Topp et al (1980) showed that the apparent permittivity
is related to the velocity of an electromagnetic wave along the transmission line. The relationship between the

apparent velocity of the electromagnetic wave and the dielectric constant is given by equation (1) [37].

i

Where v is the apparent velocity of propagation and c is the speed of light. The apparent velocity of propagation

is related to the travel time between the reflection points. This relationship is given in equation (2).

2L
(%) @

Where t is the time taken for the reflected signal to travel between the start and end points of the probe in the soil

and L is the length of the probe in the soil. Combining equations (1) and (2), the dielectric constant can be expressed

as in equation (3).

ct
Ka = (2'.] (3)
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In this equation, the term [Ctj is defined as the apparent length (L.) (Baker and Allmaras, 1990) [38]. Therefore,
2

equation 3 can be defined as follows:

L, ’
)

The dielectric constant is defined as the ratio of the apparent length (La) to the actual length (Lp) of the probe,

where La is the measured length and L, is the physical length of the probe. The apparent length is determined using
the TDR reflection form. For this method to be effective, it is essential that the start and end points of the probe
are identified in the reflection form. Two different techniques have been proposed to identify these critical points.
The first, introduced by Topp et al (1982), is the tangent method, while the second, introduced by Baker and
Allmaras (1990), is the derivative method [38-39].

According to the "tangent" method proposed by Topp et al. (1982) for determining the positions of the points
considered as the beginning and end of the probe, the beginning point is defined as the intersection of the tangents
drawn on the horizontal and vertical arms before and after the first diffraction of the reflection curve. The end
point is defined as the intersection of the tangents drawn on the horizontal and vertical arms before and after the
diffraction occurring at the end of the reflection curve. These determined start and end points are interpreted as the
points where the probe contacts the ground and the end point of the probe respectively. In addition, the time elapsed
between these two points is considered as the time "t" [39]. Figure 2 shows graphically how the Tangent method

can be used.

0.6 -

) /
0.5 < >

Reflection Coefficient

-0.1

03 1 ! 1 1 | 1 ]
2 2.5 3 35 4 4.5 5 5.5 6

Distance (m)

Figure 2. Graphical representation of the tangent method
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Another method, known as the "derivative method", was developed by Baker and Allmaras (1990). In this
approach, the derivative of the TDR record with respect to time is taken. Two tangents are then drawn from two
points on the TDR record corresponding to the maximum and minimum values of the derivative, with the slopes
of these tangents representing the values of the derivative at those specific points. Horizontal tangents passing
through the maximum and minimum values of the TDR record are then intersected with the two tangents
previously drawn. This process determines the start and end points of the probe [38]. Figure 3 shows graphically

how the derivative method can be used.
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Figure 3. Graphical representation of the derivative method

2.2.2. Relationship between dielectric constant and volumetric water content

While the measurement of dielectric constant and the subsequent calculation of water content from this value has
become common in recent years, the earliest studies on the subject date back to 1939, as noted by Patterson and
Smith (1980) [40]. Despite numerous attempts to determine water content from the dielectric constant during the
1960s and 1970s, no significant results were obtained, as reported by Davis and Annan (1977) [41].

The frequency range of the TDR device, originally designed for cable testing, is significant due to the frequency
dependence of the dielectric constant. Topp et al. (1980) demonstrated that the dielectric constant can be accurately

determined in the low-frequency range (1-1000 MHz) [37].

The dielectric constant is composed of two components: the real part and the imaginary part. The imaginary part
is referred to as the dielectric loss, which occurs along the transmission line, as noted by Davis and Annan (1977)
[41]. Topp et al. (1980) have demonstrated that the dielectric loss, representing the imaginary part of the dielectric

constant, is negligible when measuring water content [37].

According to Topp et al. (1980), there is a third-order relationship between volumetric water content and dielectric

constant, which is expressed in Equation (5) [37].
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0 =4.3x10°K? —5.5x10* K2 +2.92x10*K, —5.3x10* (5)

In this context, 0 represents the volumetric water content and Ka denotes the dielectric constant. The correlation
established by Topp et al. (1980) has been corroborated by various studies conducted by Dasberg and Dalton
(1985), Heimovaara (1994), Roth et al. (1992), and Zeglin et al. (1992) [42-45].

Equation (6) defines volumetric water content as the proportion of water volume within the soil to the total soil

volume.

0=—r (6)

Topp et al.'s (1980) equation is generally accurate, but some studies indicate that it may produce inaccurate results
for organic soils and clayey soils with a high proportion of fine materials. Roth et al. (1992), Dobson et al. (1985),
and Dirksen and Dasberg (1993) have all suggested this [44,46,47].

Ledieu et al. (1986) and Alharti and Lange (1987) presented findings that demonstrate a linear correlation between

volumetric water content and the square root of the dielectric constant, as expressed in Equation (7) [48-49].

6-a+bJK, 0

In this context, the calibration coefficients, a and b, are specified by Ledieu et al. (1986) as a=1.545 and b=8.787,
and by Alharti and Lange (1987) as a=1.59 and b=7.83 [48-49].

Furthermore, Ledieu et al. (1986) introduced a new equation that considers the dry density of the soil, which affects

the water content. The proposed equation is outlined in Equation (8) [48].

(8)
JK, =ap+bé+c

The equation (9) details the calibration coefficients a=0.297, b=8.79, and c¢=1.344, where p represents the dry

density of the soil.

Ferre et al. (1996), Malicki et al. (1996), and Yu et al. (1997) have introduced a similar linear equation to Equation
(8) in their respective studies [50-52].

0=b K, +a 9
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The calibration coefficients a' and b' are determined through regression analysis, as shown in Equation (10).
Malicki et al. (1996) argued that combining the dielectric constant and the dry density of the soil improves accuracy

in determining water content, rather than relying solely on the dielectric constant [51].

K% -0.819-0.618p +0.159p
7.17+1.18p

0 (10)

Arsoy et al. (2013) investigated the suitability of these methods using 17 different sand samples. The study showed

that the models perform well when calibrated for specific soil types [53].

2.2.3. Relationship between volumetric water content and void ratio

Equation (11) defines the void ratio as the ratio of the volume of voids to the volume of solids in the soil.

Ve (11)

s VutVe (12)

Using the equations given in Equation 11 and Equation 12, it is possible to write the void ratio and porosity values
in terms of each other. Equations for void ratio and porosity in terms of each other are given in Equations 13 and

14 respectively.

n

1n (13)

e (14)
n=——
l+e

Equations 15 and 16 outline how to express the void ratio and porosity of fully saturated soil, which occurs when

all voids are filled with water, corresponding to 100% saturation.
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o= Vu 15
y (15)

\Y
v (16)

The volumetric water content is defined as the ratio of the volume of water in the soil to the entire volume of the
soil. Since porosity is the ratio of the voids in the soil to the entire volume of the soil, 100% water saturation of
the soil means that all voids in the soil are filled with water. Consequently, this establishes an equivalence between
the porosity of the soil in a water-saturated state and the volumetric water content of the same soil under saturated
conditions. This correlation becomes evident upon examination of Equation 6 and Equation 16. Therefore, when

the soil is saturated with water, it is appropriate to assert the following expressions as given by Equation 17 and

Equation 18.
e
0=— 18
1+e (18)

Writing the void ratio in terms of volumetric water content in the above equation yields Equation 19.

0
g=— 19
19 (19)

2.2.4. Experimental Study

The relationships between the dielectric constant and the volumetric water content of the soil samples were
investigated using the TDR reflection form. For this purpose, all soil samples were mixed homogeneously by
adding water in certain proportions. The homogenously mixed soil samples were compacted in standard
compaction molds by applying standard compaction energy. In order to find the water content of the compacted
samples, two test samples were taken from the samples compacted in the molds and the water contents were
calculated with the help of an oven. In addition, in order to find the weight of the soil sample compacted in the

mold, the compaction mold was weighed before and after the soil sample was compacted in the mold.

The reflection-distance graphs for the soil samples were obtained using a probe inserted into the soil, connected to
a TDR 100 device, and analyzed with the PCTDR program on a computer. Figure 4 provides a schematic of the

measurement system.
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Distance {m)

Figure 4. Schematic diagram of the measurement system

A Campbell Scientific TDR100 was used for the measurements. After the signal sent by the TDR100 device was
reflected from the soil, it was transmitted to the computer via an RS232 cable and the reflection form was displayed
using the PCTDR software. The reflection form displayed in the PCTDR program was taken as digital data and

processed using a Matlab code developed as part of the study.

As part of the study, the start and end points of the probe placed in the ground were determined using the tangent
and derivative methods. After determining the distance between the start and end points of the probe, i.e. the
apparent length of the probe, the dielectric coefficient was calculated using equation 4. The dielectric coefficients
were calculated using both methods and the relationship between the dielectric coefficients and the volumetric

water content was analyzed using the models of Topp et al. (1980) and Leideu et al. (1986).

Void ratios of soils were determined using dielectric constants and volumetric water content values calculated
using TDR reflection forms. The determined void ratios were compared with those calculated by the classical

method and the accuracy of the method was investigated.

I1l. RESULTS AND DISCUSSIONS
3.1 Determination of Geotechnical Properties of Soils

Sieve analysis experiments were carried out to determine the particle size distribution curves of the soil samples.
The resulting curves, obtained from three replicates of sieve analysis experiments carried out on both SP and SM
samples, are shown in Figure 5. Figure 5(a) shows the grain distribution curves for the SP sample, while Figure

5(b) shows the grain distribution curves for the SM sample.

571



J. Innovative Eng. Nat. Sci. vol. 4, no.2, pp. 561-583, 2024. Void ratio determination

100

a) b) Test 1
90 90 ——Test 2
——Test 3
80t 80
70 70
—~ 60}
S § 60
2 50 2 50
] z
= 40t £ a0k
30 10
20 20
10 10
0 1 1 1 | . . ) ) . [
100 10 1 0.1 0 b

10 1 0.1
Partical size (mm)

Figure 5. Sieve analysis test results (a) for SP sample (b) for SM sample

Partical size (mm)

The specific gravity test was repeated five times to determine the specific gravity values of the SP and SM soils.
The test results showed that the specific gravity of the SP and SM soil samples was 2.69. Detailed results of the

specific gravity test are given in Table 2.

Table 2. Specific gravity values obtained for SP and SM samples

Soil Type Experiment 1 Experiment 2 Experiment 3 Experiment 4 Experiment 5 Average
SP 2.69 2.69 2.69 2.70 2.69 2.69
SM 2.69 2.69 2.70 2.69 2.69 2.69

Furthermore, the organic matter determination test results for these samples showed the presence of 0.08% and
0.09% organic matter in the SP and SM soil samples respectively. The SP sample had maximum and minimum
void ratio values of 0.77 and 0.51, while the SM sample had values of 0.64 and 0.42.

The results of the sieve analysis, specific gravity test, maximum-minimum void ratio and experiments to assess

the amount of organic matter on the soil samples used in the experimental study are presented in Table 3.

Table 3. Some geotechnical properties of the soils used in the study

Soil Type le dgo d(;o Cu Ce GS €min €max OM (%)
SP-1 0.13 0.22 0.45 3.46 0.83 2.69 0.51 0.77 0.08
SM 0.08 0.60 1.70 21.25 2.65 2.68 0.42 0.64 0.09

3.2 Determination of Dielectric Constant

A total of 22 soil samples were prepared, 11 for each soil type (SP and SM) with different water content values.
Reflection forms were obtained because of TDR measurements on the prepared soil samples. Dielectric constants
were determined from the reflection forms of the samples using tangent and derivative methods. Figure 6 shows a
reflection form used in the tangent method for SP and SM samples and Figure 7 shows the reflection form used in

the derivative method and examples of the first derivative of the reflection form.
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Figure 6. Reflection forms measured by TDR for SP and SM samples (a) for SP sample (b) for SM sample

Figure 6(a) shows the TDR reflection form plots for the SP soil sample with a volumetric water content of 15.11%,
while Figure 6(b) shows the TDR reflection form plots for the SM soil sample with a volumetric water content of
24.53%. The start and end points of the probe were determined using the tangent method for both soil samples and
the distance between these points gave the apparent probe length (La). The apparent probe length was 0.409 m for
the SP sample and 0.443 m for the SM sample, whereas the actual probe length was 0.093 m. Using these data,
the dielectric constant was calculated using the equation given in equation (4). The calculations gave a dielectric
constant of 19.34 for the SP sample with a water content of 15.11% by volume and 22.67 for the SM sample with

a water content of 24.53% by volume.
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Figure 7. Reflection forms measured by TDR for SP and SM samples and 1% derivatives of reflection forms (a) for SP sample (b) for SM

sample

Figure 7(a) shows plots obtained by taking the first derivative of the TDR reflection form for the SP soil sample

with a volumetric water content of 15.11%, while Figure 7(b) shows similar plots for the SM soil sample with a

volumetric water content of 24.53%. Using the derivative method to determine the start and end points of the

probe, an apparent probe length of 0.430 m was obtained for the SP sample and 0.452 m for the SM sample.

Consequently, the dielectric constants were calculated using the equation given in equation (4), giving values of

21.39 for the SP sample and 23.62 for the SM sample.
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These procedures were carried out separately on 22 soil samples. The dielectric constants obtained by both methods
for SP and SM soil samples are compared in Figures 8a and 8b. Analyzing the figures, it can be seen that the
dielectric constants calculated by both methods for both soil samples are within acceptable error rates. As a result

of the regression analysis, the regression coefficient was found to be 0.997 for the SP soil sample and 0.989 for

the SM soil sample.
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Figure 8. Comparison of dielectric constant determined by the tangent and derivative methods (a) for SP sample (b) for SM sample

3.3 Determination of Volumetric Water Content

The relationship between the volumetric water content and the dielectric constant is described by Topp et al. (1980)
and Ledieu et al. (1986) in equation 5 and equation 7 respectively. Soil specific calibration is required to apply

these equations. Calibrations were performed for both soil samples and then the volumetric water contents were
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calculated using the dielectric constants determined by both the tangent and derivative methods according to the
respective equations. The accuracy of the calculated volumetric water contents was verified by comparison with
values obtained using the traditional oven method. The volumetric water contents obtained by experiment and

calculation are compared in Figure 9.

The calculated volumetric water content values for SP and SM soils are presented in Figure 9 and Figure 10,
respectively. In Figure 9a and Figure 10a, the volumetric water content values were calculated using the equations
proposed by Topp et al. (1980), while in Figure 9b and Figure 10b, they were calculated using the equations
proposed by Leideu et al. Both tangent and derivative methods were employed to determine the dielectric constants
used in the calculations. The x-axis of the graph represents the volumetric water content values obtained via the
oven method, while the y-axis represents the water content values determined by the models proposed by Topp et
al. (1980) and Leideu et al. (1986).
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Figure 9. Volumetric water contents calculated with the models proposed by Topp et al. (1980) and Leideu et al. (1986) for SP soil samples
(a) Topp et al. 1980 (b) Leideu et al. 1986

Upon examination of the volumetric water content values presented in Figures 9 and 10, it becomes evident that
the values derived through traditional methods align closely with those calculated using the equations proposed by
Topp et al. (1980) and Leideu et al. (1996).
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Regression analysis was performed on the values presented in Figure 9 and Figure 10 and the regression
coefficients obtained because of this analysis are presented in Table 4.

Table 4. Regression coefficients of SP and SM sand samples

Topp ve ark. (1980) Ledieu ve ark.(1986)
Tangent Derivative Tangent Derivative
R?(SP sample) 0.995 0.994 0.982 0.986
R?(SM sample) 0.991 0.986 0.985 0.991

3.4 Determination of Void Ratio

The void ratio of the soil was calculated using both the conventional method, using the water content obtained

from the oven, and the volumetric water content value obtained from the TDR waveform.

As a result of the calculations, the void ratio values obtained from both the classical method and the TDR method
were found to be very close to each other. Figure 11a shows the void ratio values obtained for the SP soil type and

Figure 11b shows the void ratio values for the SM soil type.
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Figure 11. Void ratio values calculated by TDR and conventional methods (a) for SP sample (b) for SM sample

These graphs provide a comparative representation of the void ratio values obtained by both methods. On the
graphs, the x-axis represents the void ratio values obtained by the conventional method, while the y-axis represents
the void ratio values obtained by the TDR method. The void ratio values range from 0.546 to 0.684 for the SP
sample and from 0.527 to 0.671 for the SM sample. When comparing the void ratios, the largest absolute error
obtained for the SP sample is 0.0140 and the smallest error is 0. For the SM sample, the largest absolute error is

0.017 and the smallest error is 0.

The relationship given in equation 20 was used to determine the error rates of the void ratio values determined by

the TDR method compared to the void ratio values calculated by the conventional method.
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ER(%) = (M) «100 (20)

con

In this equation, ER is the error rate, erpr is the gap ratio obtained by the TDR method and econ is the gap ratio
value calculated by the conventional method. The error rates calculated using Equation 20 are shown graphically
in Figure 12. The y-axis represents the error rates and the x-axis represents the void ratio values calculated using

conventional methods.
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Figure 12. Error rates of void ratio values calculated by the TDR method (a) for SP sample (b) for SM sample
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Figure 12 shows that 70% of the samples for SP samples and 65% of the samples for SM samples have an error

rate b

etween -1% and 1%. The remaining soil samples were within the error rate between -2% and 2%.

IV. CONCLUSIONS

As part of the study, experimental studies were carried out on SP and SM sand samples prepared at different

densities. The results of the study are presented below.

It has been shown that both the tangent and derivative methods can be used to determine the soil dielectric
constant. It has been found that the dielectric constants calculated by these methods give very close
values. In addition, both methods were found to be effective in determining the dielectric constant from

the reflection forms.

Volumetric water content values were calculated using the tangent and derivative methods. Calculations
using the relationships proposed by Topp et al. (1980) and Leideu et al. (1996) showed good agreement
with the volumetric water content values calculated by conventional methods. These results confirm that

both methods give accurate results.

The use of TDR reflection forms for the determination of void ratios, which was the main objective of
the study, gave very favorable results. The studies show that this method is effective in predicting the
void ratio. These results highlight the potential of TDR, particularly in the determination of soil

properties.

The error rates in the void ratio values obtained for the SP soil type are lower than the error rates obtained
for the SM soil type. However, the void ratio values for both soil samples were estimated within
acceptable error limits. The reason for the slightly higher error rates in the SM soil sample is thought to

be the higher proportion of fine material in the soil sample.

As a result of all these studies, it was concluded that the TDR method can be used quickly and safely to determine

the void ratio of soils in the laboratory or in situ. With a few small software programs to be written, it has been

shown that the void ratio of the soil can be determined in situ as soon as the TDR measurement is taken.
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Blok zincir teknolojisi, isletmelerin is yapma bigimlerini dijital doniisiim siirecinde koklii sekilde degistiren
yenilik¢i yaklagimlardan biridir. Blok zinciri, verilerin merkezi bir otorite olmaksizin giivenli ve seffaf bir
sekilde kaydedilmesini ve yonetilmesini saglamaktadir. Blok zincir teknolojisinin hizla yayilmasiyla birlikte,
sirketlerin bu teknolojiye uyum saglamasi kaginilmaz hale gelmistir. Dijital doniisiim siirecinde blok zincir
teknolojisi, igletmeler i¢in bilyiik firsatlar sunmaktadir. Verimlilik artig1, maliyetlerin azaltilmasi, giivenligin
artirilmasi ve yeni is modellerinin olusturulmasi, blok zincir teknolojisinin en énemli avantajlaridir. Ancak,
blok zincir uyumunun 6niinde birtakim engeller de bulunmaktadir. Bu engellerin Ustesinden gelmek igin,
sirketlerin stratejik bir yaklasim benimsemeleri ve blok zincir teknolojisine uyum saglamak i¢in kapsamli bir
planlama yapmalari gerekmektedir. Bu ¢alisma, e-ticaret alaninda faaliyet gosteren sirketlerin blok zincir
teknolojisine uyum saglama siirecinde karsilastigi engelleri kiiresel bulanik analitik hiyerarsi siireci (AHP) ile
degerlendirmeyi amaglamaktadir. Caligma sonucunda, ¢alismada en 6nemli engelin, esneklik sinirlamalar
oldugu gozlenirken, diger kriterler sirastyla; devlet denetimi, gizlilik eksikligi, gecikme, boyut biiyiikligii ve
maliyet olarak ortaya ¢ikmistir. Bu teknolojinin dijital doniisiim siirecinde nasil bir rol oynadigini anlamak, e-
ticaret alaninda faaliyet gosteren isletmelerin gelecekteki rekabet avantajlarimi belirlemelerine yardimer
olmasi agisindan ¢alisma 6nem arz etmektedir.

Assessing the barriers to adopting blockchain technology in digital transformation

ARTICLE INFO

Article history:

Received 21 May 2024

Received in revised form 15 Jun 2024
Accepted 6 July 2024

Available online

ABSTRACT

Keywords:

Digital transformation
Blockchain

Spherical Fuzzy AHP
E-commerce

Blockchain technology represents a groundbreaking innovation in the realm of digital transformation. This
technology has radically changed the way businesses work in the digital transformation process. Blockchain
securely and transparently records and manages data without a centralized authority. With the rapid adoption
of blockchain technology, it has become inevitable for companies to adapt to this new paradigm. In the digital
transformation process, blockchain technology offers significant opportunities for businesses, such as
increasing efficiency, reducing costs, enhancing security, and creating new business models. However, there
are several obstacles to blockchain adoption. To overcome these challenges, companies need to adopt a
strategic approach and conduct comprehensive planning to integrate blockchain technology. This study aims
to assess the impediments hindering the adoption of blockchain technology through the utilization of the
spherical fuzzy analytic hierarchy process (AHP). The most significant obstacle identified is flexibility
limitations, followed by government regulation, lack of privacy, latency, data size, and cost. This study is
crucial for understanding the role of blockchain technology in the digital transformation process and for
helping the e-commerce sector identify competitive advantages.

. GIiRiS

Dijital dontislim, isletmelerin dijital teknolojileri kullanarak is siireclerini, miisteri deneyimlerini ve is modellerini

yeniden tasarlamasi siirecidir. Bu doniisiim siirecinde blok zincir teknolojisi, g¢esitli avantajlar ve yenilik¢i

¢cozumler sunarak onemli bir rol oynamaktadir. Blok zincir, bitcoin ve diger kripto para birimlerinin temel
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altyapisini olusturan agik, dagitilmis bir defter teknolojisidir. iki taraf arasindaki islemleri etkin, dogrulanabilir,
seffaf ve kalic1 bir sekilde kaydetme amaci tasimaktadir. Bu teknoloji son yillarda biiyiik bir ilgiyle takip edilen
ve cesitli endustrilerde blyuk degisiklikler 6ngéren bir uygulama alanima ulagsmistir. Sirketler, blok zincir
teknolojisinin sagladigi potansiyel avantajlari géz oniinde bulundurarak, is siireglerini daha verimli kilmak,
maliyetleri azaltmak ve giivenligi artirmak amaciyla bu teknolojiye uyum saglamaya caligmaktadirlar. Blok
zincirinin temeli, merkezi olmayan ve giivenilir bir sekilde topluca saklanan verilerin teknik bir planidir [1]. Kripto
para biriminin temelini olugturan teknoloji bileseni, kriptografik olarak birbirine bagh bir dizi veri blogu olarak

ifade edilmektedir [2].

Blok zincir teknolojisi, gelecekte bilyiik umutlar vaat eden bir teknoloji olarak 6n plana ¢ikmakta ve birgok sektdrii
doniistiirme potansiyeline sahiptir. Blok zinciri teknolojisi basta Bitcoin gibi sanal para birimlerinin altyapisi i¢in
gelistirilmis olsa da giinlimiiz diinyasinda finans, saglik, gayrimenkul, tedarik zinciri, hiikiimet kurumlar1 ve
telekomiinikasyon, e-ticaret gibi birbirinden farkli alanlarda kullanilmasi i¢in altyapilar hazirlanmaya baslanmistir
[3]. Onde gelen sirketler, bu gelecek vaat eden teknolojiye yatirim yapmaya devam etmektedirler [4]. 2008 yilinda
ortaya ¢ikan, uygulama sahasi stirekli olarak genigleyen blok zincir teknolojisi, islem seffafligi, degistirilemez
islem kayitlar1, gilivenilir liglincli taraf onayr olmaksizin islem gergeklestirme ve denetime uygun altyapi gibi
nitelikler sunarak 6nemli avantajlar saglamaktadir [5]. Mendi, blok zincir teknolojisine son yillarda artan ilginin
sebebin, sistemdeki merkezi olmayan yapiyla saglanan avantajlardan kaynaklandig1 diislinmiistiir. Bu avantajlar
yapilan islemlerin giivenligi, seffaflig1 ve veri biitiinliigiiyle gerceklestirilebilmesidir. Bu avantajlar sayesinde de
blok zincir teknolojisiyle gelistirilen uygulamalarin sayisinin arttigi belirtilmistir. Blok zincir teknolojisinin
kullanim alanlar1 olduk¢a genig olmakla birlikte, akilli sézlesmelerin en popiiler uygulamalardan biri oldugu
bilgisine ulasmistir [6]. Birgok avantaja sahip oldugu gibi baz1 dezavantajlar1 da mevcuttur. Ornegin, blok zincir
uygulamalarinin daha yaygin hale gelmesi i¢in hala bazi teknik ve yasal engellerin agilmasi 6nem arz etmektedir
Bunlarin yani sira performans, giivenlik, regiilasyon, kabul ve teknik bilgi gibi engellerin de asilmasi
gerekmektedir [4]. Blok zincir, yeni bir teknoloji olmasinin 6tesinde dlgeklenebilirlik, veri gizliligi, yetki/yargi
uyusmazliklar1 ve dis kaynaklardan temin edilen hizmetlere iliskin sozlesmelerin performanslar1 konusunda
belirsizlikler gibi genel riskleri de beraberinde getirmektedir. Ozellikle yetki sorunlari, blok zincirin dagitik
otonom kuruluslara sahip olma 6zelligi nedeniyle endise yaratmaktadir. Bir veri ihlali veya yasal bir anlasmazlik
durumunda, yasal sorumlulugun kimde olacagi ve yetki sinirlarinin nasil belirlenecegi ile ilgili diizenleme ve
yasalarla nasil ilgilenilecegi sorunlari belirsizlik olusturmaktadir [5]. Blok zincir teknolojilerini sirketlerine entegre
etmeye calisan kuruluslar bu dezavantajlar nedeniyle bazi aksakliklar var uyumsuzluk sorunlariyla

karsilagabilmektedirler.

Bu ¢alismanin amaci, e-ticaret alaninda faaliyet gosteren sirketlerin blok zincir teknolojisine uyum saglama
stirecinde karsilastigi engelleri belirlemektir. Calismada, kiiresel bulanik AHP metodu kullanilarak bu engeller
siralanmig ve blok zincirin sirketlere uyumundaki engeller i¢in dnerilerde bulunulmustur. Calismada bu yéntemin
tercih edilmesinin sebebi, belirsizliklerin daha etkin bir sekilde ele alinmasin1 ve karar verme sirecindeki
hassasiyeti artirarak daha dogru sonuglar elde edilmesine yardimci olmaktadir. Yazinda son yillarda, blok zincir

teknoloji konusunu ele alan ¢aligmalar incelendiginde,

Yasa ¢alismasinda, blok zincir teknolojisinin kamu sektorii iizerindeki etkisini incelemistir. Tiirkiye’nin blok zincir

teknolojisi ile kamu sektoriiniin yeniden yapilandirilmas: gerektigi fakat yeterli ¢aligmalarin olmadig1 sonucuna
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varilmigtir [7]. Babaoglu ve Karasoy (2022), kamu sektoriinde blok zincir teknolojisinin kullanim alanlari, 6rnek
uygulamalari, potansiyel faydalari ve riskleri arastirmistir [8]. Salihoglu ve Karakas finansal piyasalardaki
rekabetin yogun oldugu ortamlarda, blok zincir teknolojisinin benimsenmesinde kritik faktorleri BWM ydntemiyle
belirlemislerdir. Erisebilirlik ve kullanilabilirlik, mevzuat ve yasal diizenleme yeterliligi en 6nemli kriterler iken,
islem maliyetleri en az dneme sahip olarak goézlenmistir [9]. Zheng ve arkadaslari, blok zincir gelisimini
engelleyecek bazi zorluklar ve sorunlar tespit etmis ve bunlarin ¢éziimlerine yonelik baz1 yaklagimlar sunmustur
[10]. Avunduk ve Asan blok zincirin temel ¢alisma mantigini finans sistemlerinin bakis agisinin nasil degistigini,
blok zincirin 6rnek uygulamalar ile ele almuslardir [1]. Ceylan ve Isik blok zincir teknolojisinin uygulama
alanlarindaki potansiyelleri ve kisitlar1 incelemislerdir. Sonug olarak, bu teknolojinin birgok farkli i modelinde
kullanilabilecegi distintilmiistiir [4]. Park ve arkadaslari, firmalarin blok zincir teknolojisinin basarili olmasi igin
gereken faktorleri AHP yontemine dayali bir sekilde analiz ederek bu teknolojinin kullanimini artirmayi
hedeflemistir [11]. Aydar ve Cetin, blok zincir teknolojisinin saglik bilgi sistemlerinde kullanimini
arastirmislardir. Saglik bilgi transferi, kigisel saglik kayitlari, faturalandirma ve hasar kayitlari, ilag tedarik zinciri
ve recete yonetimi gibi alanlarda blok zincir teknolojisinin gelismesiyle birlikte saglik bilgi sistemlerinin
kalitesinin artacag belirtilmistir [12]. Cobanoglu ve arkadaslari, egitim alaninda blok zincir uygulamalari iizerine
yapilan ¢aligmalari incelemis ve bu teknolojinin egitim sistemi lizerindeki etkilerini degerlendirmistir [13]. E-
ticaret alanindaki arastirmalarda ise [14-17], blok zincir teknolojisinin geleneksel e-ticaret sistemindeki 6deme
anlagmazliklari, ters ibrazlar, dolandiricilik ve seffaflik eksikligi gibi sorunlara ¢6ziim sunuldugunu islemleri daha
verimli ve daha giivenli hale getirildigi savunulsa da e-ticarette uygulanmasinin heniiz yaygmlagsmadigi
belirtilmektedir. Blok zincir teknolojisinin egitim, kamu, saglik, finans, tarim gibi ¢esitli sektorlerde arastirmalara
konu oldugu goriilmektedir. Mevcut literatlirde, daha ¢ok uygulanabilirlik ve sorunlara odaklanilmistir. Dijital
doniisiim siireci, giinlimiizde bir¢ok sektoriin stratejik dnceligi haline gelmistir. Bu doniisiim siirecinde blok zincir
teknolojisinin rolii, inovatif ve hizla gelisen bir alandir. Bu ¢calisma, blok zincir teknolojisinin dijital dontistimdeki
potansiyelini ve karsilagilan engelleri ele alarak, literatiirde 6nemli bir boslugu doldurmayi amaglamaktadir.
Onerilen metodolojide bulanik mantik kullanilmasi, karar verme siireglerinde belirsizliklerin ve subjektif
degerlendirmelerin daha etkili bir sekilde yonetilmesini saglayacak ve konunun yenilik¢i bir yaklagimla ele
alinmast ile literatiire katki saglayacagi umulmaktadir. Bununla birlikte, dijital doniistim, blok zincir teknolojisi

alanlarinda stratejik kararlarin daha bilingli ve etkili bir sekilde alinmasina yardime1 olacag: diigiiniilmektedir.

Calismanin ikinci boliimiinde, uygulanan metodun teorik altyapisina yer verilmistir. Ugiincii béliimde bulgular ve

tartisma, son olarak, sonu¢ boliimii yer almaktadir.

II. TEORIK METOD

2.1 Kuresel-Bulanik AHP Yontemi
Bulanik yontemler, ¢ok kriterli karar verme siire¢lerinde daha fazla detay gerektiren durumlarda kullanilmak iizere
gelistirilmistir. Ozellikle kiiresel-bulanik yéntemler, karar verme siirecindeki karmasiklig1 ele almak igin 6nemli

bir aractir. Literatiirde cesitli bulanik kiime uzantilarmin AHP yontemine entegre edildigi calismalar

bulunmaktadir. Kutlu Giindogdu ve Kahraman bulanik kiimelerin 3 boyutlu bir diger uzantisi olan Kiiresel Bulanik
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Kimeler (Spherical Fuzzy Sets/SFS) AHP yontemine entegre ederek kiiresel bulanik AHP (SF-AHP) yontemini

literatiire kazandirmugtir [18].

AHP yontemi, karmasik problemleri ¢dzmek igin tek bagina veya farkli tekniklerle entegre bir sekilde
kullanilabildigi gibi, kiiresel bulanik yontemlerle de daha net sonuglar elde etmek ve karmasik problemleri ¢6zmek
icin kullanilabilir. Bulanik yontemler, kriterler arasindaki belirsizlik ve kesin olmayan durumlar ele almak i¢in
idealdir. Bu yontemler, karmasik karar verme siireclerinde daha fazla ayrint1 ve esneklik gerektiginde tercih edilir
ve genis bir uygulama yelpazesine sahiptirler. Kiiresel-Bulanik AHP metodunun 6nem derecelerine iliskin degerler

Tablo 1'de verilmistir. Kiiresel bulanik AHP yonteminin adimlari agagida gosterilmektedir [18].

Tablo 1. Kiiresel-bulanik 6nem dereceleri

Skor indeksi (SI) (w,v,m)
Kesinlikle Yiksek Onemli (KYO) 9 (0.9,0.1,0.0)
Cok Yiiksek Onemli (CYO) 7 (0.8,0.2,0.1)
Yiiksek Onemli (YO) 5 (0.7,0.3,0.2)
Biraz Yiiksek Onemli (BYO) 3 (0.6,0.4,0.3)
Esit Onemli (EO) 1 (0.5,0.4,0.4)
Biraz Diisiik Onemli (BDO) 113 (0.4,0.6,0.3)
Diisiik Onemli (DO) 15 (0.3,0.7,0.2)
Cok Diisiik Onemli (CDO) ur (0.2,0.8,0.1)
Kesinlikle Diisiik Onemli (KDO) 1/9 (0.1,0.9,0.0)

Adim 1. Problem ve hiyerarsik yap1 tanimlanmaktadir.

Adim 2.Kiiresel bulanik ikili kargilagtirma matrisi Tablo 3'te verilen dilsel terimlere dayali olarak olusturulur. Bu

asamada Es. 1 ve Es.2 puan endeksleri (SI), hesaplama igin temel alinr.

KYO, CYO, YO, BYO ve EO icin Es. 1;

si = \/ 1100 x ((ug, - 2,)° = (vs, — 7s,)°)| )

E®, BDO, DO, CDO VE KDO igin Es. 2;

51—1 —

_1
/\“100 . ((u/is —mz,) = (va, — ”AS)2)| 2

Adim 3. Her bir ikili kargilastirma i¢in tutarlilik 6l¢timii yapilir. Tablo 3’teki ikili karsilastirma matrisindeki dilsel
degiskenlere karsilik gelen skor endeksleri ile klasik yontem kullanilarak tutarlilik oran1 (CR=CI/RI) hesap edilir
ve oranin 0.1’den kiiciik olmasi degerlendirmenin tutarli oldugunu goéstermektedir. Her bir ikili karsilagtirma
matrisi i¢in klasik AHP yontemindeki dilsel 6l¢ek ve karsilik gelen degerleri kullanilarak Saaty’nin tutarlilik

prosediirii uygulanir [19].
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Adim 4. Kiiresel Bulanik Ikili Karsilastirma Matrislerinin Birlestirilmesi: Karar vericilerin yanitlariyla olusturulan

yanitlar, Es. 3’e gore, tanimlanan SWGM yoéntemi kullanilarak birlestirilir.

SWOM w(As1, Asg, o) Asy) = A%+ A2 4 oo A2

= { n u;‘%l,\/l -7 (1 — Vi:l)Wi,\/Hﬂl (1 - vi:l)Wi = I1is (1 — vf;sl - “12521)Wi} ®)

Adim 5. Kriterlere Ait Kiiresel Bulanik Agirliklarin Hesaplanmasi: Olusturulan karar matrisindeki degerlere Es.
4'e gore islem yaparak agirliklar hesaplanir. Bu asamada, agirliklarin ele alinmasinda wi yerine n, yani kriter sayisi,
kullanilir. Literatiirde, bu asamada SWGM operatorii ile kiiresel agirliklar1 hesaplamanin daha az hesaplama
gerektirmesinden ve bulanik yapilara daha uygun olmasindan dolay1 daha ¢ok kullanilabilir oldugu belirtilmistir
[20].

SWAMWASl, ASZ’ e ’ASH) = W1A51 + W2A52+. o +WnA5n

I11. BULGULAR VE TARTISMA

Blok zincir; yapisinda merkezi bir otorite bulunmayan, sistemdeki katilimeilar (diigiimler) tarafindan islemlerin
dogrulandig1, boylelikle de birbirine bagh ‘blok’ adi verilen yapilara kriptolojik olarak sifrelenmis sekilde
kaydedildigi bir veri tabamidir [21]. Literatiirdeki blok zincir arastirmalarinda uygulama odakli ¢alismalarin az ve
simirli sayida oldugu goriilmektedir [22, 23]. Bu baglamda, ¢aligmada e-ticaret alaninda faaliyet gdsteren
isletmelerin dijital doniisiim slrecinde blok zincir teknolojisine uyumunu kolaylagtirmak igin Onlerindeki
engellerin belirlenmesine yonelik kiiresel bulanik AHP yonteminden faydalanilarak bir degerlendirme yapilmustir.

Analize iligkin uygulama adimlar1 asagida paylagilmistir.

Adim 1: Problemin Hiyerarsik Yapisinin Tanimlanmasi: Onerilen model igin, Tablo 2°de gdsterildigi gibi 6

kriter belirlenmistir. Onerilen model ise, Sekil 1°de verilmistir.
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Tablo 2. Kriter agiklama ve referanslari

Kriterler Aciklama Kaynak

Q1 Gecikme Bir Bitcoin islemi, yeni bir blok olugturma siireci olarak yaklasik 10 dakika siirer. Bu siire,  [1]
finansal islemler i¢in uzun olarak kabul edilebilir.

Q2 Gizlilik Agdaki her diigiim, agm islem verilerinin tam ge¢misini saklar. Bu durum, bazi [23]

eksikligi uygulamalar i¢in bir 6zellik ve giivenlik agisindan bir avantaj saglarken, gizliligin 6nemli
oldugu kullanim senaryolari igin bir kisitlama olabilir.

Q3 Esneklik Blok zincirinin degismez ve yalnizca eklenebilir 6zellikleri, islemlerin bitiinliginin  [23]

sinirlamalart  saglanmasim garanti eder, ancak islemlerde degisiklik yapilmasini gerektiren kullanim
durumlari i¢in engel olusturabilir.

Q4 Devlet Blok zincir mimarisinin dagitilmis yapist belirli kullanim durumlan igin belirgin = [24]

Denetimi avantajlar sunarken, denetim odakli organizasyonlar i¢in genel kontrol ve yonetim
acisindan 6nemli bir kisitlama olabilir.

Q5 Boyut Blok zincirler tizerindeki islemlerin boyutlarmin miimkiin oldugunca kiigiik tutulmas1  [24]

Biiyiikligi gerektigi i¢in, fotograf gibi biiyiik veri dosyalar1 blok zincirlerde depolanamaz.

Q6 Maliyet Her digiimiin blok zincirindeki fikir birligine ulasmak i¢in tekrarlayan gorevleri yerine  [4]
getirmesi gerektiginden, blok zincirlerin isletilmesi maliyetlidir. Her is modeli i¢in uygun
olmama, yuksek enerji tiketimi ve zor entegrasyon sureci, bu teknolojinin maliyetini
etkilemektedir.

Maliyet

Blok Zincir
Teknolojisi

Benimsenmesinin

Onundeki Engeller

Esneklik
sinirlamalari
Devlet
Denetimi
Sekil .1 Onerilen model
Adim 2: Kiiresel Bulamk ikili Karsilastirma Matrisinin Olusturulmasi:

5 Karar verici tarafindan Tablo 1'de gdsterilen dilsel terimler kullanilarak ikili karar matrisleri olusturulmustur.

Tablo 3-7de kriterler i¢in hazirlanan matrisler gosterilmektedir. Her Karar verici i¢in matrisler sunulmustur.
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Tablo 3. Karar verici 1 igin kriterlerin ikili kargilastirma matrisi

Q1 Q2 Q3 Q4 Q5 Q6
a b c a b c a b c a b c a b c a b c

Q1 05 04 04|09 01 0 o6 04 03|08 02 01|08 02 01|06 04 03
Q2 01 09 0 05 04 04|01 09 0 62 08 01|02 08 01|03 07 02
Q3 04 06 03|09 01 0 05 04 0409 01 0 08 02 01|08 02 01
Q4 01 09 0 o4 06 03|04 06 03|05 04 04|03 07 02|04 06 03
Q5 02 o8 01|08 02 0102 08 01|07 03 02|05 04 04|04 06 03
Q6 o4 06 03|07 03 02|02 08 01|06 04 03|06 04 03|05 04 04

Tablo 4. Karar verici 2 igin kriterlerin ikili kargilastirma matrisi

Q1 Q2 Q3 Q4 Q5 Q6

a b c a b c a b c a b c a b c a b c

Q1 o5 04 04|07 03 02|03 07 02|05 04 04|07 03 02|07 03 02
Q2 03 0o07 02|05 04 04|03 O7 02|03 07 02|06 04 03|06 04 03
Q3 07 03 02|07 03 02|05 04 04|06 04 03|07 03 02|07 03 02
Q4 03 07 02|06 04 03|05 04 o04|05 04 04|07 03 02|08 02 01
Q5 03 0O07 02|05 04 04|06 04 03|06 04 03|05 04 04|06 04 03
Q6 03 0o07 02|04 06 03|03 07 02|02 08 01|04 06 03|05 04 04

Tablo 5. Karar verici 3 i¢in kriterlerin ikili karsilagtirma matrisi

Q1 Q2 Q3 Q4 Q5 Q6
a b c a b c a b c a b c a b c a b c

Q1 o5 04 04|08 02 01|08 02 oO01|05 04 04|07 03 02|08 02 01
Q2 02 o8 01|05 04 04|03 O7 02|02 08 01|02 08 01|04 06 03
Q3 02 o8 01|07 03 02|05 04 04|07 03 02|08 02 01|06 04 03
Q4 05 04 04|08 02 01|03 07 02|05 04 04|05 04 04|07 03 02
Q5 03 o7 02|08 02 01|02 08 01|05 04 04|05 04 04|07 03 02
Q6 02 08 01|06 04 03|04 06 03|05 04 04|03 O7 02|05 04 04

Tablo 6. Karar verici 4 igin kriterlerin ikili kargilastirma matrisi

Q1 Q2 Q3 Q4 Q5 Q6
a b c a b c a b c a b c a b c a b c

Q1 05 04 04|01 09 0 08 02 01|02 08 01|02 08 01|03 07 02
Q2 o4 06 03|05 04 04|07 03 02|05 04 04|09 01 0 07 03 02
Q3 o4 06 03|06 04 03|05 04 04|01 09 0 03 07 02|03 07 02
Q4 05 04 04|05 04 04|04 06 03|05 04 04|06 04 03|05 04 04
Q5 05 04 04|01 09 0 07 03 02|04 06 03|05 04 04|07 03 02
Q6 o7 03 02|03 07 02|07 03 02|05 04 04|03 O0O7 02|05 04 04

Tablo 7. Karar verici 5 igin kriterlerin ikili kargilastirma matrisi

Q1 Q2 Q3 Q4 Q5 Q6

a b c a b c a b c a b c a b c a b c

Q1 05 04 04|01 09 0 062 08 01|02 08 01]01 09 0 01 09 0
Q2 09 01 0 05 04 0409 01 0 08 02 01|09 01 0 09 01 0
Q3 08 02 01|01 09 0 05 04 04|07 03 02|08 02 01|08 02 01
Q4 o8 02 01|07 03 02|03 07 ©02)05 04 04|09 01 0 08 02 01
Q5 09 01 0 01 09 0 062 08 01|01 09 0 05 04 04|02 08 01
Q6 09 01 0 01 09 0 062 08 01|05 04 04|08 02 01|05 04 04
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Admm 3: Kiiresel Bulamk ikili Karsilastirma Matrisinin Birlestirilmesi: Karar vericiler tarafindan yapilan
degerlendirme sonucunda Tablo 8’de yer alan kuresel-bulanik degerler kullanilarak ikili karar matrisleri

birlestirilir.

Tablo 8. Birlestirilmis Matris
Q1 Q2 Q3 Q4 Q5 Q6
u v n u u u u u v T v T u v T u v n
Q1 050 040 040 | 0,35 038 040 | 040 040 046 | 000 034 000 | 047 039 0,00 | 038 0,46 0,00
Q2 029 050 000 | 050 045 054 | 054 054 051 | 0,15 040 040 | 036 042 000 | 034 0,551 0,15
Q3 045 044 018 | 048 064 060 [ 060 060 032 | 000 032 000 | 05 040 038 | 048 032 0,00
Q4 036 046 000 | 058 056 062 | 062 062 040 [ 040 036 024 | 037 059 029 | 050 040 040
Q5 038 044 000 | 0,32 0,50 047 | 047 047 048 | 0,00 042 000 | 032 057 000 | 038 048 0,00
Q6 043 040 000 | 0,35 044 050 | 050 050 0,46 | 0,29 054 000 | 026 060 0,16 0,43 0,46 0,29

Admm 4: Kriterlere Ait Kiiresel Bulanmik Agirhiklarin Hesaplanmasi

Son adimda, Es. 1°de verilen SWAM operatdrii kullanilarak kriterlerin kiiresel bulanik agirliklarini hesaplanmstir.
Ardindan Es. 1’de verilen degerlere gore agirliklar berraklastirilip, sonrasinda her bir kriterin yerel agirliginin
belirlenmesi i¢in degerler, siitun toplam degerine boliinerek hesaplanmistir. Tablo 9-11’de kriter agirliklart

sunulmustur.

Tablo 9. SWAM operatoriiyle hesaplanmig kriter agirliklar:

u v n
Q1 0,565 0,555 0,238
Q2 0,577 0,571 0,252
Q3 0,701 0,483 0,277
Q4 0,679 0,570 0,333
Q5 0,548 0,621 0,264
Q6 0,558 0,648 0,323

Tablo 10. Skor fonksiyonu ile durulastirilmis kriter agirliklart

Durulastirilmig agirliklar

Q1 15,743
Q2 16,033
Q3 19,634
Q4 18,688
Q5 15,113
Q6 15,137

Tablo 11. Normalize edilmis oncelik vektorii

Normalize edilmis agirliklar Siralama
Q1(Gecikme) 0,157 4
Q2(Gizlilik eksikligi) 0,160 3
Q3(Esneklik sinirlamalar) 0,196 1
Q4(Devlet Denetimi) 0,186 2
Q5(Boyut Bityiikliigii) 0,151 5
Q6(Maliyet) 0,151 6
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En yiiksek onem agirhigma sahip kriter esneklik sinirlamalar1 Kkriteri olarak ortaya ¢ikmustir. Diger kriterler
sirastyla; devlet denetimi, gizlilik eksikligi, gecikme, boyut biiyiikliigii ve maliyet olarak belirlenmistir. Elde edilen
bulgulara gore, esneklik sinirlamalar: e-ticaret faaliyetlerinde blok zincir teknolojisi benimsenmesinin en 6nemli
engel olarak goriilmektedir. Esneklik sinirlamalarinda sabit protokoller bulunmaktadir. Blok zinciri protokolleri
genellikle katidir ve degisiklik yapmak zordur. Bu, yeni 6zelliklerin veya iyilestirmelerin hizla entegre edilmesini
engelleyebilir. Bunun yani sira, merkezi olmayan, dinamik karar alma siiregleri, degisikliklerin uygulanmasini
yavaglatabilir. Bu, e-ticaret platformlarinin  hizli pazar degisimlerine uyum saglama yetenegini
sinirlayabilmektedir. Blok zinciri teknolojisinin hala gelismekte olan bir alan olmasi, standartlarin ve en iyi
uygulamalarin eksikligine yol acar. Bu durum, teknolojinin farkli e-ticaret platformlarinda tutarli bir sekilde
uygulanmasini zorlastirmaktadir. Bir diger 6nemli engel, devlet denetimidir. Birgok Ulke, blok zinciri ve kripto
para birimleri i¢in heniiz tam kapsaml yasal ger¢eveler olusturamamistir. Bu belirsizlik, e-ticaret girketlerinin blok
zinciri tabanli ¢Oziimleri benimsemesini yasal riskler hakkinda net bir bilgiye sahip olmadiklarindan
zorlastirmaktadir. Blok zinciri tabanli iglemler icin net vergi diizenlemelerinin olmamasi, e-ticaret sirketlerinin
vergi uyumunu zorlastirmaktadir. Kripto para birimleriyle yapilan islemlerin nasil vergilendirilecegi konusu birgok
ulkede hala belirsizdir. Ozellikle uluslararasi e-ticaret yapan sirketler i¢in biiyiik bir engel olusturmaktadir. Bir
iilkede yasal olan bir uygulama, baska bir {ilkede yasak olabilir veya farkli diizenlemelere tabi olabilmektedir.
Maliyet unsuru ise, digerlerine gore, daha zayif bir engel olarak godrtlmektedir. Bunun sebebi, blok zincir
teknolojisinin sagladigi verimlilik, giivenlik ve seffaflik gibi faydalar, baslangic maliyetlerini telafi
edebilmektedir. E-ticaret alaninda faaliyet gdsteren karar vericiler, uzun vadede bu teknolojiden elde edilecek
kazanglarin, baslangigta yapilan yatirimlari karsilayabilecegini diisiinmektedir. Bununla birlikte Hiuktmetler ve
ozel sektor, blok zincir teknolojisinin benimsenmesi i¢in ¢esitli tesvikler ve finansal destekler saglayabilir. Bu
destekler, maliyet engelini asmada 6nemli bir rol oynamaktadir. Blok zinciri uygulamalarinin gelistirilmesi ve
uygulanmasi i¢in gerekli olan yazilim miihendisligi ve proje yonetimi maliyetleri gibi gerekli teknolojik altyapinin
olusturulmas: ylksek maliyetlidir. Gelismis giivenlik onlemleri ve veri gizliligi ¢oziimleri, dnemli maliyet
giderlerini beraberinde getirmektedir. Bu maliyetlerin yonetilmesi ve minimize edilmesi, e-ticaret girketlerinin
blok zinciri teknolojisini daha genig ¢apta ve etkin bir sekilde benimsemelerini saglayabilir. Uygun maliyet
yonetim stratejileri ve teknolojik ¢ozlmlerle, blok zinciri teknolojisinin sundugu avantajlardan yararlanmak

mimkin hale gelebilir.

V. SONUCLAR

Glintimiizde dijital teknolojilerin gelismesi ve mobil cihazlarin yayginlagmasi, e-ticaret sektdriiniin hizla
biiylimesine neden olmustur. Bu biiylime ile birlikte, miisterilerin ¢evrimici aligveris yaparken duyduklari giivenlik
endiseleri de artmaktadir. Blok zincir teknolojisi, e-ticaret sektorii i¢in giivenli, seffaf ve etkili bir ¢6ziim sunma
potansiyeline sahiptir. Blok zincir, merkezi bir otoriteye bagli olmadan veri depolamak, dogrulamak ve islemek
icin kullanilan dagitik defter teknolojisidir. Blok zincir, zincirleme baglanan veri gruplarindan, yani bloklardan
olusur. Bu bloklar, sifrelenmis islem verilerini ve 6nceki blokla ilgili bilgileri icerir. Blok zincir teknolojisi, veri
isleme silirecinde karmasik matematiksel algoritmalar kullanarak bloklarin igeriginin degistirilemez olmasini
saglar. Bu 6zellik sayesinde, blok zincir teknolojisi verilerin giivenli ve seffaf bir sekilde saklanmasint miimkiin
kilar. Dijital doniisim siirecinde blok zincir teknolojisinin benimsenmesi, e-ticaret sektoriinde degisim yapma

kapasitesine sahip olsa da bu siire¢ ¢esitli engellerle karsi karsiyadir. Bu ¢alismada, yazindaki kaynaklardan
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faydalanilarak e-ticaret sektorii icin, dijital donisiim siirecinde blok zincir teknolojisinin benimsenmesinin
onitindeki engeller degerlendirilmis dneriler paylagilmistir.

Yapilan arastirma sonucunda, bu engellerde dne ¢ikanlar esneklik sinirlamalari, devlet denetimi, gizlilik eksikligi,
gecikme, boyut bilyiikliigli ve maliyet olarak belirlenmistir. Blok zincir teknolojisinin e-ticaret alaninda
benimsenmesinde esneklik sinirlamalari, 6nemli bir engel teskil etmektedir. Esneklik, bir teknolojinin degisen
gereksinimlere uyum saglayabilme yetenegidir. Blok zincir teknolojisi, islemlerin kaydedildigi sabit ve
degistirilemez bir yap1 sunmaktadir. Bu 6zellik, veri biitiinliigii ve giivenligi agisindan avantajli olsa da esneklik
acisindan smirlamalar getirebilmektedir. Esnekligi etkileyen bir diger 6nemli unsur, akilli sézlesmelerdir. Akill
sozlesmeler, blok zincir teknolojisinin 6nemli bilesenlerinden biridir. Ancak, bu sézlesmelerin esnekligi sinirlidir
ve yazilim hatalart veya degisen kosullara uyum saglama konusunda zorluklari beraberinde getirebilmektedir.
Ornegin, akilli sézlesmelerin giincellenmesi veya degistirilmesi zordur. Bu durum, e-ticaret sirketlerinin degisen
ticaret kosullarina hizli bir sekilde uyum saglamasini engelleyebilmektedir. Bunun yanisira, yapilan hatalarin
diizeltilmesi karmagik ve maliyetlidir. Bu durum, e-ticaret iglemlerinin giivenilirligini ve miisteri memnuniyetini
olumsuz etkileyebilir. Diger faktorler degerlendirildiginde,

Blok zincir teknolojisi, geleneksel finansal kurumlarin veya hiikiimetlerin denetimine tabi olmayan dagitik bir
yapiya sahiptir. Bu durum, bazi yasal ve diizenleyici zorluklari beraberinde getirir. Ozellikle vergilendirme ve
finansal suglar gibi konularda denetim zorlugu yasanabilmektedir. Ayrica, blok zincir islemleri onaylanma ve
dogrulama siirecleri nedeniyle gecikmeler yasanabilir. Yogun zamanlarda ve agdaki islem sayisinin artmasiyla bu
gecikmeler daha belirgin hale gelebilir. Bu durum, hizhi iglem gerektiren durumlarda dezavantaj olarak
gorilebilmektedir. Blok zincirlerin bilyiimesi, agin boyutunu artirabilir ve bu da depolama ve bant genisligi
gereksinimlerini artirabilir. Ozellikle blok zincirin tam bir kopyasini tutan diigiimler i¢in bu durum erisim engeli
olugturabilir. Son olarak, blok zincirlerin protokol ve yazilim giincellemeleri, agdaki tiim katilimeilarin onayini
gerektirebilir. Bu da hizli degisen piyasa kosullarina veya teknolojik yeniliklere uyum saglamada zorluklar
olusturabilir. Maliyet kriteri, digerlerine gore daha az dnemli bir engel olarak gériilmektedir. Bunun sebebi, blok
zincir teknolojisinin sagladigi verimlilik, giivenlik ve seffaflik gibi faydalar, baslangic maliyetlerini telafi
edebilmektedir. E-ticaret alaninda faaliyet gosteren karar vericiler, uzun vadede bu teknolojiden elde edilecek
kazanglarin, baslangigta yapilan yatirimlar karsilayabilecegini diisiinmektedir.

Bu dezavantajlar, blok zincir teknolojisinin benimsenmesini sinirlayabilir veya belirli kullanim durumlarma gore
uygulanabilirligini etkileyebilir. Ancak, bu dezavantajlarin iistesinden gelmek veya etkilerini azaltmak icin ¢esitli
yaklasimlar mevcuttur. Ornegin, maliyetleri minimize etmek icin alternatif blok zincir teknolojileri veya
Olceklenebilirlik ¢oztimleri lizerinde arastirma yapilabilir. Ayrica, kamu blok zincir aglarinda maliyetleri azaltmak
icin enerji verimliligini artirmaya yonelik inovasyonlara odaklanilabilir. Gizlilik sorunlarina ¢dziim olarak,
zorunlu olmayan veri saklama politikalartyla sadece gerektiginde bilgilerin paylasiimasint saglayan
ozellestirilebilir blok zincir ¢oziimleri gelistirilebilir. Diizenleyici uyumlulugu saglamak icin, blok zincir
projelerinde hiikiimetler ve diizenleyici kurumlarla is birligi yapilabilir ve uyumlu ¢oziimler gelistirilebilir. Ayrica,
islem siireglerini hizlandirmak igin blok zincir aglarmda paralel islemleri destekleyen ¢oziimler tizerinde
calisilabilir ve depolama ve bant genisligi gereksinimlerini minimize etmek i¢in veri sikistirma ve veri yonetimi
tekniklerinin kullanilmasi diisliniilebilir. Blok zincir tabanli projelerde giincelleme ve protokol degisikliklerini
kolaylasgtirmak i¢in akilli sézlesme yoOnetim araglari veya ag konsensiis mekanizmalarinin esneklestirilmesi

diistiniilebilir. Her bir &neri, belirli bir dezavantaji hedef alirken, biitiinsel bir yaklagimin benimsenmesi ve proje
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gereksinimlerine gére uygun stratejilerin belirlenmesi dnemlidir. Bu sayede, blok zincir tabanli sistemlerin
kurulmas: veya kullanilmast karar verilirken, bu faktorlerin dikkate alinmasi saglanabilir. Blok zinciri
teknolojisinin sundugu giivenlik, seffaflik ve verimlilik avantajlari, e-ticaret sektdriinde dnemli firsatlar sunmakla
birlikte, bu engellerin asilmasi gerekmektedir. Teknolojik gelismelerin saglanmasi, maliyetlerin yonetilmesi,
kullanic1 deneyiminin iyilestirilmesi, egitim programlarinin artiritlmasi ve kurumsal direngle basa ¢ikilmasi, bu
engellerin agilmasinda kritik rol oynayacaktir. Bu engellerin agilmasi, e-ticaret sektdrinln blok zincir
teknolojisinin sundugu avantajlardan tam anlamiyla yararlanabilmesi i¢in 6nemlidir. Hiikiimetlerin, diizenleyici
kurumlarm ve teknoloji saglayicilarinin is birligi icinde ¢alisarak bu engelleri agsmasi, blok zincir teknolojisinin
daha genis ¢apta benimsenmesini saglayabilir ve e-ticaret sektdriinde yenilik¢i ve glvenli ¢oziimlerin 6nlni

acabilir.
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Bu calismada, z yoniinde baglayici iplikle birlikte 3 katmanli tasarlanan kompozit levhalarin balistik
ozellikleri, olusturulan sonlu elemanlar modeli ile sayisal olarak incelenmistir. Burada baglayici z-
ipliklerin kompozit levhalarin balistik 6zelliklerine katkilari incelenmistir. Kompozit levhalar
tasarlanirken epoksi regine matris malzemesi olarak belirlenmis, takviye malzemesi olarak karbon ve
aramid elyaflar kullanilmistir. Levhalar 3 katmanli olacak sekilde ve baglayict iplik
bulunmasi/bulunmamast durumu ile 4 farkli levha seklinde MSC Digimat programinda tasarlanmustir.
MSC Digimat programinda bez ayagi kumas orgii modeli ile tasarlanan 3 boyutlu kompozit levhalarin
mekanik 6zellikleri program iizerinden alinarak sonlu elemanlar analizlerinde malzeme modeli olarak
kullanilmigtir. ABAQUS programinda VUMAT alt programi kullanilarak olusturulan kompozit malzeme
modelleri levhalara tanimlanmistir. Balistik bir analiz yapabilmek adina mermi ¢ekirdegi modeli igin
Parabellum 9x19 mm figek tercih edilmistir. Analizlerde mermi modeli rijit cisim olarak tasarlanmis olup
merminin levhaya ¢arpmadan onceki ilk hizi ve ¢arptiktan sonraki son hizlarinin karsilastirmasi niimerik
olarak yapilmustir. NIJ 0108.01 standard: test prosediiriine gore ABAQUS programinda Dinamik/Eksplisit
olarak ¢ozdiiriilen sonlu elemanlar analizleri sonucunda merminin ilk ve son hizi, merminin kinetik
enerjisi, levhalarin absorbe ettigi enerji ve mermi g¢ekirdeginin levhaya temas ettigi bolgedeki
deplasmanlar niimerik olarak incelenmistir. Karsilagtrmali olarak sunulan simiilasyon sonuglart
dogrultusunda 3 katmanli kompozit levhalarin mermiyi yavaslattigi ancak durduramadigi goriilmesine
ragmen baglayici z-ipliklerin levhalarin performanslarina bazi olumlu etkilerinin oldugu ortaya gikmustir.
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In this study, the ballistic properties of 3-layer designed composite plates with connecting thread in the z
direction were numerically examined with the established finite element model. Here, the contributions
of connector z-threads to the ballistic properties of composite sheets were examined. When designing
composite sheets, epoxy resin was determined as the matrix material, and carbon and aramid fibers were
used as reinforcement materials. The sheets were designed in the MSC Digimat program as 3 layers and
4 different sheets with/without connecting thread. The mechanical properties of 3D composite plates
designed with the fabric foot fabric knitting model in the MSC Digimat program were taken from the
program and used as material models in finite element analyses. Composite material models established
using the VUMAT subprogram in the ABAQUS program were defined on the sheets. In order to perform
a ballistic analysis, Parabellum 9x19 mm cartridge was preferred for the bullet model. In the analysis, the
bullet model was designed as a rigid body, and the comparison of the initial speed of the bullet before it
hit the plate and the final speed after it hit was made numerically. As a result of the finite element analyzes
solved Dynamically/Explicitly in the ABAQUS program according to the NIJ 0108.01 standard test
procedure, the initial and final speed of the bullet, the kinetic energy of the bullet, the energy absorbed by
the plates and the displacements in the area where the bullet core contacts the plate were numerically
examined. In line with the simulation results presented comparatively, although it was seen that the 3-
layer composite plates slowed down the bullet but could not stop it, it was revealed that the connecting z-
threads had some positive effects on the performance of the plates.
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. GIRIS

Giliniimiizde teknolojinin gelisimiyle ortaya ¢ikan ihtiyaglar dogrultusunda malzemelerin ¢ok daha {istiin
performans gostermesi, beklentiler arasindadir. Bu beklenti giin gectikge konvansiyonel malzemelerin yerine
kompozit malzemelerin kullanimini yayginlastirmistir. Bu malzemeler, geleneksel olarak adlandirdigimiz
malzemelerin sahip olmadig1 en iyilestirilebilir diizeyde tolerans ve performans gostergelerine sahiptirler. Tasarim
esnekligi agisindan tek fazli olarak adlandirilan yapilara kiyasla kolay islenebilirlik, iistiin 1s1l yiik dayanimu,
yiksek mukavemet, absorbe edebilme kabiliyeti, daha iyi mekanik, elektrik, termal vb. 6zelliklerinden dolay1

tercih sebebidirler.

Kompozit malzemeler farkli malzemelerin kendine has bazi 6zelliklerini bir araya getirerek daha iistiin yeni yapilar
ortaya ¢ikarma amaci ile bir¢ok alanda kullanilmaktadirlar. Hafifligin ve mukavemetin 6nemli oldugu, birbirine
z1it fonksiyonlar1 yerine getirmesi beklenen komponentlerde kompozit malzemelerin kullanimi 6nemlidir ve
yaygindir. Ozellikle hafifligin 6n planda tutuldugu havacilik ve otomotiv sektdrlerinde, balistik ve arag zirh1 amagh

kullanimi agisindan ise savunma sanayisinde siklikla tercih edilmektedirler [1].

Savunma sanayi alaninda siirekli olarak gelisen miithimmat gesitliligi ve mithimmatlarin yikict gliglerinin de
bununla birlikte artmasi, kompozit malzemelerin bu alanda kullanilmasini da yayginlastirmistir. Kompozit
malzemelerin absorbe etme yeteneginin bir¢ok malzemeye gore listiin olmasi, personel koruma amaciyla
kullanilan kasklarin ve kursungecirmez yeleklerin tiretiminde kullanilmasina olanak saglamistir. Bir baska acidan
bakildiginda ise koruma seviyesini artirmak amaciyla zirhli araglarin yapiminda yine kompozit malzemeler
kullanilmaktadir. Dolayisiyla kompozit malzemelerin savunma sanayine saglamakta oldugu ve gelecekte

saglayacagi katkilarin gesitliligi acisindan bu alanda arastirma ve gelistirme ¢aligmalar tim hiziyla siirmektedir.

Yanen ve Solmaz, tabakali hibrit kompozitlerin bireysel zirh malzemesi olarak kullanilabilirligini deneysel olarak
arastirmislardir. Caligma kapsaminda farkli fiber takviye acilarina, tabaka sayilarina ve kalinliklara sahip cam
fiber/aramid fiber/karbon fiber tabakali kompozit plakalarin balistik deneyleri yapilmis ve sonuglari incelenmistir.
Bu amagla 200x200 mm boyutlarindaki farkli fiber takviye agilarina ve kumas dokuma sekillerine sahip ¢ok
tabakali farkli kalinliklardaki plakalarin balistik performanslarini incelemislerdir. Caligma sonucunda twill

dokuma kumaglarin daha iyi balistik performans sergiledigi sonucuna ulagsmiglardir [2].

Yazici ve ark., kompozit yiizey plakali ve aliiminyum ¢ekirdekli sandvi¢ levhalarin balistik performanslarini sonlu
elemanlar yontemi ile incelemislerdir. Bu ¢aligmada amag, kompozit malzemenin enerji soniimleme
mekanizmalarimni kullanarak 6n kompozit plakada mermi enerjisinin diistiriilmesi, orta aliiminyum plakanin plastik
deformasyon ve siirtinme kabiliyetinden yararlanma, arka kompozit plakada ise merminin nihai enerjisinin
yayilarak tamamen yok edilmesi seklindedir. Bu kapsamda ¢alismada karbon ve aramid takviyeli epoksi matrisli
kompozit levhalarin arasinda aliiminyum ¢ekirdek kullanilmis ve Parabellum FMJ (Full Metal Jacket) fisek tercih
edilmistir. LS-DYNA iizerinde rijit yapida bir mermi kullanarak sonlu elemanlar modeli kurulmus ve farklh
hizlarda dinamik olarak sonlu elemanlar analizleri gerceklestirilmistir. Farkli N1J standartlarina uygun (NI1J 1I-A

ve NIJ II) mermi hizlarinda merminin sandvi¢ yapry1 delmedigi gézlemlenmistir [3].

Hassoon ve ark., farkli kalinlik ve katman sayisina sahip Kevlar 49 ve Ultra Yiiksek Molekiiler Agirlikli Polietilen
(UHMWPE) ile gii¢lendirilmis epoksi igin ABAQUS programinda diisiik hizda diisme deneyi (drop weight test)
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kullanarak bir sonlu elemanlar analizi ger¢eklestirmislerdir. Kullanici tanimli malzeme olan VUMAT alt programi
tabanli progresif hasar modeli ve ABAQUS Dynamic/Explicit sonlu elemanlar kodunda uygulanan Hashin hasar
kriterlerini kullanmiglardir. Ek olarak katmanlar arasi hasar modelleri, kohezyonlu bdlge modeline (CZM)
baghdir. Sayisal modelin giivenilirligini dogrulamak igin sayisal simiilasyon sonuglarini deney verileriyle

karsilagtirmiglardir [4].

Muiioz ve ark., yaptiklar1 ¢caligmada asimetrik lif dagilimina sahip hibrit bir 3D dokuma ortogonal kompozitin
balistik etkisi altindaki mekanik davranmigini, darbe testlerini ve hasar mekanizmalarmi X-151m bilgisayarli
tomografi analizinin bir kombinasyonu araciligiyla incelemislerdir. Bu ¢aligma kapsaminda kullanilan karbon-cam
elyafli dokuma kumasta, parcanin kalinlik dogrultusunca uzanan ve z-ekseni dogrultusunda yerlesen baglayici
liflerin balistik performansa etkisini incelemisler ve ABAQUS programinda kullanict tamimli VUMAT alt
programi tabanli Hashin progresif hasar modelli malzeme tasarimini kullanarak kompozit tanimin1 yapmislar ve
dinamik/explicit analizler i¢in sonlu elemanlar modeli olugturmuslardir. Olusturulan bu yapida sonlu elemanlar
yontemi ile elde edilen ve ayn1 zamanda deneysel olarak elde edilen verileri kargilastirmiglardir. Kalinlik boyunca
z-ipliklerin varligmin, her iki durumda da hasarin mermi yoriingesi cevresinde lokalize olmasi nedeniyle 2D
dokuma kompozitlerle karsilastirildiginda balistik performanst 6nemli Slgiide iyilestirmedigi goriilmistiir.
Bununla birlikte hibrit 3D dokuma kompozitler tarafindan dagitilan enerji, karbon elyafa ¢arptiginda artmistir. Son
olarak artik hiz egrilerinin yan1 sira enerji dagilim mekanizmalarinin, sonlu elemanlar analizi ¢ergevesinde gomuli

eleman yontemine dayanan sayisal simiilasyonlar yoluyla yeniden iiretilebilecegini gostermislerdir [5].

Bu alanda yapilan ¢aligmalar incelendiginde, bezayagi dokuma yontemi ile tasarlanan karbon ve aramid elyafli 3D
kompozit yapilarda z-eksenindeki baglayici ipliklerin mekanik ozelliklere etkisinin incelenmis oldugu, balistik

performansa etkisinin de incelenmesi gerektigi yoniinde bir ¢aligma ihtiyaci oldugu gérilmiistiir.

Yapilan bu calismada ise karbon elyaf ve aramid elyafli epoksi kompozit malzeme ile tasarlanan 3 katmanh
kompozit levhalarin z-eksenindeki baglayici ipliklerinin balistik performansa etkisi sonlu elemanlar yontemi ile
incelenmistir. Kompozit malzemelerin tasarimi MSC Digimat programinda gerceklestirilmistir. Balistik
degerlendirmeler i¢in NIJ 0108.01 standartina gdre sonlu elemanlar analizleri ise ABAQUS programinda

gergeklestirilmistir.

Bu calisma sonucunda, eklenen baglayict z-iplikler sayesinde levhalarin rijitliginin artirildigt goriilmektedir.
Rijitligin artmasi her ne kadar aramid elyafin mermiyi durdurma giiclinii artirmamais olsa da burada elde edilen
veriler 151¢1nda baglayici z-iplikli elyaflarin mermiye kars: direng ihtiyaci gerektiren tasarimlarda kullanilmasinin
miimkiin oldugu goériilmiistiir. Bu calismayla balistik amagli kompozitlerde sadece tek tip takviye kullanilmasi
yerine birden fazla elyaf igceren hibrit takviyesi kullanilmasiyla optimum rijitlik, mukavemet ve enerji soniimleme

Ozelligine ulagilabilecegi ve kompozit yapilarda hedeflenen balistik yeterliligin kolaylikla saglanabilecegi

sonucuna varilmistir.
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Il. TEORIK METOD

2.1 Kumas ve Kompozit Malzeme Tasarim

Kumas tasarimi i¢in makro yapimin matrisi olarak epoksi regine tercih edilmistir. Karbon elyaf malzeme igin
TORAY markasinin T300 kodlu iiriinii tercih edilmistir. Tercih edilen karbon elyaf, 3000 filament sayisina
sahiptir. Elyaf ¢ap1 7 mikrometredir. Aramid elyaf i¢in DUPONT markasinin Kevlar-49 kodlu drini tercih
edilmistir. Tercih edilen aramid elyaf, 768 filament sayisina sahiptir. Elyaf ¢ap1 12 mikrometredir. Kumasg
tasarimlarinda kullanilan malzemelerin elastisite modiili, yogunluk ve poisson orani degerleri Tablo 1’de

verilmistir. Bu ¢alismada kullanilan elyaflarin 6zellikleri Tablo 2’de goriilmektedir.

Tablo 1. Kumas tasarimi i¢in kullanilan malzemelerin temel 6zellikleri

Malzeme Elastisite Modulu Yogunluk Poisson Orani
(GPa) (g/cm®) v)
Epoksi Regine 359 1.15 0.389
Karbon Elyaf 230 1.76 0.27
Aramid Elyaf 1124 1.44 0.36

Kumas tasarimi, MSC Digimat programinda MF modiilii yardimiyla gerceklestirilmistir. MF modiiliinde
Tablo.1’de verilen malzeme Ozellikleri tanimlanarak kullanilacak ana malzemeler programa tanimlanmistir.
Malzeme oOzellikleri tanimlandiktan sonra yapi olusturma ekraninda ‘Fabric’ secenegi isaretlenerek orgii yapi
olusturma tanimi yapilmistir. Burada olusturulan malzemelerden epoksi regine matris olarak, karbon ve aramid

elyaflar ise iplik olarak se¢ilmistir.

Tablo 2. iplik tasarim dzellikleri

Iplik Elyaf Cap1 Filament Sayisi Iplik Genisligi Iplik Yiiksekligi
(pm) (mm) (mm)

Karbon 7 3000 1 0.15

Aramid (Kevlar) 12 768 0.75 0.15

Bezayag 6rgii modelinde 3 katmanli bir kumas tasarimi gerceklestirilmistir. Kumasin tasariminda karbon elyaf
icin cm?de 9 atki ve ¢dzgii tanim1 yapilmistir. Aramid elyafin iplik genisligi daha diisiik oldugundan kumas modeli
cikartlirken cm? de 13 atki ve ¢zgii tanimu gergeklestirilmistir. Tasarimda 3 katli kumas olusturuldugunda, 4 levha
icin de olusan toplam kalinlik 0.9 mm olmustur. Baglayici iplikler 3 kat kumagta dikey yonde 3 kat1 birden
tutmaktadir (Sekil 1). MSC Digimat programi tarafindan elde edilen kompozit malzemelerin mekanik dzellikleri

Tablo 3’te verilmistir.

Tablo 3. Digimat MF tarafindan hesaplanan yapilarin mekanik 6zellikleri
Malzeme Tutucu E: E; E; Vi2 Vi3 Vo3 G G Gas d
Iplik (GPa) (GPa) (GPa) (GPa) (GPa) (GPa) (g/lcm®)
Karbon-Epoksi Var 121,57 139,69 105,14 0,24 0,38 0,35 40,55 35,05 36,693 1,53
Karbon-Epoksi Yok 150,64 150,64 116,38 0,26 0,36 0,36 54,79 39,64 39,64 1,58
Aramid-Epoksi Var 79,64 82,31 74,72 0,34 0,38 0,38 26,77 25,32 25,84 1,35
Aramid-Epoksi Yok 84,54 84,54 75,93 0,35 0,39 0,39 31,9 28,8 28,8 1,34
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Sekil 1. Baglayicr iplikli 3D kumas tasarim 6rnegi

2.2 Matematiksel Model

Bu ¢alismada kullanilan karbon ve aramid elyafli epoksi kompozit malzemelerin hasar baglangici goriilebilmesi
icin matematiksel model hazirlanirken ‘Hashin Hasar Kriterleri® kullanilmigtir. Hasar baslangici, maddesel bir
noktada bozulmanin baslamasini ifade eder. ABAQUS'te elyaf takviyeli kompozitler i¢in hasar baslangici
kriterleri, Hashin'in teorisine dayanmaktadir [6, 7]. Bu kriterler dort farkli hasar baglatma mekanizmasini géz
oniinde bulundurur: fiber ¢ekme, fiber basma, matris ¢ekme ve matris basma olarak tanimlanabilir. Bu hasar

baslangici mekanizmasinin takip ettigi temel matematiksel model ise Denklem (1), (2), (3) ve (4) ile verilmistir.

Fiber cekme (6, = 0) :

=)+ (@) »
Fiber basma (6,, < 0)

S~ N2
i = (%) @
Matris cekme (65, = 0)

= G2 + (2 ®
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Matris basma (6,, < 0)

~ 2 ~ o~
= ()" + |G -1 G) () X

Denklem takiminda belirtilen X7 boyuna ¢ekme dayanimi, X¢ boyuna basma dayanimi, Y7 enine ¢ekme dayanim,
Y€ enine basma dayanimi ve S©T ise boyuna ve enine kayma dayanimlarini temsil etmektedir. Yine ayni sekilde
denklem takiminda goriinen « , kayma geriliminin elyaf ¢ekme yoniinde hasar baslangici kriterine katkisini

belirleyen bir katsayidir. 6;4, 65, Ve T, ise etkin gerilim tensoriiniin bilesenleridir.

&, hasar baslangig kriterlerini degerlendirmek i¢in kullanilir ve asagidaki denklem takimindan hesaplanir:

=N
Il
=<
Q

Burada o nominal gerilmeyi, M ise hasar operatorinii temsil eder:

M=| o (1) 0 (5)

ds , dy, d, degiskenleri; fiber, matris ve kayma hasarmi karakterize eden hasar degiskenleridir. Bu degiskenler

hasar degiskenlerinden tiiretilen d} , d]?, dt, , dS, ve 4 moda karsilik gelen degiskenlerdir.

_(df if (612 0)
= {d}’ if (11 < 0) ©
_ (dhn if (6222 0)
dm = {d,cn if (62, <0) @
dg=1-(1-d)(1—-d)(1—di)(A—dyy 8)
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Herhangi bir hasar baglangici ve evriminden Once M, hasar operatori birim matrise esittir yani
& = o olur. En az bir mod i¢in hasar baslangici ve gelisimi gergeklestiginde hasar operatorii, diger modlarin hasar
baglatma kriterlerinde 6nemli hale gelir. Etkin gerilimin, i¢ kuvvetlere etkili bir sekilde direnen hasarli alan

tizerinde etkili olan gerilimi temsil etmesi amaglanir [6, 7].

Hasarin baslamasindan 6nce malzeme, bir ortotropik malzemenin diizlem gerilme rijitlik matrisi ile dogrusal

olarak elastiktir. Daha sonra, malzemenin tepkisi su sekilde hesaplanir:

o = Cy¢, 9)

Burada ¢ birim sekil degistirme ve Cy hasarli esneklik matrisidir:

) (1—-df)E, (1—df)(1 — dp)921E; 0
Ca=75|(1-dr)A = dn)i2E, (1 —dn)E; 0 (10)
0 0 (1-d;)GD

Bu matristeD =1 — (1 - df)(l — d;y)02194, , dy fiber hasarinin mevcut durumunu, d,,, matris hasarmin mevcut
durumunu, d; kayma hasarinin mevcut durumunu, E; fiber dogrultusundaki elastisite modiiliinii, E, matris

dogrultusundaki elastisite modiiliinii, G kayma modiiliinii, 9,, ve 9J;, poisson oranlarini temsil eder.

Hasar ilerlemesinde 4 hasar modunun her biri i¢in esdeger gerilme ve esdeger deplasman agagidaki Tablo 4’teki

gibi tanimlanir, burada Lc karakteristik uzunlugu temsil etmektedir.

Tablo 4. Her mod i¢in esdeger gerilme ve esdeger yer degistirme [8]

Hasar modu Esdeger Yer Degistirme Esdeger Gerilme

Fiber ¢cekme hasar1 Lc V(ew)? + (e12)? + (€31)? Lc(o11€11+612€1+031€31)/O1.eq

Fiber basma hasari Lcv (—€11-({€33). Ea/E11))? Le(Ewa(—€11—(€ss).Ea3E11)/02,6
Matris gekme hasart LeV(ex)? + (e12)? + (€25)? Le(o22€201012€10H623€23)/ 039

Matris basma hasari LeV((—e2—(€ss).EssE)2+(€12)?) LC(Ezo(—€20—(€33)-EasE22+0612€12)/82,eq

Bu denklem takimlarinin yardimi ile Abaqus programinda kompozit malzemelerin Hashin hasar tanimlamalar1

Tablo 5’te verilmistir.

Tablo 5. Hashin hasar tanimlar1 [4,5]

Xt Xc Yt Yc St,c Glt Glc sz GZC
(MPa) (MPa) (MPa) (MPa) (MPa) (N/mm) (N/mm) (N/mm) (N/mm)
Karbon-Epoksi 2210 1800 69 111 42 127 94 1 8
Aramid-Epoksi 2490 700 800 700 53 815 106.3 0.28 0.79

602



3 Katmanl Kompozit Balistik J. Innovative Eng. Nat. Sci., c. 4, s. 2, $5.596-612, 2024.

Tablo 5’te belirtilen X; boyuna ¢ekme dayanimi, X; boyuna basma dayanimi, Y; enine ¢ekme dayanimi, Y. enine
basma dayanimi, S ise enine ve boyuna kayma dayanimi olarak temsil etmektedir. G semboli ile gosterilen
degerler ise kirilma tokluklarini temsil etmektedir. Burada G degerleri, esdeger gerilme ve esdeger yer degistirme

egrisinin altinda kalan alan hesaplanarak elde edilmektedir.

2.3 Parabellum Mermi Olgiileri ve Standartlar

Mermi ¢ekirdegi icin 9x19 mm Parabellum mermi modeli de Sekil 2’ye uygun olacak sekilde modellenmistir.

o R1 9,96
o E1 8,79
@ P1 9,93 o H2 9,65
\ o G19,03
- »
delta 35,00°
beta
45,00°
f 0,30
R 1,27 |
i e 0,90
N E 2,98
L3 19,15
. L6 29,69 .

Sekil 2. 9x19 mm Parabellum mermi ol¢leri [9]

Mermi ¢ekirdegi modellenirken rijit eleman seklinde modellenmis olup, u¢ noktasma 8 gr kiitle tanimlamasi

yapilmigtir. Abaqus programinda olugturulan model Sekil 3’te verilmistir.

Sonlu elemanlar modeli hazirlanirken ise mermi hizini belirlemek i¢in Tablo 6’da verilen NIJ 0108.01 koruma

seviyeleri ve mermi hizlarindan faydalanilmistir.

Tablo 6. NI1J 0801.01 koruma seviyeleri ve mermi hizlari [10]

Koruma Test Mithimmatt  Nominal Mermi  Onerilen Namlu Gerekli Mermi Numune Basma izin
Seviyesi Cekirdek Uzunlugu Hiz1 Gerekli Vurus Verilen
Kditlesi (mfs) Penetrasyon
1-A 9 mm 8¢ 10-12 cm 332 +12 5 0
1 9 mm 8¢ 10-12 cm 358 + 12 5 0
II-A 9mm 8¢ 24-26 cm 426 + 12 5 0
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2.4 Sonlu Elemanlar Modeli

Sonlu elemanlar modeli olusturulurken levha ve mermi modellemeleri 3 boyutlu sekilde yapilmistir. ABAQUS
programinda kompozit plakalar i¢in 200x200x9 mm levha modellenmigtir. Tablo 3’teki malzeme 6zellikleri
VUMAT alt program (subroutine) tanimi ile levhalara ayri ayr1 tanimlanmigtir. Ayni sekilde bu analizde ek olarak
Tablo 5’teki Hashin kompozit hasar modelleri de levhalarin malzeme kartlarina eklenmistir. Kompozit levha 0.3
mm katman kalmligma sahip 3 katmandan olusmaktadir. Malzeme oOzellikleri 3 katman birlesmesinden
hesaplatildig1 icin kompozit levha toplam kalinlig1 olan 0.9 mm kalinliginda, tek katmandan olusacak sekilde

modellenmistir.

Sekil 3. ABAQUS programinda hazirlanan mermi ve levha modeli

Modelin olusturulmasindan sonra smir sartlari belirlenmistir. Sinir sartlari tanimlamalart yapilirken, levha 4
kenarindan ankastre mesnetlenerek her dogrultudaki 6teleme ve donme hareketi kisitlanmistir. Mermi igin ise,
dikey dogrultuda oteleme hareketi serbestligi verilmistir. Olusturulan modelde mermiye NIJ-II A koruma
standartlarina gore 344 m/s ilk hiz tanimlanmistir. Mermi levhaya carptiktan sonra merminin hizinda meydana
gelen degisim incelenmek istendiginden bu tanimlama gergeklestirilmistir. Ayrica mermi, rijit bir cisim olarak
modellendigi i¢in herhangi bir malzeme tanimlamasi mermiye tanimlanmamistir. Sonlu elemanlar analizinin
gerceklestirilebilmesi ig¢in kompozit levhanin ve mermi modelinin mesh ag1 olusturularak matematiksel model
hazirlanmigtir. Sonlu elemanlar modelinde kompozit levha i¢in “Continuum Shell” tanimi yapilmis ve SC8R kodlu
elemanlar kullanilmistir. Kompozit levhanin mesh yapis1 5184 diigiim noktas: ve 3675 elemandan olugmaktadir.
Mermi ¢ekirdegi ise 504 adet R3D4 ve 48 adet R3D3 kodlu rijit elemanlardan ve toplam 530 diigiim noktasindan
olusmaktadir. Olusturulan mesh modelde eleman erozyonu da agilarak hasar alan elemanlarin sonu¢ ekraninda
silinmesi amaglanmistir. Olusturulan sonlu elemanlar modeli Sekil 4’te verilmistir. Olusturulan bu model

ABAQUS programinda Dynamic/Explicit analiz modeli olarak ¢éziimlenmistir.
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Sekil 4. Sonlu elemanlar modeli

I1l. BULGULAR VE TARTISMA

Dinamik/Eksplisit sonlu elemanlar analizleri sonucunda mermi ¢ekirdegi 4 kompozit levhay1 da delip ilerlemeye
devam etmistir. Bunun sebeplerinden biri bu modelde kullanilan kompozit levhalarin kalinliklarinin normalde
kullanilanlara gére ince tasarlanmis olmasi ve 10-15 katmanli yapilar yerine sadece 3 katman i¢in degerlendirilmis

olmasidir. Merminin ilk temas an1 ve temas sonrasi levhay1 delme aninda elde edilen gorsel Sekil 5’te verilmistir.

—
—
-

Sekil 5. Merminin temas ani(solda) ve merminin levhay1 delme ani(sagda)

Merminin levhalar iizerinde biraktigi fiber ve matris icin ¢ekme ve basma hasarlar1 Sekil 6’da ve Sekil 7’de

verilmistir.
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Sekil 6. Fiber basma(solda) ve fiber cekme(sagda) hasar bolgeleri

Sekil 7. Matris basma(solda) ve matris ¢ekme(sagda) hasar bolgeleri

Mermi ¢ekirdeginden alinan ilk ve son hiz verileri, analizi yapilan 4 farkli kompozit levha i¢in de karsilagtirmali

olarak Sekil 8’de verilmistir.

[k hizinin 344 m/s oldugu bilinen mermi ¢ekirdeginin son hizi, karbon ve aramid elyaflar igin karsilagtirilmistir.
Burada yapilan analizlerde tutucu ipliklerin mermi g¢ekirdeginin hizinda biiyiik farkliliklara yol agmadigi
goruliirken, karbon ve aramid elyaflar arasinda farkliliklar s6z konusudur. Bu analizlerde kullanilan hasar kriterleri
ve malzeme Ozelliklerindeki farkliliklardan otiirii aramid elyaf ile karbon elyaf arasinda 20 m/s’ye yakin mermi
hizinda farkliliklar oldugu goriilmistir. Mermi hizlarimin farkliligina levhalarin tasarimida kullanilan
filamentlerin sayisindaki degiskenligin (bkz. Tablo 2), bu degiskenligin etkilemis oldugu alansal yogunlugun ve
E1, E2 ve Ez degerlerinin farkliliginin sebep oldugu sdylenebilir. Levhanin mermi ¢ekirdegi ile temas ettigi bolgede

olusan deplasman degerleri Sekil 9’da verilmistir.
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Sekil 8. Mermi gekirdeginin hizt
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Sekil 9. Levhanin mermi ¢ekirdegi ile temas ettigi bolgede olusan deplasman

Merminin levhaya temas ettigi bolgede olusan deplasman degerleri incelendiginde, aramid elyaflarin kopmadan
evvel karbon elyaflara gore az da olsa daha uzun siire dayandig1 ve karbon elyaflara gére daha az deplasmana
ugradig1 goriilmektedir. Ayni sekilde bu grafikten ¢ikarilabilecek yorumlardan bir digeri, katman tasariminda
tutucu iplik bulunan levhalarin bulunmayanlara gore daha fazla deplasmana ugramasi ancak daha uzun siire

kopmadan dayanabilmesidir.

Mermi ¢ekirdeginin kompozit levhaya carpmasi ile olusan darbe kuvvetinin etkisi sonucu kompozit levha tizerinde

ani bir gerilme dalgasi olusur. Bu dalganin yayilimi diizlem dis1 deplasmanlara neden olarak levha boyunca her
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iki yonde siniizoidal bir dalga hareketi ortaya ¢ikarir. Olusan bu sok dalgasinin levhada neden oldugu formun belli

bir andaki goriiniimii Sekil 10°da gorilmektedir.

Sekil 10. Levhalarda olusan dalgalanma hareketi

Levha dalgalandig: siire boyunca tepki kuvvetleri de yon degistirir. Karbon ve aramid epoksi kompozit levhalarin

ayr1 ayri1 tepki kuvvetlerini gosteren grafikler Sekil 11 ve Sekil 12°de gosterilmistir.
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Sekil 11. Karbon elyafli kompozit levhalarmn tepki kuvvetleri

Grafikler dikkatlice incelendiginde, tutucu ipliklerin tepki kuvvetine kars1 gosterdigi rijitlik agikca goriilmektedir.
Hem karbon elyafli hem de aramid elyafli kompozit levhalar i¢in tasariminda tutucu iplik kullanilan yapilar daha
rijit hale geldiginden dolay1 bu iplikler dalgalanma hareketleri esnasinda tepki kuvvetinin yoniiniin bityiik sayisal

degerler ile degistirmesini engellemistir. Ayrica tutucu iplik bulunmayan kompozit levhalar, her iki yonde de
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maksimum tepki kuvvetine ulasan levhalar olmuslardir. Bir diger yandan karsilagtiracak olursak, aramid elyafh
kompozit levhanin tepki kuvvetlerinin zaman boyunca karbon elyafli levhalar kadar yiiksek olmadig1 kanisina
varilabilir. Karbon elyafl1 levhalar maksimum 6 ila 8 N tepki kuvvetine maruz kalirken, aramid elyafli kompozit

levhalar maksimum 5 N degerlerinde tepki kuvvetine maruz kalmiglardir.
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Sekil 12. Aramid elyafli kompozit levhalarin tepki kuvvetleri

Analizler sonucu elde edilen grafiklerden bir digeri, kinetik enerjideki azalmalar olmustur. Sekil 13’te Karbon ve
Kevlar i¢in ayr1 ayn kinetik enerjideki azalmalar goriilmektedir. Kinetik enerji, hiza bagh oldugundan mermi

cekirdegi i¢in ¢izdirilen hiz grafiklerine benzer sonuclar elde edilmistir.

Grafikler dikkatlice incelendiginde, tutucu ipliklerin tepki kuvvetine kars1 gosterdigi rijitlik agikca goriilmektedir.
Hem karbon elyafli hem de aramid elyafli kompozit levhalar i¢in tasariminda tutucu iplik kullanilan yapilar daha
rijit hale geldiginden dolay1 bu iplikler dalgalanma hareketleri esnasinda tepki kuvvetinin yoniiniin biiytik sayisal
degerler ile degistirmesini engellemistir. Ayrica tutucu iplik bulunmayan kompozit levhalar, her iki yonde de
maksimum tepki kuvvetine ulasan levhalar olmuslardir. Bir diger yandan karsilastiracak olursak, aramid elyafl
kompozit levhanin tepki kuvvetlerinin zaman boyunca karbon elyafli levhalar kadar yiiksek olmadigi kanisina
varilabilir. Karbon elyafl1 levhalar maksimum 6 ila 8 N tepki kuvvetine maruz kalirken, aramid elyafli kompozit

levhalar maksimum 5 N degerlerinde tepki kuvvetine maruz kalmiglardir.

Analizler sonucu elde edilen grafiklerden bir digeri, kinetik enerjideki azalmalar olmustur. Sekil 13’te Karbon ve
Kevlar i¢in ayri ayrn kinetik enerjideki azalmalar goriilmektedir. Kinetik enerji, hiza bagh oldugundan mermi

¢ekirdegi i¢in ¢izdirilen hiz grafiklerine benzer sonuglar elde edilmistir.
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Sekil 13. Farkli levhalara ¢arpan mermi ¢ekirdeginin kinetik enerji degisimi
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Bu sonlu elemanlar analizleri sonucunda elde edilen sayisal verilerin karsilagtirmas: Tablo 7°de verilmistir. Tablo

7’deki sonuglar incelendiginde karbon elyafli kompozit levhanin absorbe ettigi enerji miktarinin, aramid elyafli

kompozit levhaya gore yaklasik 5 kat yiiksek oldugu sdylenebilir. Absorbe edilen enerji miktarinin fazla olmasi

sebebiyle aramid elyafli kompozit levhaya gore karbon elyafli kompozit levhanin, merminin hizin1 daha fazla

yavaglattig1 goriilmektedir.

Tablo 7. Karbon epoksi ile aramid epoksinin tutucu iplikli ve tutucu ipliksiz modellerinin kargilagtirmali sayisal sonuglari

Mermi Son Hizi Max. Deplasman Absorbe Edilen Enerji
(m/s) (mm) (mJ)
Karbon Epoksi Tutucu iplikli 304,20 11,19 6336,16
Karbon Epoksi Tutucu ipliksiz 300,24 11,41 7659,75
Aramid Epoksi Tutucu Iplikli 323,36 9,89 1704,04
Aramid Epoksi Tutucu Ipliksiz 325,905 9,79 1309,72

IV. SONUCLAR

Bu ¢aligmada, balistik alaninda kullanilabilecek bezayagi dokuma yontemi ile 3 katmanl olarak tasarlanan karbon

ve aramid elyafli 3D kompozit yapilarda z-eksenindeki baglayici ipliklerin enerji absorbsiyonuna etkisi, sonlu

elemanlar yontemi ile incelenmistir.

Yapilan bu ¢alisma sonucunda elde edilen sonuclar su sekildedir;

e Modellemelerin hepsi 3 katman ve ince yapilar olmasindan dolay1 mermiyi durdurmaya yetmemistir.

e Eklenen baglayici z-iplikler sayesinde levhalarin rijitligi artmastr.

e Baglayic1 z-iplikli elyaflarin mermiye karsi direng¢ ihtiyaci gerektiren tasarimlarda kullanilmasinin

miimkiin oldugu goriilmiistiir.
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e  Mermi ¢ekirdeginin kompozit levhalara carptiktan sonra levhalarin dalgalanma hareketinin aramid elyafli
kompozit levhalarda karbona gore, ayni sekilde de baglayici z-iplikli olan tasarimlarin ipliksiz olanlara
gore daha rijit davranig gosterdigi goriilmiistiir.

e Kompozit levhalarin tasariminda kullanilan aramid ve karbon elyafin lif genisliginin ve fiber ¢aplarinin
farkl1 olmasi sebebi ile aramid elyafli kompozit levhalar karbon elyafli kompozit levhalara gore tek basina
iistliinliik saglayamamustir.

e Baglayic1 z-ipliklerin tasarimi, alansal yogunlugun diismesine sebep olmustur. Ayrica tasarlanan
levhalarin alansal yogunluklar arasinda farkliliklar olmasi, aramid elyafli ve karbon elyafli kompozitler
arasinda mermi durdurma kabiliyetleri arasinda farkliliklar ortaya ¢ikarmistir.

e Levhalarin sadece 3 katmanl tasarlanmig olmasi ve % 100 karbon ve % 100 aramid elyaf ile tasarlanmug

olmasi sebebiyle levhalar mermiyi durdurmak igin yeterli mukavemete erisememisglerdir.

Sonuglar degerlendirildiginde bu ¢alismada yapilan modellemelerin hepsi 3 katman ve ince yapilar olmasindan

dolay1 mermiyi durdurmaya yetmemistir. Ancak eklenen baglayici z-ipliklerin sayesinde levhalarin rijitliginin

da burada elde edilen veriler 1518inda baglayici z-iplikli elyaflarin mermiye kars1 direng ihtiyaci gerektiren

tasarimlarda kullanilmasinin miimkiin oldugu goriilmistiir.

ve enerji soniimleme davraniglari arasinda birbirlerine gore Ustlin veya zayif yanlari olugsmaktadir. Ele alinan
kompozitlerin sadece tek tip takviye ile kullanilmasi yerine birden fazla elyaf igeren hibrit takviyeli ¢ozimlerle
optimum rijitlik, mukavemet ve enerji soniimleme ozelligine ulasilabilecegi ve kompozit yapida hedeflenen

balistik yeterliligin kolaylikla saglanabilecegi sonucuna varilmistir.
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Tiyol-epoksi click kimyast

Bu caligmada, saf haloysit (HNT) iceren termoset nanokompozitler tiyol-epoksi click reaksiyonu ile
hazirlanmugtir. Farkli oranlarda (agirlik¢a %0, 1, 2, 3 ve 5) HNT nanotiipleri, trimetilolpropan triglisidil eter
ve trimetilolpropan tris(3-merkaptopropiyonat) monomer karisiminda nanodolgu olarak kullanilmigtir. Saf
HNT, saf termoset ve HNT/termoset nanokompozitlerinin yapisal 6zellikleri Fourier doniisiimlii kizilotesi
spektroskopisi (FT-IR), termal ozellikleri ise termogravimetrik analiz (TGA) ile incelenmistir. HNT
nanotiiplerinin termoset matris igindeki dagilimi taramali elektron mikroskobu (SEM) ile gézlemlenmistir.
Termoset matrise degisen miktarlarda HNT nanodolgusu eklenmesinin mekanik 6zellikler tizerindeki etkisi
¢ekme testi ile belirlenmistir. En gelismis mekanik o6zellikler, HNT ile termoset matris arasindaki etkili
etkilesimleri destekleyen en iyi dagilm nedeniyle agirlikca %3 saf HNT iceren nanokompozitte tespit
edilmistir. Matrise eklenen HNT’nin daha fazla artmasi nanotiiplerin aglomerasyonuna ve dolayisiyla
mekanik 6zelliklerin bozulmasina neden olmusgtur.
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In this study, thermoset nanocomposites containing pure halloysite (HNT) were prepared by thiol-epoxy
click reaction. HNT nanotubes with different concentrations (0, 1, 2, 3 and 5 wt%) were used as nanofiller in
a mixture of trimethylolpropane triglycidyl ether and trimethylolpropane tris(3-mercaptopropionate)
monomers. The structural and thermal properties of pure HNT, neat thermoset and HNT/thermoset
nanocomposites were investigated by Fourier-transform infrared spectroscopy (FT-IR) and
thermogravimetric analysis (TGA), respectively. The distribution of HNT nanotubes in the thermoset matrix
was observed by scanning electron microscopy (SEM). The effect of various HNT loadings into the
thermoset matrix on the mechanical properties was determined by tensile test. The most improved
mechanical properties were detected in the nanocomposite including 3 wt% pure HNT due to the best
dispersion of nanofiller and effective interactions between HNT and thermoset matrix. Further increase in
the amount of HNTs resulted in agglomeration of nanotubes and hence deterioration of mechanical
properties.

I. GIRiS

Nanomalzemelerin  polimer

matrislerine  dahil edilmesi polimerlerin 6zelliklerini  gelistirmek igin

kullanilmaktadir [1-4]. Polimer matris ile fiziksel ve kimyasal olarak kolayca birlestirilebilen potansiyel bir
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dolgu maddesi olan haloysit nanotiipleri, polimerlerin termal ve mekanik 6zelliklerini gelistirmek igin kullanilan
nano boyutlu malzemeler arasindadir [5, 6]. Haloysit (HNT), Al:Si>Os(OH)4-nH20 temel formiliine sahip olan
ve dogal olarak bulunabilen bir tiir nanomalzemedir [2, 7]. Nano 6lgekli i¢ ve dis ¢aplar ile boru seklinde bir
morfolojiye sahip olan bu silindirik silikat bazl kil yapilari, karbon nanotiiplere gore daha kolay elde edilebilir
ve ¢ok daha ekonomiktir [8-10]. Ayrica, yiiksek uzunluk/cap orani, biyouyumluluk ve yiiksek islevsellik gibi
benzersiz ozellikleri, termoplastik ve termoset nanokompozit iiretimi de dahil olmak {izere farkli uygulamalarda

kullanilmasina olanak saglamaktadir [6, 11, 12].

Termoset nanokompozitler, gelismis 6zellikler elde etmek amaciyla termoset polimer matrislerin nano dlgekli
dolgu maddeleriyle birlesimiyle olugur [13]. Nanodolgularin polimer matrisi igindeki dagilimi, nanokompozitin
performansini belirlemede kritik bir rol oynar ve homojen bir dagilim gelismis mekanik 6zellikler ve yapisal

biitlinliik saglar [14, 15].

Click kimyas1 verimlilik, segicilik ve ¢ok yonliiliik ile karakterize edilen yeni nesil kimyasal reaksiyonlari
icermektedir [16, 17]. Click reaksiyonlarini siniflandirmak i¢in su kategoriler kullanilmaktadir: (a) Diels-Alder
reaksiyonu gibi doymamig bilesik siklokatilmalari, (b) aziridin ve epoksiler gibi halka agma reaksiyonlari, (c)
hidrazon, lire veya tiyoiire sentezi gibi aldol olmayan karbonil kimyasi, (d) tiyol-en ve Michael katilmalar1 gibi
karbon-karbon goklu bag katilmalart [18, 19]. Click reaksiyonlar arasinda tiyol-epoksi reaksiyonu, hidroksil ve
tiyoeter gruplarinin tek adimda olugmasimi ve bu gruplarin metal icermeyen katalizor sistemi ile karmasik
yapilara doniistiiriilmesini saglamasi nedeniyle oldukea ilgi ¢ekicidir [20, 21]. Son zamanlarda tiyol-epoksi click
kimyasi, polimer nanokompozitleri tiretmek i¢in kullanilan yontemlerden biri haline gelmistir [22, 23]. Ayrica
tiyol-epoksi click reaksiyonu, fonksiyonlandirilmis polimerler ve ¢apraz bagli ag yapilar ile kaplamalar,
yapistiricilar ve biyomedikal malzemeler dahil olmak tizere gelismis malzemelerin sentezi i¢in kullanilmaktadir.
Tiyol-epoksi click reaksiyonu, tiyol (-SH) ve epoksi (-O—CH>—CHj—) fonksiyonel gruplari arasinda kovalent
baglar olusturmak icin kullanilan ve genellikle bir Lewis asidi veya baz katalizorii tarafindan kolaylastirilan
kararli bir tiyoeter bagi (-S-CH»-CH-O-) olusturmak iizere bir hidroksil grubunun salinmasiyla gergeklesen
oldukea etkili bir kimyasal surectir [24]. Iliml1 kosullar altinda hizla ilerleyen bu reaksiyon, molekiiler diizeyde
kovalent baglarin olugsumunu kolaylastirarak elde edilen kompozitlerde geligmis mekanik 6zellikler, termal

stabilite ve kimyasal direng saglar.

Literatiirde HNT ile polimer nanokompozitlerin hazirlandig1 ¢ok sayida ¢alisma bulunmaktadir. Ancak tiyol-
epoksi click reaksiyonu kullanilarak HNT igeren termoset nanokompozitlerin hazirlanmasina yonelik bir
caligmaya rastlanmamistir. Bu c¢alismada, farkli oranlarda saf HNT nanodolgusu igeren (%0, 1, 2, 3 ve 5)
termoset nanokompozitler, trimetilolpropan triglisidil eter ve trimetilolpropan tris(3-merkaptopropiyonat)
monomerleri ile 1-metilimidazol katalizorii varliginda tiyol-epoksi click reaksiyonu kullanilarak hazirlanmistir.
Elde edilen termoset nanokompozitlerin yapisal, termal ve morfolojik karakterizasyonu sirastyla FT-IR, TGA ve
SEM yontemleri ile incelenmistir. Ayrica, HNT nanodolgusunun nihai nanokompozitlerin mekanik o6zellikleri

iizerindeki etkisi cekme testi ile degerlendirilmistir.
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I1. DENEYSEL METOT
2.1 Malzemeler

Tiyol-epoksi click reaksiyonunda, epoksi matrisi olan trimetilolpropan triglisidil eter (TTE, teknik sinif, Sigma
Aldrich) ve tiyol matrisi olan trimetilolpropan tris(3-merkaptopropiyonat) (TMPMP, >%95, Sigma Aldrich)
bilesikleri saflastirilmadan temin edildigi haliyle kullanilmustir. Ayrica katalizor olarak 1-metilimidazol (1-Ml,
%99, Acros Organics) kullanilmistir. Haloysit nanotipleri, Sigma Aldrich'ten satin alinmis ve formilasyonlarda

kullanilmadan dnce 24 saat boyunca 100 °C’de vakum etiiviinde tutulmustur.

2.2 Karakterizasyon

HNT iceren termoset nanokompozitlerin kimyasal yapilari, tek yansimali elmas kristali igeren ATR modiiliine
sahip bir Bruker-Tensor Il FT-IR spektrometresinde ortam sicakliginda 500-4000 cm™ dalga boyunda

incelenmistir.

Termogravimetrik analiz Perkin-Elmer Diamond TA/TGA ile 10 °C/dk 1sitma hiz1 ve 30 ila 600 °C arasinda,
200 mL/dk azot akisi ile gergeklestirilmistir.

Numunelerin mekanik 6zellikleri, gekme testi cihazi olarak kullanilmak iizere kat1 hal ¢ekme testi geometrisi ile
donatilmis bir rotasyonel dinamik salinimli reometre (Discovery Hybrid Rheometer-1, DHR-1, TA, ABD) ile
ASTM D412 standardina gore analiz edilmistir. Kalinligi 6lgiilen ve 10 mm eninde serit seklinde kesilen

numunelerin gekme testleri oda sicakliginda ve 10 mm/dk ¢ekme hizinda gergeklestirilmistir.

Nanokompozitlerin ortalama nanodolgu dagilimi ve morfolojisi Zeiss Sigma 300 Alan Emisyonlu Taramali

Elektron Mikroskobu (FESEM) ile haritalanmistir.

2.3 HNT/Termoset Nanokompozitlerinin Hazirlanmasi

TTE ve TMPMP monomerlerinin her ikisi de u¢ fonksiyonel gruba sahip oldugundan TTE:TMPMP oran1 1:1
mol olarak ayarlanmistir. {lk olarak, TTE ve TMPMP deney tiipiine belirlenen miktarda konulmus ve birkag
dakika karigtirilmistir. Daha sonra ayni tlipe farkli miktarlarda (agirlikga %0, 1, 2, 3 veya 5) saf HNT ilave
edilmis ve 30 dakika boyunca ultrasonik banyo yardimiyla, daha sonra ise homojenizatér ile monomerlerin
icinde dagitilmistir. Son olarak formilasyona 1-MI Katalizori eklenerek karigtirilmis ve elde edilen homojen
¢ozelti serit seklindeki teflon kaliba dokiilmistiir. HNT/termoset nanokompozitleri, tiyol-epoksi click kimyasi ile

ekzotermik reaksiyonun bir sonucu olarak ¢oziicii olmadan 10 dakika sonra hizli bir sekilde elde edilmistir.

111. BULGULAR VE TARTISMA

Polimer nanokompozitler, az miktarda nanodolgu maddesi igerse bile saf polimere kiyasla gelismis termal ve
mekanik 0Ozellikler sergileyebilirler. Haloysit nanotiipleri de polimerlere gelismig Ozellikler saglayan
nanodolgulardan biridir. HNT’nin bu avantajindan faydalanmak i¢in mevcut ¢alismada, agirlikca %1, 2, 3 ve 5
oraninda saf HNT igeren bir dizi termoset nanokompozit ile 6zellikleri kiyaslamak i¢in HNT igermeyen saf

termoset tiyol-epoksi click reaksiyonu ile TTE ve TMPMP monomerleri kullanilarak hazirlanmistir. Burada,
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TTE’nin epoksi halkalar1 baz katalizor varliginda TMPMP’nin tiyol gruplar tarafindan agilmistir. 1-MlI, oda

sicakliginda gerceklestirilen tiim click reaksiyonlarini etkinlestirmek i¢in katalizor olarak kullanilmigtir (Sekil 1).

’l]l tiyol/epoksi

trimetilolpropan triglisidil eter click reaksiyonu
(TTE) * — "

1-metilimidazol {1-MI)
HS—\_{ . haloysit (HNT) oda sicakhgi, 10 dk.

ris\/\g,o\)CoJL“/“ SH

trimetilolpropan tris{3-merkaptopropiyonat) HNT/Termoset nanokompozit
(TMPMP)

Sekil 1. HNT/termoset nanokompozitlerinin tiyol-epoksi click kimyasi ile hazirlanmasi

3.1 FT-IR Karakterizasyonu

HNT/termoset nanokompozitlerinin FT-IR spektrumlart Sekil 2’de verilmistir. 3690 cm™ ve 3625 cm™"deki Al-
OH gruplarmin OH gerilme titresimleri, 1020 cm™ ve 1100 cm™’deki O-Si-O absorpsiyonu ve 910 cm*"deki Al-
O-OH titresim pikleri haloysitin karakteristik pikleridir [25]. Bu karakteristik piklerin saf termoset polimerde
gorilmezken nanokompozitin FT-IR spektrumunda goriilmesi termoset nanokompozitin yapisinda HNT varligini
kanitlamaktadir. Ayrica 1100 c¢cm™ civarinda bulunan C-O-C baglarma ait pikin gdzlenmesi termoset

nanokompozit sentezinin basariyla gergeklestigini kanitlar niteliktedir.

] Al-OH O-H C-H C=0 Si-0 Al-O
] ‘ SafHNT

. Saf Termoset

Gegirgenlik (a.u.)

] HNT-%3NC

v 1 v 1 ' I ' I v 1 v 1 ' 1
4000 3500 3000 2500 2000 1500 1000 500
Dalga sayisi (cm'1)

Sekil 2. Saf HNT, saf termoset ve %3 HNT iceren termoset nanokompozitlerin FT-IR spektrumlari
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3.2 Termal Karakterizasyon

Saf termoset ve hazirlanan HNT/termoset nanokompozitlerin termal karakterizasyonu TGA analizi ile
belirlenmistir. 225-500 °C arasinda C-H, C-C, C-S ve C-O-C bag kopmalar1 nedeniyle tek asamali bozunma
sergileyen numunelerin TGA ve DTG egrileri Sekil 3’te verilmistir. Bu egrilere gore, baglangic (Ti) ve
maksimum (Tsp) bozunma sicakliklarinda 6nemli bir degisiklik gorilmemesine ragmen, HNT nin matrise dahil
edilmesi ve termoset yapidaki miktarinin artmastyla kati kalintt miktar1 artmigtir. Nihai nanokompozitlerin kiil
miktarlari, saf termosete agirlikga %1 saf HNT eklenmesiyle %7,90'dan %9,68’e, agirlikga %5 saf HNT
eklenmesiyle ise %11,17’ye yiikselmistir. Bu artig, inorganik haloysit nanotiiplerin polimer zincirlerinin termoset

matris icindeki hareketini kisitlamasindan kaynaklanmaktadir.

(a) (b)
100 4 400 -
=
80 4 -
3= 300
8
_
= =
£ 60 z
o o
s = 200
2 2
40 4 =
kil verimi (%) k]
—— Saf Termoset 7.90 %
sg| |——HNT-1%NC 9.68 100
——HNT-2%NC 816
——HNT-3%NC 8.34
—— HNT-§%NC 1147
0 T T T T T T T T T T 1 0 T T T T T 1
100 200 300 400 500 600 100 200 300 400 500 600
Sicaklik (°C) Sicaklik (°C)

Sekil 3. Saf termoset ve nihai HNT/termoset nanokompozitlerinin (a) TGA ve (b) DTG termogramlar:

3.3Mekanik Karakterizasyon

HNT/termoset nanokompozitlerin mekanik 6zellikleri, saf termoset ile karsilastirmali olarak Sekil 4’te verilmis
ve Tablo 1’de 6zetlenmistir. Polimer nanokompozitlerin mekanik mukavemeti, nanomalzemelerin dagilimi veya
aglomerasyonunun yani sira polimer matris ile nanodolgu arasindaki etkilesimden biiyiik olglide etkilenir.
Ayrica, dolgu/nanodolgu tiirii ve miktar1 kompozitlerin/nanokompozitlerin kopma dayanimi Uzerinde énemli bir
etkiye sahiptir [14]. Hazirlanan nanokompozitler arasinda en gelismis mekanik 6zellikleri agirlikga %3 HNT
iceren termoset nanokompozit gostermistir. HNT icermeyen referans numunesinin kopma dayanimi 306,4 kPa
iken, HNT-%1 NC (%1 saf HNT igeren termoset nanokompozit) ve HNT-%3 NC (%3 saf HNT iceren termoset
nanokompozit) igin bu deger sirastyla 355,2 ve 482,6 kPa’dir. Saf termoset ile karsilagtirildiginda, tiyol-epoksi
click kimyas: ile hazirlanan termoset nanokompozitlerin kopma dayanimi, matrise agirlikga %3 oraninda HNT
nanodolgusu eklenerek %57 oraninda artirilmistir. Ayrica, en gelismis mekanik mukavemet %3 HNT
kullanilarak elde edilmis olsa da, agirlikga %1 HNT kullanildiginda bile, kopma dayanimi %16 oraninda
artmistir. Kopma dayanimi agirlik¢a %3’e kadar HNT miktarindaki artigsa paralel olarak artmis, ancak %5 HNT

kullanildiginda, termoset matristeki olasi aglomerasyonlar nedeniyle oldukga siddetli sekilde azalmistir (Sekil 4-

a).
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Nihai nanokompozitlerin elastik modili de nanodolgunun takviye etkisi ve artan rijitlik nedeniyle, matrise HNT

eklenmesi ve miktarinin artmasiyla paralel olarak artmistir (Sekil 4-b).

Elde edilen nanokompozitlerin kopmadaki uzama degerleri, saf HNT nin %1’den %3’e kadar eklenmesiyle
kademeli olarak artmistir. Bu deger referans numuneye %3 HNT ilavesi ile 9,1’den 18,3’e yiikselerek %101 gibi
yuksek bir oraninda artmistir. Daha fazla HNT eklenmesiyle ise (agirlikga %35), ilgili nanokompozitin kopma

uzamasi degeri HNT’nin olas1 topaklanmalari nedeniyle azalmistir (Sekil 4-c).

(a) Kopma Dayanimi (kPa) (b) Elastik Modiil (kPa)
482.6
500 2023 5 59.4 62.2 63.2
355.2 51.2 52.7
306.4 290.1 50
250
25
0 0
0% 1% 2% 3% 5% 0% 1% 2% 3% 5%
M HNT M HNT
(c) Kopma Uzamasi (%)
20 5% 18.3
11.5
10 o1 I 7.2
0 I I
0% 1% 2% 3% 5%
M HNT

Sekil 4. Saf termoset ile nihai HNT/termoset nanokompozitlerinin (a) kopma dayanimu, (b) elastik modiilii ve (c) kopma uzamasi

Tablo 1. HNT/termoset nanokompozitlerin mekanik ézellikleri

Ornek Kopma Dayamimi (KPa) Elastik Moduli (kPa) Kopmadaki Uzama (%)
Saf termoset (referans) 306,4 51,2 9,1
HNT-%1 NC 355,2 52,7 115
HNT-%2 NC 402,3 59,4 16,5
HNT-%3 NC 482,6 62,2 18,3
HNT-%5 NC 290,1 63,2 7,2

3.4Morfolojik Karakterizasyon

Cekme testi sonuglarina gore %3 HNT igeren termoset nanokompozit daha gelismis mekanik o6zellikler
gosterdigi icin bu nanokompozitteki HNT nanodolgusunun termoset matriste daha homojen bir sekilde dagildig:
ongorilmektedir. Bu nedenle, bu nanokompozitin ¢cekme testinde kopan yiizeyinden morfolojik &zellikleri

taramali elektron mikroskobu (SEM) ile incelenmistir. HNT-%3 NC’ye ait farkli biiyiitmelerdeki SEM
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gorintileri Sekil 5’te verilmistir. Beyaz kisimlar haloysit nanottiplerini, gri alanlar ise termoset matrisi temsil
etmektedir. SEM gorlntileri incelendiginde, HNT’nin termoset matris iginde olduk¢a homojen dagildig:
gorilmektedir. Bu sonug HNT/termoset nanokompozitinin yiiksek mekanik 6zellikler sergilemesiyle uyumludur.
Gorintunin buyltme orani artirlldiginda ise yer yer olast HNT aglomerasyonlari gozlenmistir. Bu durum,
nanomalzemeler icin beklenen bir sonugtur.

~
EMT = 10 O3 AV Dute & Jorr 2004 EHT = 10 00 ki

¥l .
(4 - -

_ i FEIXX

— WO'= d9mn Mags SpOKX Tme 123244 ﬁ — WO'n 1.2 mm Mage S000KX Time 123803 .

Sekil 5. HNT-%3 NC’nin kopma yiizeylerinin (a) diisiik (5 pm) ve (b) yiksek (500 nm) biiylitme oranlarindaki SEM gériintiileri

IV. SONUCLAR

Bu ¢aligmada, HNT iceren termoset nanokompozitler tiyol-epoksi click kimyasi ile hazirlanmigtir. Hazirlanan
termoset nanokompozitlerin kimyasal yapilar1 FT-IR spektroskopisi ile dogrulanmistir. Termal analiz
sonucunda, hazirlanan nanokompozitlerin saf termosete kiyasla daha yiiksek kill miktar1 ve dolayisiyla yanmaya
kars1 daha fazla dayanim gosterdigi sonucu ¢ikarilmistir. Nanotiiplerin varligi ve aglomere/aglomere olmayan
dagilimlar1 SEM analizi ile dogrulanmistir. Ayrica, cekme testi sonuglarina gore, termoset matrise agirlikga %3
HNT yiklenmesiyle nanokompozitlerin en gelismis mekanik dzellikleri sergiledigi belirlenmistir. Tiyol-epoksi
click reaksiyonu ile hazirlanan termoset nanokompozitlerin kopma dayanimi ve kopmadaki uzama degerleri, saf
termosete kiyasla, matrise agirlikca %3 HNT eklenmesiyle sirastyla %57 ve %101 oraninda artmistir. Ayrica,

nanokompozitlerdeki nanodolgu miktarinin artmasiyla, rijitlik ve dolayistyla elastik modul degerleri de artmusgtir.
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Nitinol is the most widely used shape memory alloy in medical applications. In this study, the effect of
different heat treatment conditions on the phase transformation characteristics of medical-grade nitinol was
investigated. Nickel-rich nitinol wires containing 50.6% nickel with a diameter of 120 um were used in the
experimental studies. The nitinol wires were heat treated for 10 minutes at heat treatment temperatures
between 540 and 570 °C. Then, nitinol wires were heat treated at a heat treatment temperature of 550 °C
between 8 and 14 minutes. The austenitic and martensitic transition temperatures of these samples were
measured using differential scanning calorimetry (DSC). In the experiments with 10 minutes of heat treatment
time, transition temperatures decreased, and hysteresis increased with the increase in heat treatment
temperature. This is related to the amount of precipitates in the structure. In the experiments carried out at
550 °C, transition temperatures decreased, and hysteresis increased with increasing heat treatment time.
Experimental studies showed that the austenite finish (Ar) temperature of all nitinol wire samples was below
37 °C, and they will exhibit superelasticity in the human body.

1. INTRODUCTION

Conventional engineering materials are inadequate for some engineering applications due to their limitations. Their
ability to be exposed to high elastic strain without undergoing plastic deformation and to achieve the desired design
with temperature change make shape memory alloys (SMASs) a privileged class of materials. The unique properties

of SMAs make it possible to create products that cannot be produced with conventional engineering materials.

Since the discovery of martensitic transformation in steels at the end of the nineteenth century, numerous studies
have been carried out on this subject. While martensitic transformation is an irreversible process in steels, this
process is reversible in SMAs [1]. This allows the emergence of products with innovative designs using SMAs. In
1963, the discovery of the shape memory effect in nitinol, a Ni-Ti alloy, marked a turning point for shape memory
alloys [2]. Nitinol's good shape memory effect and remarkable mechanical properties have increased interest in
shape memory alloys, leading to more studies in this field and the emergence of industrial applications [3-7]. As
with every new material, there were technical problems with nitinol, and attempts were made to eliminate these
problems until 1982. At this time, Miyazaki et al. explained the relationship between microstructure and
mechanisms, including shape memory effect and superelasticity, at a fundamental level [8]. As a result of
understanding these mechanisms, many technical problems of SMAs have been eliminated with the results

obtained from various studies [9]. As a result, the use of SMAs in industrial applications has increased rapidly.
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There are three main classes of SMAs: NiTi-based, Fe-based, and Cu-based SMAs. Of these three classes of
materials, the most commonly employed is NiTi-based SMAs. Nitinol's one-way and two-way shape memory
effect capabilities are critical characteristics that make it stand out. Nitinol's superiority as a shape memory alloy
can be attributed to several properties, including its high fatigue resistance, high corrosion resistance, high
electrical resistance, high ductility, and very good biocompatibility [10]. The high price of nitinol has encouraged
companies to use other shape memory alloys in some applications. Among the SMAs used as alternatives to nitinol,
copper-based SMAs stand out [11]. High thermal and electrical conductivity are attractive properties of copper-
based SMAs. Compared to nitinol, copper-based SMAs have a narrower temperature hysteresis. This results in

phase transitions occurring in a lower temperature range.

Martensitic phase transformation is the phenomenon that enables the unique capabilities of SMAs, like shape
memory effect and superelasticity, which have made SMAs a popular choice in various industries. Phase
transformation in crystalline materials can occur in two ways; diffusional transformation and diffusionless
transformation. The main difference between diffusionless transformation and diffusional transformation is that in
diffusionless transformation, atoms do not leave their positions in the crystal structure due to an external factor. In
diffusionless transformation crystal structure is altered by a cooperative movement. Also, in diffusional
transformation, the transformation takes a longer time to complete [9]. Martensitic phase transformation is a
diffusionless phase transformation. Martensitic phase transformation is also divided into two as thermoelastic and
non-thermoelastic martensitic transformation. Non-thermoelastic martensitic transformation occurs in irons and
steels, and thermoelastic martensitic transformation occurs in SMAs. During the thermoelastic martensitic
transformation, the formation and development of martensite plates occur due to the temperature decrease, whereas
the temperature increase leads to the shrinkage and disappearance of these plates. The formation, growth,

shrinkage, and disappearance of martensite plates occur within a very small temperature range [12, 13].

SMASs have two phases - austenite at high temperatures and martensite at low temperatures. The high-temperature
phase possesses high symmetry of crystallographic lattice, and the low-temperature phase possesses low symmetry
of the crystallographic lattice. The austenite phase usually has a cubic crystal structure, whereas the martensite

phase has an orthorhombic, tetragonal, or monoclinic crystal structure [1].

The distinct characteristics of SMAs are grounded on the reversible transformation between austenite and
martensite. Austenite remains stable at high temperatures, while martensite remains stable at low temperatures. If
nitinol is in the austenite phase, when cooled, an exothermic reaction will occur, and it will transform into the
martensite phase. The process of converting from austenite phase to martensite phase is known as forward
transformation. If the material is heated, the alloy undergoes an endothermic reaction to return to the austenite

phase. This process is called the reverse transformation [14].

Forward and reverse transformations are completed within a particular temperature interval. These alloys have
four distinct temperatures associated with their phase transformations. The initial temperature is known as Ms
temperature (martensite start), which indicates the point at which the alloy begins to convert from austenite to
martensite. The second temperature is called the M temperature (martensite finish), which is the temperature at
which the conversion from austenite to martensite is fully accomplished. The third temperature is As temperature

(austenite start), indicating the onset of the transformation from martensite to austenite. Finally, the fourth
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temperature is known as Ar temperature (austenite finish), and it marks the point at which the transformation from

martensite to austenite reaches completion [1, 15].

SMAs are in the austenite phase above their As temperature. When a SMA in the austenite phase is subjected to
stress, it undergoes stress-induced martensitic transformation. When stress is removed, it returns to its original
shape and austenite phase. This phenomenon is called superelasticity. For the occurrence of shape memory effect
in a SMA, it is necessary for the alloy to be in the twinned martensite phase. The material, which is below the As
temperature, is heated over the As temperature. When the temperature of SMA is over the austenite finish
temperature, it will be in the austenite phase completely. As a result of this transformation, it will regain its original
shape [1, 16].

SMAs can display either shape memory effect, superelasticity, or a combination of both. Below the Mg
temperature, the structure is in 100% martensite phase, and above the As temperature, the structure is in 100%
austenite phase. The material structure contains both phases between the Ms temperature and the Astemperature.
Between M and Ar temperatures, both mechanisms are active. Only the shape memory effect occurs if the
temperature is below the M temperature. If the temperature is over the As temperature, the only active mechanism
will be superelasticity [16]. The shape memory effect occurs when an alloy deformed below its Ar temperature
returns to its original shape upon heating above As. On the other hand, superelasticity occurs when an alloy

deformed above As returns to its original shape upon removal of stress without the need for heating.

Calorimetric and electrical resistivity measurements are used to detect phase transformations in shape memory
alloys. Among these methods, the most used method to detect phase changes is differential scanning calorimetry
(DSC). DSC is a method used for thermal analysis that helps to determine how the heat capacity of a substance
changes as its temperature changes. In this technique, a substance with a known mass is either heated or cooled.
The changes in the material's heat capacity are monitored as changes in the heat flow. In the initial stage, the
amount of heat energy required to increase the temperature of the reference material is determined. Subsequently,

the quantity of heat energy needed to raise the temperature of the reference material is also calculated.

In this study, the effects of heat treatments applied to nitinol at different temperatures and at different times in
order to provide shape memory effect and superelasticity, on its phase transition properties were examined using
the DSC method.

1. EXPERIMENTAL METHOD

The focus of this research was to examine how nitinol's phase transformation characteristics are affected by various
heat treatment conditions. Fort Wayne Metals supplied the nitinol used in the experiments. It is in wire form with
a diameter of 120 pm and contains 50.59 nickel (at.%). The austenite finish (Ar) temperature of nitinol is 15 °C.

The chemical composition of the wires used in experimental studies is given in Table 1.

Table 1. Chemical composition of the nitinol wires (at.%)
Ni Ti O C Fe Cu Co Cr H
50.59 Bal. 0.10 0.12 0.012 0.003 0.001 0.0005 <0.26
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The nitinol wires underwent heat treatment using the Nabertherm N30/65 HA high-temperature oven. Initially, the
wires were subjected to heat treatment for a duration of 10 minutes at temperatures of 540, 550, 560, and 570 °C.
Subsequently, the wires were heat treated for a range of 8 to 14 minutes at 550 °C. Perkin EImer DSC8000 was
used in DSC analyses to determine the heat-treated samples' martensitic and austenitic transition temperatures. In
analyses performed in a nitrogen environment, heating and cooling rates are 5 °C/minute. Each sample was initially
heated to 100 °C, and analysis was commenced following 3-minute period of maintaining this temperature. The
temperature of sample was brought down to -80 °C and maintained at this temperature for 3 minutes. Then, they
were heated again to 100 °C, and the analysis was concluded by maintaining this temperature for 3 minutes. Leica

ICC50 HD was employed for taking optical microscope micrographs.

I11. RESULTS AND DISCUSSION

Differential scanning calorimetry is the most widely employed method used today to determine the phase transition
characteristics of a material. In this study, DSC was employed to determine the phase transformation characteristics

of nitinol material that comprises 50.6% nickel.

The DSC analysis result of the nitinol wire supplied by the manufacturer is given in Figure 1 and Table 2. When
the calorimetric change is examined, it appears that the endothermic transformation begins at 4.27 °C, the peak is
reached at 10.32 °C, and the transformation is completed at 17.13 °C. The endothermic enthalpy of the
transformation is 2.5643 J/g. Upon evaluation of the acquired data, one can observe that the austenite start (As)
temperature is 4.27 °C, where the endothermic behavior begins. Above this temperature, nitinol begins to transition
into the austenite phase. 17.13 °C is the austenite finish (As) temperature at which endothermic behavior is
completed. The NiTi alloy is in a 100% austenite phase at this temperature and above. 14.57 °C is the martensite
start temperature (Ms), where exothermic behavior begins, and -5 °C, where exothermic behavior ends, is the

martensite finish (Mr) temperature. Below My, the NiTi alloy is in the 100% martensite phase.

Peak =10.32 °C

Delta H =2.5645 J/g

Onset=4.27°C

End=17.13°C

End=-5.00°C Onset =14 57 °C

Peak=532°C Delta H=-2.2706)/g

Heat Flow Endo Up (mW)

2 =0 a5 0 15 20 P s 7s %0
Temperature (°C)

Figure 1. DSC analysis of nitinol wire supplied from the manufacturer

Figure 2 and Table 2 display the outcomes of DSC analyses of nitinol wires heat-treated at different temperatures
for 10 minutes. Upon evaluation of the analysis results, it appears that the sample that underwent heat treatment at
540 °C had higher As, As, Ms, and My temperatures than those heat treated at 550, 560, and 570 °C. Furthermore,

an increase in heat treatment temperature led to a decline in transition temperatures.
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Figure 3 shows the microstructure of the nitinol sample subjected to heat treatment at 540 °C for 10 minutes. Upon

inspection of the microstructure, it is evident that the quantity of precipitates present in the structure is high. As

the amount of precipitates increase in the nickel-rich nitinol material, the amount of nickel in the matrix decreases,

which causes the transition temperatures to increase [17]. Hysteresis increased with increasing heat treatment

temperature, and endothermic and exothermic enthalpy showed irregular changes with increasing heat treatment
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Figure 2. DSC analyzes of samples heat treated for 10 minutes (a) 540 °C (b) 550 °C (c) 560 °C (d) 570 °C
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Figure 3. Optical micrograph of nitinol wire heat treated at 540 °C for 10 minutes

Figure 4 and Table 2 display the findings of DSC analyses of nitinol wires that were subjected to heat treatment at
550 °C for varying durations. Upon scrutiny of the analysis results, it was observed that the A;, As, Ms, and M¢
temperatures of the sample exposed to a heat treatment process lasting for 8 minutes are higher compared to the
samples subjected to longer heat treatments. As the heat treatment time increased, it was noticed that the transition
temperatures exhibited a decline. The reduction in transition temperatures as the heat treatment time increased was
less rapid compared to the decline observed as a result of raising the temperature. This is because the decrease rate
of precipitates occurring in the material structure with increasing heat treatment time is lower than the decrease
rate of precipitates formed with increasing heat treatment temperature. As experienced with increasing heat
treatment temperature, hysteresis also increased with increasing heat treatment time. Out of the seven distinct heat
treatment times tested, the only anomaly was the reduction in hysteresis that occurred when the time was extended
from 12 minutes to 13 minutes. When endothermic and exothermic enthalpies were examined, it was evident that

increasing the heat treatment time caused irregular changes in the enthalpies.
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Figure 4. (Continuum) DSC analyzes of samples heat treated at 550 °C (e) 12 minutes (f) 13 minutes (g) 14 minutes

Table 2. DSC analysis results of nitinol wires subjected to heat treatment under different heat treatment conditions

Endo. Exo. Hysteresis
Heat Tretament As A M M

o N N Enthalpy o o Enthalpy Apeak - Mpeak
Condition °C) (e (0/g) °C °C (0/g) Q)
Non-heat treated 17.13 427 2.56 14.57 -5.00 -2.27 5.00
540 °C/10 min. 20.14 12.45 6.30 14.99 477 -4.16 6.93
550 °C/10 min. 11.60 171 3.04 5.16 -14.10 -2.60 11.80
560 °C/10 min. 8.10 -3.41 12.78 2.69 -21.64 -3.64 17.02
570 °C /10 min. 6.08 -5.47 7.71 0.96 -32.70 -3.20 20.84
550 °C /8 min. 16.69 6.86 7.21 13.15 -1.04 -1.44 7.98
550 °C /9 min. 15.70 1.94 6.97 11.97 -13.05 -3.11 8.71
550 °C /10 min. 11.60 171 3.04 5.16 -14.10 -2.60 11.80
550 °C /11 min. 11.34 -1.15 9.99 3.06 -14.37 -3.22 13.84
550 °C /12 min. 9.65 -4.77 11.32 2.06 -24.70 -3.71 17.75
550 °C /13 min. 8,57 -5,69 8,27 0,09 -19,24 -2,98 6,82
550 °C /14 min. 8,98 -5,86 10,52 -0,98 -43,67 -3,37 25,83
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IV. CONCLUSION

In this study, the effect of diffetent heat treatment conditions on the phase transition characteristics of nitinol, the
most commonly employed SMA in medical applications, was investigated. Initially, nickel-rich nitinol wires
containing 50.6% nickel were heat treated at 540, 550, 560 and 570 °C for 10 minutes. Then, the nitinol wires
were subjected to heat treatments at a constant temperature of 550 °C, but for varying durations of 8, 9, 10, 11, 12,

13, and 14 minutes.

After analyzing the samples using DSC, it was found that the sample exposed to heat treatment at 540 °C for 10
minutes had higher transition temperatures compared to the samples heat treated at 550, 560, and 570 °C. As the
heat treatment temperature increased, it was observed that the transition temperatures decreased while the
hysteresis increased. The increase in hysteresis resulted from a reduction in the austenitic transition temperatures,
and a greater decrease in the martensitic transition temperatures, both directly caused by the elevated heat treatment

temperature.

In the DSC analysis of the samples obtained in the heat treatments using a constant temperature of 550 °C, the
data revealed that the transition temperatures of the nitinol wire subjected to heat treatment for 8 minutes were
comperatively higher than the samples that underwent heat treatment for a prolonged period. As the heat treatment
time increased, there was a decline in the transition temperatures and an increase in hysteresis. Similar to the effect
of temperature increase, hysteresis increased as the decrease in martensitic transition temperatures was greater

than the decrease in austenitic transition temperatures with the increase in heat treatment time.

The experimental studies revealed that the As transition temperatures of all samples were below 37 °C as a result
of all the heat treatments performed. This shows that the nitinol wire will be 100% austenite at body temperature

and will exhibit superelasticity.
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ARTICLE INFO ABSTRACT

Article history: Electromagnets can be used in devices, such as motors, generators, and transformers, and in tasks, such as
Received 6 May 2024 lifting and transporting object. This study aimed to lift and transport iron blocks in iron and steel factories and
Received in revised form 3 July 2024 rolling mills. The design and analysis of a two-pole electromagnet with a carrying capacity of up to 1.5 tons
Accepted 18 July 2024 were performed. It was aimed to design an electromagnet in such a way that it would provide transport with

minimum copper loss without reaching the saturation at an appropriate ampere-turn value according to the
type and size of the load to be carried. By performing analytical calculations, a suitable model for the
requirement was designed and Finite Element Analysis (FEA) was conducted. In the analysis, magnetic flux
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1. INTRODUCTION

Unlike conventional magnets, electromagnets show their magnetic properties only when an electric current is
applied. Electromagnets are obtained by passing the current through a conductor spirally wound on an iron core
[1, 2]. Their magnetic property continues as the current passes through the coil [3]. The force of attraction of
electromagnets can be adjusted by the applied current and the number of windings of the coil [4]. When
conventional magnets reach Curie temperatures, they irreversibly lose their magnetic properties. Electromagnets
lose their magnetic properties when the current is removed. However, they regain their magnetic properties when
the current is applied. The magnetic field obtained from electromagnets can be larger compared to conventional
magnets [3].

Electromagnets can be used for carrying and lifting the load in electrical machines and high-speed trains [5-8].
The electromagnet’s performance can be optimized by the materials used, the excitation current, the position of
the winding, and the design of the magnetic circuit [9-11]. By altering the geometry of the poles of the
electromagnet, losses can be reduced, and efficiency can be increased. In the study conducted as part of a magnetic
robotic platform, a series of electromagnet designs and optimizations were carried out. The coil design was created
considering the workspace size and magnetic field performance [12]. A similar study has been conducted on the
shape optimization of the inner and outer electromagnets used in a superconducting linear acceleration system. In
the optimization carried out using a genetic algorithm, the pellet speed was increased [13]. In a different application
of the electromagnet, a design has been carried out for medium-speed maglev trains. Through mathematical
modeling and analysis of the electromagnet, controllability at all speed values has been achieved [14]. In a study
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where a cylindrical electromagnet was designed and manufactured, the electromagnet design was carried out by
considering both magnetic and thermal behavior [15]. By changing the geometry of the electromagnet’s poles, it
is possible to reduce losses and increase efficiency. In the study by Makarichev and Ivannikov, the electromagnet
also increased energy efficiency by reducing the effect of high harmonics. However, a small decrease was
determined in the force of attraction of the electromagnet [16]. There are also studies on winding, another variable
that affects performance. The higher force was obtained at the small volume and same excitation by replacing the

coils of the electromagnet having aluminum coils with a superconductor [17].

Electromagnets are commonly used for transporting iron blocks (billets) in the iron and steel industry [9, 18]. The
transport process can be used in industry with only magnets or hybrid systems formed by the combination of
magnets and electromagnets. However, the mass of the load in the iron and steel industry and the risk of breaking
the magnet in case of impact bring the use of only electromagnets to the fore. Nevertheless, since the magnetic
field is provided by both magnets and the coil in electromagnets with a permanent magnet, the flux density
distribution is complex [19]. Adjusting the force value by the trial-and-error method for load lifting in
electromagnet lifters is an adverse condition in terms of both time and occupational safety. In this study, the
excitation value of the winding required to lift different loads and the magnetic flux distributions on the core were
obtained by both analytical and FEA. Suitable ampere-turn ratio is analyzed, different load types are tested with

examined design.

Il. ELECTROMAGNET MODEL

The force generated by electromagnets on the load varies in direct proportion to the number of windings and the
applied current [20]. In the study, a two-pole electromagnet model capable of lifting loads of different sizes and
quantities was designed using ANSYS EM. The detailed view of the two-pole electromagnet model designed to

lift the load is shown in Figure 1.

Winding

L

Back cover

Side cover

Bottom cover

Figure 1. Detailed view of the designed electromagnet
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Steel_1010 has been used as the core material and copper has been used as the winding material in the design of

the electromagnet. The side cover dimensions are 1,080x376x50 mm, while the back cover dimensions are

480x330x20 mm. The part specified as the core is designed to be 815x306x135 mm. Since there was no magnetic

flux transition in the upper cover, an insulating material was preferred by graphite material. A mild steel material

was used in the lower base part. The BH curve of the Steel 1010 material used in the core is shown in Figure 2

[20]. It was observed that the core reached saturation at a value of approximately 2.2 T.

B(T)

T T . T .
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T
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T T " T
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Figure 2. BH Curve of Steel_1010
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In the study, the value of the lifting (holding) force that would occur on the loads was analyzed by the Finite

Element Method (FEM). The process steps in Figure 3 were followed. The model of the electromagnet is designed

according to the determined parameters. The model, to which the FEM is applied, is analyzed by considering

variables such as magnetic flux density and the desired force. If the desired values are not within the specified

limits, the model is revised until the final model is achieved.

‘ Design data

b

Model and sizing of Optimization of the
electromagnet electromagnet

Finite element
analysis

4

]

:

No Isit
suitable?
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Finish ‘

Figure 3. Process steps used in the design
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The FEM is frequently used in many different sectors such as electrical-electronic, construction, materials and
biomedical sectors [9,21]. This method emerged to solve problems whose changes over a certain area can be
expressed by partial differential equations. It is possible to reach satisfactory results in problems using the FEM
through computer programs and mathematical methods [22]. In this method, the solution region is divided into
many small, interconnected subregions, called finite elements. In the solution stage, all these small finite elements
are combined at points, called nodal points, and approximate results are found. FEA can be performed by creating
a 3D model of the billet and electromagnet model with a computer-aided design program in order to apply the
FEM to an electromagnet design. Thus, it is possible to obtain the desired design and behavior model of the system.

It will be beneficial for the designer to use this method in terms of time and economy [23].

Figure 4. Mesh model of the electromagnet

The finite element mesh structure of the designed electromagnet is shown in Fig. 4. The solution regions were
divided into many regions, and the results were obtained. From the solutions, it was observed that the number of

meshes was higher at the sharp edges.

I11. ANALYTICAL CALCULATIONS

The value of the force required to lift the load was calculated analytically, and the number of windings and the
current value of the electromagnet were determined. The obtained current and winding values were used as
ampere-turn values in the analysis, and magnetostatic analyses of the electromagnet were performed. From Eq. (1),
the value of the force required to lift a single load is found by multiplying the mass of the load by gravitational

acceleration [24].

F=m.g (D)
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In the equation, m represents the mass of the load, and g represents gravitational acceleration (m/s2). The volume
of the load with the given dimensions was calculated as 0.1872 m3. Since 1 m?3 of Steel 1010 material was
identified as 7,872 kg, mass of the single load was found as 1,473.6 kg. Accordingly, the value of the force required
to lift single load was 1,473.6x9.81=14,456 N. The ampere-turn value required to lift this force was obtained by
conducting parametric analysis, as in Figure 5.
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30.00

25.00

20.00 5

15.00

Force (kN)

10.00

5.00

300.00 400.00 600.00 800.00 1000.00
Ampere-turn (At)

0.(

Figure 5. Ampere-turn value

As a result of the analysis, 440 At excitation current was applied to the electromagnet. N=110 turns were utilized
by applying a conductor with a cross-section of 1mm2 to the electromagnet. 4A current was applied from the
formula of magnetomotive force in Eq. (2).

I=N.I @)

The dimensions, volume, and calculation results of other loads intended to be transported are given in Table 1.

Table 1. Volume and force calculation of the loads used

Load Dimension (mm) Volume (m?3) Mass (kg) Required Force(N)
150x150%8,320 0.1872 1,473.6 14,456
280x360x8,320 0.5495 4,325.6 42,434.1
400x500x%8,320 0.9304 7,324.1 71,849.4

As a result of the analytical calculations, the magnetostatic analysis of the electromagnets was conducted with the
appropriate ampere-turn value, and the simulation results were provided. In the analyses, the load models in

different numbers and models were used, and their effects on the results were examined.
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IV. FEM ANALYSIS

First, the billet load of 150x150x8,320 mm, whose 3D view is presented in Figure 6, was intended to be lifted
using an electromagnet. The volume value of the load was known as 0.1872 m3 from Table 1. Since the density of
Steel 1010 material was identified as 7,872 kg/m?, mass of the single billet was 1,473.6 kg. Accordingly, the force
required to lift single billet was 14,456 N.

Figure 6. Load model (150%150%8,320 mm)

The magnetostatic analysis of the electromagnet was conducted after the analytical calculations, and the magnetic

flux densities obtained as a result of the analysis are shown in Figure 7.
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Figure 7. Magnetic flux density of the electromagnet and load

The analysis showed that the magnetic flux was concentrated in the regions where the load contacted the
electromagnet. Upon examining the BH characteristics of Steel_1010, it was observed that the electromagnet did
not reach the saturation point. The magnetostatic analysis was conducted on the 3D model using different numbers
of loads. The following analyses were carried out using with two electromagnets to ensure the moment balance of
the load and provide more reliable transport. Since the force required to lift single load was calculated as 14,456 N,
the value of the lifting force required for 3 loads was 43,368 N. From the results of the parametric analysis,
magnetostatic analyses were performed by giving 1,000 At. excitation to each electromagnet, and the magnetic

flux density distribution is shown in Figure 8. 9.1 A current of was applied using 110 turns in the electromagnets.
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Figure 8. Magnetic flux distribution of 3 billets

Figure 9 shows the results of the magnetostatic analysis of the model created using 5 loads. The value of the force
required to lift 5 billet loads was calculated as 72,280 N. 1,500 At excitation was given by applying 13.6 A to each

electromagnet.
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Figure 9. Magnetic flux distribution of 5 billets

It was observed that the ampere-turn ratio increased when the number of billets used was increased. Since the force
of attraction was generated at the contact points of the billets with the electromagnet, the magnetic flux was
concentrated at these points. Considering the magnetic flux distribution, it was observed that the core did not reach
saturation. The force of attraction can be increased by increasing the applied ampere-turn value. When the same
electromagnets were analyzed by establishing a different load model, it was seen from the parametric analyses that
the required ampere-turn value and, accordingly, the number of windings changed. The load called beam blank

with different models and dimensions is shown in Figure 10.

Figure 10. Beam blank load model
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The volume of this load with dimensions 280x360%8,320 mm has been calculated as 0.5495 m? due to its structure.
Since Steel 1010 material had a density of 7,872 kg/m3, mass of the single load was 4,325.6 kg. From here, the
value of the force required to lift single beam blank load was 4,325.6x9.81 = 42,434.1 N. For single load, 1,640 At
excitation current was given to each electromagnet, 110 windings were used, and 14.9 A was applied. The obtained

magnetic flux distributions are given in Figure 11.
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Figure 11. Magnetic flux density for beam blank load

The flux densities obtained as a result of the ampere-turn values applied in the parametric analysis are displayed

in Figure 12. It was observed that the flux density increased as the ampere- turn value increased.
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Figure 12. Flux densities obtained at different ampere-turns values
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The magnetic flux distribution, which was designed using 3 loads and obtained as a result of the magnetostatic
analysis, is shown in Figure 13. The force required to lift 3 loads was 12,7302.3 N. A current of 20 A was applied
to 110 windings by applying 2,200 At excitation to each electromagnet. It is possible to reduce the applied current

by increasing the number of windings.
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Figure 13. Magnetic flux distribution of 3 beam blanks

Since the contact surface of the load used was narrower compared to other loads, it was observed that the flux
density was higher at the contact points. The magnetostatic analysis of the 3D model created for 2 loads with a
dimension of 400x500x8,320 mm is given in Figure 14. The volume of the load is 0.9304 m3, due to its structure
and the mass of the single load is 7,324.1 kg. A force of 7,324.1x 9.81= 71,849.4 N is required to lift single load.
The lifting force required for two loads was calculated as 143.7 kN. It was considered to use 200 turns by applying
a current of 15 A with 3,000 At excitation to each electromagnet. As in the previous analyses, if 110 turns of

winding are preferred, a current of 27.7 A needs to be applied.
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Figure 14. Magnetic flux distribution of two loads
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The value of the magnetic flux density was concentrated on the adhesion surface of the load to the electromagnet.
Since there was no interaction with any ferromagnetic material at other points of the electromagnet, the magnetic
flux was very low at these points due to the magnetic field. Considering the magnetic flux distributions by
examining the BH characteristics of the core material, it was concluded that the core could lift the loads desired to
be carried without reaching saturation. The values of the applied current are an example of the design. It is also
possible to transport larger loads at different ampere-turn values. Analyses can also be performed for this

electromagnet using a high turn number with a lower current.

V. CONCLUSIONS

In this study, a two-pole electromagnet was designed for lifting and carrying the loads with given dimensions, and
its analyses were conducted by employing the FEM. The materials used in the design were determined, their
properties were given, and the analytical calculations of the electromagnet were carried out by considering the
desired lifting load. The goal was to provide transport without reaching saturation at the appropriate ampere-turn
ratio according to the load to be transported. The forces that would occur on the loads used were calculated by
performing the FEA on the electromagnet’s 3D model, and the magnetic flux distributions on the model were

obtained.

Considering the results of the magnetostatic analysis, it was concluded that parameters such as the number,
dimension, and model of the load affected the ampere-turn ratio applied to the electromagnet. The ampere-turn
ratio increased when the number of loads to be transported increased. Secondly, it was observed that the applied
ampere-turn ratio should be increased for loads with a narrower contact surface with the electromagnet, as the
required lifting force was higher. Due to the decreased reluctance in the regions where the electromagnet was
attached to the load, it was observed that the magnetic field and thus the magnetic flux density were concentrated
in these parts. When the magnetic flux distributions obtained by examining the BH characteristic of the core were
investigated, it was found that transport could be achieved before the core was saturated. With this study,
electromagnet design will be possible using real design criteria, which is considered to serve as a model for the

design of electromagnets to be produce.
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Machine Learning (ML) and Multi Criteria Decision Making (MCDM) are popular methods that have recently
been widely used in many different fields. Due to the increasing use of these two methods together, there is a
need for a bibliometric analysis in this area. In this study, an extended author-developed bibliometric analysis
was performed on 1189 publications retrieved from the Web of Science (WoS) and Scopus databases between
Available online January 2000 and April 2024. In the initial bibliometric analysis, as a generic part, the VOSviewer program
was used to make the data meaningful. In particular, the analysis was carried out according to years and
relationships related to the keyword analysis. In addition, the most frequently used keywords were identified,
and the direction of the trend was determined. During the initial bibliometric analysis, 308 publications were
Keywords: analysed, with 297 publications retrieved from the WoS database and 11 publications from Scopus. The study
distinguishes itself from the existing literature by establishing new models and categories as an extended part
Multi criteria decision making of bibliometric analysis. Using these models and categories, we sought to answer questions about how
Bibliometric analysis researchers use ML and MCDM together and in what direction these methods are evolving. In this context,
\OSviewer the distribution of models and categories in different research areas and their changes over the years were
analysed. This study provides researchers with a comprehensive perspective on the various combination
possibilities when integrating ML and MCDM techniques.

Machine learning

I. INTRODUCTION

The selection of the most appropriate alternative among multiple alternatives according to the specified criteria is
referred to as decision-making. In recent years, the importance of hybrid methods for solving decision-making
problems has increased. The combination of Machine Learning (ML) and Multi-Criteria Decision-Making
(MCDM) methods is often used in the application of hybrid methods. ML is a component of artificial intelligence
with a wide range of applications, although it is often associated with the data mining of large databases [1]. ML
has attracted attention for solving highly complex problems over the last few decades [2]. Many ML algorithms
have been applied in various studies. Choosing the best classification algorithm for a given dataset is important
for accurate prediction. There is no single algorithm or model that can attain optimal performance for a particular
problem domain [3]. Because of this, many ML algorithms have been applied in various studies and choosing the
best classification algorithm for a given dataset is important for accurate prediction. Therefore, to solve a problem,
multiple ML algorithms are used. The most appropriate algorithm is found by ranking the results obtained from
different algorithms, to make the studies more effective and useful. Mean squared error, root mean square error,
accuracy, sensitivity, and precision rates are used when comparing algorithm performances [4-5]. Besides ML,
MCDM methods are also widely used in the decision-making process. The aim of MCDM is to identify the optimal
option by considering multiple criteria during the selection process [6]. Therefore, combining both methods yields

more effective results.
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Although ML provides the ability to learn from large data sets, it is difficult to process, organize and select
important features. MCDM methods are used to determine which features are important and to process the data in
a more meaningful way. Chowdhury et al. [7] integrated ML and MCDM methods to detect COVID-19 from
cough sound in their study. Technique for Order Preference by Similarity to an ldeal Solution (TOPSIS) and
Entropy methods were used in MCDM methods for criteria features, and 9 ML methods such as Random Forest

(RF) and Multilayer Perceptron (MLP) were applied to classify the data.

MCDM methods can consider multiple criteria and provide a more precise indication of preference. Additionally,
the utilization of MCDM techniques within ML methods can enhance their decision-making abilities [8].
Choudhary et al. [9] performed a study to compare the performance of two ML methods, Extreme Gradient
Boosting (XGB) and Extreme Random Trees (ET), for the determination of groundwater potential zones using
TOPSIS, one of the MCDM methods. Mustapha et al. [10] employed the Preference Ranking Organization Method
for Enrichment Evaluation (PROMETHEE) technique to conduct a robust comparison of the performance of five
different ML methods in their breast cancer screening study. As a result, more optimal, accurate and

comprehensive results are obtained by using ML and MCDM methods together.

ML methods are data-driven, while MCDM methods such as Analytic Hierarchy Process (AHP) and Stepwise
Weight Assessment Ratio Analysis (SWARA) are knowledge-driven, so they are compared by using them
separately. This ensures that the subjective judgments in MCDM are compared with real values. Gudiyangada et
al. [11] applied AHP and Analytic Network Process (ANP) methods from MCDM methods, RF and Support
Vector Machine (SVM) methods from ML methods and compared the results of all methods. Viviani & Pasi [12]
conducted a comparison of correctly classifying User Generated Content (UGC) MCDM method, in addition to
the ML methods commonly used in the literature. The analysis showed that the MCDM method provides results
comparable to the ML methods. The mentioned studies indicate that ML and MCDM methods are used together
because they have complementary advantages. Calik [12] evaluated the use of these two methods together in
employee selection and found that four different approaches emerged. According to these findings, the first
approach is to use ML methods first and then MCDM methods. The second approach involves the application of
MCDM methods first and then the integration of ML methods. The third approach refers to an approach in which
ML performance is ranked by using of MCDM methods. Finally, the fourth approach represents a methodology in
which ML and MCDM methods are compared separately. However, Calik [13], examined the integration of ML
and MCDM methods only in the employee selection problem through these four models without any bibliometric
analysis. In addition, Liao et al. [14] summarized the four challenges of applying MCDM today and investigated
the use of ML methods for MCDM in criteria extraction, criteria interaction, parameter identification, and
integrated solution problems through bibliometric analysis. Although this approach allowed the identification of
the benefits that ML techniques can provide for MCDM, they focused on the single role of ML in MCDM in the
topic of combining these two methods and addressed it in specific domains such as business management,
industrial engineering, sustainable development, and emergency management. Considering these two studies, it
should be noted that they do not fully investigate the integration of ML and MCDM methods in all aspects and
their research areas are limited to specific fields. Despite the prevalence of studies using both ML and MCDM
methods, there is no other study in the literature that provides a comprehensive bibliometric analysis of their
combined use. In this context, to answer our research question on how ML and MCDM methods can be combined

and to fill the gap in this field, this study presents an extended bibliometric analysis with proposed models and
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categories of these methods without limiting any research area. This research is expected to shed light on the trend

of combining ML and MCDM, in which research areas its use is increasing and how it has changed over the years.

The remainder of the study is organized as follows: Section 2 provides a detailed outline of the bibliometric
analysis, including an extended version proposed as the research methodology. Section 3 presents the data
visualized with VOSviewer and the results of the extended bibliometric analysis. Finally, the conclusion section

summarizes the general findings and implications of the research with recommendations for future work.

Il. TEORETICAL METHOD

In this chapter, the definition and scope of bibliometric analysis are first explained. Then, bibliometric analysis is
treated in two steps. In the first step, the processes of initial bibliometric analysis are explained as a generic part,
and in the second step, the extended bibliometric analysis is discussed. A flow chart of the methodology of the

study is shown in Figure 1.

2.1 Definition and scope of bibliometric analysis

Bibliometric analysis can be defined as a systematic, popular, and effective method that allows the analysis and
inference of studies in the literature based on certain characteristics through a large-scale search using
mathematical and statistical techniques [15-17]. There are several types of bibliometric analysis, including
keyword analysis, content analysis, country analysis, citation analysis, publication year analysis, journal analysis,
and author analysis [18]. Based on the literature review, citation analysis and content analysis were the most widely
used [19]. Databases such as Scopus, WoS, and PubMed were used for the bibliometric analysis. The WoS
database was chosen for this study because it contains the oldest and most comprehensive record of citation indexes

and is a useful analytical tool [20].

2.2 Initial version of bibliometric analysis

A review of the literature shows that the bibliometric analysis process is generally categorized under the headings
of identification, screening, relevance, evaluation and included [21-22]. The initial bibliometric analysis is a
generic step and in accordance with the Preferred Reporting Items for Systematic reviews and Meta-Analyses
(PRISMA) guideline [23], this study was conducted in three phases: identification, screening, and compliance.
These phases are illustrated in Figure 1. The query utilized for this research is presented in the identification

category.

The search query used in WoS is as follows: TS = (“machine learning” OR “artificial learning” OR “data mining”
OR “ML” OR *“deep learning”) AND TS= (“multi criteria” OR “multi objective decision making” OR “multi
attribute” OR “multi-criteria” OR “multi-attribute” OR “multi-objective decision making” OR “MCDM” OR
“MADM” OR “MODM”). As a result of this query, 1189 publications were obtained. When conducting research,
it is expected that the research question fully addresses the purpose of the study. Therefore, it is crucial to select
relevant statements that do not deviate from the objective of the research. In this query, the term "multi objective

decision making" is used. When the term "multi objective" is added to the query instead of "multi objective
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decision making", the number of publications increases from 1189 to 4266. Although the number of publications

increased, the query lost its relevance as it went beyond the research area. For this reason, the term "multi objective

decision making" is used in the query. In the screening and eligibility process, 297 studies were obtained by

excluding 892 publications that were repetitive, irrelevant, non-English, and used only ML or MCDM methods

from 1189 publications. 11 articles not found in the WoS database query but retrieved from the Scopus database

were added. The finalized 308 publications are indicated in the included.

Step 1: Initial Bibliometric Analysis

Studies [dentified through Wo$ Database
TS = (*machine learning™ OR “artificial learning” OR “data mining”™ OR “ML” OR
“deep learning”™) AND TS= (“multi criteria” OR “multi objective decision making™ OR
“multi attribute™ OR “multi-criteria™ OR “multi-attribute™ OR “multi-objective decision
making™ OR “MCDM” OR “MADM™ OR “MODM”)
IDENTIFICATION _
(n=1189)
Records Screened Except for Non-English Papers
(n=1189) Inaccessible Papers
______ > Irrelevant Papers
Duplicate Papers
S TRRGE Only Used ML or MCDM Methods
& ELIGIBILITY (n=892)
A 4
L'ull-Text Assesment Lligibility Other Database Studies (Scopus Database)
(n=297) (n=11)

Step 2: Extended Bibliometrie Analysis

EXTENDED

Purpose-Oriented Models

Model 1- First ML then MCDM (n=85)

Model 2- First MCDM then ML (n=66)

Model 3- Comparing tfor ML methods with MCDM (n=86)
Model 4- Compare ML methods and MCDM methods (n=51)
Model 5- Holistic (n=20)

Numerieal-Oriented Categories

Category 1- 1 ML 1 MCDM (n=77)

Category 2- ML more than 1, MCDM | (n=99)
Category 3- MCDM more than 1, ML 1 (n=48)
Category 4- ML & MCDM more than | (n=84)

Figure 1. Flowchart of bibliometric analysis
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The search query used in WoS is as follows: TS = (“machine learning” OR “artificial learning” OR *“data mining”
OR “ML” OR *“deep learning”) AND TS= (“multi criteria” OR “multi objective decision making” OR “multi
attribute” OR “multi-criteria” OR “multi-attribute” OR “multi-objective decision making” OR “MCDM” OR
“MADM” OR “MODM”). As a result of this query, 1189 publications were obtained. When conducting research,
it is expected that the research question fully addresses the purpose of the study. Therefore, it is crucial to select
relevant statements that do not deviate from the objective of the research. In this query, the term "multi objective
decision making" is used. When the term "multi objective" is added to the query instead of "multi objective
decision making", the number of publications increases from 1189 to 4266. Although the number of publications
increased, the query lost its relevance as it went beyond the research area. For this reason, the term "multi objective
decision making" is used in the query. In the screening and eligibility process, 297 studies were obtained by
excluding 892 publications that were repetitive, irrelevant, non-English, and used only ML or MCDM methods
from 1189 publications. 11 articles not found in the WoS database query but retrieved from the Scopus database

were added. The finalized 308 publications are indicated in the included.

2.3 Extended version of bibliometric analysis

Extended bibliometric analysis is the step in which purpose-oriented models are developed about the research topic
and numerical-oriented categories are created and analyzed. This study differs from the studies in the literature in
this regard. The purpose-oriented models are categorized into five models based on the combination of ML and

MCDM methods. These models, their definitions and number of publications are described in Table 1.

Numerical-oriented models are classified into four categories based on the frequency of using MCDM and ML

approaches. These categories, their definitions and number of publications are described in Table 2.

Table 1. Models and Definitions

Models Definitions Publications
Model 1 First, ML methods are used to obtain outputs and solve the problem. 85
(First ML then MCDM) Subsequently, these outputs serve as input in MCDM methods.
Model 2 First, MCDM methods are employed to obtain outputs and solve the 66
(First MCDM then ML) problem. These outputs are then utilized as input for ML methods.
Model 3 The performance of ML methods is compared using MCDM methods. 86
(Comparing ML methods with MCDM)
Model 4 MCDM and ML techniques were applied to the problem, and their 51
(Comparing ML methods and MCDM results were compared.
methods)
Model 5 ML and MCDM methods are used in holistic relationships. This model
(Holistic) offers two distinct approaches: ML-MCDM-ML, and MCDM-ML-

MCDM. The first approach leverages the ML method as input for the

MCDM method, and then utilizes the output obtained from the MCDM 20

method as input for the ML method. In the alternative approach, the
MCDM method is first utilized as an input for ML. Then, the results
obtained by the ML approach are used as inputs within the MCDM
methodology.
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Table 2. Categories and Definitions

Categories Definitions Publications
Category 1 Only 1 MCDM method and only 1 ML method were used in the studies in the 77

(1 ML, 1 MCDM) literature.

Category 2 While different ML methods (k-NN, LR, RF etc.) are used, only 1 MCDM method 99

(ML more than 1, MCDM 1) is used.

Category 3 While different MCDM methods (AHP, TOPSIS, SAW, etc.) were used, only 1 48
(MCDM more than 1, ML 1) ML method was used.

Category 4 More than 1 MCDM (AHP, TOPSIS, SAW etc.) and more than 1 ML method (k- 84

(ML & MCDM more than 1)

NN, LR, RF etc.) were used.

I11. RESULTS AND DISCUSSIONS

This section presents the data visualized with VOSviewer and the results of the extended bibliometric analysis. A

total of 1189 publications were evaluated using keyword analysis to identify clusters of studies and new research

trends. Many packages with different features are used for data visualization, such as VVOSviewer, BibExcel,

Bibliometrix, Pajek and SCIMAT. VOSviewer is an excellent information mapping tool for scientific landscapes

using network visualization and density visualization [24]. In this study, the VOSviewer package program was

preferred because it offers the possibility of analysis suitable for the desired situation. Two analyses were

performed in VOSviewer: the relationship with keywords and the change of keywords over the years. Bibliometric

data were generated from WoS and imported into VOSviewer. A visualization for keyword analysis was created

from the data file. In the program, co-occurrence and author keywords were selected for analysis and a full count

was requested. While 166 out of 3960 keywords meet the threshold, there are on average 4 keywords per article.

The keyword analysis by relation is shown in Figure 2.
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Figure 2. Keyword analysis by relation [Data source: WoS, Search date: 23 April 2024]
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The cluster size represents the frequency of occurrence of a term. Therefore, a larger cluster represents a higher
frequency of an occurrence. The distance between keywords indicates the relevance between them. That is, shorter
distance indicates stronger relevance and longer distance indicates weaker relevance. Each cluster is marked with
a different color. The most important and largest cluster, machine learning, is colored blue. This cluster is closely
related to 3 highly cited references such as deep learning, data mining and multi-criteria decision making. The 166

items are grouped into 12 classes. A map of the clusters of keyword items by average year of publication is shown
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Figure 3. Keyword analysis by publication year [Data source: WoS, Search date: 23 April 2024]

Keyword items in 2022 are shown in yellow, and those in 2014 are shown in purple. The colors indicate the average
publication year of the terms and their evolution over time in topics such as machine learning and deep learning.
It can be observed that studies on data mining and classification were intensive between 2014-2016, machine
learning and artificial intelligence were focused on between 2016-2020, and the interest in deep learning and multi-
criteria decision-making have increased since 2020. The top 10 most frequently used words in the field of ML and
MCDM are listed as shown in Table 3, which shows that he most frequently used keywords in the analyzed

publications are "Machine learning", "Data Mining", "Multi-Criteria Decision Making" and "Deep learning". In

general, studies on machine learning were the most popular topic.
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Table 3. Top 10 keywords [Data source: WoS, Search date: 23 April 2024]

ID Keyword Occurrences Occurrences (%) Total link strength
1 machine learning 239 31 344
2 data mining 127 16 171
3 multi criteria decision making 114 15 194
4 deep learning 92 12 117
5 medm 44 6 73
6 classification 38 5 68
7 topsis 35 5 75
8 ahp 35 5 65
9 artificial intelligence 27 3 52
10 decision making 22 3 38

An extended bibliometric analysis was performed according to the flowchart in Figure 1 in the Methodology
section. Accordingly, the 308 publications obtained from the initial bibliometric analysis were evaluated according

to publication types, changes by years, research areas, journals, models, and categories.

Figure 4 shows that 308 publications fall into different publication categories. The analysis of the data shows that
83% of these works were classified as "Article"”, 9% as "Proceeding Paper", 6% as "Article; Early Access", 1% as
"Review" and 1% as "Aurticle; Proceedings Paper". Analyzing these results, the highest rate is for "Article". The
ratio of articles to total publications is markedly higher than that of conference proceedings, suggesting that the

research domain has reached a point of relative maturity.

0y, 1%

= Article

= Article; Early Access

= Article; Proceedings Paper

Proceedings Paper

= Review

Figure 4. Classification of documents in terms publication types [Data source: WoS, Search date: 23 April 2024]

It was found that 308 papers integrated the use of ML and MCDM techniques. According to the results, there were
relatively few studies integrating ML and MCDM approaches between 2000 and 2017. However, since 2018, there
has been a notable increase in publications. A significant increase was observed between 2020-2023. As can be
seen from Figure 5 in the study, the data used for 2024 only includes values until April 23, 2024, and the amount
it will reach at the end of the year is unknown. This increase in hybrid methods suggests that the purpose and

timing of this study is also important in terms of providing a perspective for researchers.
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Figure 5. The number of publications from 2000 to 2024 that used both ML and MCDM techniques [Data source: WoS, Search date: 23
April 2024]

The top 10 most cited references are displayed in Table 4. Khosravi et. al [25] study on flood susceptibility related
to “Engineering” is the most cited study with 367 citations. Furthermore, when all 10 studies are taken into
consideration, the field of "Environmental Sciences and Ecology" has the highest number of research areas,
accounting for 4 out of 10 studies. In terms of the model and category classification detailed in Table 1 and Table
2, a review of the most cited studies reveals that model 4, which compares the use of ML and MCDM methods,
stands out as a purpose-oriented model. In contrast, model 5, which has never been used due to its complexity.
Additionally, model 2, which uses ML and MCDM methods sequentially, has never been used, and model 3 was
rarely used. Although there is a balanced distribution in the number-oriented categories, category 4, in which ML

and MCDM methods are used more than once, has never been employed.

Table 4. Top 10 most cited references [Data source: WoS, Search date: 23 April 2024]

Titles Authors Citations  Year Research Areas Model Category
-A comparative assessment of flood susceptibility Khosravi et. al [25] 367 2019  Engineering 4 2
modeling using Multi-Criteria Decision-Making

Analysis and Machine Learning Methods

-Comparison and ranking of different modelling

techniques for prediction of site index in Aertsen et.al [26] 309 2010  Environmental 3 3
Mediterranean mountain forests Sciences & Ecology
-Understanding commuting patterns using transit p4 et. al [27] 236 2017  Business & 1 1

smart card data

-Flood susceptibility mapping with machine .

learning, multi-criteria decision analysis and 'Nachappaet.al [28] 164 2020  Engineering; Geology 4 2
ensemble using Dempster Shafer Theory

-GIS-based comparative assessment of flood . o

susceptibility mapping using hybrid multi-criteria Al €t al [29] 156 2020 Biodiversity & 4 2
decision-making approach, naive Bayes tree, Conservation

bivariate statistics and logistic regression: A case

of Topla basin, Slovakia

-Flash-Flood Susceptibility Assessment Using

Economics

Multi-Criteria Decision Making and Machine Costache et.al [30] 139 2019 Environmental 4 3
Learning Supported by Remote Sensing and GIS Sciences & Ecology

Techniques

-GIS-based groundwater potential mapping in . .

Shahroud plain, Iran. A comparison among Arabameri et. al [31] 136 2019  Environmental 4 2
statistical (bivariate and multivariate), data Sciences & Ecology

mining and MCDM approaches
-Flood Susceptibility Assessment in Bangladesh

Using Machine Learning and Multi-criteria R@nman et. al [32] 131 2019 Environmental 4 3
Decision Analysis Sciences & Ecology

-An incident information management framework .

based on data integration, data mining, and multi- Peng et. al [33] 120 2011 Computer Science 1 1
criteria decision making

-Revealing  customers'  satisfaction  and . .

preferences through online review analysis: The #Ahani et. al [34] 119 2019 Business & 1 1
case of Canary Islands hotels Economics
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Figure 6 illustrates the journals with the highest frequency of published ML and MCDM studies. It demonstrates

that the majority of articles published in this field were published in “Expert Systems with Applications”. After

that, "Applied Soft Computing" was the journal with the second highest number of publications. In addition, it was

observed that the other journals have a similar number of publications and focus on practical applications.

Expert Systems With Applications

Applied Soft Computing

Sustainability

Sensors

Computers & Industrial Engineering

Soft Computing

Information Sciences

Geocarto International

Mathematics

Environmental Science And Pollution Research
Environmental Earth Sciences

Journal of Hydrology

International Journal of Production Research
Geomatics Natural Hazards & Risk

Applied Sciences-Basel
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Figure 6. The top 15 journals that feature the combined use of ML and MCDM methods from 2000 to 2024 [Data source: WoS, Search date:
23 April 2024]

Figure 7 shows the top 10 research areas that have used ML and MCDM together in the last decade. According to
the graph, 112 papers were published in "Computer Science", which ranked first. This was followed by

"Engineering" in second place with 39 publications, and "Environmental Sciences & Ecology" in third place with

32 publications. Finally, "Operations Research & Management Science" ranked last with only four publications.

Since ML is more closely related to computer science, it is expected that computer science would be the first

among these research fields.
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Figure 7. The top 10 research areas that feature the combined use of ML and MCDM methods from 2000 to 2024. [Data source: WoS,
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To this point, we have presented results from the generic part of bibliometric analysis regarding publication types,
changes over the years, research areas, and journal. Now, the results are presented according to models and
categories with reference to the novel step of the research. Figure 8 illustrates that Model 1 and Model 3 were the
most used models among the 308 publications, with a percentage of 28%. Model 2 is in second place with 22%,
while Model 5 is the least used with only 6%. The fact that Model 5 is the least used can be explained by the fact

that this approach requires more challenges in the implementation phases compared to other models.

Percentage distribution of models

6%

BModell
OModel2
BModel3
OModel4
@Model5

Figure 8. Percentage distribution of models from 2000 to 2024 [Data source: WoS, Search date: 23 April 2024]

Figure 9 shows the most common research areas where ML and MCDM methods are used together. Looking at
the models applied in these domains, Model 1, Model 2, and Model 3 are preferred in all research fields. Notably,
Model 4 was not used in the Business & Economics and Science & Technology- Other Topics research areas.
Examining these five fields as given in Figure 9, the number of times the models are used varies. It can be said
that all the models used in "Engineering" are distributed in a balanced way. In Computer Science, all models were
used more than the models used in other research fields. It was observed that researchers clearly use Model 3 the

most.

Distribution of models by top 5 research areas
40
35
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: | ]
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Computer Science Engineering Environmental Sciences Business & Economics Science & Technology -
& Ecology Other Topics
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Figure 9. Distribution of models used from 2000 to 2024 by top 5 research areas [Data source: WoS, Search date: 23 April 2024]
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The distribution of proposed models over the last decade is shown graphically in Figure 10. Although some models
were not used in certain years before 2018, we found that all models were used every year after 2018. After 2020,
there is a notable increase in the use of Models 1. In addition, the use of Model 3 increases significantly starting
from 2021. The output for the year 2022 shows that, with the exception of Model 5, the number of uses of the
other models is close to each other. The low usage of Model 5 is due to its complexity as well as its recent
popularity due to increased interest from researchers. Model 3 is clearly more prominent in 2024 compared to

other models.

Distribution of models by year

25
20
15

10

5
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Modell Model2 = Model3 ®mModel4 mModel5

Figure 10. Distribution of models in the last decade [Data source: WoS, Search date: 23 April 2024]

Within the scope of bibliometric analysis, inferences have been made on models up to this point. After that, the
analyses related to the categories will be explained in the rest of the study. Figure 11 illustrates that Category 2
was the most used model among the 308 publications, with a percentage of 37%. Category 4 was in second place
with 25%, while Category 3 was the least used with only 14%. Considering that the traditional use of ML methods
is greater than 1, it is expected that categories 2 and 4 are overused and Category 3 is underused. The proportions

of categories where both methods were used once or more (Category 1 and Category 4) are close and balanced.

Percentage distribution of categories

25% 24%

BCategoryl
@Category?2
OCategory3

14% DCategory4

37%

Figure 11. Percentage distribution of categories from 2000 to 2024 [Data source: WoS, Search date: 23 April 2024]
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Figure 12 shows the most common research areas where ML and MCDM methods are used together. The graph
shows that all categories were used in all research fields. Category 2 was the most preferred category in "Computer
Science"”, while it was the least preferred category in "Business & Economics". There are differences in the
distribution of categories by field. In particular, the use of Category 2 is prominent in "Computer Science" and
"Environmental Science & Ecology", while Category 4 is prominent in "Engineering”. The distribution of

categories across research fields indicates an unbalanced distribution.

Distribution of categories by top 5 research areas

60
50
40
30
20
10 I
0 ] ] [ Hm
Computer Science Engineering Environmental Sciences Business & Economics  Science & Technology -
& Ecology Other Topics

mCategoryl mCategory?2 Category3 Category4

Figure 12. Distribution of categories used from 2000 to 2024 by top 5 research areas [Data source: WoS, Search date: 23 April 2024]

The distribution of categories used in research over the past decade is shown in Figure 13. Although some
categories were not used in certain years prior to 2018, we found that all categories are used every year after 2018.
In 2019 and beyond, there is a steady increase in the use of Category 2, while there are significant increases in the
use of other categories. In Category 3, the data indicates a consistent and gradual increase between 2018 and 2023.
However, the data used for 2024 only includes values until April 23, 2024, the numerical representation lags

significantly behind the other categories.

Distribution of categories by year
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Figure 13. Distribution of categories in the last decade [Data source: WoS, Search date: 23 April 2024]
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IV. CONCLUSIONS

In this study, we conducted two step bibliometric analyses: an initial analysis and an extended analysis mentioned
in the methodology section for the combination of ML and MCDM methods and evaluated the results. During the
initial step of bibliometric analysis, publications were searched in WoS and Scopus databases and VOSviewer was
used to visualize the 1189 publications by obtained by query in Figure 1. Keyword analysis was performed using
VOSviewer to provide insight into the potential future direction of the study. Accordingly, it was observed that
the keywords ML, Data Mining and MCDM were the most frequently used in the publications. Since 2014, the
topic of Data Mining was prominent in the early years then ML and MCDM have become prominent, while the
interest in Deep Learning has increased in recent years as expected. This can be attributed to the increasing interest
in artificial intelligence and the widespread adoption of deep learning, particularly in recent years. After
completing the processes of identification, screening, eligibility, and inclusion, an extended bibliometric analysis
on 308 publications were conducted. This novel approach, including purpose-oriented models and numerical-
oriented categories, distinguishes our research from other bibliometric studies in the literature. The use of a
combination of ML and MCDM methods has increased significantly over the years from 2020 to 2023 as a general
result of this analysis. This increase in the usage of hybrid methods underscores the significance of the study's
purpose in terms of providing a viewpoint for researchers. According to the highest frequency of publication, it
was found that the journal "Expert Systems with Applications", which is particularly popular in the field of decision
making, had the highest number of publications. Furthermore, the other journals have approximately the similar
number of publications and are oriented towards the field of application. In terms of research field, the field of
“Computer Science” was observed to have the highest number of studies, which is to be expected given the recent
prominence of complex techniques such as deep learning. It is concluded from the research results that researchers
aiming to integrate ML and MCDM methods should design their research in a way that is compatible with the field

of computer science and include researchers from this field in their research teams when necessary.

With respect to the purpose-oriented models, Models 1 and 3 were generally the most frequently used, while Model
5 was the least frequently used, although it has steadily increased over the years. This discrepancy in model usage
can be attributed to differences in implementation complexity. Despite the scarcity of Model 5 applications among
researchers, the growth of model 5 over the years highlights the potential for further research in the application of
this model. Moreover, respecting the numerical-oriented categories, Category 2 was used the most, while Category
3 was used the least, which seems to be related to how the researchers construct their research objectives. In
addition, the fact that there is no distinct distribution of categories by research area and lack of observable patterns
over the years implies that researchers may use all categories with various approaches in each area. With respect
to the purpose-driven models, Models 1 and 3 were generally the most frequently used, while Model 5 was the
least frequently used, although it has steadily increased over the years. This discrepancy in model usage can be
attributed to differences in implementation complexity. Although the scarcity of Model 5 applications among
researchers, the growth of model 5 over the years highlights the potential for further research in the application of
this model. Furthermore, respecting the numerical-oriented categories, Category 2 was used the most, while
Category 3 was used the least, which seems to be related to how the researchers construct their research objectives.
Additionally, the fact that there is no distinct distribution of categories by research area and lack of observable
patterns over the years implies that researchers may use all categories with various approaches in each area. In

addition to the valuable insights yielded by this study, researchers can conduct association rule analyses to ascertain
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which machine learning and MCDM methods are utilized in conjunction, thereby obtaining a perspective that

extends beyond bibliometric analysis.
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Karayolu kapasitesindeki olagandisi azalmalar veya talepteki beklenmedik artislar (6rnegin, arag arizalari ve
trafik kazalari) trafik olayr olarak tanimlanmaktadir. Trafikte yasanan gecikmelerin yaklasik %25’i bu tiir
olaylardan kaynaklanmaktadir. Bu olaylar, kapasiteyi dogrudan (6rnegin, seritlerin kismen veya tamamen
kapanmasi) ya da dolayl olarak (siiriiciilerin kazayi izlemek amaciyla yavaslamasi) etkileyerek, gecikmelerin
ve seyahat siirelerinin uzamasina, yakit tiilketiminin artmasina ve ¢evreye zararli gaz emisyonlarinin artmasina
neden olmaktadir. Bu ¢aliymanin amaci, trafik olaylarinin gevresel etkilerini incelemektir. Bu baglamda,
Istanbul O2 (TEM) Otoyolu iizerinde meydana gelen bir trafik kazasmin gevresel etkileri (CO, NOx, VOC ve
yakit tiiketimi) VISSIM mikro dlcekli trafik benzetim programi kullanilarak analiz edilmistir. Beklenildigi
gibi, trafikte meydana gelen olaylarin karayolu isletmesi performans 6lgiitleri tizerinde olumsuz etkileri tespit
edilmistir. Ayrica, benzetim programui kullanilarak gergeklestirilen bu analize dayanarak trafik olaylarmin
cevresel etkilerini azaltmak i¢in gesitli 6nerilerde de bulunulmustur.

Environmental effects of traffic incidents: example of Istanbul O2 (TEM) highway
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Unusual decreases in road capacity or unexpected increases in demand (for example, vehicle breakdowns and
traffic accidents) are defined as traffic incidents. Approximately 25% of traffic delays are caused by such
incidents. These incidents affect capacity directly (for example, partial or complete lane closure) or indirectly
(drivers slowing down to observe the accident), causing delays and travel times to increase, fuel consumption
to increase, and environmentally harmful gas emissions to rise. The purpose of this study is to examine the
environmental effects of traffic incidents. In this regard, the environmental effects (CO, NOx, VOC and fuel
consumption) of a traffic accident that occurred on the Istanbul O2 (TEM) Highway were analysed using
VISSIM microsimulation program. As expected, traffic incidents were found to have negative effects on
highway operation performance measures. In addition, based on this analysis performed using the simulation
model, various suggestions have also been made to reduce the environmental impacts of traffic incidents.

I. GIRiS

Yol kapasitesinde meydana gelen olagandis1 azalmalar veya beklenmedik talep artislari, genellikle trafik olaylar

olarak tanimlanir. Bu tiir olaylar arasinda ara¢ arizalar1 ve trafik kazalar1 one ¢ikmaktadir [1]. Trafik

gecikmelerinin yaklasik %25'1 bu tiir olaylardan kaynaklanmaktadir [2]. Bu olaylar, yol kapasitesini dogrudan
etkileyebilir; 6rnegin, seritlerin kismen veya tamamen kapanmasi gibi durumlar s6z konusu olabilir. Ayrica,

stiriiciilerin olay1 gdzlemlemek amaciyla yavaslamasi gibi dolayli etkiler de goriilebilir. Trafik olaylari, genellikle
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trafik gecikmelerinin artmasina, seyahat siirelerinin uzamasina, yakit tiiketiminin yilikselmesine ve gevreye zararl
gaz emisyonlarinin artmasma neden olmaktadir. Bu durumlar hem giinlilk trafik akigini hem de g¢evresel

stirdiiriilebilirligi 6nemli dl¢iide etkileyebilir.

Ulastirma sektoriinde performans olgiitleri, diger sektorlerde oldugu gibi, biiylik énem tagimaktadir. Ulagimin
temel ilkeleri, 6rnegin kapasite analizi, bu dl¢iitlere dayanmaktadir. Trafik miihendisliginin temel parametreleri
olan yogunluk, hiz ve hacim degerleri de performans 6lgiitlerinde Kilit bir rol oynamaktadir. Gergek zamanli trafik

bilgisi i¢in bu 6l¢iitlerin dikkate alinmasi, siiriiciiler ve yolcular igin ehemmiyetlidir.

Performans olgiitleri, mevcut ulasim planlarinin ve programlarinin yonetimi, uygulanmasi ve gelistirilmesi
iizerinde Onemli bir etkiye sahip olup, genellikle basarili projelerin ve programlarin belirlenmesi ve

degerlendirilmesine de katkida bulunmaktadir.

Karayolu isletiminde performans degerlendirmesi, durus sayisi, gecikme, seyahat siiresi, ¢evresel etkiler (NOx,
CO emisyonu ve VOC emisyonu) ve yakit tiiketimi gibi belirli performans 6lgtleri dikkate alinarak yapilmaktadir.
Bu olctlerin planlanan seviyelerde goriilmesi durumunda karayolu isletim performansmin basarili olarak
degerlendirilmesi miimkiin olmaktadir. Ancak, kapasitede beklenmedik bir azalma veya talepte ani bir artisa yol
acan olagandisi durumlar (6rnegin, arag arizalari veya kazalar) kapasitenin azalmasina neden olarak bu élcitlerin
istenen diizeylerde tutulmasini zorlastirmaktadir. Bu nedenle, bu tiir olaylar sirasinda karayolu performansinin

degerlendirilmesinde yukarida belirtilen performans dlgiitlerinin kullanilmasi gerekmektedir.

Bu calismada, oncelikle karayollariin isletiminde performans degerlendirmesinde kullanilan performans
Olciitlerine deginilmistir. Calismanin ikinci bolimiinde, literatiirde yer alan galismalar incelenerek, benzetim
modelleri, olay yonetimi siiregleri ve asamalar1 hakkinda bilgiler verilmistir. Ugiincii boliimde ¢alismanin amact
ve smurlar1 belirtilmistir. Bir sonraki boliimde ¢alismada kullanilan yontem ele alinmistir. Bu boliimde, Istanbul
02 (TEM) Otoyolu ilizerinde meydana gelen bir trafik olaymnin trafik {izerindeki cevresel etkileri VISSIM paket
programi yardimryla incelenmistir. Olusturulan her iki benzetim modeli i¢in de olayn trafik akimi tizerine etkisi

kontur grafigi iizerinde gosterilmistir. Son béliimde, ¢alismanin sonuglart sunulmus ve dnerilerde bulunulmustur.

Il. LITERATUR CALISMASI

Karayolu projelerinin analiz edilmesinde insaat, arazi, proje gelistirme, bakim, igletme ve onarim, finansman,
sosyal ve ekonomik maliyetler gibi ¢esitli maliyetler bulunur ve bunlar oldukga yiiksektir. Bu maliyetlerin yiksek
olmasi nedeniyle genellikle trafik benzetim (simiilasyon) modeli kullanilmaktadir. Trafik benzetim modelleri, bu
maliyetlerin bazilarin1 minimize etmeye yardimei olabilir. Ozellikle proje planlama asamasinda farkl1 senaryolar1
test ederek en verimli ve diisiik maliyetli ¢6ziimii bulmak miimkiindiir. Béylece, fiziksel insaat baglamadan 6nce
potansiyel problemler belirlenip ¢dzilebilir ve gereksiz maliyetler 6nlenebilir. Benzetim modelleri, gercek diinya
kosullarinin benzerini yaratir ve planlama asamasinda dogru kararlar alinmasini saglar. Bu modeller,
degistirilebilen girdilerle olayn karayolu performansi tizerindeki etkilerini tespit eden diisiik maliyetli bir yaklagim
sunmaktadir. Boylelikle, trafikte meydana gelen olaylardan kaynaklanan gecikmeler, yakit tiikketimi, araglarin
durma sayisi, ortalama hizlar, seyahat siireleri, zararli gaz emisyonlar1 gibi birgok farkli 6l¢lit temin
edilebilmektedir [3, 4]. Mikroskobik benzetim modelleri ile kontrollii bir ortamda farkli senaryolar1 kolay bir

sekilde tamimlamak ve degerlendirmek miimkiin olmaktadir [5]. Olay ve olay ydnetimi etkilerinin
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degerlendirilmesi ile ilgili yapilan ¢aligmalarda AIMSUN [3, 6], PARAMICS [7], VISSIM [8-10], SUMO ve
CORSIM [11] gibi farkli benzetim modelleri kullanilmistir. Trafik benzetim programlarmm, §zellikle de mikro
Olcekli trafik benzetim programlarinin (6rnegin, VISSIM, SUMO) ortaya ¢ikisiyla birlikte, bazi arastirmacilar bu
benzetim araglarini trafik kazalarinin etkisini modellemek ve analiz etmek i¢in kullanmay1 6nermistir [12, 13].
Benzer sekilde, birgok yazar ¢evresel emisyonlarin hesaplanmasi ve degerlendirilmesinde VISSIM, AIMSUN gibi
paket programlardan yararlanmigtir [ 14-21]. Emisyonlar1 hesaplamak i¢in kullanilan EnViVer yazilimi ile VISSIM
paket programu iligkilendirilerek bir yol kavsagi degerlendirilmis ve basarili bulunmustur [14]. Trafigi simiile
etmek ve geometrik olarak farkli kavsaklardaki emisyonlart tahmin etmek i¢in kullanilan VISSIM paket
programinin sonuglari, doymus trafik kosullarinda sinyalize kavsaklarin, iki seritli ve turbo kavsaklara kiyasla
%50'ye kadar daha diisiik emisyona neden oldugunu ve geometrik degisimin etkisinin, sifir emisyonlu araglarin
etkisinden daha 6nemli oldugunu gdstermistir [15]. VISSIM mikro 6lgekli trafik benzetim paket programi
kullanilarak farkli kavsaklardaki tasit emisyonlari degerlendirilmis ve kavsaklarin geometrik-islevsel olarak
degistirilmesinin emisyonlarda %30'a kadar azalmaya olanak sagladigi gorilmistir [16]. Arag emisyon
tahminlerinde trafik benzetim modellerinin uygulanabilirligi VISSIM paket programi ile incelenmistir [17].
Utah'da gergeklestirilen bir calismada sinyal zamanlamalarimi optimize etmek, yakit tiketimini ve CO2
emisyonlarini en aza indirmek i¢in VISSIM paket programindan yararlanmilmistir [18]. Trafik bozukluklar1 veya
bu tiir olaylarin tetikledigi sikisikliklardan kaynaklanan CO2 emisyonlarindaki artis1 tahmin etmek igin tasarlanmis
istatistiksel bir yaklagim sunan ve farkli durumlarda kaza ydnetiminin degisen diizeylerinin etkisinin
degerlendirildigi ¢aligmada, trafik hacmi, arag tiirleri, olay siireleri ve otoyol serit sayilar1 gibi ¢esitli faktorleri
birlestiren bir trafik modelleme paket programi olan VISSIM kullanilmis ve kaza siiresi, ara¢ karisimi ve trafik
hacmi gibi degiskenlerin farkli serit konfigiirasyonlarindaki CO2 emisyonlar1 tizerindeki etkisini verimli bir
sekilde yansittig1 goriilmistiir [19]. Bir donel kavsagin trafik giivenligini degerlendirmek i¢in VISSIM paket
programindan yararlanilmis ve karayolu ozelliklerinin kapasite ve trafik talebi ile gercekci bir sekilde
benzetilmesine ve dengelenmesine yardimei olma agisindan 6nemli oldugu belirtilmistir [20]. VISSIM paket
programi, farkli sayida kapali serit, trafik hacmi ve trafik kazasi siiresi altinda otoyol trafik kazasin1 benzetmek ve
analiz etmek i¢in kullanildi. Benzetim sonucunda, kapasitenin kapatilan serit sayisiyla bir ilgisi oldugunu ancak

trafik kazasinin yeri ile higbir ilgisi olmadigi tespit edilmistir [21].

PTV Group tarafindan gelistirilen mikro 6lcekli trafik benzetim programi olan VISSIM hem sehir i¢i hem de
sehirler arasi yollarin detayli analizini yapmaya olanak tanimaktadir. Benzetim programi sayesinde, tiim yol
kullanicilarinin (yayalar, tasitlar ve toplu tagima araglari gibi) trafik diizenleri mikro 6l¢ekte dijital olarak yeniden
iiretilir. Bilimsel temelli benzetimler ve senaryo yonetiminin yardimryla trafigin verimliligini arttirmak, trafik

sikisikligint azaltmak ve giivenligi saglamak igin ideal bir aragtir [22].

Mikro 6lgekli trafik benzetim programi olan VISSIM paket programinda tikali bir otoyol incelenmis ve ¢aligma
programin siirlicii davranigi parametreleri kullanilarak kalibre edilmistir. Karmasik etkilesimler i¢eren bir otoyol
calismasinda VISSIM paket programmin ¢ok uygun oldugu gorllmiistiir [23]. Amerika Birlesik Devletleri'nde
mecburi yolculuk gerceklestirenlerin (6rnegin, evden ise veya isten eve) trafik tikanikligi sebebiyle 10,6 milyar
litre yakit ve 4,2 milyar saat zaman kaybettikleri belirlenmigtir [24]. Daha o6nce gozlemlenen olaylarin
gecikmelerinin Ongoriilmesi amaciyla, makroskobik ve mikroskobik benzetim modelleri (FREEVAL ve
CORSIM) kullanilmistir [25]. Kisa siireli kapanmalar igin benzetim modeli kullanmanin uygun oldugu

gorilmiistiir [26].
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Bir olay sonrasinda Birmingham sehrinin otoyol aginda en uygun yonetim stratejisinin belirlenmesi amaciyla
benzetim modellerinin kullanimi incelenmistir [27]. Rutgers Olay Yonetim Sistemi (RIMS) yazilimi [28]
araciligryla gergeklestirilen trafik ve olay benzetimleri ile olay yonetimi stratejileri ve teknolojilerinin faydalar
degerlendirilmigtir [29]. Trafikte meydana gelen kazalarin etkilerini analiz etmek i¢in kuyruk ve benzetim
modelleri birlestirilmigtir. Trafik kazalarinin neden oldugu gecikmeleri tahmin etmek amaciyla kuyruk modeline
dayali bir yontem gelistirilmis ve bu yontemin sonuglari benzetim modeli sonuglartyla karsilagtirilmigtir ve kuyruk
modelinin sonuglarinin benzetim modeliyle uyumlu oldugu goézlemlenmis ve dolayisiyla olay yonetimi

baglaminda kuyruk modelinin etkili bir alternatif olarak disiiniilebilecegi vurgulanmustir [30].

Trafik olaylari, beklenmedik karayolu durumlari olup normal trafik akigini engeller veya etkiler. Bu durumlar,
ikincil kazalarmm meydana gelme olasiligini artirir ve miidahale ekipleri ile yolculuk gergeklestiren bireylerin
giivenligini tehdit eder. Bu olaylar, seyahat giivenilirligini, ticareti ve ulasim sistemlerinin performansini
etkileyebilir. Ulasim ve kamu giivenliginden sorumlu kurumlarin, trafik olaylarinin giivenli ve hizli bir sekilde
¢oziilmesini saglama sorumlulugu sebebiyle trafik olaylarinin siiresini ve etkisini azaltmak icin insan, kurum,
mekanik ve teknik kaynaklarin sistematik, planl ve koordineli bir sekilde kullanilmasi 6nem arz etmektedir. Bu

yonetim yaklagimina trafik olay1 yonetimi adi verilir [31].

Genel olarak bir trafik olaymin siireci Sekil 1'de goriildiigii gibi olayin meydana gelmesi, olayin tespit edilmesi,
miidahale biriminin olay yerine gelisi, olayin temizlenmesi ve trafik akiminin normale donmesi olmak {izere bes
noktada analiz edilmektedir. Bu noktalar arasindaki araliklara sirasiyla algilama siiresi, tepki siiresi, temizleme
siiresi ve iyilesme siiresi ad1 verilmektedir. ilk ii¢ araligin toplam1 toplam olay siiresini verirken, tiim araliklarimn

toplami ise olayin neden oldugu toplam gecikme olarak tanimlanmaktadir [32, 33].

. Miidahale aracmm Olay verinin Trafik alommn
Olaym meydana gelmesi  Olaym tespit edilmesi olay yerine varmast temizlenmesi
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v h J

e —

- - ——

Tespit siiresi Midahale siiresi Temizleme siiresi [yilesme sitresi

r

L J
r 3
A J
F 3

Olay siiresi

3

Toplam gecikme

Sekil 1. Trafik olay: yonetimi asamalart
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111. CALISMANIN AMACI VE SINIRLARI

Bu caligmanin amaci, trafik olaylarinin gevresel etkilerini incelemektedir. Bu baglamda, Istanbul O2 (TEM)
Otoyolu iizerinde meydana gelen bir trafik olay: ele alinacaktir. Avrupa ile Asya kitalarimi birbirine baglayan Fatih
Sultan Mehmet (FSM) Koprusi’nin Avrupa yakasi ¢ikis noktasinda gergeklesen trafik kazasinin cevresel
etkilerinin degerlendirilebilmesi i¢in ¢alisma sinirlar1 olarak Sekil 2a’da belirtilen karayolu agi seg¢ilmistir.
Benzetim programinda ¢aligmanin sinirlart Molla Giirani Viyadiigii ile FSM Kopriisii Avrupa ¢ikigi arasinda
yaklasik 7,5 km uzunlugunda olusturulmustur. Sekil 2b’de goriilen FSM Kopriisii Avrupa ¢ikisinda 5 Mart 2014
Carsamba giinii saat 14:51’de bir kamyon ile tirin ¢arpismasi sonucunda meydana gelen trafik olayinin kaldirilmasi

2 saat 9 dakikada tamamlanmis ve trafigi olumsuz yonde etkilemistir.

Sekil 2. (a) Caligma sinirlar1 ve (b) Olay yeri

IV. YONTEM

FSM Kopriisii Avrupa c¢ikisinda 5 Mart 2014 Carsamba giinii saat 14:51°de yasanan trafik kazasinin etkilerini
degerlendirmek icgin, ayni ¢aligma sinirlari igerisinde olayin olmadigi bir giin ile karsilastirma yapmak
amaglanmustir. Trafikte meydana gelen bir olayin etkilerinin daha net bir sekilde anlasilabilir ve analiz edilebilmesi

icin ayni sartlarda olayin meydana gelmedigi bir giiniin secilmesi, normal trafik kosullarmin daha dogru temsil
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edilebilmesi i¢in 6nem arz etmektedir. Olayin meydana gelmedigi giin segilirken, hava durumuna, mevsime, aya
ve hafta i¢i trafigin yogun oldugu pazartesi ve cuma giinleri hari¢ olmak tzere bilhassa garsamba veya persembe
gunii olmasina dikkat edilmistir. Benzer sekilde, baz1 giinler ve 6zellikle bazi etkinliklerin veya toplumsal agidan
onemli durumlarin oldugu giinlerin segilmemesi hususuna da 6zen gosterilmistir. Olayin gergeklestigi giin ile
benzer kosullar altinda, olayin meydana gelmedigi bir giiniin se¢ilmesi, istatistiksel olarak daha glivenilir sonuclar
elde edilmesini saglar. Bu durum, normal trafik akismin nasil etkilendigini ve alternatif senaryolarin nasil
degerlendirilebilecegi konusunda daha dogru bir sekilde yardimei olur. Benzer sekilde, gergek olayin meydana
geldigi giin ile benzer kosullarda olayin gergeklesmedigi bir giin se¢ilmesi, analiz sonuglarinin daha objektif ve

karsilastirilabilir olmasini saglar. Bu da daha saglikli kararlar alinmasina olanak tanir.

Tek bir trafik olayir {izerinde yogunlasarak, bdyle belirgin bir olayin cevresel etkilerinin ayrintili olarak
incelemesini saglamak, genellestirilmis sonuglardan ziyade spesifik ve derinlemesine bilgiler ortaya koyabilir. Bu
tiir durumlarda, tek bir 6rnegin detayli analizi, benzer gelecekteki vakalar i¢in yol gosterici olabilir ve bu vakadan

elde edilen ¢gikarimlar, daha genis uygulamalara 151k tutabilir.

Bu amag dogrultusunda, 6 Mart Persembe giinii 14:00 ile 21:00 saatleri arasinda trafik olay1 olmadigi i¢in bugliniin
trafik sayim verileri ile 5 Mart Carsamba giiniine ait trafik sayim verileri Istanbul Biiyiiksehir Belediyesi Trafik

Midiirliigii’nden alinmustir.

Oncelikle, galisma smnirlari iizerindeki Mikrodalga Radar Sensér Trafik (RTMS-Remote Traffic Microwave
Sensor) 6l¢iim dedektorleri belirlenmis ve bu dedektorlerden 2°ser dakikalik araliklarla 7 saat siire boyunca arag
sayim, hiz ve iggaliye bilgileri tedarik edilmistir. Calisma sinirlart igerisinde 154-92-3-442-280 numarali 5
RTMS’ten hiz, tasit sayis1 ve isgaliye bilgileri sirasiyla 5 Mart trafik kazasinin gerceklestigi giin ve 6 Mart trafik
olaymin meydana gelmedigi giin icin Microsoft Excel’de 10’ar dakikalik olacak sekilde yeniden diizenlenmistir.
5 Mart Carsamba giinii, FSM Kopriisii Avrupa c¢ikisinda, 154 numarali RTMS noktasinda tir ile kamyonun

carpismasi sonucu yaralanmali trafik kazas1 meydana gelmistir (Sekil 3).

-

Molla Gurani Viyadugi

Sekil 3. Asya-Avrupa yonu rtms noktalart

663



J. Innovative Eng. Nat. Sci., c. 4, s. 2, ss. 658-671, 2024. Trafik olaylarinin ¢evresel etkileri

Ulagim aginin benzetim modelinde hazirlanmasi asamasinda, ¢aligma alani {izerinde bulunan RTMS’lere ait trafik
hacim verileri ele alinarak trafik akimi 5 ve 6 Mart giinleri i¢in VISSIM paket programi kullanilarak
modellenmistir. Almanya merkezli PTV Grup tarafindan gelistirilen bir mikro benzetim trafik modelleme yazilim1
olan VISSIM, trafik akisinin ve ulagim sistemlerinin detayl: bir sekilde benzetimini gergeklestirmek i¢in kullanilir.
Sadece araglarin hareketini degil, yayalarin, yolcularin hareketlerini de gergeke¢i bir sekilde benzetimini
gerceklestirerek, bu yazilim programini kullananlara trafik yonetimi, planlama ve optimizasyon siireglerinde
yardimce1 olur. VISSIM paket programi ¢ok giiglii ve maliyetli bir program olup [34, 35], diger yazilimlara gore
daha esnek kullanim imkani vermektedir [36]. Trafik akigini, araglari ve yayalar1 detayl bir sekilde modellemeyi
saglayan bu paket program sayesinde, ara¢ takip modelleri (Wiedemann 74 ve 99) gerceklestirilebilir [37]. Benzer
sekilde, serit degistirme modelleri (zorunlu ve serbest), yaya hareket modelleri (Social Force ve Agent-Based) ve

kavsak modelleri (sinyalize, donel ve kontrolsiiz) de VISSIM paket programi sayesinde uygulanabilir [38].

Caligma sinirlar1 icerisinde olan secilen 5 RTMS cihazindan temin edilen veriler hem olayin gergeklestigi giin olan
5 Mart glinii hem de olaym gerceklesmedigi giin olan 6 Mart giinii icin VISSIM paket programi yardimiyla

modellenmistir.

4.1 Trafik Olayr Meydana Gelmeyen Giiniin Benzetim Modelinin Kalibrasyonu

Karayolu ulasim sistemlerindeki yenilikleri test etmek i¢in benzetim modeline ihtiyag¢ vardir. Bu model, dnerilen
seceneklerin sonuglarimi 6ngdriip karsilagtirmaya olanak tanir. Sonuglarin dogrulugu, gercek trafik durumunu ne
kadar iyi yansittigina baglidir. RTMS’lerden elde edilen trafik verileri ile benzetim modelinin sonug¢larinin uyumlu
olmasi i¢in kalibrasyon yapilmasi gerekir. Kalibrasyon, model parametrelerinin ger¢ek durumu yansitacak sekilde
ayarlanmasini saglar [36]. Benzetim modellerinin kalibrasyonu, tekrarli bir yaklagimla mevcut duruma ulagsmay1
gerektiren zorlu bir stregtir [39]. VISSIM paket programinda yapilan ¢aligmada, hiz-akim iliskisi kullanilarak
kalibrasyon yapilmig ve bu yontemin sadece hiz veya hacim verilerini incelemekten daha iyi sonuglar verdigi

goriilmustiir [40].

VISSIM paket programini kalibre etmek ve dogrulamak amaciyla saha verileri benzetimden elde edilen sonuglarla
karsilagtirillmistir.  Trafik  performansi, model sonuglarmin saha gdzlemleriyle karsilastiriimasiyla
degerlendirilmistir. Calisma, VISSIM paket programmnin kentsel ulasim sistemlerinin tasarimi ve
optimizasyonunda giivenilir bir ara¢ oldugunu, ancak saha gozlemleri ve dogru verilerle desteklenmesi gerektigini
vurgulamaktadir [41]. Modelin kalibrasyonu i¢in kuyruk uzunlugu kullanilmig ve modelin sok dalgasi yayilma
hizlarini ve kuyruk uzunlugunu dogru sekilde gosterebildigi dogrulanmustir, bu da trafik olay yonetimi stratejileri

gelistirmek i¢in kullanilabilecegini gostermistir [42].

FSM Kopriisu’nde ev-is ve is-ev saatlerinde trafikteki yogunluk nedeniyle ek serit uygulamasi yiiriitiilmektedir.
Sabahlart Anadolu Yakasi’ndan Avrupa Yakasi’na, aksamlari ise Avrupa Yakasi’ndan Anadolu Yakasi’na gegisler
igin 1’er ek serit uygulamas: yapilmaktadir. Buna istinaden, 6 Mart Carsamba giinii trafik olayinin meydana
gelmedigi giiniin benzetimi, saat 14:00°de baslatilip saat 17:00 ile 21:00 arasinda Avrupa kitasindan Asya kitasina
olan yolculuklar i¢in ek serit uygulamasi goz oniinde bulundurularak calistirilmistir. Trafik kazasinin ortadan
kaldirilmasi 2 saat 9 dakika siirmiis ve bu kazanin benzetim modelinin analizi i¢in toplam durus sayis1 (tasitlarin

otopark ve durak harici yaptiklari durus-kalkis hareketlerinin toplami), toplam gecikme, toplam seyahat siiresi,
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NOx, CO ve Ugucu Organik Bilesiklerin (Volatile Organic Compounds-VOC) emisyonu ve yakit tiiketimi

incelenmistir.

Uygulanan alternatif senaryolarin dogrulugu, iyi kalibre edilmis bir benzetim modeli ile degerlendirilebilir. Bu
¢alismada, hiz ve hacim arasindaki iligki kullanilarak kalibrasyon yapilmistir. Gergek duruma ait 10 dakikalik hiz
ve hacim verileri ile benzetim modelinden elde edilen veriler karsilastirilarak sapma oranlari hesaplanmistir. Bu
sapmalar dikkate alinarak, modelde gerekli parametreler (istenen hiz) ayarlanarak modelin ger¢ek duruma daha

yakin olmasi saglanmustir.

Trafik olayr meydana gelmeyen giiniin benzetim modelini kalibre etmek ve tiim senaryolarin ¢iktisint almak i¢in
benzetim modeli 54 kez ¢alistirtlmistir. 6 Mart Carsamba giinii ger¢ek trafik durumunu yansitip yansitmadigini
kontrol etmek amaciyla, 5 RTMS’e (154-92-3-442-280) ait hiz verileri kullanilarak MATLAB ile gercek ve
benzetim durumu igin kontur grafikleri ¢izilmistir. Bu grafiklerde yatay eksen zaman, dikey eksen ise konum

olarak ayarlanmistir.

Tasit hizlar1 renklendirilerek gosterilmistir. Sekil 4a'da trafik olay1 gerceklesmeyen giine ait gercek hiz verileri,
Sekil 4b'de ise benzetim modelinden elde edilen veriler ile olusturulan kontur grafikleri olusturulmustur. Sekil
4a'daki grafikte, saat 17:00'de Avrupa kitasindan Asya kitasina gegis i¢in ek serit uygulamasi faaliyete girdigi icin
hizlarin distiigii gézlemlenmektedir. Kavacik ayrimi ve katilimi da aksam is ¢ikist saatlerinde hiz diisiislerine
sebep olmaktadir. Tasitlar 17:00'ye kadar ortalama 78 km/s hizla seyrederken, ek serit uygulamasi ile hizlar
20:00'ye kadar ortalama 34 km/saate kadar diismiistiir.

3500
SO0
4500

3500
S0
2504
2000
1500

1000

300

Konumm ()

(s uey) 71

] 50 100 150 200 250 300 350 400
Laman (dk)

3300
000
A5
4000
3500
3000
2500
2000y
1500

1M}
SH}

Konum {m}

1] S0 100 150 200 250 300 330 400
Faman (k)

Sekil 4. Normal giine ait (a) gercek ve (b) benzetim modelinden elde edilen hiz verileri ile olugturulan kontur grafigi
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Benzetim modeliyle analiz edilen normal duruma ait kontur grafigi Sekil 4b'de gdsterilmistir. Bu grafigin, ger¢ek

hiz verileriyle olusturulan kontur grafigine benzerligi, kalibrasyonun dogru yapildigini kanitlamaktadir.

Gergek ve benzetim modelinden temin edilen hiz ve hacim verilerinin tutarliligimi degerlendirmek amaciyla
Ortalama Kareler Hatas1 (RMSE) ve Ortalama Mutlak Yiizde Hata (MAPE) analizleri gergeklestirilmistir. Sekil
S5a'da, 6 Mart trafik olaymin meydana gelmedigi giiniin ger¢cek ve benzetim durumuna ait hiz dagilim grafigi
gosterilmistir. Analiz sonuglarina gore, hiz verilerinin RMSE degeri 11,4 km/sa ve MAPE oram1 %11,56 olarak

hesaplanmistir. Hiz verilerinin %10 egrisine yakinlig1 Sekil Sa'da gosterilmistir.

6 Mart giinline ait ger¢ek ve benzetim modelinden elde edilen hacim verileri dikkate alinarak ayni analizler
gergeklestirilmistir (Sekil 5Sb). RMSE ve MAPE analizlerine gore, elde edilen degerler sirasiyla 157 tasit/sa ve
%19,97 olarak belirlenmistir. Benzetim modelinin gegerliligi, 5 RTMS'e ait hiz ve hacim verileri ile yol aginda

benzer noktalara yerlestirilen detektdrlerden elde edilen verilerin karsilagtirilmasiyla degerlendirilmistir.
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V. ANALIZ SONUCLARI

6 Mart Persembe giinii, normal trafik akiginin aksine, 5 Mart Carsamba giinii saat 14:51'de meydana gelen trafik
kazasinin 2 saat 9 dakika siirede temizlenmesi nedeniyle trafikte uzun kuyruklar olusmus ve ek serit uygulamasi

yapilmamustir. Bu sebeple, kazanin yagandigi giin, benzetim modeli ek serit uygulamasi olmadan hazirlanmistir.

FSM Kopriisii Avrupa ¢ikigsinda gerceklesen kazada, seritler 40 dakika boyunca polis ve otoyol servis ekipleri
tarafindan kapatilmistir. Saat 15:31'de en sagdaki iki serit trafige acilmistir ve trafik, saat 17:00'ye kadar 2 serit
olarak ilerlemistir. Kaza, saat 17:00'de temizlenerek tiim seritler trafige acilmistir. Calisma sinirlar icerisindeki 5
RTMS'ten alinan gergek hiz verileri ile Sekil 6a'da goriilen kontur grafigi, benzetim modelinden elde edilen veriler

ile de Sekil 6b'de goriilen kontur grafigi olusturulmustur.

Kazanin saat 14:51'de meydana gelmesi nedeniyle, 50 ile 51. dakikalar arasinda yiiksek hizlarla gecen araglar,
ortalama hiz1 50 ile 60. dakikalar arasinda artirmistir. Bu durum, kazanin bir sonraki 10 dakikalik dénemde

gergeklestigi kontur grafiginde agikca goriilmektedir.
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Sekil 6. Olayli duruma ait (a) gercek ve (b) benzetim modelinden elde edilen hiz verileri ile olusturulan kontur grafigi

Kazanin etkisini daha iyi gdzlemlemek i¢in yol ag1, VISSIM paket programinda 9 bdliime ayrilmis ve her boliimiin

ortasina bir dedektor yerlestirilerek hiz ve hacim verileri toplanmistir (Sekil 7).
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Sekil 7. Incelenen yol agindaki kesimler

9 dedektorden gelen hiz verileriyle olusturulan kontur grafigi, Sekil 8'de goriilebilir. Grafige bakildiginda, kaza
yerinden kesimin sonuna kadar kuyruk uzunlugunun etkisi goriilmektedir. Saat 17:00'de olusan kuyruk, Kavacik

katilimi ve ayriminin etkisiyle saat 20:00'ye kadar devam etmistir.
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Sekil 8. Dedektorden alinan hiz verileri ile olusturulan kontur grafigi

Tablo 1’de normal bir giin ile olayl giine ait benzetim modeli ¢iktilar1 performans 6Slgiitleri dikkate alinarak
karsilagtirilmistir. Cevresel etkilerin beklenildigi gibi olayin meydana geldigi giinde normal giine kiyasla daha
yiiksek oldugu yapilan analiz sonucunda goriilmektedir. Saat 17:00’de siiriiciiler i¢in faaliyete alinan ek serit
uygulamasindan 6turd performans olgltlerinden olan toplam gecikme ve seyahat siiresinin normal giinde yiksek

oldugu bulunmustur.
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Tablo 1. Normal bir gin ile olayli giine ait benzetim modeli ¢iktilar1 performans olgiitleri

Toplam ggg:ime Toplam Seyahat Eg;(syonu CO Emisyonu \E/gi(s:yonu Yakat
Durus Sayist (saat) Siresi (saat) (kq) (kg) (ka) Tuketimi (It)
5 Mart 2914 481136 5632 8479 202 1040 241 3930
Olayli Giin
6 Mart 20%4 415870 10712 13685 179 920 213 3477
Normal Giin

VI. SONUC VE ONERILER

Bu ¢aligmada, Istanbul O2 (TEM) Otoyolu iizerinde meydana gelen bir trafik kazas1 incelenmis ve trafik kazasinmn

cevresel etkileri VISSIM paket programi yardimiyla analiz edilmistir.

FSM Koprusi’nde meydana gelen bir trafik olaymin ¢evresel etkileri benzetim modeli yardimiyla analiz edilmek
icin ilk olarak ¢aligma sinirlar1 igerisinde, belirlenen saatlerde, trafik olay1 meydana gelmeyen giine ait tagitlarin
hiz ve hacim verileri dikkate alinarak mevcut durumun benzetim modeli kalibre edilmistir. FSM Koprust’nde
trafik yogunlugu nedeniyle sabah ige gidis ile aksam eve doniis saatlerinde ek serit uygulamasi yapilmaktadir.
Siiriiciiler, ek serit uygulamasindan sabahlar1 Anadolu Yakasi’ndan Avrupa Yakasi’na, aksamlar1 ise Avrupa

Yakasi’ndan Anadolu Yakasi’na gecerken faydalanmaktadir.

6 Mart Cargamba trafik olaymmin meydana gelmedigi giiniin trafiginin benzetimi ek serit uygulamasi ile
degerlendirilmistir. Benzetim modeli, ek serit uygulamasi 17:00 ile 21:00 saatleri arasinda Avrupa kitasindan Asya
kitasina olacak sekilde olusturularak 7 saat siire ile ¢aligtirilmustir. Trafik kazas1 2 saat 9 dakika stirmiistiir. Trafik
kazasinin degerlendirilmesi icin karayolu performans Olgiitleri olarak durus sayisi (tasitlarin otopark ve durak
harici yaptiklar1 durus-kalkis hareketlerinin toplami), toplam gecikme, toplam seyahat stiresi, NOx, CO ve Ugucu

Organik Bilesiklerin (Volatile Organic Compounds-VOC) emisyonu ve yakit tiiketimi dikkate alinmistir.

VISSIM paket programi kullanilarak gerceklestirilen bu analize dayanarak trafik olaylarinin ¢evresel etkilerini

(CO, NOx, VOC ve yakit tilketimi) azaltmak ig¢in gesitli dnerilerde bulunulabilir:

e Etkin olay yonetimi stratejilerin sayesinde, trafik kesintilerinin slresi en aza indirilebilir, bdylece uzun
stireli trafik sikigikligindan kaynaklanan sera gazi emisyonlar ve giiriiltii kirliligi azaltilabilir.

e Trafikte meydana gelen olaylarin gevresel etkilerini daha iyi anlamak igin veri toplama yontemlerinin
gelistirilmesine ve simiilasyon modellerinin iyilestirilmesine odaklanilabilir.

e Ulasim sistemlerinin karbon ayak izini azaltmay1 amaglayan karar alma siireglerine katkida bulunabilecek
bilgiler sunarak bu ¢evresel etkilerin degerlendirilmesinde etkili bir arag olarak mikro Olgekli trafik
benzetim programi olan VISSIM kullanilabilir.

e Trafikte meydana gelen olaylarin yol agtig1 giiriiltii kirliligi de 6énemli bir ¢evresel sorundur. Trafik

kazalarmin giiriiltd kirliligi tizerindeki etkileri ve bu etkilerin analizi de irdelenebilir.

Sonug olarak, bu ¢aligmanin bulgulari, trafik olaylarinin 6nemli ¢evresel etkilerini ve ¢evresel hususlarin ulagim

planlamasi ve yonetim siireglerine entegre edilmesinin énemini vurgulamaktadir.
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(DLP/LCD) type 3D printers. The increase in the fumed silica content resulted in an increase in the ultimate
tensile strength, the Young's modulus, the 1zod impact strength, and the hardness values up to a certain value
for each acrylate resin system. The PEA-DPGDA-2%FS nanocomposite showed an increase of 20.6% and

Auvailable online

Keywords: 47.2% in the ultimate tensile strength and the Izod impact strength, respectively. A substantial increase in
DLP/LCD-type 3D printer Izod impact strength of 61.7% was achieved with UA-DPGDA-1%FS. PEA-DPGDA and UA-DPGDA
DPGDA reactive diluent showed much higher mechanical properties than SiA-DPGDA. However, tensile strength, Young's modulus,
Fumed silica nanoparticle and Izod impact strength of fumed silica-filled SiA-DPGDA samples showed substantial increases of 90%,
Acrylate resins 74.4%, and 60.8%, respectively.

I. INTRODUCTION

Over the past few years, there has been a surge of interest in the technology of 3D printing. From industrial
manufacturing to personal use, this innovative technology has seen a remarkable expansion in its applications.
The versatility of 3D printers has allowed them to be adopted in a wide range of sectors, facilitating advances in
prototyping, customized medical implants, novel product designs in the food industry, and architectural
endeavors [1, 2]. Reflecting its potential to revolutionize various industries, this growing enthusiasm for 3D
printing has spurred continuous advancements and refinements in the field [3, 4]. In materials science and
engineering, resins such as silicone acrylate, polyester acrylate, and urethane acrylate, which are commonly used
for various industrial applications, are of great importance [5-7]. These resins are used in a wide range of
applications and play a crucial role in advanced manufacturing techniques such as 3D printing [8]. Silicone
acrylates are favored for their excellent elastic properties and chemical resistance [8, 9]. Polyester acrylates are
known for their potential to provide high strength and durability [10, 11]. Urethane acrylates offer a wide range
of uses because of their flexibility and combination of different mechanical properties [12, 13]. Reactive diluents
combined with the main acrylate resins have a significant impact on mechanical, thermal, and physical qualities,
in addition to the basic types of acrylate resins [14, 15]. When reviewing the literature, Kim and Seo [16] looked
into how the mechanical properties of EB80 UV-cured commercial polyester acrylate resin were affected by a
variety of reactive diluents, including hexanediol diacrylate (HDDA), tripropylene glycol diacrylate (TPGDA),
and trimethylolpropane triacrylate (TMPTA). With HDDA, TPGDA, and TMPTA, they were able to reach
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tensile strengths of 12.5 MPa, 14 MPa, and 18 MPa, respectively. Wang et al. [17] prepared different UV-cured
polyester acrylate resins and compared them to a commercial polyester acrylate resin (Etercure 6387) that is a
tri-functional oligomer. The synthesized different UV-cured polyester acrylate resins showed a tensile strength
of 18.3 MPa and Shore D hardness of 47.9 when compared to the UV-cured Etercure 6387 resin. Additionally,
adding filler to the resin system works well to achieve better qualities. Lahijania et al. [18] created UV-cured
urethane acrylate nanocomposites by mixing non-treated and silane-treated nano-silica fillers with the resin
while considering the literature. For the silane-treated silica-filled samples, they saw an increase in elastic
modulus of 88%, compared to a 55% rise for the untreated silica-filled samples. For the silane-treated silica-
filled samples, they saw a 200% increase in hardness, compared to a 91% rise for the untreated silica-filled
samples. Sadej and Andrzejewska [19] employed a hybrid filler consisting of silica and aluminum oxide. They
then compared the outcomes to those of fumed silica-reinforced polyethylene glycol diacrylate-based
photocurable composites. The mechanical and thermal characteristics of both composites showed notable
improvements. The samples containing fumed silica fillers showed an increase of 100% in Young modulus, but
the samples containing silica/aluminum oxide hybrid fillers showed a 166% increase in Young modulus.
Conversely, samples containing fumed silica fillers saw an increase in tensile strength of 81%, while samples
containing silica/aluminum oxide hybrid fillers saw an increase in tensile strength of 45%. The samples with
fumed silica fillers showed a 4% increase in Shore D hardness, whereas the samples with silica/aluminum oxide
hybrid fillers showed a 5% increase in Shore D hardness. Prasertsri and Rattanasom [20] investigated the impact
of fumed silica and participated silica fillers on the mechanical and thermal properties of natural rubber. When
comparing the mechanical properties of fumed silica-reinforced natural rubber composites to those of silica
fillers, they showed improved results. Preghenella et al. [21] prepared fumed silica-filled epoxy nanocomposites.
The filled fumed silica particle ratios were varied from 0 to 9.2% by volume. While the fumed silica particles in
the epoxy matrix for 3.3% and 6.4% increased the impact resistance and elongation, the ultimate tensile strength
substantially decreased. The nanocomposite filled with the fumed silica particle of 9.2% showed a substantial
increase in Young’s modulus, while the fracture toughness was a little higher than that of the neat epoxy.

When evaluating the results related to the fumed silica-filled polymer-based composites in the literature, fumed
silica has presented substantial improvements in terms of mechanical properties such as ultimate tensile strength,
Young’s modulus, and impact resistance. In this regard, this study aims to use fumed silica particles as filing
material for various photopolymerizable resin systems for DLP/LCD-type 3D printers. Fumed silica was filled
into the resin systems at concentrations ranging from 0 to 4%. It had a hydrophilic character and a particle size of
about 20 nm. It is also a viable option for reinforcing polymer matrices due to its special qualities and range of
uses. It has been shown that adding fumed silica particles to polymer resins increases their mechanical strength,
thermal stability, and dimensional stability—all desirable properties [22-24]. Its branching and porous nature
leads to a high surface area, and this high surface area provides high interfacial strength between the matrix and
filler. As photopolymerizable main resins, commercial polyester acrylate, urethane acrylate, and silicon acrylate,
which are widely used in industry for a variety of uses, were used in this investigation [25, 26]. Moreover,
dipropylene glycol diacrylate (DPGDA) was used as a reactive diluent in these photopolymerizable resin
systems. DPGDA is a difunctional reactive diluent and is generally used for applications that require improved
flexibility, adhesion, and good moisture resistance [27, 28]. The mechanical properties of these products, such as

their ultimate tensile strength, Young’s modulus, tensile strain, notched-1zod impact resistance, and Shore D
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hardness, were investigated. Moreover, the SEM morphologies of the fracture samples were observed following

the tensile test.

I1. EXPERIMENTAL METHOD
2.1 Materials

As main resins, commercial silicone diacrylate, urethane diacrylate, and polyester diacrylate were used. The
product codes of these resins that were purchased from Allnex are EBECRYL® 350, EBECRYL® 284, and
EBECRYL® 884. As a reactive diluent, dipropylene glycol diacrylate (DPGDA) that was acquired from BASF
was used in each resin system. Fumed silica that was purchased from Wacker was used as filling material. Its
product code is HDK N20 Aerosil 200 fumed silica. It is a pyrogenic, synthetic, hydrophilic, and amorphous
silica nanoparticle and has a surface area of 200 m?/g. The resin systems were cured using a Phrozen sonic mini
resin DLP (Digital Light Processing) and LCD (Liquid Crystal Display) (DLP/LCD)-type 3D printer. Bis(2,4,6-
trimethylbenzoyl)-phenylphosphine oxide (BAPO) was used as a photoinitiator. Its product code is
IRGACURE® 819.

2.2 Preparation of fumed silica filled acrylate/DPGDA resins and curing by DLP/LCD type 3D printer

Three primary acrylate-based resin types were utilized: urethane diacrylate, silicon diacrylate, and polyester
acrylate. DPGDA was used to dilute these resins. DPGDA increased the crosslinking density while reducing the
viscosity of the primary resins. In addition, it was believed that the crosslinking reactions in the 3D printer would
enhance the mechanical capabilities of the special flexible structure of DPGDA. Using DPGDA, each resin
system was adjusted to 1/1 by weight. For ten minutes, these main resins and DPGDA were mechanically stirred
in a beaker. Fumed silica particles were added to the resin systems in the concentration range of 0-4% after the

homogenous mixture was obtained.

Table 1. The composition and code of the prepared samples

sample Main resin Reactive diluent Ratio (%wt.) FurT;/e(\thsilica i:;?igigr

PEA-DPGDA Polyester acrylate DPGDA 50/50 - 5
PEA-DPGDA-1%FS Polyester acrylate DPGDA 50/50 1 5
PEA-DPGDA-2%FS Polyester acrylate DPGDA 50/50 2 5
PEA-DPGDA-3%FS Polyester acrylate DPGDA 50/50 3 5
PEA-DPGDA-4%FS Polyester acrylate DPGDA 50/50 4 5

UA-DPGDA Urethane acrylate DPGDA 50/50 - 5
UA-DPGDA-0.5%FS Urethane acrylate DPGDA 50/50 0.5 5
UA-DPGDA-1%FS Urethane acrylate DPGDA 50/50 1 5
UA-DPGDA-2%FS Urethane acrylate DPGDA 50/50 2 5
UA-DPGDA-3%FS Urethane acrylate DPGDA 50/50 3 5
UA-DPGDA-4%FS Urethane acrylate DPGDA 50/50 4 5

SiA-DPGDA Silicon acrylate DPGDA 50/50 - 5
SiA-DPGDA-1%FS Silicon acrylate DPGDA 50/50 1 5
SiA-DPGDA-2%FS Silicon acrylate DPGDA 50/50 2 5
SiA-DPGDA-3%FS Silicon acrylate DPGDA 50/50 3 5
SiA-DPGDA-4%FS Silicon acrylate DPGDA 50/50 4 5
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Particularly for the 4% samples, it was found that the fumed silica particles raised the viscosity of the resin
systems. The resin solutions were stirred simultaneously for one hour using both mechanical and ultrasonic
means, following the addition of the fumed silica particles. A clean and uniform view of the filled resin systems
was obtained after one hour of mechanical and ultrasonic stirring. To achieve a clear and uniform view, the filled
resin systems were again stirred mechanically and ultrasonically for 45 minutes after adding BAPO
photoinitiator at a weight concentration of 5%. The products were obtained during the curing process of the 3D
printer after the transparent and homogenous resin systems were put into the resin tank. The composition and

code of the prepared samples are given in Table 1.

2.3 Characterization of Test Specimens

For every weight percentage, three samples were prepared. The findings were calculated using the average of
these three variables. The average results were used for each sample. Standard tensile tests were conducted in
accordance with ASTM D638 TYPE 4 to determine Young's modulus, ultimate tensile strength, and elongation
at maximum of the samples in order to define their mechanical properties. 5 mm/min was the crosshead speed
used for the tensile testing. Using Zwick Z010 equipment, the tensile test was carried out at room temperature.
IZOD impact test was carried out to measure the impact resistance of the notched samples in accordance with
ASTM D 256. Zwick B5113.30 test apparatus with a 5.4J hammer and a 3.96 m/s striking rate was used. Shore
D hardness test was also performed on the prepared samples to measure hardness values. After the tensile test,
the fracture surface morphologies were examined using a Carl Zeiss Ultra Plus SEM (scanning electron
microscope) at a voltage acceleration of 20 kV. Prior to the SEM investigations, the specimens were coated with

2-4 nm of Au/Pd using a Quorum Q150R device in an ion beam sputtering system.

111. RESULTS AND DISCUSSIONS

This research aims to systematically evaluate the mechanical properties of these novel composite materials,
shedding light on the potential advantages and limitations associated with the introduction of fumed silica. The
outcomes of this study not only contribute to the fundamental understanding of the synergies between fumed
silica and acrylate-based resins but also provide valuable guidance for optimizing these composite materials for
specific applications in industries such as coatings, adhesives, and advanced materials. In this context, the main
resins mentioned were diluted with DPGDA reactive diluent. DPGDA is a difunctional reactive diluent and is
generally used for applications that require improved flexibility, adhesion, and good moisture resistance [27, 28].
These acrylate-based resin systems were prepared by filling fumed silica particles in the 0-4% concentration
range. Fumed silica had a hydrophilic character and a particle size of about 20 nm. It is also a viable option for
reinforcing polymer matrices due to its special qualities and range of uses. It has been shown that adding fumed
silica particles to polymer resins increases their mechanical strength, thermal stability, and dimensional
stability—all desirable properties [29-31]. Its branching and porous nature leads to a high surface area, and this
high surface area provides high interfacial strength between the matrix and filler. The surface area of the fumed
silica particles employed in this study was 200 m?/g. It was believed that the resin systems would increase the

integrity of the particles, leading to an improvement in mechanical properties by impregnating the fumed silica
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particles due to their branching and porous structure [32-34]. Tensile, 1zod impact, and Shore D hardness
tests were used to examine the mechanical properties of each system. Table 2 displays the tensile, impact, and

hardness test results that were obtained.
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Figure 1. Comparative analysis of the trend of ultimate tensile strength and 1zod impact resistance values for each sample

During the sample investigations, the ultimate tensile strength, Young's modulus, 1zod impact resistance, and
hardness values all increased with an increase in fumed silica concentration. Figure 1 and Figure 2 display the
relative trend of these mechanical variables for every sample. For all resin systems, ultimate tensile strength and
Izod impact resistance increased up to a specific filler ratio. The maximum values of ultimate tensile strength
and lzod impact resistance for SIA-DPGDA and PEA-DPGDA samples were 3% and 2%, respectively, whereas
that for UA-DPGDA samples was 1%.In addition, aside from ultimate tensile strength and Izod impact values,
Young's modulus value increased for SIA/DPGDA while decreasing for UA-DPGDA and PEA-DPGDA samples
due to the filled fumed silica particles. When evaluating all mechanical properties, the PEA-DPGDA-2%FS,
UA-DPGDA-1%FS, and SiA-DPGDA-3%FS samples showed more enhanced properties. PEA-DPGDA-2%FS
had an ultimate tensile strength value of 12.95 MPa, which represented an increase of 20.6%. In addition, Izod
impact resistance increased by 47.2%. On the other hand, Young's modulus of PEA-DPGDA-2%FS indicated a
slight decline of 8.6%. Young's modulus and ultimate tensile strength decreased for UA-DPGDA-1%FS.
Young's modulus indicated a decrease of 21.8%, while tensile strength revealed a loss of 4%. While Young's

modulus value remained within a rigid range, the decrease in the tensile strength modulus was negligible. In
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addition to them, the 1zod impact resistance value demonstrated a substantial increase of 61.7%. In comparison
to SIA-DPGDA samples, PEA-DPGDA and UA-DPGDA samples showed much more enhanced mechanical
properties. However, all mechanical parameters, including ultimate tensile strength, Young's modulus, and 1zod
impact resistance, were substantially increased when the fumed silica particle was added to the SiA-DPGDA
resin system. There were increases of 90%, 74.4%, and 60.8% in the tensile strength, Young's modulus, and 1zod
impact resistance values, respectively. It might be explained by the fact that SIA-DPGDA samples had
substantially lower mechanical characteristics than PEA-DPGDA and UA-DPGDA samples. Aside from these,
the elongations of all nanocomposite samples were substantially increased by fumed silica particles. Therefore,
the 1zod impact resistance values substantially increased for all nanocomposite samples by adding fumed silica
particles to the resin systems. According to Marouf et al. [35], plastics reinforced with microparticles can retard
the propagation of cracks and increase fracture toughness. The fracture toughness of the polymer nanocomposite
was enhanced by the size of the reinforcing silica particles, which ranged from 2 pum to 47 um. The polymer
nanocomposite was negatively affected by the silica particles between 200 and 1560 nm in size. In addition, for
reinforcement particle sizes between 20 and 170 nm, there was minimal to no effect on fracture toughness.
Similar results were found by Liang and Pearson [36] when they utilized silica particles in epoxy resin with
particle sizes of 20 and 80 nm. When the volume proportion of particles is high, Marouf et al. [35] found out that
achieving high fracture toughness values requires homogeneous filler dispersion. If not, agglomeration would

cause the fracture toughness values to drop at high filler loading levels.
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Figure 2. Comparative analysis of the trend of elongation at max and Young’s modulus values for each sample
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Figure 3. The average tensile stress-strain curves of the nanocomposites
Table 2. The mechanical values of the nanocomposites
Ultimate Elongation s
Tensile at young's Izod Shore D
Sample Modulus Impact
Strength Break (MPa) (ka/m?) Hardness
(MPa) (%)

PEA-DPGDA 10.73 18.99 67.58 9.1 56
PEA-DPGDA-1%FS 9.66 16.02 66.92 7.7 55
PEA-DPGDA-2%FS 12.95 25.23 61.76 134 59
PEA-DPGDA-3%FS 12.37 22.52 64.63 12.9 57
PEA-DPGDA-4%FS 11.86 15.66 82.58 8.1 52

UA-DPGDA 23.96 10.67 220.33 115 63
UA-DPGDA-0.5%FS 21.48 23.13 178.73 17.2 66
UA-DPGDA-1%FS 22.98 22.43 172.25 18.6 67
UA-DPGDA-2%FS 20.12 16.28 161.7 16.5 62
UA-DPGDA-3%FS 17.72 13.74 148.76 14.5 61
UA-DPGDA-4%FS 19.82 10.66 181.62 14.1 59

SiA-DPGDA 3.72 3.77 61.26 2.3 34
SiA-DPGDA-1%FS 4.26 451 92.71 2.7 36
SiA-DPGDA-2%FS 4.04 5.29 75.96 2.8 37
SiA-DPGDA-3%FS 7.07 7.84 106.85 3.7 43
SiA-DPGDA-4%FS 4.76 6.67 43.41 3.3 37

When evaluating the Shore D hardness values of the samples, the results of Shore D hardness showed a similar
trend with the other mechanical properties in terms of filled fumed silica ratio and used main resin. While UA-
DPGDA samples showed the highest Shore D hardness values, the Shore D hardness values of PEA-DPGDA
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samples were much higher than SiA-DPGDA samples. In terms of the prominent samples, Shore D hardness
values presented the most enhanced values for the PEA-DPGDA-2%FS, UA-DPGDA-1%FS, and SiA-DPGDA-
3%FS samples.

Table 3. The change ratios of the prominent samples compared to the neat samples in this study

Ultimate ,
- Young’s Izod
Tensile
Sample Strength Modulus Impact
2
(MPa) (MPa) (kdim?)
PEA-DPGDA 10.73 67.58 9.1
UA-DPGDA 23.96 220.33 115
SiA-DPGDA 3.72 61.26 2.3
Changes in (1+%)
PEA-DPGDA-2%FS +20.6 -8.6 +47.2
UA-DPGDA-1%FS -4 -21.8 +61.7
SiA-DPGDA-3%FS +90 +74.4 +60.8

Considering SEM morphologies in Figures 4 and 5, PEA-DPGDA, UA-DPGDA, and SiA-DPGDA were shown
as neat samples, and PEA-DPGDA-2%FS, UA-DPGDA-1%FS, and SiA-DPGDA-3%FS were demonstrated as
the prominent filled nanocomposite samples. It is well known that the overall smooth texture with river-line and
textured microflow patterns represents the brittle fracture behavior. This situation was seen in PEA-DPGDA and
SiA-DPGDA. The other neat sample, UA-DPGDA, showed more different fracture behavior that has many paths
with wavy and cavity. These paths showed a certain amount of energy that was consumed for the tensile fracture.
When evaluating the results of the neat samples, UA-DPGDA presented much more enhanced mechanical
properties than PEA-DPGDA and SiA-DPGDA. SiA-DPGDA presented the poorest mechanical results. The
SEM morphology of SiA-DPGDA showed the most distinct smooth texture with a river line and textured
microflow pattern compared to the other neat samples. On the other hand, almost all the prominently filled
nanocomposites in Figure 5 exhibited a homogeneous distribution. It is well known that homogeneous
distribution is a key parameter for mechanical properties, especially impact resistance [35]. Additionally, particle
size is a key parameter to obtain improved mechanical properties such as ultimate tensile strength, Young’s
modulus, and impact resistance values. While the particle sizes of PEA-DPGDA and SiA-DPGDA samples were
mostly below 1 um, UA-DPGDA presented mostly above the particle size of 1 um. Moreover, the particle sizes
around and above the particle size of 2um were also available in the view of UA-DPGDA in Figure 5. [35, 21]
As Marouf et al. [35] mentioned, silica particles with a homogeneous distribution around and above a particle
size of 2 um substantially affect fracture toughness. Besides the positive effect on ultimate tensile strength, a
similar effect was observed above the particle size of 1 pum for UA-DPGDA samples. These effects differ for
PEA-DPGDA and SiA-DPGDA samples because of their agglomerated particle sizes and the compatibility

between matrix and fillers.

679



J. Innovative Eng. Nat. Sci. vol. 4, no.2, pp. 672-683, 2024. DLP/LCD-type 3D printer

Figure 5. SEM morphologies of the prominent filled nanocomposite samples
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Additionally, the maximal effect ratios varied for each sample. These ratios were 3%, 2%, and 1% for SiA-
DPGDA, PEA-DPGDA, and UA-DPGDA samples. In contrast to the UA-DPGDA and PEA-DPGDA samples,
the fumed silica particles in the SIA-DPGDA sample were less visible in the SEM morphology. The fumed silica
particle and silicon matrix were believed to occur in a very high-integrity nanocomposite. The visibility of fumed
silica particles for UA-DPGDA-1%FS is interestingly the highest among the other prominent nanocomposite
samples, despite the higher ratios of PEA-DPGDA and SiA-DPGDA. As mentioned, fumed silica particles have
a branching and porous structure. It was thought that PEA-DPGDA and SiA-DPGDA resins presented a more
compatible structure to the fumed silica particles compared to UA-DPGDA in consequence of the impregnation
of these resins into the branching and porous structure of the fumed silica particles. Therefore, more compatible
visibility in SEM morphology was obtained between matrix and filling particles. When evaluating the results in
Table 3, interesting trends in mechanical properties were observed by increasing the ratio of the samples. It is
generally expected that reinforcing or filling materials increase some mechanical properties while the other one
or more mechanical parameters decrease. For instance, when ultimate tensile strength or modulus values
increase, lzod impact resistance decreases, or vice versa [25,37]. However, SiA-DPGDA-3%FS presented a
different result. Substantial increases in ultimate tensile strength, Young’s modulus, and Izod impact resistance
were observed for SiIA-DPGDA-3%FS. PEA-DPGDA-3%FS presented substantial increases in ultimate tensile
strength and 1zod impact resistance, while a slight decrease in Young’s modulus was observed. Moreover, UA-
DPGDA-1%FS presented substantial increases in Izod impact resistance and ultimate tensile strength while
showing a negligible decrease in Young’s modulus. However, SEM morphologies showed that the fumed silica
particles used in this study for UA-DPGDA samples had less compatibility with the matrix compared to the
compatibility with the matrix of SIA-DPGDA and PEA-DPGDA samples. The fumed silica particles in the UA-
DPGDA matrix presented a larger agglomeration compared to SiA-DPGDA and PEA-DPGDA. However, these
particles in the matrix of UA-DPGDA dispersed homogeneously. They were also very efficient as the particles in
the matrix of PEA-DPGDA and SiA-DPGDA. Especially, the improvement in Izod impact resistance was the
highest compared to the other samples. Hence, it was observed that the fumed silica agglomeration above a

particle size of 1um is more efficient for the improvement of 1zod impact resistance [38].

IV. CONCLUSIONS

The purpose of this study was to compare and enhance the mechanical properties of three distinct acrylate-based
systems that contained DPGDA reactive diluent. Accordingly, different ratios of 1, 2, 3, and 4% of hydrophilic
and amorphous fumed silica particles were added to these resin systems. These nanocomposites were
manufactured using a DLP/LCD-type 3D printer. Tensile, 1zod impact, and Shore D hardness tests were used to
examine the mechanical properties of each reinforcing system. The study's findings indicate that the maximum
tensile strength, Young's modulus, 1zod impact resistance, and hardness values rose with the amount of fumed
silica. For every resin system, the maximum tensile strength and 1zod impact resistance increased up to a specific
filler ratio. The maximum values of ultimate tensile strength and lzod impact resistance for SiA-DPGDA and
PEA-DPGDA samples were 3% and 2%, respectively, whereas that for UA-DPGDA samples was 1%. In
addition, aside from ultimate tensile strength and Izod impact values, Young's modulus value increased for
SiIA/DPGDA while decreasing for UA-DPGDA and PEA-DPGDA samples due to the filled fumed silica
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particles. When evaluating all mechanical properties, the PEA-DPGDA-2%FS, UA-DPGDA-1%FS, and SiA-
DPGDA-3%FS samples showed more enhanced properties. An increase of 20.6% was observed for the ultimate
tensile strength value of PEA-DPGDA-2%FS. Additionally, an increase of 47.2% in Izod impact resistance was
observed. On the other hand, Young's modulus of PEA-DPGDA-2%FS indicated a slight decline of 8.6%. Both
the ultimate tensile strength and Young's modulus decreased for UA-DPGDA-1%FS. Young's modulus indicated
a decrease of 21.8%, while tensile strength revealed a loss of 4%. Young's modulus was still at a level that might
be regarded as rigid, and the decline in tensile strength modulus was negligible. A significant increase of 61.7%
was observed in the lzod impact resistance. In comparison to SiA-DPGDA samples, PEA-DPGDA and UA-
DPGDA samples showed much more enhanced mechanical properties. Nonetheless, every mechanical property,
including ultimate tensile strength, Young's modulus, and 1zod impact resistance, was substantially enhanced by
the fumed silica particle loading into the SiA-DPGDA resin system. Increases of 90%, 74.4%, and 60.8% were

observed in the tensile strength, Young's modulus, and 1zod impact resistance, respectively.
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I. INTRODUCTION

The dawn of the antibiotic era marked a pivotal moment in human history. Antibiotics, those wonder drugs capable
of combating bacterial infections that once ravaged humanity, revolutionized healthcare. Their introduction
dramatically reduced mortality rates and ushered in an era of improved global health. Antibiotics are among the
most widely used drugs worldwide. They are natural, synthetic, or semi-synthetic complex molecules capable of
killing microorganisms or inhibiting their metabolic activities. Due to different functional groups in their chemical
structures, these biological agents have antibacterial, antiparasitic, and antifungal effects. Antibiotics are drugs
specifically designed to treat infections in humans and animals. The first antibiotics were natural compounds
produced by microorganisms, such as penicillin, from the culture of Penicillium notatum. Antibiotics can be
classified in three distinct ways. Based on their chemical structure, antibiotics can be classified as beta-lactams,
sulfonamides, aminoglycosides, macrolides, tetracyclines, and fluoroquinolones. According to their spectrum of
action, antibiotics can also be categorized into narrow-spectrum, broad-spectrum, and extended-spectrum
antibiotics. Antibiotics can also be classified according to their mechanism of action. These mechanisms include
inhibition of cell wall synthesis, alteration of cell membranes, inhibition of protein synthesis, inhibition of nucleic
acid synthesis, competitive antagonism, and anti-metabolite activity [1-5]. Since Fleming's discovery of penicillin,
more than 250 types of antibiotics have been produced worldwide. This variation allows antibiotics to effectively
combat different types of bacterial species and treat different infections. Antibiotics are used extensively in various

fields, such as medicine, veterinary medicine, agriculture, and aquaculture. Their main purpose is to combat
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bacterial infections and protect human, animal, and plant health. However, as with many technological

advancements, this triumph comes with unforeseen environmental consequences [6-10].

Unfortunately, our reliance on antibiotics has led to their unintended release into the environment. Improper
disposal of unused medications, often due to a lack of public awareness or inadequate infrastructure, allows these
life-saving drugs to enter landfills and wastewater streams. Furthermore, even after a course of antibiotics, residual
amounts are excreted through human waste. These combined factors contribute to a growing problem — the

presence of persistent antibiotic pollutants in soil and water sources [11, 12].

Antibiotics have a multifaceted environmental impact. Unlike many natural compounds, antibiotics often exhibit
high persistence, meaning they resist natural degradation processes and linger in the environment for extended
periods. This persistence disrupts the delicate balance of microbial communities within soil and water ecosystems.
These communities play essential roles in nutrient cycling, decomposition, and maintaining overall ecosystem
health. The presence of antibiotics can disrupt these vital functions, leading to unforeseen consequences for entire

ecological systems [13, 14].

The rise of antibiotic-resistant bacteria is perhaps the most concerning consequence of environmental antibiotic
contamination [14, 15]. The specter of antibiotic resistance presents a chilling possibility — a return to the pre-
antibiotic era where even minor infections could prove fatal. Addressing this issue requires a multi-pronged
approach.  Stricter regulations on antibiotic use in agriculture and medicine are crucial to minimizing
environmental release. Research and development of new antibiotics with improved degradability is another
crucial step. Furthermore, public awareness campaigns can promote responsible antibiotic use and proper disposal

of unused medications [16-18].

By acknowledging the environmental impact of antibiotics and taking proactive steps to mitigate it, we can ensure
that these life-saving drugs continue to be effective for generations to come. The fight against infectious disease

is a continuous battle, and safeguarding the effectiveness of antibiotics is an essential front in this ongoing war.

This review focuses on the environmental problems caused by antibiotic usage and analyzes the degradation of

antibiotic pollution by natural and enhanced methods.

Il. ENVIRONMENTAL IMPACT OF ANTIBIOTICS

Antibiotics are one of the most important pollutants, and they have been used increasingly in various sectors since
penicillin was discovered in 1929 [19-21]. Global antibiotic consumption is predicted to be between 100,000 and
200,000 tons per year [22, 23].

The World Health Organization (WHO) report on the medical use of antibiotics indicates that total consumption
in the 65 countries monitored was 14,000 tons, with the highest consumption observed in Brazil, Turkey, and Iran.
Within the European region, the amount of antibiotic usage in 2015, defined by the daily defined dose (DDD) rate,
was 19.5 per 1000 inhabitants per day, with the greatest values in Turkey, Greece, and Serbia, with values of 38.2,
33.9, and 31.6, respectively [24]. Conversely, data reported by the European Center for Disease Prevention and

Control show that overall antibiotic usage in the European Economic Area in 2021 averaged 16.4 DDD, ranging
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from 8.3 in the Netherlands to 25.7 in Romania, indicating the likely overuse of antibiotics in several regions of
Europe [25, 26].

Antibiotics can treat bacterial infections and kill or inhibit bacterial growth, which promotes animal growth and
improves nutritional performance [27, 28]. Unfortunately, due to the low absorption capacity of animal and human
intestines, approximately 30-90% of significant antibiotics are excreted in urine or feces [27, 29]. In 2013, humans
and animals in China excreted about 54,000 tons of antibiotics, of which over 99% were released into the
ecosystem [30]. Non-metabolized antibiotics have been introduced into soil and water via wastewater irrigation
and through animal manure and sludge manure [31, 32]. Antibiotics have been extensively found in soil and water
systems such as agricultural soils [33, 34], urban green spaces [35], forest lands [36], surface water [37 ,38],
groundwater [39], and seawater [40]. Figure 1 shows pathways for antibiotic residues into the environment.
Antibiotics in the environment can affect the environment and human health through microbial growth inhibition,
poisonous to algae and plants, and the evolution of antibiotic resistance [2, 41]. The presence of low levels of
antibiotics in the environment aids in the spread of antibiotic-resistant bacteria and antibiotic-resistance genes and
increases the resistance of pathogenic bacteria. The uptake of antibiotics and antibiotic-resistance genes from the
environment through food chains poses serious threats to human health, further affecting human gut health and the
effectiveness of treatment against bacterial infections. Many derivative compounds (TPs) resulting from the natural
degradation of antibiotics, technical water treatment, and metabolism of humans and animals may confer

antimicrobial resistance and toxicity due to their structural similarity to the main compounds [42].

. .:' Animal Products

Soil, Surface, and Ground Water

Antibiotics adsorbed by agricultural products

Figure 1. Pathways for antibiotic residues into the environment
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Perhaps the most concerning consequence of environmental antibiotic contamination is the rise of antibiotic-
resistant bacteria. The constant existence of these drugs in the environment exerts a selective pressure on bacterial
populations. Bacteria with mutations or genetic adaptations that allow them to avoid the effects of antibiotics are
more likely to survive and reproduce. Over time, this selection pressure leads to the emergence and propagation

of antibiotic-resistant bacteria, commonly referred to as "superbugs"” [9, 43-45].

These superbugs pose a significant threat to public health as they render previously effective antibiotics useless in
combating infections. Once easily treatable, simple infections can become life-threatening when traditional
antibiotic therapies fail. This scenario could potentially lead to a return to the pre-antibiotic era, where even minor
infections could prove fatal. The potential societal and economic costs associated with widespread antibiotic

resistance are staggering, highlighting the urgency of addressing this issue [46-48].

In Organization for Economic Cooperation and Development (OECD) countries, antibiotic resistance rates,
including combinations of eight different antibiotics and bacteria, are estimated to have increased from 3%-33%
in 2005 to 3%-39% in 2015. If the current trends in resistance and associated factors persist, this range is estimated
to increase by 6-40% by 2030. Figure 2 shows the projected rates of antibiotic resistance for some OECD countries
by 2030. In addition, between 2005 and 2015, the projected ratio of infections caused by resistant bacteria
increased considerably faster than predicted for 2015-2030. However, these averages conceal significant variations

across countries and among antibiotic-bacterium combinations [49].
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Figure 2. The projected rates of antibiotic resistance for some OECD countries for eight antibiotic-bacterium combinations in 2005, 2015, and
2030 (49)

Addressing the environmental impact of antibiotics and the subsequent rise of antibiotic resistance requires a

multifaceted approach. On the regulatory front, stricter control of antibiotic use in agriculture and medicine is
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crucial to minimize environmental release. The agricultural sector, in particular, relies heavily on antibiotics for
prophylactic use in livestock, contributing significantly to environmental contamination. Developing and
implementing stricter regulations on the use of antibiotics in agriculture, coupled with the exploration of alternative

treatments and preventative measures, is essential [50-52].

In medicine, promoting responsible antibiotic use through targeted education campaigns for healthcare
professionals and the public alike is crucial. Overprescription and misuse of antibiotics in human healthcare
contribute to resistance development. Educating healthcare professionals on appropriate antibiotic prescribing
practices and encouraging patients to complete prescribed antibiotic courses are essential steps in tackling this
issue [53-56].

The scientific community plays a vital role in developing new strategies to combat antibiotic resistance. Research
and development efforts should focus on novel antibiotics with improved degradability, minimizing their
persistence in the environment. Additionally, exploring alternative treatment options such as bacteriophages
(viruses that specifically target bacteria) and immunomodulatory therapies holds promise for future generations of

antibacterial treatments [57-59].

Finally, fostering international collaboration is essential to effectively address the problem of antibiotic resistance.
The spread of resistant bacteria transcends national borders, highlighting the need for coordinated efforts across
the globe. Sharing best practices on antibiotic stewardship, promoting research collaboration, and facilitating
knowledge transfer are all crucial steps toward mitigating this global threat. The story of antibiotics serves as a
poignant reminder that even the most revolutionary medical advancements can have unforeseen consequences.
Our collective reliance on these life-saving drugs has inadvertently led to their release into the environment,
disrupting ecosystems and fueling the emergence of antibiotic-resistant bacteria. Addressing this complex issue
requires a multi-pronged approach that encompasses stricter regulations, responsible antibiotic use practices, and
ongoing research and development. By acknowledging the environmental impact of antibiotics and taking
proactive steps to mitigate it, we can ensure that these wonder drugs continue to be effective for generations to
come. The fight against infectious disease is a continuous battle, and safeguarding the effectiveness of antibiotics

is an essential front in this ongoing war [58, 60].

In the battle against antibiotic resistance, the ‘One Health' policy of the WHO is of critical importance. One Health
is an integrated approach aimed at sustainably balancing and optimizing the health of people, animals, and
ecosystems. This policy recognizes the direct link between people, animals, and the environment. It aims to address
various health issues, such as the spread of infectious diseases, antimicrobial resistance, food and water security.
The policy also elaborates on the need for monitoring and surveillance systems to prevent and control health
threats. Additionally, WHO, in collaboration with the Group of 20 (G20) countries, will promote international
cooperation and knowledge transfer to guide the implementation of the One Health policy. Global efforts to use
antibiotics responsibly and reduce their environmental impact will thus set the course for the future of infectious

disease management. Antibiotics will remain the cornerstone of global health [61].
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111. DEGRADATION TECHNIQUES OF ANTIBIOTICS

Antibiotics are ionizable compounds and can exist in nature as neutral or charged (positive or negative). Because
of their different chemical properties, antibiotics have different absorption and degradation mechanisms in soil.
There are many biotic and abiotic factors that influence the rate of degradation of these compounds in nature.
Therefore, the half-life and degradation mechanism of each antibiotic compound in the soil is different. For
example, B-lactams are more sensitive to abiotic degradation than macrolides or sulfonamides, while quinolones

and tetracyclines are more sensitive to photodegradation [2, 62-64].

Unfortunately, traditional wastewater treatment methods are not adequate for the removal of antibiotics with high
polarity. Hence, many different techniques have been or are being tried by researchers to degrade the
environmental impact of antibiotics. These include physical, chemical and biological processes, each of which has
its own advantages and disadvantages. In this review article, some of the widely used and high-potential
degradation techniques for the degradation of antibiotics are discussed. Table 1 summarizes of the advantages and

disadvantages of the antibiotic degradation methods discussed in this review.

Microbial augmentation offers a promising strategy for remediating contaminated sites. This technique involves
the deliberate introduction of specifically chosen microbial strains known to possess potent antibiotic degradation
capabilities. These strains are equipped with specialized enzymes that can efficiently break down targeted
antibiotics. By introducing these "super degraders" into contaminated soil or water, the overall degradation rate
can be significantly accelerated. However, biodegradation of antibiotics with the help of microbial strains depends
on the type of antibiotic, the microbial species used, temperature, wastewater components, carbon and nitrogen
sources present in the environment [65]. In recent years, many microbial species capable of antibiotic degradation
have been isolated. For example, in a laboratory setting, the antibiotic 10 mg/L sulfamethoxazole was completely
inhibited within three days using the bacterium Shewanella sp. MR-4 [66]. In another study using hospital
wastewater, 5 mg/L Ciprofloxacin antibiotic was inhibited by 74% in fourteen days using Bacillus sp. (KM504129)
bacteria [67]. However, the implementation of microbial augmentation requires careful consideration and
planning. The introduction of foreign microbial strains into an existing ecosystem can disrupt the delicate balance
of native microbial communities. Furthermore, the potential for horizontal gene transfer exists, whereby antibiotic
resistance genes harbored by the introduced strains could be transferred to resident bacteria, potentially
exacerbating the problem of resistance. To make sure this method works and lasts, strict criteria must be used to

choose the strains that are introduced and close attention must be paid to how they affect the ecosystem [68-70].

Another area of exploration involves the use of enzymes for targeted antibiotic degradation. Enzymes, nature's
biological catalysts, can be harnessed to break down specific antibiotics with remarkable efficiency. One such
enzyme receiving significant attention is laccase, which exhibits the ability to degrade a broad spectrum of
antibiotics. By introducing laccase to contaminated environments, the breakdown of targeted antibiotics can be
significantly accelerated. In a study investigating the degradation mechanisms of thirty-eight different antibiotics,
the laccase enzyme produced by T. Versicolor was used. In the study, 96.6% degradation rate was obtained for
amoxicillin and 88.6% degradation rate for ampicillin, which are included in the penicillin group, while this rate
was reported to vary between 50.1% and 59.4% for ofloxacin, ciprofloxacin, enrofloxacin, danofloxacin and

marbofloxacin antibiotics included in the fluoroquinolone group. Finally, it was found that this rate varied between
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26.0% and 48.4% for antibiotics included in the tetracycline group, such as oxytetracycline, chlortetracycline,
doxycycline, and tetracycline. These differences between the removal rates are thought to be due to the molecular
structure of antibiotics [71, 72]. However, the use of enzyme-based techniques also presents limitations. The
breakdown products generated from antibiotic degradation by enzymes like laccase might possess novel properties,
including residual antimicrobial activity. These breakdown products could contribute to the overall pool of
environmental contamination, negating the intended benefits of remediation. Therefore, a thorough understanding
of the breakdown products and their potential environmental impact is crucial before the widespread application
of this technique. Furthermore, the cost-effectiveness and scalability of enzyme-based remediation for large-scale

environmental applications require further investigation [73-75].

Table 1. Advantages and disadvantages of antibiotic degradation technigues

Degradation Method

Advantages

Disadvantages

Microbial Augmentation

Enzyme Degradation

Natural Process

Wide range of activity in
degrading different pollutants
Cost-effectiveness

Mild operation conditions
Environmentally friendly
Biodegradability

Disruption of the delicate
balance of local microbial
communities.
Antibiotic-resistant bacteria may
occur owing to horizontal gene
transfer

Stability and standardization
issues

Antibiotic-resistant bacteria may
occur owing to horizontal gene
transfer

. High separation efficiency High maintenance cost
Membrane Filtration e  Small space requirements Not degraded, only filtered

. Environmental friendly Membrane fouling

e  Simple installation and The formation of passive films

operation on the electrode surface leads to

. No need for chemical processing increased operation time and
Electrocoagulation . Can be fully automated energy consumption

. Large treatment capacity High operating cost of the

. Relatively short time reactor

Photocatalytic Degradation

Fast reaction rate
No secondary pollution
Natural energy source

Special reactor design

Catalysts usually include rare
metals

Low quantum efficiency

Advanced treatment techniques are being explored for large-scale antibiotic removal from water sources.
Constructed wetlands and bioreactors utilize naturally occurring microbial communities housed within a controlled
environment. Contaminated water is channeled through these systems, allowing the resident microbial
communities to degrade the antibiotics present. This approach leverages the power of natural degradation
processes within a managed setting, offering a potential solution for wastewater treatment. However, the
effectiveness and scalability of constructed wetlands and bioreactors for broader environmental remediation efforts

require further investigation [76-78].

Membrane technology is a new approach to separation method that includes selectively permeable membranes
with a wide range of applications for removing antibiotics from water sources. Membrane technology is classified
into three groups depending on their driving forces: low-pressure (microfiltration, ultrafiltration, and distillation),
high-pressure (nanofiltration, and reverse osmosis), and osmotic pressure (forward osmosis, electrodialysis, and
liquid membrane). Membrane filtration is a physical technique that does not require any chemical additives and

provides a high degree of separation. Also, this method is environmentally friendly, offers good selective filtration,
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and has small space requirements. For example, in one study, a tetracycline hydrochloride antibiotic was found to
be filtered by 89% in a treatment process with a sulfated cellulose nanocrystal composite membrane [79, 80]. In
another study, a two-stage reverse osmosis membrane filtration system was examined for pig farm wastewater
treatment. The presence of sixteen different target antibiotic resistance genes, which accounted for 72.64% of the
total antibiotic resistance genes in pig farm wastewater, was monitored at each stage of the membrane filtration
process. After the integrated membrane filtration process, it was reported that more than 99.02% of total
contaminants and 99.79% of antibiotic-resistant genes were filtered out of the tested effluents [81]. However, this
technology does not remove or degrade the pollutant. The process only transfers the contaminants to a new phase
(membrane), where they accumulate in a denser form within the membrane filter. As a result of the small size of
the antibiotic molecules and the tendency of other contaminants to clog the pores, the membrane module needs to

be changed frequently, incurring an extra maintenance cost [65, 79, 82].

The emergence of enhanced degradation techniques represents a significant step forward in combating antibiotic
contamination in the environment. Techniques such as microbial augmentation, enzyme-based degradation, and
advanced treatment systems offer promising solutions for accelerating antibiotic removal and mitigating their long-
term environmental impact. However, each technique presents its own limitations and requires careful
consideration. Ultimately, a multifaceted approach combining responsible antibiotic use, enhanced degradation
techniques, and ongoing research and development is crucial to ensure the continued effectiveness of antibiotics
and protect the health of our planet [83-85].

In recent years, the electrocoagulation process has emerged as a promising technology. With low sludge production
and low treatment costs, it effectively removes a wide range of contaminants from water and wastewater [86, 87,
88]. Electrocoagulation is a new approach for the removal of pharmaceutical compounds, including antibiotics,
from water and wastewater. Electrocoagulation offers the advantages of both traditional chemical coagulation and
electrochemical methods [89-91]. This process involves immersing iron or aluminum electrodes into a wastewater-
containing electrolytic solution and applying direct current. The coagulant is generated through the oxidation of
the anode and simultaneously produces hydroxyl ions and hydrogen gas at the cathode. The gases generated at the
electrodes cause a flotation effect, which separates contaminants from the floc-foam layer on the water surface.
The generation of metal hydroxide from the dissolved metal cations combines with the hydroxyl ions to form metal
hydroxide. Ultimately, it removes pollutants in the wastewater through complexation or electrostatic attraction.
The generation of Fe(OH)n(s) can be divalent or trivalent. It is strongly related to the water's pH and electrolyte
concentration, so the optimal pH of the water must be maintained. Electrocoagulation has been found to be efficient
in removing pharmaceutical compounds, including antibiotics, from water and wastewater [92]. For instance, a
study reported that electrocoagulation using an iron electrode was effective in degrading 100% of tetracycline
antibiotic from water in 15 minutes, with an initial pH of 4.3, a current density of 4.17 A/m2, and a conductivity
of 1000 pS/cm [93]. Another study reported that, in comparison to an iron anode, an aluminum electrode was
capable of removing 99.8% of 10 mg/L TC within the first 20 minutes under optimized parameters with a 9 V
voltage and 2 cm electrode spacing. This was in contrast to the 83.8% removal rate observed for the iron electrode
in the same period [91]. However, energy consumption plays a vital role in the electrocoagulation method. The
energy consumption is related to the electric current and applied voltage, and the mass of iron electrodes dissolved

in the solution is described by Faraday's law. Therefore, optimizing the operating conditions, such as the electrode

691



Antibiotic degradation J. Innovative Eng. Nat. Sci., vol. 4, no.2, pp. 684-698, 2024.

material, current density, pH, and electrolyte concentration, is crucial to achieving efficient and cost-effective

removal of pharmaceutical compounds from water and wastewater [94-97].

Due to recent nanotechnology and green chemistry developments, photocatalysis is a potential approach for
degrading pharmaceutical contaminants. Photocatalysis, a novel method in wastewater treatment, has shown
significant potential for reducing antibiotic residues. Hence, advanced oxidation processes such as photocatalysis,
which provide the possibility of total mineralization of organic compounds via the in situ production of hydroxyl
radicals, which are strong oxidants that unselectively oxidize organic molecules, have been adopted as an
alternative to water remediation [98, 99]. In the photocatalysis method, antibiotic molecules are first adsorbed to
the surface of the material used as photocatalysts. Antibiotic molecules adsorbed on the surface of the photocatalyst
degrade under the influence of light absorbed by the photocatalyst. This allows antibiotic molecules to be converted
into simpler and harmless components. Photocatalytic materials are generally active at specific wavelengths, such
as ultraviolet (UV) or visible light. Consequently, semiconductor compounds or metal-organic frameworks
(MOFs) are generally preferred as photocatalysts. In recent years, visible light active semiconductors such as Cu20O
[100], WOs3 [101], BiVO4 [102], Fe203 [103], g-C3N4 [104, 105], have been widely used as photocatalysts. Metal-
organic frameworks (MOFs) are highly porous structures with customizable functions. Due to these properties,
they can be used to adsorb and degrade specific antibiotics [106]. TiO. semiconductor, which is often used as a
photocatalyst by researchers in recent years, has been reported to degrade 0.5 mg/L oxytetracycline antibiotic
100% in eighty minutes under natural sunlight [107, 108]. Another widely used semiconductor, Bi;WQ,, was used
to reduce the antibiotic levofloxacin. This study varied the catalyst dose and levofloxacin concentration to
determine the optimum degradation conditions. As a result of the experimental studies, 0.4 g/L Bi2WQO4 was used
for 20 mg/L levofloxacin concentration, and the degradation efficiency was 100%. In the further study, the
levofloxacin dose varied in the 10-40 mg/L range for 0.4 g/L Bi;WQ4 concentration. With increasing levofloxacin
dose, the degradation rate was found to decrease from 98% to 49% [109]. The effectiveness of photocatalytic
methods in reducing antibiotics depends on the properties of the photocatalyst used, the processing conditions
(e.g., light intensity and wavelength, pH value of the solution), and the chemical structures of the antibiotic

molecules. Therefore, the process must be optimized and studied carefully to achieve the best results [98].

IV. CONCLUSIONS

The environmental impact of antibiotics presents a complex challenge demanding a multifaceted response. While
existing degradation techniques play a vital role, the limitations they present necessitate a focus on innovation.
The development of novel materials like engineered nanoparticles and biochar, coupled with exploration of
unconventional degradation mechanisms, holds tremendous promise for the future of antibiotic remediation. By
fostering collaborative research efforts and prioritizing these innovative approaches, we can safeguard our
environment from the deleterious effects of antibiotic contamination. Ultimately, our collective well-being hinges
on securing a sustainable future where antibiotics remain effective tools in the fight against infectious diseases

while ensuring the health of the ecosystems upon which we all depend.
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