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ABSTRACT: In this study, the production of high-yield and purity calcium nitrate from eggshell, a
biological waste, and the usability of the obtained calcium nitrate in the production of hydroxyapatite
(HAP) by the sol-gel method were investigated. In addition, the obtained HAP was used to coat 316L
steel using the dip coating method. For this purpose, calcium nitrate, which will be used as a precursor
in HAP production, was produced from chicken eggshells with high calcium carbonate content. The
surface of 316L stainless steel discs was coated with sol-gel obtained from a mixture of calcium
nitrate and triethyl phosphite by dip-coating method. Then, the 316L discs were dried and heat treated
at 500 °C to form HAP on their surfaces. XRD and SEM techniques were used for the
characterization of the obtained HAP structure. Unlike previous studies, it has been shown that
chicken eggshell, a biological waste, can be used to produce HAP, a biocompatible material, and the
surface of 316L stainless steel can be coated with the produced HAP.

Keywords: Hydroxyapatite, Eggshell, 316L stainless steel, Sol-gel method
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Yumurta Kabugundan Uretilmis Hidroksiapatit ile 316L Paslanmaz Celik Yiizeyinin Sol-Jel
Yontemi Kullanilarak Kaplanmasi

OZET: Bu calismada biyolojik bir atik olan yumurta kabugundan yiiksek verim ve saflikta kalsiyum
nitrat eldesi ve elde edilen kalsiyum nitratin sol-jel yontemiyle hidroksiapatit (HAP) tiretiminde
kullanilabilirligi arastirilmistir. Ayrica elde edilen HAP daldirip-¢ikarma (dip-coating) yontemi
kullanilarak 316L ¢eliginin kaplanmasinda kullanilmistir. Bu amacla, HAP {iretiminde 6nciil olarak
kullanilacak kalsiyum nitrat, kalsiyum karbonat igerigi yiliksek tavuk yumurtasi kabuklarindan
iretildi. 316L paslanmaz celik disklerin yiizeyi, kalsiyum nitrat ve trietil fosfit karisimindan elde
edilen sol-jel ile daldirip-¢ikarma (dip-coating) yontemiyle kaplandi. Sonra, 316L diskler kurutuldu
ve ylizeylerinde HAP olusturmak ig¢in 500 °C'de 1sil isleme tabi tutuldu. Elde edilen yapilarin
karakterizasyonunda XRD ve SEM tekniklerinden faydalanilmistir. Daha 6nce yapilan ¢alismalardan
farkli olarak, biyolojik bir atik olan tavuk yumurtas1 kabugunun biyouyumlu bir malzeme olan HAP
iiretiminde kullanilabilecegi ve iiretilen HAP ile 316L paslanmaz ¢eligin yiizeyinin kaplanabilecegi
gosterilmistir.

Anahtar Kelimeler: Hidroksiapatit, Yumurta kabugu, 316L paslanmaz ¢elik, Sol-jel yontemi

1. INTRODUCTION

Mechanical properties, corrosion resistance, and moderate biocompatibility of metallic
implants such as Ti, Co-Cr, Mg alloys, and stainless steel are the properties that lead to the use of
these materials as implants (Narushima et al., 2013; Rezaei et al., 2020; Mohandesnezhad et al.,
2022). Among metallic implants, 316L stainless steel is of interest to be used in artificial knee and
hip joints, orthopedics, orthodontics, and heart valve parts due to its availability, low cost, and simple
manufacturing procedure (Sanchez-Hernandez et al., 2014; Sutha et al., 2013). However, the lack of
bioactivity and biocompatibility at the desired level is a problem that must be overcome in the
successful use of this material in implant manufacturing. 316L stainless steel is mainly composed of
Cr, Ni, V, and Mo elements, and problems may be encountered due to the release of these elements
into the body in the corrosive environment of body fluid (Gurappa 2002; Navarro et al., 2008; Yazici
etal., 2015). To overcome such difficulties encountered in the in vivo application of metallic implants,
coating with a biocompatible and bioactive material is a viable, efficient, and cost-effective strategy.
Calcium phosphate coatings especially hydroxyapatite (HAP) have suitable biocompatibility and are
used for this purpose. In particular, HAP with a Ca/P ratio of 1.67 has higher biocompatibility,
bioactivity, and stability in physiological environments compared to other members of the calcium
phosphate family (Habibovic et al., 2002; Yazdani et al., 2018; Ahmed and Rehman 2020; Awasthi
etal., 2021; Zhou et al., 2020).

Many studies have been carried out on the application of HAP in the structure of
Ca10(PO4)s(OH)2 to the surface of metallic materials. The driving force behind these studies is that
HAP is similar to human bone and teeth in terms of chemical and mineralogical composition and
crystallographic structure (Asri et al., 2016). It is also preferred in the coating of metallic implants to
support new bone growth due to its strong chemical bonds (Song et al., 2008). The coating of
biomaterials with HAP creates a layer that prevents ionic dissolution of metals, increases their
resistance to corrosion, and increases their bonding capacity to bone (Zhong et al., 2015).

Techniques such as sol-gel (Ballarre et al., 2010), electrochemical deposition (Coskun et al.,
2014), electrophoretic deposition (Rojaee et al., 2013; Prabakaran et al. 2005), plasma sputtering (Chu
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et al., 2002), and biomimetic deposition (Bigi et al., 2005) have been developed to coat HAPs on
metallic implants. The sol-gel process used in conjunction with the dip-coating technique has been
widely used for coating metallic biomaterials to improve adhesion (Zhang et al., 2011).

Sol-gel method generally uses sol-gel, which is obtained by adding suitable chemicals that act
as a source of calcium and phosphorus to a water-ethanol solution. Phosphorus pentoxide or triethyl
phosphite is mostly used as a source of phosphorus, and calcium nitrate is used as a source of calcium.
As shown in Fig. 1, the first step of the sol-gel process is to obtain a homogeneous solution of CaP
precursors in a water-miscible organic solvent. It should be noted that the organic solvent to be used
should be miscible with the reagents to be used in the next steps. In the second stage, the sol structure
undergoes polycondensation and becomes a "gel" structure. Afterward, the sol-gel is aged, dried, and
calcined, respectively (Asri et al., 2016).

Obtaining Sol-gel . . Coating Calcination
the CaP precursor}] formation Holding for aging and (heat treatment)
(pH 10 ) (pH D) (ambient temperature) drying

Figure 1. Process steps applied in obtaining and coating HAP by sol-gel method.

Eggshell is an important biowaste, and in previous studies, hydroxyapatite was obtained from
the reaction of CaO and phosphoric acid obtained by calcining the eggshell at high temperatures
(Curkovic et al. 2017). Powder hydroxyapatite can be obtained by this method, known as the chemical
precipitation method. However, the sol-gel method is widely used to coat metallic surfaces with a
thin HAP film. This situation was taken into consideration in our study and the use of calcium nitrate
from chicken egg shells as a source of Ca in HAP production and its use in coating 316L stainless
steel surfaces with the sol-gel method were studied. Although the study of coating the 316L surface
with HAP with the sol-gel method was carried out previously, commercially available calcium nitrate
was used as a source of Ca in the preparation of the sol-gel in previous studies (Azem and Cakar,
2009). The difference of this study is to show the usability of calcium nitrate obtained from eggshells,
which is a waste biological resource, in the production of HAP and in coating the surface of metallic
biomaterials.

2. MATERIALS AND METHODS
2.1 Materials and Devices

The nitric acid, triethyl phosphite, ethanol, acetone, and ammonia used are of analytical purity.
316L stainless steel was obtained from Birgelik Company (1.0 cm diameter) and its chemical
composition is given in Table 1.

Table 1. Chemical Composition of 316L (Ugitech) Stainless Steel.
C Mn Cr Si Mo P S N Ni

0.030 2.0 16.5-18.0 1.0 2.0-25 0.045 0.03 0.10 10.0-13.0

The pure water used was obtained from the TKA Smart 2 Pure brand ultrapure water device.
Protherm brand "PLF-110/10" model laboratory furnace with temperature adjustment was used for
heat treatment in HAP production. Memmert brand incubator was used for drying processes. Ekopol
200 Polisher sanding device was utilized for sanding 316L stainless steel discs. Bandelin brand
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Sonorex Model ultrasonicator was used in ultrasonic cleaning processes. The pH of the solutions was
adjusted using the Thermo-Fisher brand Orion model pH meter. Before pH measurements, the pH
meter was calibrated with standard buffer solutions.

Ca0, Ca(NOs). ve HAP formations were confirmed by X-ray diffractometry (Bruker D8
Advance) using CuKa (A = 1.544 A°) radiation. Surface imaging and EDX measurements were
performed with a NanoSEM 650 model (FEI Company) scanning electron microscope.

2.2 Obtaining Calcium Nitrate from Egg Shell

The chicken egg shells used in the study were obtained by choosing the white ones from the
cafeteria in the dormitories of the students who carried out this study within the scope of the
undergraduate thesis. After the egg shells were boiled, their inner membranes were separated by hand
and the shells were left at room temperature for 24 hours to dry. After the dry egg shells were ground
into powder by grinding with a grinder (Empero), they were placed in the laboratory furnace and
heated at this temperature for 1 hour after the temperature reached 900 °C. This way, the eggshell of
98% CaCOs (Kiling 2016) was transformed into CaO. It has been reported in the literature that CaO
obtained by calcining eggshells at 900 °C for 1 hour has a high purity of 99.06% by mass
(Tangboriboon et al. 2012). Additionally, Nath et al. (2021) reported higher purity conversion of
CaCOs to CaO in the calcination of eggshells at 900 °C compared to that at 800 and 700 °C. For this
reason, 900 C was preferred for the calcination temperature. The resulting powder was reacted with
65% nitric acid in a fume hood to contain more than the stoichiometric ratio of CaO. The reaction
medium was stirred continuously using a magnetic stirrer. It waited for 1 day for the insoluble
particles in the mixture obtained as a result of this process to settle to the bottom, and the insoluble
particles were completely removed by filtration under a vacuum. For the water in the solution to
evaporate sufficiently, the filtered part was heated and then kept in an oven at 190°C for 24 hours to
obtain anhydrous calcium nitrate. The obtained calcium nitrate was kept in a closed glass jar so that
it did not absorb moisture. Photographs of the relevant production processes are shown in Fig. 2. The
production yield of Ca(NOs3). from eggshell was calculated as 95%.

(h)
Figure 2. (a) Separation of membranes from boiled eggshell (b) Dried egg shells (c) Pulverizing egg shells using a
grinder (d) Powdered eggshells (e) Conversion of powdered eggshells to CaO by baking (f) Reaction of CaO with
HNO:; (g) Separation of insoluble particles by vacuum filtration (h) Anhydrous calcium nitrate stored in a sealed jar.
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2.2 Processes Applied to 316L Stainless Steel Before Coating

The supplied 316L stainless steel bars 1.0 cm in diameter and 1 m in length were cut with a lathe
into 1.5 cm long pieces. Then, it was sanded using sandpaper with 60, 80, 120, 220, 320, 600, 800,
1000, and 1200 grit grades using a sanding device (Ekopol 200 polisher). In each step of the sanding
process, the discs were re-sanded by turning them 90° according to the direction of the first sanding
operation. The sanded discs were ultrasonically cleaned for ten minutes in distilled water, ethanol,
acetone, and again in pure water, respectively. SEM images taken at different magnifications of 316L
stainless steel, which has undergone these processes, are given in Fig. 3.

(© (d)
Figure 3. SEM images of sanded and cleaned 316L stainless steel (a) 200 (b) 1000 (c) 5000 (d) 10000 times magnification.

2.3 Preparation of Sol-gel used for HAP Coating

In the sol-gel preparation, Ca(NOz). obtained from egg shells was used as a calcium source,
and triethyl phosphite was used as a phosphorus source. The reason for choosing triethyl phosphite
as a phosphorus source is that its hydrolysis activity is reported to be high (Kiling, 2016). The mixture
consisting of 20.6 mL of triethyl phosphite and 30.0 mL of distilled water was stirred at 500 rpm for
24 hours to hydrolyze. 32.8 g of calcium nitrate was dissolved in a solution containing 20% water
and 80% ethanol by volume. This solution was added dropwise from a burette to the triethyl phosphite
solution, which was left to hydrolyze for 24 hours. This process was carried out while stirring the
solution containing triethyl phosphite at 300 rpm. To improve the gelation of the prepared mixture,
3.5 mL of ammonia solution (% 28 NH3) was added as a basic catalyst and left for 24 hours before
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coating (Azem and Cakir 2008). The pH value of the sol-gel, which was left for 24 hours, was
determined to be 1.23 with a pH meter (Thermo-Fisher, Orion). The photographs of the relevant
process steps are given in Fig. 4.

(b) (© (d)
Figure 4. (a) Preparation of triethyl phosphite solution (b) Dissolving calcium nitrate in ethanol (c) Addition of calcium
nitrate solution dropwise to triethyl phosphite solution (d) Sol-gel obtained after the respective procedures.

2.4 HAP Coating of 316L Stainless Steel Discs

The steel discs were slowly immersed in the sol-gel in a beaker and left for 2 minutes, then
slowly removed and left at room temperature until the solvents evaporated. Once this process was
performed, it was observed that the coating efficiency on the 316L stainless steel disc surface was not
sufficient, there were some uncoated areas on the surface and it had an irregular surface morphology.
Therefore, this process was repeated twice. After the discs were coated with sol-gel and dried at room
temperature, they were dried at 80 °C for 1 hour. Then, the heat treatment was applied by keeping it
in a laboratory furnace at 500 °C ( temperature increase rate: 2 °C/min) for 1 hour. Images of these
process steps are given in Fig. 5. Azem and Cakir (2009) reported that when the calcination
temperature of the sol-gel coating on the 316L stainless steel substrate is reached by applying a low-
temperature increase rate (eg. 2 °C/min), the removal of organic impurities from the sol-gel structure
is more controlled and a more dense HAP coating can be obtained. For this reason, this temperature
increase rate (2 °C/min) was preferred in this study.

N e
(a) (b) © (d)

Figure 5. a) Sanded and cleaned discs b) Immersion of discs in sol-gel ¢) Images of the discs coated with sol-gel after
drying in an incubator at 80 °C d) Images of sol-gel coated discs after calcination at 500 °C.

A

3. RESULTS AND DISCUSSION
3.1 Characterization of CaO and Ca(NOs)2 Structures by XRD
The XRD diffractogram for CaO obtained from eggshells is given in Fig. 6. When Fig. 6 is
examined, peaks compatible with the values of 18.1° 32.3° 37.4° 53.9° 64.2° 67.4% and 88.6°
obtained for the CaO phase at the 26 angle were obtained in the literature (Chen et al. 2014; Lani et
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al. 2019; Madhu et al. 2021). The very low intensity of the peaks of Ca(OH)2, which correspond to
values around 34.0° 48.0° 51.0° and 62.0° can be associated with the formation of very small
amounts of Ca(OH)., which occurs as a result of contact with the air in the atmosphere (Tan et al.
2015).
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Figure 6. XRD diffractogram of CaO from the eggshell.

The XRD diffractogram of Ca(NO3). obtained from the reaction of CaO obtained from eggshell
with nitric acid is given in Fig. 7.
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Figure 7. XRD diffractogram of Ca(NOs3), obtained from eggshell.
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3.2 Characterization of HAP Structure by XRD and SEM

To determine whether there would be differences in the HAP structures obtained by using
commercially obtained calcium nitrate and eggshell calcium nitrate as a calcium source, the sol-gels
in the porcelain crucible prepared according to section 2.3 were first dried at 80 °C. These dried sol-
gels were then calcined in the oven at 500 °C for one hour. According to this procedure, the XRD
diffractogram of the HAP structure obtained using commercial calcium nitrate is shown in Fig. 8, and
the XRD diffractogram of the HAP structure obtained using calcium nitrate obtained from eggshell
is seen in Fig. 9. XRD data of both structures show that the structures obtained are very similar and
there is no serious difference in obtaining HAP. The peaks in Figures 8 and 9 match the peak values
stated for HAP in the literature (Liu et al. 2002; Miskovi¢-Stankovic¢ et al. 2015; Mokhtari et al. 2019).
High intensity HAP peaks at 20 =26.0°, 31.8°, 32.2°, and 32.9° (Standard PDF card No. 01-86-1199)
is crystalline plane of (002), (211), (112), and (300), respectively (Miskovi¢-Stankovi¢ et al. 2015).
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Figure 8. XRD diffractogram of the HAP structure obtained using commercial calcium nitrate.
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Figure 9. XRD diffractogram of the HAP structure obtained using calcium nitrate from the eggshell.

When the SEM images of the HAP structure coated on the 316L stainless steel surface in Fig.
10 are examined, it is seen that a spongy structure with open pores is formed (Fig. 10a and 10b).
Additionally, when Fig. 10-b is examined at a higher magnification, a structure with more cracks and
separation from the HAP coating below is noted in the upper part. This may be because the process
of dipping and removing the stainless steel discs was done manually, without using a device. By using
the sol-gel dip coating technique, a thin layer coating can be applied at low annealing temperatures
without excessive cracking. However, serious cracks in the coating layer are frequently encountered
due to rapid fluctuations in temperature and solidification of the coating (Kim et al. 2004). In addition,
shrinkage of the gel structure is also a common occurrence during the drying process (Toygun et al.
2013). Fig. 10c and d at much higher magnifications show that the structure has a very homogeneous
appearance in the parts where there are no cracks. EDX analysis in Fig. 10e show the presence of Ca,
O, and P elements in the HAP structure of the coating, as well as Fe, Cr, and Ni elements in the
stainless steel structure.

Azem and Cakir (2009) reported in their study that cracking and flake-shaped lifting defects
occurred in some places due to heat treatment. Wei et al. (2005) explained this situation with the
difference in thermal expansion coefficients between the materials. Sandblasting the substrate on
which the HAP coating is applied, in addition to sanding, can also reduce crack formation. Kiling
(2016), in his study where he coated the Ti6AIl4V alloy with HAP using the sol-gel method,
performed the sandblasting process and stated that fewer cracks were observed in the HAP structure
coated on the Ti6Al4V surface.

Additionally, it was observed that some parts of the HAP structure coated on the surface were
separated from the surface when mechanical stress was applied. This observation shows that some
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additional processes are needed to increase the mechanical strength of the HAP coating on the 316L
stainless steel surface and to ensure a stronger adhesion to the surface using the sol-gel method.

Although additional studies are required for a more effective HAP coating on the surface, it is
advantageous that the HAP structure obtained by the sol gel method can be coated as a thin film by
spin or dip deposition method. Additionally, sol-gel coating is a preferred method to provide uniform
coating on large-sized surfaces with complex geometry. Thanks to this technique, the formation of
protective and bioactive coatings in the form of pure, homogeneous films can be easily achieved at
low temperatures (Kaur et al. 2019).
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Figure 10. SEM images and EDX analysis of the HAP structure coated on the surface of 316L stainless steel.
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4. CONCLUSION

Calcium nitrate was obtained with 95% efficiency by reacting the powder obtained from eggshell
with nitric acid. It was determined that the same quality HAP was obtained by heat treatment of the
sol-gel formed by calcium nitrate obtained from eggshell and commercially available calcium nitrate
with triethylphosphite at 500 °C. It has been proven by XRD measurements that the structures
obtained are in the HAP structure. 316L stainless steel discs were dip-coated into the sol-gel structure
created using calcium nitrate and triethyl phosphite obtained from egg shells, and HAP was formed
on their surfaces by calcining at 500 °C. The surface morphology of the created HAP structure was
examined by SEM.

Although HAP coating 316L was successfully performed, cracks were observed in the HAP
structures coated on the disc surfaces, as seen in previous studies using the sol-gel method. Different
approaches must be used to prevent these cracks, which the difference in thermal expansion of 316L
stainless steel and HAP materials may cause. In this context, to ensure that 316L stainless steel and
HAP materials adhere more firmly to the surface, it is noticed that the alloy must be subjected to
preliminary surface treatments and different methods other than sol-gel may need to be used.

Despite this disadvantage, calcium nitrate obtained from eggshell is used for HAP synthesis by
different methods in the literature. However, this study has brought a different perspective to the
coating of HAPs obtained from eggshells onto 316L using the sol-gel method.
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ABSTRACT: Electrical energy has both positive and negative effects nowadays, with the potential
to cause property and human loss. Technical professionals working at electrical energy generation,
distribution, and utilization points may die due to carelessness or neglect. Although there are
protection elements (fuses, residual current protection relays, etc.) in electrical panels that interrupt
the flow of electrical energy in the event of a shock, there may be working areas where energy cannot
be cut off due to incorrect electrical connections caused by unauthorized people interacting with the
panel. Existing protective components may be insufficient. The experiments include both wired
protection elements and wireless detection elements. However, they need to be enhanced because
they have limited detection distances. Furthermore, using an ergonomic design can improve
operability. New protection and warning features must be designed using developing technology. To
prevent employees from being shocked by being exposed to electrical energy in the workplace, AC
voltage can be detected without contact using this study, which includes the design and test results of
a wearable technology product that warns when electricity is present. An electrical circuit that
technical staff can wear on their finger detects voltage without contact and displays the existence of
energy with a red LED. It was discovered that the test circuit detects 230V AC electrical energy up
to 8 cm away and warns with light.
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1. INTRODUCTION

Technologies for producing and distributing energy have advanced quickly since the discovery
of electrical energy. The areas of use of electrical energy have expanded and become indispensable
for life. Some of the main reasons for this development are the easy production and distribution of
electrical energy and the proliferation of devices that use this energy over the years. Electrical energy
is a type of energy that can be produced quickly, transmitted quickly, and used stably. Today, many
energy sources can be converted into electrical energy. Thanks to these features, it is the most popular
and widely used type of energy. However, it is not without its dangers. It even has effects that can be
fatal if not taken care of. Of course, the critical point here is "if not careful”. In the study (Ceylan,
2012), it is stated that approximately 7% of the personnel working at TEIAS are regularly trained in
Occupational Health and Safety (OHS) every year, and it is thought-provoking that approximately
69% of the employees are exposed to accidents had received OHS training before. No matter how
trained the technical personnel are, carelessness and similar reasons can always cause accidents with
negative consequences. There is a threat at every point where electrical energy is generated,
distributed, and converted into work and used with various devices. Electrical energy, an energy
source that can cause loss of life and property as a result of poor workmanship and carelessness, is a
resource that needs to be used with care and caution and be efficient and valuable.

Electrical science tells us to follow "Occupational Health and Safety" regulations despite all
these dangerous features. For this reason, we must produce, distribute, and use this indispensable
energy source by the established rules. Every person must comply with these rules at every point
where electrical energy exists so that the measures taken will work. However, there may be direct
exposure to electrical energy due to ignorance, poor workmanship, and carelessness. There can be a
wide variety of reasons here. For example, in cases such as an employee working in the electrical
panel where he works as a result of fatigue without cutting the energy or the energy of the panel is
turned on by another employee without the knowledge of the technician working in the electrical
panel, life and property damages and even loss of life may occur. In such cases, although there are
protection elements in the panels and devices, there may be situations where they cannot prevent loss
of life and property. Among these protection elements, the "Residual Current Protection Relay",
which protects living beings, may not be used in many facilities, production sites, offices or
residential units even today, when technology is developing. Alternatively, with the view that it will
take a very short time, an electrical fault can be eliminated by working under energy.

Protection elements directly connected to the system with the cable are widely used worldwide
to protect against the harmful effects of electrical energy. These systems include elements that open
the line in case of shock, short circuit, etc. However, this form of protection may not be able to protect
against damages that may occur due to non-standard equipment installations by unauthorized persons
other than the elements connected to the electrical system by cable. Wireless remote monitoring
systems are used in electricity generation and distribution points today. Instant data of the entire
system can be obtained from the control center. However, there is no monitoring in places such as
factories, homes, and schools where the end user is located. This situation brings many non-standard
electricity usages. Centralized remote monitoring of the end user's electricity system is also costly.
Therefore, there is a need for new protection equipment that can prevent the harmful effects of
electrical energy from harming living things in many cases.

The main reason for this study is that employees are not exposed to working under electricity
for various reasons (troubleshooting, etc.); if there is electrical energy in the area where they work
(for example, an electrical distribution panel) and they are not aware of it, it is to make an efficient
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design for a wearable technology product that instantly notifies the employee of the presence of this
electricity. The most efficient electronic circuit design and ergonomics were analyzed for the design
to make it a wearable technology product.

2. LITERATURE REVIEW

The Tosun (2022) states that the causes of electrical accidents can be listed as accidents caused
by insulation defects, accidents caused by electrical leakage and electrical charging of the metal parts
of the devices, accidents that may occur as a result of contact with energy transmission channels,
accidents occurring on or near power poles, accidents caused by work performed near live areas,
hazards caused by explosions and accidents caused by short circuits in power lines. It is also stated
that the source of this problem for our country is generally due to insulation failure and irregular
controls (Tosun, 2022). According to the study (Mutlu & Cabuk, 2021), although there are many
different causes of occupational accidents, 80% of them are caused by the defects of the employees.
(Ates et al., 2019) stated that the most important method of protection from occupational accidents
caused by electrical energy is to prevent them before they occur. Karadeniz (2012) reported that
occupational health and safety inspections and legislation are inadequate in Asian countries,
especially China and India (Karadeniz, 2012). The most common cause of accidents is electrical
leakage in machinery and devices. Accidents caused by insulation faults follow this. In the electricity
distribution sectors in Turkey, the most common accidents caused by electricity are people's exposure
to active electric currents, falls from heights, cave-ins during underground cable work, and fires and
arc explosions. For such reasons, new protection elements or measures are implemented with the
developing technology. The rapid development of technology is becoming one of the most essential
tools of sustainability (Karabiyik Yerden, 2023). Every measure or technology put into practice gains
functionality with employees' awareness. However, if technological, occupational health, safety
measures, and employee awareness are used together, this highly efficient energy source can be used
healthily.

The ergonomic functionality of a wireless technology that senses and reports the presence of
electrical energy is as necessary as its construction. Today, there is a wide range of research on
wearable technologies. Pamuk and Yildiz (2021) reported that electrically conductive textile products
are used in fields such as industry, space, military, protection, defense, and health (Pamuk & Yildiz,
2021). Wearable tissue technology products placed on and under the skin and their use, especially in
health-related areas, were mentioned (Turkcan, 2021).

With the development of technology, there have been new studies on wireless voltage sensing.
For example, a control pen can wirelessly indicate the presence of electrical energy in a conductor or
metal surface over short distances. However, there are also disadvantages, such as short distances and
ergonomic non-functionality. Since it only provides control when the device is operated, it has no
continuity. It cannot perform instant monitoring.

Wireless voltage-sensing wearable technology products can also perform instantaneous
monitoring. For example, the design shown below is designed as a wristband, making it
ergonomically functional. In the study conducted at the University of Miami, detection was made
using capacitive principles. It is designed for 120V voltage detection. There is a certain detection
distance. The study states that it can make erroneous detection.
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Figure 1. Patent for a wrist-wearable voltage detector (Crockett)

Some studies can perform remote wireless voltage sensing in high-voltage systems. The block
diagram of a design designed with micromechanical systems (MEMS) technology that can detect the
presence of energy in the conductor at a distance of 2 meters is given below. The wireless analog
signal received from the sensor is converted into a digital signal and processed. It can be monitored
with the alarm circuit and communication module.

MEMS Sensor

@—M“\——':_ mampling Process

T I

CPU {—)

RS 232
232 N ‘% %

[1 [ I
232 DTU| [Reserved| [Rezerved
| | |

RS 232 Dutput

Figure 2. Block diagram of a contactless voltage detector (Zhu et al., 2018)

Some designs wirelessly report the presence and level of voltage. The image below shows a
design that can wirelessly measure the amplitude of the voltage on transmission lines and works with

electric field sensing.
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Figure 3. Electrical tester prototype (Yang et al., 2021)

Similar studies are also available. However, few studies are ergonomically available to
technical personnel.

Wearable smart devices defined as; "Wearable technology", "wearable device" and "wearables"
are all electronic or computer technologies that represent accessories and clothing that can be worn
comfortably on the body" (Sagbas et al., 2016). As we can understand from the definition of wearable
technologies, we can consider the essential design elements for these electronic-based devices under
three main headings.

- Energy source
- Electronic-based functionality
- Comfort in the body (Ergonomics)

The battery is one of this work's most critical design parts and must be produced in small sizes.
If a non-ergonomic battery is used for the design, it becomes cumbersome and defeats its purpose.
The battery is one of the most essential parts necessary for the design to work by providing the
appropriate voltage for the circuit. There are many battery technologies from the past to the present.
These battery technologies mainly work on generating electrical energy from chemical reactions.
However, some systems generate electrical energy using different energy sources. In order to produce
electrical energy generated by the movement of electrons in the atomic structures of objects, a wide
variety of methods are used to provide this movement. There are many ways to store energy (Kozak
& Kozak, 2012). Electrical energy storage is one of them. The most efficient energy storage system
is electrical energy storage with superconducting magnetic energy storage with an efficiency of 0.97.
However, this method does not seem suitable for battery technology, which is also essential for its
economic use in daily life. Rechargeable batteries under the following headings examined: Lead Acid
Batteries, Nickel Cadmium Batteries, Nickel Zinc Batteries, Nickel-Metal Hydride Batteries, Lithium
lon Batteries, Lithium-Sulfur Batteries, Sodium-lon Batteries, and Metal-Air Batteries. These
batteries can be charged for continuous use. They are based on chemical reactions. Lithium-ion
batteries seem the most promising for future development (Sezer et al., 2022). However, aside from
the extensive use of chemical-based batteries in the market, there is a wide range of renewable and
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promising battery and power generation technologies based on various principles. They are both
miniaturizable and renewable energy, which may mean we will soon use them widely instead of
chemical-based batteries.

Thermoelectric generators (TEJ) generate electricity from body heat. This technology uses the
temperature difference between skin heat and air to generate energy. It is a technology that can be
used in this study as it is sustainable and can be produced in small sizes. Thermoelectric modules
work with the Seebeck effect (Mamur, 2013). According to the 2nd Law of Thermodynamics, heat
moves from the hot surface to the cold surface. In this way, DC voltage will occur at the TEJ
terminals.

One of the studies carried out in recent years is to generate electrical energy using moisture in
the air. Since moisture is everywhere, this method can be used for many systems without the problem
of finding resources. Electrical energy can be generated with moisture in the air using protein
nanoconductors (Liu et al., 2023). This system was named Air-Gen. This battery technology can be
used in this study due to its small size and sustainability. The figure below shows the use of protein
nanoconductors.

pratein nancwires

Figure 4. The use of protein nanoconductors as the basis of Air-Gen technology (Liu et al.,2023)

From a different perspective, supercapacitors are also shown as an energy source that can be
used for wearable technology products. Li from the University of South Carolina produced a T-shirt
that works like a supercapacitor (Korkmaz, 2018). He stated that a T-shirt from the store was
immersed in fluoride solution and then produced at a high temperature in an oxygen-free
environment. The surfaces of the clothing fibers turned into activated carbon, exhibiting
supercapacitive behavior. He obtained a highly efficient solar cell with the paint he applied on flexible
fabric (Eker, 2019). Such studies open the horizon for making flexible, ergonomic, and efficient
energy sources for wearable technologies. One of the critical points in wearable technology products,
such as the power supply, is the need for comfortable use on the body. Here, we come across the
concept of ergonomics. Ergonomics is adapting the physical environment to human beings (Ertan &
Eldem, 2022). Ergonomics can be created by working together with more than one discipline. At the
beginning of these disciplines: engineering, physiology, anatomy, sociology, psychology, and
architecture. In this study, the design was made as a ring to provide this feature. Today, athletes use
wearable technologies with ring designs. Smart rings are designed to suit daily life with a sports-
oriented perspective (Turgut et al., 2021). In this respect, we can conclude that the ring design is also
suitable for this study. Because those who work with electrical energy, such as those who do sports
activities, want to use their hands comfortably. In order to realize a design that is ergonomically small
in size, the electronic circuit must also be small. While the size of a typical transistor was between
130 and 250 nanometers at the turn of the century, in 2016, a team of researchers at Lawrence
Berkeley National Laboratory succeeded in making a 1-nanometer transistor using “carbon
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nanotubes™ and "molybdenum disulfide (M0S2)" and that this transistor was the smallest transistor
ever made (Ersoz et al., 2018). Such studies play an essential role in realizing ergonomically favorable
and small-sized designs as they reduce the size of electronic circuits.

3. MATERIALS AND METHODS

The progress of the work was as follows: First, the characteristics of the environment in which
the non-contact voltage would be detected were examined. Then, a detection circuit was designed
and tested based on these characteristics. The results of the prototyped work were shared according
to the test results.

Determination of the characteristics of the area of
non-contact voltage detection.

Determining the appropriate scientific principles
for the properties identified and designing the
tests.

Testing the test designs in simulation environment
(using Proteus Isis program) and recording the
data.

Testing the designs in real environment and
recording the data.

Comparing and interpreting the data and
finalizing the design.

When we look at the power line standards used in the world to reveal the characteristics of the
environment to be measured for non-contact voltage sensor design, we see that various voltage and
frequency values are adopted as standards in the networks in countries. In our country, the mains
voltage is 230V, and the mains frequency is 50Hz. The voltage level varies to increase energy
production and distribution efficiency. High voltage levels of 66kV, 154kV, 380kV, and medium
voltage levels of 6.3kV, 15kV, and 33KV are used in the distribution of electrical energy. In end-user
distribution panels, 400V and 230V are used. Since technical workers mainly encounter 220V and
380V in distribution panels, these will be the measurement values on which we will base our design.
In addition, our primary frequency of 50 Hz is the other variable we will base on. The scientific
calculations used in the study are essential for selecting electronic circuit elements for circuit design.
Ambient AC voltage for operation: Since the frequency is 50 Hz, it should be designed to be sensitive
to this frequency. However, since the operation will perform contactless detection, the circuit will
receive this signal with the help of an antenna. At this point, it is necessary to design an antenna.
Among omnidirectional antennas, the monopole antenna can be used for energy detection because
the direction of the signal to be detected may not be the only one. This antenna design can detect
omnidirectional signals. However, when the antenna length is calculated for the frequency under
study,

Figure 5. Progress of the study
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c 300000

/1:? T=6000mt (1)
Ax0.95=5700mt (2)
Antenna length =5700 /4 =1 425 meters (3)

f : Transporter frequency
¢ : Speed of light = 3x [(10)] ~8 m/s

A : Carrier wavelength (carrier wavelength: A=c/t)

This is unlikely for a small wearable technology product. Therefore, the antenna input signal
will be calculated according to the capacitive effect in the antenna design. For the capacitive effect,
the point with electrical energy can be considered as the capacitor conductor plate, the antenna of the
testing circuit as the other plate, and the air in between as the insulator material. When the antenna of
the non-contact voltage detector approaches the conductor, a capacitance is formed between them,
and we can find the amplitude of the current in the antenna using the following calculation.

One turn around the coil;

a=2nr=2xmx0.05=0.0314

(4)
Surface area,;
A = Number of coil rounds xa = 15x 0.0314 = 0.471 m? )
Capacity calculation (for a distance of 4 cm);
_ Axgy _0471x885x10712
C= T = 5oa =0.1042 nF (6)
Capacitive reactance;
Xc = —= : — =30.5479x 10° Q
2nfC 2mx50x0.1042x 1079 )
Current to be generated in the coil (for 230V);
\% 230
e = Xc  30.5479x 106 7.5291 pA (8)

This calculated current value is the current value that will occur when the antenna with 15 turns
and 1 cm diameter is 3 cm close to a 230V conductor. Also, for this current value to occur, the
magnetic field strength in the conductor;

NxI _ 4mx1077x7.5291x10°

— — -9
B =p0 - 502 =7.09601x107" T 9)

Perimeter area of a single turn
A= Surface area
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= Capacity
EO = Electric constant
d= Distance between plates
Xc=  Capacitive reactance
= Frequency
V= Voltage
| = Current
p0 = Magnetic constant
N= Number of turns (Number of rounds)
L= Length of the coil ~ (antenna)

If this calculated current value is applied to similar network voltage values in our country, the
values in the table below are calculated.

Table 1. Current and required magnetic field values calculated according to voltage level

Voltage (V) AC Current (MA) Magnetic Field (T)
230 7.5291 7.09601x 107°
400 13.09 1.2337x 1078
480 15.71 1.48063x 1078
600 19.64 1.85103x 1078

The antenna shape to be used will be in the form of a solenoid coil. A spiral shape will also be
used to increase the current in the antenna. The small current value generated in the antenna will be
amplified in the transistors connected to the Darlington. It will be large enough to feed the warning
elements such as LED, Buzzer. Circuits with two and three transistors were tested. In the circuit,
several different transistor models were tested to increase the current in the antenna, and the efficient
model was preferred. The block diagram of the designed circuit is as follows (Figure 6). As can be
seen from the schematic, the signal from the antenna stage is amplified at the Darlington transistor
stage and transmitted to the output stage. The LED at the output stage illuminates with sufficient
antenna input signal to indicate the presence of electrical energy.

TRAMNSISTORIZEDSIGMAL
AMPLIFICATION STAGE(3

ANTENNAINPUT e CT;::E(I:%FE%EFSO _— EXIT FLOOR (LED
WARNING)

DARLINGTON])

I

ENERGY INPUT (5V)

Figure 6. Block diagram of the circuit
When the transistors are connected in Darlington, the total current gain can be written as the

product of the current gains of the individual transistors. For two transistors, when the transistor
models used are the same beta kare, and for three transistors, 83 can be written as.
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T1B1

T2 B2

T3 B3

b
Figure 7. a) Two transistor darlington connection 32, b) Three transistor darlington connection 83

In the test circuit where two transistors are connected to Darlington, a detection test will be
performed at the point where 220V voltage is present using "2N3004" and "BC547" transistors and a

15-turn wound antenna. The detection range will be found by changing the distance of the antenna to
the conductor. The first test circuit is given in Figure 8.

f]m
ANTENNA 3.3k
)
L D1
a &ep L
0.38 m—} | GREEN BAT
0,
15 laps
1 cm diameter
zolenoid '/ T2
1

Figure 8. Test circuit for two transistor darlington connection (test circuit 1)

The second test circuit uses "2N3904" and "BC547" transistors with three transistor Darlington
connections. The tests will be performed with the conductor carrying energy at a 230V voltage level.
A 15-turn wound solenoid coil is used as an antenna. The second test circuit is given in Figure 9.
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R1 R2 R3
ANTENNA IM 100k 220

T1 @@ D

0.38 mm LED GREEN

15 laps
1 cm diameter
zolenoid

T2 T BAT

T3

Figure 9. Test circuit for three transistor darlington connection (test circuit 2)

In both test circuits, the flattened antenna and the solenoid coil antenna will be tested. The
characteristics of the selected transistors are close to each other. When we look at the information
page of both transistors, § current gains according to the "Base" current calculated above is given as
100 on average. According to this, the total average current gain in a two-transistor Darlington
connection;

% =100 x 100 = 10000
And the total average current gain in a three-transistor Darlington connection;
£3 =100 x 100 x 100 x 100 = 1000000.

The operation of the test circuits is shown in the flowchart in Figure 10.

According to the detection results of the test circuits in the simulation environment, the efficient
circuit design will be used in the real environment test. The data obtained from the simulation are
given in Table 2 and Table 3.

The designed circuits were tested in the simulation environment (Proteus Isis) at the calculated
antenna current level and upper and lower values, and the output currents were measured. The LEDs
connected to the output transistors were observed, and the data was recorded in Tables 2 and 3.
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Energize Systemand
Start Testing

|

Movethe Test Circuit Closerto
theDetection Area.

signalfrom
the
antenna?

Yes

!

Transistor T1 Amplifies Signal Up
to 1

|

T2 Transistor Amplifies Signal Up
to B2

|

T3 Transistor Amplifies Signal Up
to B3

|

the amplified
current

enough for the Yeasg >

LED to light up l

No. LED Lights

LED Off

De-energizethe System
and FinishtheTest

Figure 10. Flow diagram of the test circuit operation algorithm
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Table 2. Measurements with test circuit 1

Test Circuit 1

Supply 2N3904 BC547
Voltage 5V Output LED Output LED Status
Current  Status  Current
(mA) (mA)
Ibl 0.84 FIRE 0.84 FIRE ON FIRE
Antenna ON
Current FIRE
(5HA)
Ibl 0.85 FIRE 0.85 FIRE ON FIRE
Antenna ON
Current FIRE
(7.5291pA)
Ibl 0.85 FIRE 0.85 FIRE ON FIRE
Antenna ON
Current FIRE
(10uA)
Ibl 0.85 FIRE 0.85 FIRE ON FIRE
Antenna ON
Current FIRE
(15uA)
Ibl 0.85 FIRE 0.85 FIRE ON FIRE
Antenna ON
Current FIRE
(20uA)

According to the measurements made in the simulation environment, the second test circuit
with three Darlington-connected transistors has a higher current gain than the Darlington-connected
circuit with two transistors. Therefore, the LED connected to the "Collector" end of the transistor T3
lights up more strongly. This shows us that test circuit 2 works more efficiently. Real-earth
experiments will proceed through this circuit.

Since the transistor models are close to each other, they gave similar results. Of the two
transistors, 2N3904 was chosen for the test.

Test circuit 2 will be used for a real-world test. For the test, the test circuit will be brought closer
to the conductor line energized at a 230V voltage level at certain distances, and the detection limits
of the circuit will be determined. In addition, the operating efficiency of the circuit will be measured
in terms of the distance between a solenoid antenna and a spiral antenna.
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Table 3. Measurements with test circuit 2

Test Circuit 2

Supply Voltage 5V 2N3904 BC547

Output LED Status Output LED Status

Current Current

(mA) (mA)

Ibl Antenna Current (5pA) 10.2 BURNED 10.2 BURNED
Ibl Antenna Current (7.5291pA) 10.3 BURNED 10.3 BURNED
Ibl Antenna Current (10pA) 104 BURNED 104 BURNED
Ibl Antenna Current (15uA) 10.5 BURNED 10.5 BURNED
Ibl Antenna Current (20pA) 10.5 BURNED 10.5 BURNED

The test circuit was installed on a breadboard, and 15 turns of wound solenoid coil were used

as an antenna.
The flow diagram of the sequence to be applied for the test is as follows.

Energize System and
Start Testing

l

Placethe Test Circuitat0 cm.
l

Is the LED

lit? No - Record "Mot Burnt" in the table

Yes

|

"Burned" to the table Save

|

— Move Test Circuitl cm Away

!

De-energize the
System and Finish —

Figure 11. Flow diagram to be applied for testing

According to the flow diagram, the test circuit, which will be removed from the conductor
passing electrical energy with a precision of 1 cm, will be tested with LED until it does not react. The
results are shared in Table 4. During the test, the stable operation of the circuit will also be observed

and recorded in the table.
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Figure 12. Test circuit (solenoid antenna)

Figure 12 shows the test circuit installed on the breadboard. The circuit made using “2N3904,"
selected as a transistor, is at the bottom of the breadboard. On the top side, a source is connected to
energize the circuit.

Figure 13. Test setup

Figure 13 shows the circuit's test setup. A meter measures the distance of the antenna to the
conductor passing electrical energy.

Figure 14. a) Solenoid antenna, b) Spiral antenna

Figure 14 shows the antennas used during the test.

242



Bogazkesenli, B., Yerden, A. U. JournalMM (2024), 5(2) 228-249

The test circuit was tested by positioning the solenoid coil antenna at specific distances from
the conductor with 230V AC electrical energy with the help of a meter. The power was cut and
checked to see whether it was affected by a source other than the current on the conductor. It was also
tested using a spiral antenna. The test circuit was brought closer to the conductor, passing 230V AC
energy at certain distances. The LED's burning and non-lighting status was observed, and the range
in which it can be measured was determined. The data obtained are presented in Table 4. According
to the measurement results of the test circuit, the tests with the solenoid coil antenna were more
successful than the tests with the spiral antenna. It was able to detect the presence of voltage at a
longer distance. According to the circuit test with a solenoid coil antenna, stable operation up to 8 cm
was achieved.

Figure 15. Ring-shaped wireless voltage sensing circuit design (Representative AutoCAD drawing)

Figure 15 shows a computer drawing of the design of this study. The drawing was drawn in the
size of an average human finger. Thanks to the space left at the bottom of the ring shape, it has a
design that can easily fit different finger sizes. The designed circuit will be placed in the ring shape
printed from PLA material.

Figure 16. a) Placement of the sensing circuit in the design, b) Shaping the circuit antenna, c) Placement of the circuit
antenna in the ring

As can be seen in the images given in Figure 16, the circuit that senses energy wirelessly was
printed on a 3D printer in the shape of a ring. The area where the circuit is placed is at the top of the
ring shape. The antenna for sensing was placed on the ring parts surrounding the finger.
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Figure 17. Use of the design on the finger

Figure 17 shows a visual of the design in human hand. It shows that it is an ergonomic design
thanks to its shape and dimensions that will not restrict hand and finger movements.

4. RESULTS AND DISCUSSION
The detection status of the test circuit according to the distance is given in Table 4.

Table 4. Physical environment test results

-Test Voltage AC 230V
-Test Circuit Supply DC 5V
Solenoid Spiral Antenna
Antenna
Distance to Detection Status of the Circuit According
Conductor to the Lighting of the LED (Stable,
(cm) Unstable, Very Unstable)
1 Stable Stable Operation
Operation
2 Stable Stable Operation
Operation
3 Stable Worked Undecided
Operation
4 Stable X-No Detection
Operation
5 Stable X-No Detection
Operation
6 Stable X-No Detection
Operation
7 Stable X-No Detection
Operation
8 Stable X-No Detection
Operation
9 Stable - X-No Detection
Unstable
10 Stable - X-No Detection
Unstable
11 Worked X-No Detection
Undecided
12 Worked X-No Detection
Undecided
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13 Worked
Undecided
14 Worked
Undecided
15 Worked
Undecided
16 Worked
Undecided
17 Worked
Undecided
18 X-No
Detection

JournalMM (2024), 5(2) 228-249
X-No Detection
X-No Detection
X-No Detection
X-No Detection
X-No Detection

X-No Detection

As a result of the test, the solenoid coil antenna successfully detected up to 8 cm. At 9 and 10
cm, it was stable in some trials and unstable in others. In the spiral antenna design, stable
measurements could be made up to 2 cm. According to these results, the use of solenoid antenna gave
positive results. According to the test results, the 2nd test circuit and the solenoid antenna will be

evaluated.

The SWOT analysis based on the test results is as follows.

Strengths

Weaknesses

Acceptable detection area of
8cm

Ability to be affected by
environmental signals
= (interference)

Miniaturizable design with
SMD circuit elements

Human contact with the
antenna may cause

= capacitive interference and

false detection

Having many application
areas

Detection distance remains
at8cm

High functionality

Possible omissions in using the
device as a wearable
technology product during the
o .
work of technical personnel

Preventing loss of life and
property

Ergonomically restricting
finger movement

Opportunities

Addressing the market as a
wearable technology product
within the scope of OHS
measures

Inaccurate detection due
= to environmental
interference

Innovative design in OHS
measures

Negligence as a result of a
possible misperception of

L. | technical staff as protection staff
rather than precautionary staff

Figure 18. SWOT analysis of the study
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As can be seen from the analysis, the design has the potential to be used in the form of an
ergonomically appropriate ring.

g
6 4
4 H SELENOID
2 A ANTENNA
0 15 T T
Stable H SPIRAL
Measured ANTENNA
Distance
(cm)

Figure 19. Antenna-detection distance comparison of three transistor darlington connected circuit

As can be seen in Figure 19, the design was tested with two different antennas and the solenoid
antenna was able to achieve stable detection up to 8 cm. However, the spiral antenna was stable up
to 2 cm.

SWOT analysis and circuit test results show that it works at acceptable distances. However, it
needs to be reduced in size and ergonomically designed for the finger so as not to hinder hand
movement. It can be reduced to small dimensions with a circuit to be designed using SMD models of
circuit elements.

Since it is designed in the shape of a ring and will be reduced to small dimensions, a suitable
battery is required. A 1 cell (3.7 V) battery can be used  for performance and small size. The
energy obtained by using human body heat can also be used to feed the circuit.

If we summarize the existing studies, there are glove, wristband (watch), pen and box shapes
for higher voltage levels. When we compare them with technology and fulfillment of their function,
we can say that they are designs that work at acceptable levels. The circuit design of this study also
detects at acceptable distances. When we examine ergonomically, the studies are large in size. The
ring design of this study is smaller in size. Therefore, it is expected to be more comfortable to use.
Comparisons were made with the ring design through the designs given in Figure-1, Figure-2 and
Figure-3. The design given in Figure-2 is in the form of a box. The design of this study is in the form
of aring (Figure 15).

5. CONCLUSION

In this study, we focus on wireless detection of the presence of electrical energy. In the study,
it was observed that the three-transistor Darlington-coupled circuit design works more efficiently in
detecting electrical energy than the two-transistor Darlington-coupled circuit design. Since the
current gain of the three-transistor circuit is higher than the two-transistor circuit, it increased the
current generated in the antenna much more, allowing the LED to light up from longer distances. It
was observed that the design works, but it is a fact that it needs to be reduced in size. Considering it
as a wearable technology product, its small size is important as it will not restrict ergonomic mobility.
The adoption of the ring shape in the design phase is ergonomically more suitable in terms of size
than previous studies. The biggest reason for this is that it is a smaller design than, for example, a
glove-shaped design. As a result, the study can be used as a wearable technology product that can be
used by technical personnel during work if it is reduced to small sizes, free from environmental
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interference and ergonomically designed to fit the body. The design is reduced to small dimensions
in the form of a ring. In this way, it provided ergonomic working comfort.
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ABSTRACT: This study presents the design of an unmanned aerial vehicle (UAV) specifically
developed for extended illumination in surveillance, search and rescue (SAR) operations, security
enforcement, border surveillance, and other applications requiring lighting, particularly in disaster
areas. Traditional battery-powered UAVSs have limited operational time; therefore, a tethered drone
design was implemented in this study to overcome flight duration constraints. The direct current (DC)
energy required for the tethered drone is supplied by a Gold Series switch-mode power supply
(SMPS) mounted on the drone. The alternating current (AC) energy needed for the SMPS is
transmitted through a cable. Additionally, the light-emitting diode (LED) projector, operating on AC
220 volts, is powered by the same cable that supplies the drone, eliminating the need for an additional
DC converter. This design choice reduces weight and ensures an optimized configuration. The
projector is mounted on servos with dual-axis capability, allowing both horizontal and vertical
movement to precisely illuminate the target area. Although studies on tethered and illumination
drones exist in the literature, this work combines two distinct drone systems to create a more efficient
UAYV design. In the design process, considerations were made for various environmental conditions,
particularly wind. Consequently, the thrust-to-weight (T/W) ratio was determined to be 1.54. For
cable cross section, a 1.5% voltage drop was accounted for, yielding a required cross section of
1.16mm2. However, to ensure safety and reliability, a cable with a cross section of 1.5mm? was
selected. This proposed model, distinct from other studies in the literature, offers a practical design
for field applications, particularly for night SAR operations in disaster zones such as earthquake sites,
due to its point-focus illumination capability and extended flight duration.

Keywords: Illumination drone, Tethered drone, SAR drone, Embedded system, Electronic control

*Sorumlu yazar / Corresponding author: tunler@erbakan.edu.tr
Bu makaleye atif yapmak i¢in /To cite this article

Unler, T. (2024). Development of Battery-Independent Illumination Drones Integrated into Tethered UAVs for
Extended Operations. Journal of Materials and Mechatronics: A (JournalMM), 5(2), 250-262.


https://doi.org/10.55546/jmm.1541043
https://orcid.org/0000-0002-2658-1902

Unler, T. JournalMM (2024), 5(2) 250-262

1. INTRODUCTION

Tethered drones, also known as tethered Unmanned Aerial Vehicles (UAVS), have become
prominent in nighttime surveillance, search and rescue (SAR) operations, and security applications
due to their unique operational benefits. Their tethered design ensures continuous power supply and
stable data transmission through a cable connected to a ground station. This feature is especially
advantageous for operations requiring extended flight times and stable performance under varying
conditions. A primary benefit of tethered UAVs is their ability to deliver uninterrupted power,
enabling continuous operations far beyond the limits of traditional drones reliant on onboard batteries.
This feature makes them ideal for surveillance tasks such as securing large-scale events or monitoring
critical infrastructure. Moreover, the tether provides high-bandwidth data transmission, facilitating
real-time video streaming from onboard sensors, which is essential for effective surveillance (Kishk
et al., 2020). Nighttime illumination capabilities are further enhanced by integrating advanced
imaging technologies. For instance, UAVSs equipped with thermal infrared cameras excel at detecting
heat signatures, which is vital for identifying potential threats in complete darkness (Kays et al.,
2018). SAR missions also benefit from this technology, as thermal cameras can detect temperature
variations, helping rescue teams locate individuals in challenging conditions (Banuls et al., 2015). In
urban areas, where artificial lighting and shadows complicate surveillance, the stability of tethered
UAVs ensures high-quality imagery (Semsch et al., 2009). The tether stabilizes flight by enabling the
drone to hover at fixed altitudes, which is essential for precise imaging tasks, such as monitoring large
areas for security breaches or conducting SAR operations (Lemaire et al., 2019; Lai et al., 2023). This
stability also minimizes video jitter, improving the clarity of the collected data (Lemaire et al., 2019).
Furthermore, tethered UAVs can integrate with other unmanned systems, such as ground vehicles, to
create comprehensive surveillance networks adaptable to various operational needs (Bushnaq et al.,
2021). Beyond surveillance, tethered UAVs have seen increasing use in environmental monitoring
and disaster management. They provide real-time data for assessing forest fires or post-disaster
damage, aiding emergency responders (Tao et al., 2022). The integration of artificial intelligence (Al)
and machine learning further enhances these systems, enabling automated tracking and object
identification—particularly valuable in dynamic environments (Cherif et al., 2023). The
configuration of tethered UAVs significantly impacts their stability and maneuverability, both of
which are essential for effective surveillance. Optimizing tether dynamics allows UAVs to withstand
environmental challenges such as wind and turbulence while maintaining stable flight paths (Tang,
2024). Their versatility makes them suitable for deployment in urban settings where obstacles or
limited visibility hinder traditional surveillance methods (Semsch et al., 2009). Tethered UAVs have
also demonstrated considerable potential in SAR operations. Integrating Visible Light
Communication (VLC) and advanced sensors enhances their utility in rescue missions. VLC
technology allows LEDs to function as both illumination sources and data transmitters, offering low
energy consumption and high-bandwidth communication crucial for real-time data sharing during
SAR operations (Ibraiwish et al., 2024). Furthermore, advanced sensors, such as radar and sound
localization systems, improve the UAV’s ability to detect vital signs and locate victims in distress
(Islam, 2021; Hoshiba et al., 2017). UAV swarms, which autonomously coordinate to cover larger
areas, further enhance search efficiency and operational flexibility (Khalil et al., 2022). Compared to
traditional rescue methods, UAVs offer faster deployment in disaster zones, reducing response times
and costs, thus improving rescue outcomes (Hashim and Tamizi, 2018). Additionally, they can
establish temporary communication networks in disaster-stricken areas, facilitating coordination and
decision-making (Mayor et al., 2019). Their deployment in maritime environments highlights their
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adaptability across diverse terrains (Algurashi et al., 2023). In a study conducted with the Tello drone,
rapid and flexible illumination was achieved. The study involved a small battery-powered drone
autonomously navigating target areas to perform brief illumination operations (Ma et al., 2024).
Additionally, another study developed drones with various lighting features to attract tourists'
attention on the beach (Shirbhate and Das, 2019). In research focusing on drones that perform both
illumination and communication functions, both features were integrated into a battery-powered
drone. This UAV provides aerial lighting for emergency situations while also enabling
communication (Huang et al., 2023; Yang et al., 2019). Furthermore, the drones are equipped with
LEDs of different colors, allowing for visual shows. These drones can move in coordination, creating
various visual displays in the air (Huang et al., 2023). In environments with low ambient light, such
as outdoor shoots, drones equipped with lighting systems have been used to illuminate subjects. This
offers a portable lighting solution for moving objects (Kratky et al., 2021).

Tethered UAVs integrated with advanced technologies represent a significant advancement in
illumination night surveillance and SAR operations. Their ability to provide continuous power,
deliver high-quality imaging, and adapt to various environments makes them indispensable tools in
modern surveillance and emergency response efforts. This innovative study suggests that by adding
an LED luminaire powered through the same tether, the effectiveness of these systems, particularly
in areas like SAR and border security, will be enhanced. As a result, their applications will expand
across a broad range of fields, from SAR to security and environmental monitoring.

2. MATERIALS AND METHODS

In this study, a tethered drone application was developed, with the necessary energy for the
drone supplied using a cable. The AC power provided was used to feed an SMPS, which in turn
delivered the required DC energy for the UAV. Additionally, an LED luminaire directly powered by
AC was employed for illumination, eliminating the need for an extra DC converter. This approach
optimized the weight of vehicle, resulting in a more user-friendly and practical design structure.

2.1 UAV Design

The most critical parameters in drone design are the weight of the UAV and the thrust force
generated by the motors. In drone design, thrust (T) represents the motor's thrust force, while weight
(W) denotes the total weight of the UAV. The ratio of these two values, T/W, must be greater than 1
for multicopter designs to achieve a lift-off. However, considering adverse factors such as wind
resistance, maintaining this ratio above 1.5 is essential for optimal UAV performance. This ratio also
directly affects the speed of maneuvers, making it generally recommended to select a T/W ratio
between 1.5 and 2.0 for multicopter designs. Table 1 presents the materials used in the UAV and their
corresponding weights.

Table 1. Component used in the drone, their weights, and total weight

Component Quantity Weight (grams) Total Weight (grams)
Frame 1 380 380
Landing Gear 1 210 210
Brushless Motor 4 60 240
ESC (Speed Controller) 4 25 100
Autopilot 1 89 89
GPS 1 50 50
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RF Transceiver 1 20 20
RF Telemetry 1 15 15
Power Module 1 15 15
Carbon Propeller 4 12 48
Cable for Tethered Power 20 16 320
LED Projector 1 142 142
100A SMPS 1 1650 1650
Servo 2 DOF Platform 1 30 30
TOTAL 3309 grams

The aircraft was designed to operate at an altitude of 20 meters. For this purpose, a 2x1.5mm?
pure copper cable was chosen. When calculating the weight, the scenario of the cable being fully
extended was considered, resulting in the total weight of the 20-meter cable. The total weight of the
aircraft was calculated to be 3309grams. The brand and the model of motors used are SunnySky 2814
900KV motors, paired with 10.5x5.5 carbon propellers, each providing a thrust of 1278 grams. With
a total of 4 motors used, the total thrust (Totalthrust) can be calculated using Equation 1.

Totalrpryst = Motorrppyse X 4 (1)

When calculating using Equation 1, the total thrust is found to be 5112 grams. Accordingly, the
thrust-to-weight ratio (T/W) is calculated to be 1.54. Each motor generates 1278 grams of thrust and
draws 22.27A of current. For a total of 4 motors, the total motor current (Itm) is calculated to be
89.08A using Equation 2.

Ity = Ivotor X 4 (2)

For avionic components excluding the motor, the total current consumption (ltco) was
measured to be approximately 0.45 A for other components such as the autopilot, telemetry, GPS,
transceiver, and 2 DOF servo. Consequently, the overall current consumption (I+c) was calculated as
89.53 A using Equation 3.

It¢ = Irm + Irco (3)

For DC conversion, a Gold 80 Series AC/DC converter was selected. Low-quality SMPS units
may not provide the advertised power ratings under increased current demands, particularly with
inductive loads such as motors, making them unsuitable for such applications. However, an 80 Plus
Gold-rated SMPS meets these requirements and will not pose any issues when used in this type of
aircraft (Joung et al., 2012). The specifications of the SMPS used in the UAV are presented in Table
2 below.

Table 2. The specifications of the SMPS used for the drone

Supply Voltage Output Current Output Voltage Total Power
220V/IAC 100A 12V/DC 1200W
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The LED projector employed in this study is a 100W unit featuring a total of 128 LEDs and is
designed to operate on an input voltage of 220V. Its compact dimensions of 173mm x 101mm were
carefully selected to ensure unobstructed movement within the drone’s chassis. The on/off operations
of the projector are controlled via a relay system, enabling the user to activate the device as needed.
The auxiliary (AUX) outputs from the autopilot system have been utilized for this control mechanism.
These output pins are specifically configured for On/Off operation and are assigned to a dedicated
button on the transmitter. Figure 1 illustrates the relay circuit along with the transistor connection
schematic, which is utilized for controlling the projector at 220V.

17 AUTOPILOT (PIXHAWK CUBE)
RELAY
}” o L

IAC SOURCE]

|

TYNDIS 440/NO HOLD3rodd

@ o SMPS 12v

Q1
e .

LED PROJECTOR

Figure 1. The schematic diagram used for controlling the projector's on/off function

A single NPN type BC547 BJT transistor was used to control the projector's on/off function via
an On/Off signal. This transistor drives a relay which is activated to power the 220V projector when
required.

Figure 2. Servo 2 DOF platform

For the pan-tilt control of the LED projector, a single 2 DOF servo platform, as shown in Figure
2, is utilized to achieve its orientation. Two of the AUX outputs from the autopilot are configured as
servo drivers, and the servos were mounted accordingly.
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2.2 Optimal Cable Cross-Section Selection
One of the most critical parameters for ensuring system safety and long-term operation in the
design is cable cross-section selection. When choosing the cable, factors such as total power (Trower),
number of phases (Phase), cable length (L), desired voltage drop (€%), operating voltage (U), and the
conductivity coefficient (K) of the conductor are of paramount importance for determining the cross-
sectional area of the conductor. The parameter values used in the system are provided in Table 3.

Table 3. Cable cross-section calculation parameters used in the system

Trowr(Watt)  Phase  L(meter) e(%)  U(Nol)  K(o)
1175W 1 20 15 220 56

The total power (P7) is determined by aggregating the power consumption of the entire UAV
with that of the LED projector, referred to as P.. This calculation is expressed in Equation 4, yielding
a total power consumption of 1175 W.

PT=ITMX12+PL (4)

Using Equation 5, (Ozkaya and Tufekci, 2011) it was calculated that the cable cross-sectional
area (S) should be 1.16mm2 for a 1.5% voltage drop.

_200><L><N
T KxU?xe

()

With a 25% safety margin, the closest higher cable cross-sectional area to this value is 1.5mm2,
ensuring that the voltage drop remains within a maximum of 1.5% for these system parameters.

2.3 Experimental Setup
In the study, a Pixhawk autopilot was used to ensure stable and autonomous flight of the UAV.
This autopilot was selected due to its open-source software, which allows for configuration through
external AUX and MAIN ports to accommodate various options. Additional AUX pins were utilized
for controlling the projector's power functions as well as the pan-tilt adjustments. Figure 3 illustrates
the system's connection diagram.
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Figure 3. Tethered lighting drone system architecture

As shown in the Figure 3, the system includes essential avionics components required for a
drone. The autopilot is connected to a GPS ground station for communication and to facilitate
configuration loading, along with a telemetry module and a nine-channel 2.4 GHz receiver. The
receiver operates in PPM mode using the RC-IN pin on the autopilot, freeing up the AUX pins for
pan-tilt and on-off configurations. Additionally, a power module is included for power monitoring
and to supply the autopilot. The motor control system comprises four ESCs and four brushless DC
motors. The 2 DOF servos are connected to MAIN pins 5 and 6, and configurations are managed
through the ArduPilot software. AUX pin 5 is configured as a relay on/off to control the LED
projector's operation. Two gray adjustable inputs on the transmitter are assigned to channels 5 and 6
for pan-tilt control, with logical connections made via ArduPilot and telemetry. Figure 4 shows the
UAV's projector on/off switch and main power switch.

(b)

Figure 4. (a) On/Off switch and (b) relay transistor control circuit assembly
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The switch depicted in the diagram controls the power to the system, allowing it to be turned
on or off. In case of an emergency, the entire system can be powered down using this switch. The
circuit shown in Figure 3 illustrates the relay transistor resistor connection required for the activation
and deactivation of the lighting. This circuit has been mounted underneath the relay. The white wire
is connected to AUX pin number 5, which has been configured for relay on/off control by the
autopilot. The pink wire is connected to the 12V output of the SMPS, providing power to the relay
coil. The black wire is connected to the common GND of the system’s DC side.

Figure 5. Pan-Tilt mechanism and projector assembly

Figure 5 illustrates the pan-tilt mechanism, which includes two servos and servo mounts. The
LED projector is mounted onto the mechanism to enable directional adjustments. The servos are
connected and powered through yellow, red, and brown wires. These connections are made to the
MAIN outputs on the autopilot, specifically pins 5 and 6, ensuring both control and power supply for
the servos.

(a) (b)

Figure 6. (a) System configuration with mounted AC cables (b) Operational system with active projector

Figure 6(a) shows the system with mounted cables, SMPS, and LED projector, including a 20-
meter cable connected to a 220V outlet connector. Additionally, an XT60 connector has been installed
on the 12V output of the SMPS to facilitate easy connection and disconnection of the power module.
Figure 6(b) depicts the system energized with the projector turned on.

3. RESULTS AND DISCUSSION

It has been observed that the 80 Plus Gold Series SMPS continues to operate at high
performance levels under full power. The circuit designed for the system's power on/off function has
been seen to perform its switching operations reliably. In the configuration, when the button on the
remote control is activated, the relay triggers, powering the projector with 220V.
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Figure 7. Measurement configuration for trigger signal generated by the on/off switch on the remote control

Figure 7 shows the experimental setup used to measure the trigger signal generated at the AUX
5 pin of the autopilot when switching occurs. For the measurement, one channel of the oscilloscope
IS connected to the resistor at the base of the transistor. During this process, the on/off operation is
performed via the remote control, and the trigger signal is measured using the oscilloscope.

RIGOL STOP (N F

CH1= S.88u [HgEED S Time 288 .8nms 384 .0ms

Figure 8. Trigger signal display on the oscilloscope screen

In Figure 8, the oscilloscope screenshot of the trigger signal is shown. As seen on the
oscilloscope screen, when the on/off signal is sent from the remote control, a logic 1 signal appears
on AUX pin 5, and it returns to 0 when turned off. The peak value of the logic 1 signal is measured
at 3.3V. Thus, this signal triggers the transistor to drive the relay, which safely controls the 220V
supply to the projector.

Figure 9. The test setup for measuring the channels while adjusting the pan-tilt controls on the transmitter

The test setup for measuring PWM signals from the MAIN 5-6 channels, connected to the
outputs, as observed through the oscilloscope, is shown in Figure 9.
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Figure 10. When adjusting pan-tilt controls on the controller, the PWM signal waveforms of the channels on the
oscilloscope screen

In Figure 10, it is observed that the PWM signals are successfully generated while controlling
the channels from the remote. Additionally, when the signal transmission from the remote is stopped,
the last position PWM values continue to be output, resulting in the projector remaining fixed in its
last position. Tests have shown that the designed system operates without issues, and the drone is
capable of flying smoothly. The calculated T/W ratio of 1.54 clearly demonstrates that the aircraft
remains stable even in windy conditions. Furthermore, the pan-tilt mechanism was tested for extended
periods. The projector's on-off operations were carried out smoothly, and the system was observed to
perform its tasks without problems. Although the projector was noted to heat up during prolonged
ground tests, it was observed to cool down due to the airflow generated by the two front propellers
during flight. Therefore, no additional cooling unit was installed to avoid increasing the aircraft's
weight, as it would not overheat during operation.

A review of the literature reveals that various studies on lighting drones present distinct
advantages and disadvantages. In Table 4, the proposed tethered lighting drone from this study is
compared with other lighting drone designs found in the literature.

Table 4. A Summary of illumination works

Wide-area Suitability Long Continuous  Adjustable Operation
Reference Illumination  for Disaster Operation  Flexibility =~ Operation Lighting at High

Zones Time Direction Altitudes
Huang et al. x \ x N x x N
Ma et al. x x x \ x x \
Shr. and Das x x x \ x x \
Krétky et al. X X % N x x N
Yang et al x \ x \ x x \
This paper N \ \ x N N x

Since illuminating large areas requires a powerful LED or lighting fixture, the LED projector
used in this study is larger than those in comparable works, allowing for significantly broader area
coverage. Considering the requirements for disaster zones, the need for long-term illumination of
extensive areas becomes evident. The use of small, battery-powered drones in other studies limits
their applicability for SAR operations in disaster areas. When examining other designs, it is evident
that the proposed drone is powered by a cable from the ground. This configuration enables the drone
to remain airborne for extended periods, ensuring continuous illumination of the designated area. The
designed drone has limited mobility due to its tethered configuration; however, it can operate freely
within the range of the cable length. If required, the cable length can be increased with a modified
design to expand the operational range. Since the drone in this study is powered through a tethered
system, it provides uninterrupted illumination compared to other battery-powered drones. In contrast,
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battery-powered drones need to land for battery replacement once depleted, preventing continuous
illumination. The proposed tethered drone is equipped with a servo-controlled LED projector system,
enabling precise illumination of the desired area. In comparison, other drones need to maintain a
specific angle to achieve targeted lighting, which can negatively impact their flight duration. Drones
that operate independently of cables can ascend to higher altitudes; however, as altitude increases,
illumination intensity decreases, necessitating operation at an optimal height. Exceeding a certain
altitude creates disadvantages for effective lighting, making the 20-meter cable length sufficient for
the optimal height in this tethered design. From this perspective, the height limitation is not a
significant disadvantage for the lighting drone.

When considering potential applications, such as in disaster zones, area surveillance, or border
security operations, the advantages of the tethered lighting drone demonstrate that it is more suitable
than wireless designs for these use cases.

4. CONCLUSION

In the conducted study, the wired illumination drone was successfully operated, completing its
application. The system's T/W ratio of 1.54 ensured that it continued to perform effectively even in
adverse weather conditions, as demonstrated by the tests. Additionally, the drone's power supply
through the cable enabled it to operate for extended periods. Despite the total DC power requirement
of 1075W, the design included a high-performance SMPS and a 1200W operating mode (at 220V)
with a 20% tolerance, allowing for long hours of operation without overheating. The cable cross-
section, calculated for a 1.5% voltage drop, was found to be 1.16 mm?2, but considering the tolerance
factor, a 1.5 mmz2 cross-section was chosen. This choice ensures high system performance and
prevents overheating issues.

Moreover, system configurations were made for the on-off functionality of the LED projector
via the controller. The integration of the pan-tilt mechanism for focusing the projector on the desired
area in flight was completed, enabling successful point illumination control through the remote. The
projector was mounted underneath the front propellers to facilitate cooling, thereby maintaining high
performance and operational stability without increasing the T/W ratio. Unlike previous studies, this
work combined the powerful features of tethered drones with the capabilities of illumination drones,
resulting in an innovative aerial vehicle. This design provides a flexible and innovative solution for
long-term illumination in nighttime disaster response, SAR operations, border security, and
specialized area lighting.

In future studies, a reflective-type LED projector with higher luminous power can be utilized
to illuminate larger areas, particularly during disaster scenarios, ensuring broader coverage.
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1. INTRODUCTION

Metal plates are one of the materials used as the main construction material in sectors such as
machinery, automotive, shipbuilding, energy, and home electronics. Metal plates are shaped by
various machining or chipless manufacturing methods such as cutting, bending, welded joining and
used in structures within the framework of certain design and engineering decisions. There are many
standards like EN I1SO 8501-1:2007, EN 10130, ASTM A480/A480M, ASTM E45 that must be
followed for the metal plates used to meet sufficient quality criterias. Compliance with the standards
in which the basic physical and chemical properties of the material, surface roughness and quantity,
effect and acceptance values of surface defects are defined emerge as the basic quality requirement
of the enterprises.

One of the main problems seen in metal plates is the surface defects that have occurred on the
plate surface. These defects may be caused by variables determined in various processes during the
manufacturing phase of metal plates, as well as by different external factors such as environmental
conditions, transportation, stacking. In this context, one of the quality control processes applied in
enterprises is the inspection of surface defects of metal plates, and the rapid and accurate detection of
these defects stands out as a critical condition for providing the necessary strength conditions in
industrial production and increasing product quality. Within the scope of the control process, it can
be decided to repair the metal plate or to discard it as a result of evaluations such as determining the
presence of surface defects and their location on the plate, classifying them, determining their
quantity, measuring the depth or height differences caused by the defect with various devices,
determining the presence rate of the defects in the entire area and determining whether they are within
tolerance. These defects have been described in the literature and generally classified in 6 main groups
as crazing, inclusion, patches, pitted, rolled, scratches (Fu et al., 2019).

Different methods can be preferred to detect surface defects. The most basic, simple, fast and
easy-to-apply method is visual control. Although visual controls are carried out by experienced
operators, it is obvious that it is a method that is quite open to subjective errors related to humans. In
this method, it is possible to experience negativities such as overlooking, neglecting, and
misclassification of critical defects. Overlooked intolerance surface defects can cause negativities that
may threaten human life, such as thinning of the wall, notch effect or the risk of corrosion formation.

Another method used for the detection of metal plate surface defects is the applications
developed by using computer vision and deep learning models, which are among the sub-branches of
artificial intelligence studies that are developing and becoming widespread today. This method can
provide the detection of surface defects with much higher reliability and practicality than traditional
methods. In this study, it was aimed to develop a deep learning model based on Convolutional Neural
Network (CNN) for the detection of metal plate surface defects by deep learning. Convolutional
Neural Networks are a subclass of deep learning models designed specifically to work on visual data.
CNN’s are highly effective in areas such as image processing, video analysis, and medical imaging,
and are often used successfully in tasks such as object recognition, facial recognition, automated
vehicle driving systems (Mo et al., 2018). It will be ensured that the model to be developed with the
study will be tested by using a large number of classified image data of metal surface defects in a data
set. It is aimed to run the resulting model file on a mobile minicomputer and to detect and classify
metal plate surface defects by detecting live images under real conditions with the camera connected
to the computer.

In the "Introduction” section, the reasons for the initiation of the study are presented, and in the
"material, method" section, the methods applied during the execution of the study are discussed in
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detail. The fundamentals of artificial intelligence and deep learning have been examined, and
concepts such as libraries, layers, activation functions, optimizers, which are the sub-elements
necessary for the construction of deep learning architecture using artificial neural networks, have
been clarified in detail. In the "experimental studies™ section, the details of how the deep learning
model architecture is created, the training process of the model and the industrial application stages
are revealed. In the "results and discussion™ section, results and the value of the findings obtained
was discussed and future studies were mentioned. Finally in the “conclusions” section, a summary of
the results of the study is shared.

2. MATERIALS AND METHODS

A common feature of the case studies discussed to shape the methodology of the study in the
preliminary research process is that they are based on the creation of a certain data set or its use by
providing it ready-made. Since data collection specific to metal plate surface defects will require a
long period of time on a yearly basis in order to encounter a sufficient number of defects to allow a
healthy deep learning process to be carried out under the types of defects that occur, it was decided
to bypass the data collection process, and instead of it, the open access NEU Metal Plate Surface
Defects dataset (Song and Yan, 2019) is decided to be used.

The necessary codes to work on the Visual Studio Code application were created and run in the
Python programming language for processing the data in this dataset, setting up the deep learning
model, carrying out the training process, obtaining the performance values and to test the results
practically. This program consists of 6 main parts: preparation, data preprocessing, model creation
and training, evaluation of training performance, testing of the model and finally exporting the model.

To use the necessary libraries and activation functions during the preparation phase, it is
ensured that they are called to the program and the locations of the training, test and verification
clusters are specified. In the data pre-processing phase, data augmentation methods were applied by
subjecting the image data in the data set to operations such as rotation, scrolling, mirroring, scaling,
resizing, categorical classification. In the model creation and training phase, definitions were made
about the use of the TensorFlow / Keras library, layer parameters were determined, the metrics to be
used were selected, and the training process of the CNN model, which was developed by determining
the number of cycles and iterations, was carried out.

After the completion of the training, the necessary code pieces were added to create the
accuracy and loss functions to reveal how successful the training process was. The model is exported
from the compiler so that it can run on a computer-independent device. In this way, it has become
possible to test the developed deep learning model in real industrial conditions using a minicomputer
with a camera integrated with high image processing capacity.

2.1 Artificial Intelligence

Artificial intelligence is a branch of science and engineering that aims to enable computer
systems to gain human-like capabilities. It is the set of abilities that computers gain by using
algorithms, data, and computational power to enable them to perform tasks associated with human
intelligence, such as visual perception, speech recognition, learning, decision-making, language
understanding and problem solving. Artificial intelligence applications, which are divided into many
different sub-branches such as machine learning, deep learning, natural language processing, expert
systems, artificial neural networks and genetic algorithms, have become widely used in areas such as
engineering, health, finance, automotive, education, media and industrial production. The concept of
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artificial intelligence, which has occupied the thoughts of scientists such as ancient Greek and
Egyptian philosophers since ancient times, was introduced in the early period of today, and the
concept of "expert systems" that combine techniques such as logical thinking, symbolic calculation
and problem solving to reveal human-like logical judgments and decision abilities (Turban and
Watkins, 1986). With the combination of modern computer science based on the algorithmic
perspective and a series of innovative ideas and discoveries based on statistical studies, the concept
of artificial intelligence made further development in the mid-20th century. The Dartmouth
Conference, which took place in 1956, was an important milestone for the introduction and
development of the concept of artificial intelligence as a branch of science, which was officially put
forward by scientists such as John McCarthy, Marvin Minsky, Nathaniel Rochester and Claude
Shannon (Moor, 2006). The main goal of artificial intelligence-oriented scientific studies is that
computer systems have human-like intelligence, and that they reach results and perform better than
humans in many processes such as data analysis, pattern recognition, and making predictions, and as
of today, an artificial intelligence structure equivalent to human intelligence has not yet been revealed
and continues to develop in many ways (Shinde and Shah, 2018).

2.2 Machine Learning and Deep Learning

Machine learning (ML) is a sub-branch of artificial intelligence and refers to the ability of
computers to perform certain tasks by providing learning using data. Machine learning structures,
which have different structures from traditional programming logic, are structures that have the ability
to create patterns by processing data and to make predictions and decisions by learning the
relationships between these patterns, rather than operating based on pre-programmed rules. It is
examined in 3 subcategories as supervised learning, unsupervised learning and reinforcement
learning. Supervised learning is a type of machine learning that is mostly used in studies such as
classification and regression, and enables the matching of input data with the right outputs by
providing learning on labeled data. Unsupervised learning is based on the principle of discovering
the differences by the learning model itself by applying it on unlabeled data, which is preferred in
studies such as clustering and size reduction. Reinforcement learning, robotic education and game
development are followed with a learning methodology based on a reward or punishment system,
which is preferred. While the decision-maker is rewarded when he makes the right decisions, he
provides learning by receiving negative signals in the wrong decisions.

The concept of deep learning (DL), on the other hand, is a machine learning technique
performed using artificial neural networks and is generally used in studies that need to develop
learning ability using large and complex data sets. There are many subtypes of deep learning, and the
term "deep” in the concept of deep learning, which refers to the "concept of deep artificial neural
networks", is related to the use of a large number of layers (Shinde and Shah, 2018). Deep learning
is a sub-application of machine learning, and machine learning is under artificial intelligence
applications, which is the widest scope. To give an example of the main areas where deep learning is
successfully applied; We see that studies on applications such as image recognition and processing,
natural language processing, autonomous driving, and voice recognition come to the fore. Model
structures, called artificial neural networks, are mathematical models inspired by the functions of the
human brain. Deep learning refers to the situation where these networks are made up of multiple
layers (usually a large number of hidden layers). Thanks to these layers, deep learning models have
the ability to perform an automatic feature extraction by starting from simple features on the data and
progressing to more complex features (Sahu and Dash, 2021).
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2.3 Key Elements for Deep Learning Application

Deep learning applications are carried out in the computer environment using various
programming languages. Within the scope of these studies, researchers need to master many subjects
and make the necessary preparations for applications in order to reveal an efficient code structure and
to operate it effectively. In this context, the correct and appropriate selection of the programming
language, compiler environment, and hardware capacity of the computer to be used is important for
a successful deep learning application. In addition, a good understanding of concepts such as many
libraries, layers, activation functions, metrics that should be used under the deep learning architecture,
learning the working principles, and determining the relationships and parameters affecting the
operation correctly are important issues for model performance. We can explain the importance of
these basic elements and the reasons for their preference by summarizing them as follows.

Today, Python is the most widely used programming language in similar studies, and it was
preferred to take this language as a basis in our study. In order to create a deep learning architecture
on Python, it is necessary to first select a computer, operating system and compiler (IDE) to run this
programming language on (Raschka and Mirjalili, 2019).

In our study, it was possible to carry out code development experiments in different
environments and compilers by using 2 different computers with Windows and Linux operating
systems, Visual Studio Code, Kaggle and Google Colab compilers, and the Python program directly
from the terminal on a Linux-based computer. In the deep learning architecture we are working on, it
is aimed to use the Keras API (API, Application Programming Interface) and sub-APIs under the
TensorFlow library. TensorFlow is an open-source machine learning library developed by the Google
Brain team and published by Google. It is designed for complex data processing tasks and has been
shown to be particularly effective in large-scale deep learning applications. Its main features include
flexibility due to its support for various computational operations and its ability to run on different
platforms, the ability to perform calculations in parallel and efficiently by converting operations into
a structured graph using a data flow graph, and the ability to automatically adjust model parameters
using optimization techniques such as gradient descent with automatic derivative calculation (Helms
etal., 2018).

Keras; TensorFlow is a high-level neural network API that runs on core libraries such as Theano
and CNTK, offers a user-friendly and modular structure, enabling rapid prototyping of deep learning
models (Manaswi, 2018). Thanks to Keras, which is integrated into TensorFlow, the application
becomes user-friendly and provides practicality to practitioners.

Groups with different features formed by artificial neural networks in a deep learning
architecture can be defined as "layers". Deep learning models are made up of several layers of
compute that process data from the input layer to the output layer. Layers act as filtering structures
designed to learn a specific set of features from data. The characteristics of the layers used in the
study and why they are preferred are explained in detail in the following sections. The types of layers
used in deep learning studies are generally classified as input layers, hidden layers, and output layers.
The neurons in each layer receive and process the incoming signals and transmit them to the next one.
With these complex interactions between layers, the systematic working function of deep learning
structures takes place (LeCun et al., 2015).

The mathematical expressions used to calculate the output of each neuron in the network are
called activation functions. Non-linear activation functions (e.g., ReLU, sigmoid, tanh) allow the
model to learn nonlinear and more complex relationships. It is possible to process the data coming to
a neuron in the artificial neural network by subjecting it to the mathematical process defined by the
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specified activation function and to transform it as a different element for the next stage as the output
of the neuron. The mathematical expression of the activation function and the way it works is very
important for the performance of deep learning architecture. Instead of applying the trial-and-error
method for the selection of the right activation function for the deep learning architecture built for
each different purpose, choosing inspired by case studies will speed up the process. The activation
functions used in the study are discussed in detail in the relevant section (Rasamoelina et al., 2020).

Each neuron contains weights and biases that are applied to the input data. During the training
of the network, these parameters are adjusted to provide the best performance over the data. Bias is a
constant added to the activation function that the neuron will process, and it is useful to get results in
different ranges by changing the function curve. Weight, on the other hand, is a numerical element of
information that is processed in one neuron and transferred to another neuron to reveal a feature. The
weights randomly selected at the beginning of the training process are optimized by the learning
algorithm in accordance with the data set during the training process (Dung and Mizukawa, 2007).

The loss function is used to evaluate model performance during the training of the model, to be
an indicator of the optimization of parametric settings, and to optimize algorithms. It is used to
measure how close their predictions are to the actual data. Designing the training process to minimize
this loss is essential for a successful model training. There are varieties such as Mean Squared Error
(MSE), Mean Absolute Error (MAE), Cross Entropy Loss, Hinge Loss, Poisson Loss, Huber Loss,
each of which can be expressed mathematically separately. Details about the loss function used in the
study are given in the relevant section (Wang et al., 2022).

Optimization algorithms are used to improve the training process of the deep learning model
and to obtain the best performance. It has basic tasks such as updating the model parameters,
minimizing the loss function, adjusting the learning rate, preventing the problem of overfitting, and
accelerating the training process.

Different types of algorithms such as Stochastic Gradient Descent (SGD), Momentum,
Adagrad, RMSProp (Root Mean Square Propagation), Adam (Adaptive Moment Estimation),
Adadelta, Nadam (Nesterov-accelerated Adaptive Moment Estimation) are used, and in our study, it
was decided to use the "Adam" optimizer due to its performance in similar studies. The relevant
section provides the necessary explanations about the Adam optimizer (Haji and Abdulazeez, 2021).

3. EXPERIMENTAL STUDY

The establishment of deep learning architecture requires the application of theoretical
knowledge in the field of practical experience, that is, the introduction of coding work. For this, it is
essential to run the code by working on a Python compiler. During this coding study, it is possible to
construct different architectures, to achieve high or low performance results by using different
libraries or layers with different parameters, or to reveal application details. In addition, it is possible
to optimize the accuracy and lost output values, which are the training result metrics, by trying
different parametric values during the construction of the model.

3.1 Dataset
It is the dataset that contains the data on which the deep learning model will apply the feature
layers. Depending on the type of deep learning study to be conducted, this data may include different
types of data such as audio, image, numbers, lists, video footage, etc. In addition, the data files that
make up the data set should consist of the same type of data and should have forms and features ready
to be used in the training process. The dataset we will work on is the dataset containing image files
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of a large number of metal plate surface defects, which have been shared as open source under the
name of "NEU Metal Plate Surface Defects Dataset" (Song and Yan, 2019). Surface defect image
files in 6 different categories are distributed in folders with different names and divided into training,
test and verification sets. Each image file is a bitmap (BMP) file with a size of 200x200 pixels and a
color depth of 8 bits. Thanks to Keras' ImageDataGenerator sub-API, there is no need for labeling for
images, and tags can be matched automatically thanks to the nested folder structure (Lv et al., 2020).

3.2 Preparation and Data Pre-Processing

It is ensured that the libraries and layers to be used in coding are transferred to the program,
called (imported), and the address definitions of the location where the training, test and verification
sets are located in the computer environment are made at this stage. Importing basic Python libraries
such as NumPy, Pandas, Matplotlib and TensorFlow into the program is essential to reveal the
functions required in the working process of the Python program. At this point, in order to facilitate
the operation of the program, instead of importing the entire large-sized library, it is generally
preferred to import the small cube sub-modules needed in the code group. Thus, it is possible for the
program to run faster with lower dimensional data.

At this stage, a data generator is created for the training dataset. With this generator, various
data boosting techniques have been applied on the images, such as scaling, random rotation, random
panning in width and height, and horizontal flipping. With these techniques, it is possible to
generalize the model and reduce the problem of overfitting. Scaling is also implemented for test and
validation datasets through the creation of a data generator. In addition, the creation of image streams
from data generators is ensured (Maharana et al., 2022).

3.3 Setting Up the Model
Tensorflow and Keras libraries and sub-APIs and sub-APIs and layers, such as Sequential,
Conv2D, MaxPooling2D, Activation, Flatten, Dense, Dropout, were imported at this stage and
parametric definitions were made (Sobhana et al., 2023). Figure 1 shows an example deep learning
architecture image that matches the structure in our original model.

Flattened features

Hidden
Feature maps layer

Feature maps Feature maps Feature maps Hidden  Softmax

layer output
b e N
& A A A A A A A

Pooling .
Convolution Convolution Pooling Fully
connected ReLU Softmax
ReLU

Figure 1. A representative structure of deep learning architecture (Bbouzidi et al., 2024)

Sequential is a class used to build models in Keras, and it is a library that allows layers to be
ordered in relation to each other (Gulli and Pal, 2017).

The Functional model structure, which is another type of Sequential, can provide multiple
inputs and outputs and enables a more complex architectural setup. In our study, it was preferred to
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use Sequential architectural structure. In Figure 2, ordered and functional API structures are shown
schematically.

Sequential AP Functional API
Input Input
Layer Layer Layer
Output Output

Figure 2. Algorithmic expression of the Sequential and Functional API difference (Vansh, 2022)

Conv2D is the convolution layer used to extract features from such data that has been shown to
be successful on 2D data, such as image data. A representative comparison of the input data and the
convolution kernel is presented in Figure 3.

Input Image
Depth

Convolution Kernel
wDepth

Kernel
Size

—
Kernel
Size

Figure 3. Representative expression of the Conv2D convolution layer (Warden, 2015)

MaxPooling2D is used in the architectural structure of deep learning models, it is the pooling
layer that usually follows the convolution layers. Thanks to this layer, it is possible to reduce feature
maps, while preserving important features and reducing data size (Mastromichalakis, 2023). In Figure
4, the effect of applying Max Pooling is expressed on the image.

Single depth slice

11112

5 6 7 8 Max pool with 2x2 filters and stride 2 nn

»x

>y

Figure 4. Example demonstration of the effect of the MaxPooling2D digestion layer

Flatten is the layer used for converting multidimensional feature maps into a one-dimensional
vector. Preparation is made for the processing of the data in the "Dense" layer by providing a size
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reduction transformation (Jin et al., 2015). The effects of the flattening layer are expressed in the
image given in Figure 5.

7
8 8
9
Data After Data After
Max Pooling Flattening

Figure 5. Example illustration of the size reduction transformation of the flatten layer

Dense is the layer in which all the neurons in the previous layer are fully connected to each
other. In this layer, parametric transformations are performed that express the complexity of a data
set and help the model learn. The process of reducing the input data to a certain size and producing
various feature outputs by using the representation of this data is carried out in this layer. Dense layers
are commonly used in many tasks such as classification, regression, language processing, and so on,
and they play an important role within the architecture to increase the complexity of the model and
learn patterns in the data set. The image in Figure 6 schematically expresses the dense layer.

1 4 5 2 7 1 \
2 7 3 8 8 8 6

9 1 9 3

5 7 9 5
Data After Data After Data After Output
Data Max Pooling Flattening Flattening Layer

%{—/

Dense Layer

Figure 6. The location of dense layers in the order of layers

The so-called overfitting or overlearning condition refers to the situation in which a model loses
its ability to make predictions in real-world data due to over-adaptation to training data and occurs
when the model overreacts to noise or randomness in the training data. Underfitting or underlearning,
on the other hand, means that the model fails by failing to catch even the basic patterns due to its
simplicity and failing to show the expected performance (Rice et al., 2020).

In Figure 7, the under-fitting, right-fit and over-fitting situations encountered in classification
studies are shown on the graph depending on the time.
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Figure 7. Representation of overfit, right-fit, underfit graphical representation

Dropout is a layer used to ensure that the model is resistant to overfitting. Overfitting, right
fitting and underfitting situations can be seen in Figure 7. This layer is based on the principle of
covering a certain proportion of neurons randomly determined in each iteration during the training of
the model, that is, stopping their activity. Thanks to the neurons that remain dysfunctional, it is
possible for the remaining network elements to gain the ability to learn more independently (Baldi
and Sadowski, 2013).

7 1 \ 7 1
8 NV > 8 .
3 3
/ 2 .// 2
9 5 9
Without dropout With dropout

Figure 8. Representative expression of with and without dropout layers

EfficientNetB7 is a ready-to-use model developed by the Google Brain team for use in
computer vision studies, which has been previously trained on the ImageNet data set and allows large
data sets consisting of complex images to be processed in a short time with high performance. For
this reason, the use of this model was preferred in the study (Helms et al., 2018).

Relu is an abbreviation of "Rectified Linear Unit" and is a popular activation function used in
deep learning models. This function checks whether the value it receives as input is greater than zero,

zero. Its mathematical equation (1) and graphical representation are as follows (Agarwal et al., 2021).

ReLU(x) = max(0, x) @
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Figure 9. Graph of the ReLU activation function

This function helps to speed up the training process of neural networks. Since the derivative is
1 for values greater than zero, gradients are propagated quickly and efficiently. For values less than
zero, it is possible for the model to work more efficiently by causing some neurons to remain
dysfunctional and closed since the derivative is zero.

-19 | 43 | 57 | -21 0 43 | 57 0
23 17 | -39 | 38 23 17 0 38
—
55 | -84 | 92 | 16 o 0 | 92 | 16
35 | .74 | 52 | 73 35 0 52 0
Data After ReLU Application

Figure 10. Transformed matrix with the ReL U activation function applied

Softmax function is a mathematical function that takes a set of real numbers, converts them to
values between 0 and 1, and normalizes them by equalizing the sum of all outputs to 1. With the
Softmax function, which is frequently used in the output layer in multi-class classification problems,
the probability distribution for each class is revealed. The Softmax function works with the logic of
normalization by starting by transforming each element with an exponential function and dividing it
by the sum of these transformations. Mathematically, the Softmax i-th element for a vector "z" is
calculated by the following equation (2) (M. Wang et al., 2018).

eZi

Yje” @)

Softmax(z;) =
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Figure 11. Graphical representation of the Softmax function

Where z is the input vector, e is Euler's number (about 2.718), zi is the i-th element of the input
vector, and addition is done over all the elements in the vector. In addition to modeling the probability
of each class, this function is also used to ensure that the model's predictions are more stable and
balanced (Kiligarslan et al., 2021).

3.4 Optimization and Compilation
In the optimization and compilation phase, which is one of the processes that should be applied
before model training, the optimizer must be defined first. The optimizer of choice in the study is the
Adam optimizer. Adam optimizer is an effective stochastic gradient descent algorithm that is widely
used in the fields of machine learning and deep learning. The name "Adam" is an abbreviation for
"Adaptive Moment Estimation™. This optimizer provides adaptive learning rates for each parameter
by calculating the unique learning speeds of each parameter. This feature allows different parameters
to be updated more evenly and effectively, and often helps to achieve faster and more efficient results
than different optimization algorithms. One of the main advantages of the Adam optimizer is that it
uses both the first moment (average) and the second moment (variance) values, as shown in the
following equations (3,4,5,6). Thus, it is possible for the algorithm to dynamically adjust the learning

speed according to the size of the gradients.

Ve =P *ve g — (1 —P1) * g¢ (3)
Se =P *spog — (1 — ) * gtz (4)
A Ve
wy = — *
t n\/:m gt (5)
Wey1 = W + Awy (6)

v, refers to the moving exponential average of time-varying gradients. s; stands for the
exponential moving average of the square of the gradients. ;, B, are the exponential deceleration
rates for the first and second moment estimates of gradients. Values can be taken as 0.9 for 8, and
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0.999 for B,. n (Learning Rate) refers to the speed of the learning process. This value is typically set
with a low initial value (for example, 0.001). g, refers to the gradient of the parameters that the
algorithm tries to optimize at time t.

Adam uses learning rates that can be individually adapted for each parameter. In each training
step, the first moment estimate of the gradients (moving average of the gradients) and the second
moment estimate (the moving average of the squares of the gradients) are calculated first.
Subsequently, these calculated values are initially used to update the parameters by correcting the
gradients and gradient squares with bias-correlation steps against low estimates (Bock and Weif3,
2019).

3.5 Metrics
In this study, the categorical cross-entropy function, which is highly preferred in multiclass
classification problems, is used as the loss function. This function (7,8) is used to maximize the
agreement between the probability distributions predicted by the model and the actual labels. In
Figure 12, this issue is schematized.

\ f(s),
9 Softmax >
CNN %~ } t
Sigmoid >
"~ f(s)
\ GT
Figure 12. Loss function expression in CNN architecture (Swasthik, 2020)
c
CE == t; log(£(s)) ()
c'=2
CE = - Z t; log(f(s) = —t1 log(f (s1)) — (1 — t1) log(1 — f (1)) (8)
i=1

c Represents the number of classes. This is the number of different categories that the model
tries to predict. ti, represents the actual labels. These values are usually 0 or 1; If it belongs to a class,
it is encoded as 1, if not, it is encoded as 0. f(si) refers to the probabilities that the model predicts. log
is a logarithm function. In cross-entropy loss, the logarithm of the estimated probabilities is taken.
Logarithms play an important role in measuring the accuracy of the predictions made by the model;
Correct predictions reduce loss, while incorrect predictions increase loss (Barz and Denzler, 2020).

In the study, accuracy metric was used to evaluate the performance of the model. Accuracy
indicates the ratio of the model's correct predictions to total predictions and is often considered a
measure of success in classification problems. Accuracy ratio can be calculated with the equation (9)
below accorting to values determined in the matrix (Figure 13).
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Predicted
Confusion Matrix o
0 TN FP
(True Negative) (False Positive)
Actual
1 FN TP
(False Negative) (True Positive)
Figure 13. Confusion matrix
TP+ TN
Accuracy = 9)

TP+TN+FP+FN

The table above is a confusion matrix used to evaluate the performance of the classification
model. The confusion matrix is used to show the classification success of the model in detail by
comparing the predictions of the model with the actual values. The terms used here are; TP (True
Positive) is the number of cases that the model predicts as positive and that are actually positive. That
is, it refers to the number of positive cases that are correctly classified. FP (False Positive) is the
number of cases that the model predicted as positive but were actually negative. This can also be
referred to as a false alarm. FN (False Negative) is the number of cases that the model predicted as
negative but were actually positive. This can also be considered a missed opportunity. TN (True
Negative) is the number of cases that the model predicts as negative and that are actually negative.
That is, it is the negative cases that are correctly classified (Maxwell et al., 2021).

3.6 Model Training
After the optimization process, the training process of the model is started within the scope of
a certain number of batches and epochs. The cycle can be schematized as seen in Figure 14.

Training Cycle

Neural i
Prediction
Features

Backpropagation

Figure 14. Representation of the model training process in the form of a flow diagram (Glasmacher, 2022)

(L

Labels

w

Batch size specifies the number of instances that the model will use for training in each iteration.
The batch_size parameter allows the model to make its updates more frequently, helping the training
process go faster. The epoch number, on the other hand, indicates how many full cycles the training
process will be run. For example, if 30 epochs are specified in the model, it means that the training
data set will be processed by the model 30 times from start to finish. Figure 15 schematizes the
iterations within 1 epoch.
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Figure 15. Formal expression of the concepts of Batch and Epoch

The duration of this process can take quite a long time, in the order of hours or days, depending
on the complexity of the model and data set, and the performance of the computer hardware (Smith
etal., 2018).

3.7 Accuracy and Loss Values, Confusion Matrix
The success indicator of a deep learning model can be considered as the convergence of the
accuracy rate to 1 and the convergence of the loss rate to 0 as the number of iterations progresses in
the training process. It is important to record the accuracy and loss values obtained during the
iterations and to graph them at the end of the training in order to visualize the model performance
(Figure 16, 17). The loss and accuracy values reached as of the last iteration emerged as follows for
the model we created and trained within the scope of our study.
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/-“-.h_/‘ " N
0.9 1 i
0.8 1
5. 0.7
(&)
g
o
S 0.6
[i+]
0.5 1
0.4 4
—— accuracy
0.37 val_accuracy
T T T T T T T
0 5 10 15 20 25 30
Epochs

Figure 16. “Accuracy — Epoch” graph created at the end of the training
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Figure 17. “Loss — Epoch” graph created at the end of the training

As a result of the training of the model, a confusion matrix was Created. The actual label values
and the numbers of the estimated impact values were presented in the confusion matrix shown in
Figure 18.

Confusion Matrix
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Crazing Inclusion Patches Pitted Rolled Scratches
Predicted Labels
Figure 18. Confusion Matrix obtained after model training

3.8 Testing the Model
After the training process of the model was completed, the test process was applied. At this
stage, the performance of the model on the test data set was evaluated by visualizing. First, 9 images
were randomly selected from the test data set and the model was provided with prediction. The
prediction results were then compared with the actual labels. The images are visualized in a 3x3
matrix layout, and actual class information is added to each along with the model's prediction. If the
prediction is correct, the label is shown in blue, and if it is incorrect, the classification accuracy of the
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model is easily understood visually. As a result of testing whether the sample images randomly taken
from the test set were correctly predicted, the following result was reached. In the first test, it was
seen that all 9 images examined were correctly estimated and can be seen in Figure 19.

Inclusion (Correct) True: Crazing, Pred: Crazing (Correct

24 e P
rue: Crazing, Pred: Crazing (Correct) True: Inclusion, Pred: Inclusion (Correct) True: Crazing, Pred: Crazing (Correct

Figure 19. Estimation of 9 randomly selected images from the test set. Incorrect predictions are expressed in red and
correct predictions are expressed in blue writing, in this test all predictions are correct

In addition, the model was installed on the Nvidia Jetson Nano device and run in the python
environment. This device is a developer computer with high graphics processing capability and can
be used to analyze instant live video data with external cameras that can be integrated onto it. In the
Linux environment, which is the operating system of the device, the model file was converted to the
required format (.onnx) in order to run the relevant Python code, and the Python program was coded
and run, where both the live image and how many errors were detected with how many probabilities
can be read on the screen connected to the device, by performing the error classification function by
detecting live images with the camera using this model file on the device (Oranen, 2021). Under real
conditions, the errors on the samples were detected with a camera and tested in real time and the
model was verified to work successfully as shown in Figure 20. As an example, the Patches error
could be detected more than once with a performance rate of more than 90%.
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Figure 20. Testing the model with a camera

4. RESULTS AND DISCUSSION

After the completion of the training of the model, the status of the training performance was
revealed by the metrics used. These metrics are accuracy and loss graphs and confusion matrix.
Accuracy and loss graphs were created using the accuracy values reached at the end of each of the 30
cycles conducted in the model training. The values that make up the chart are given in the table below.

Validation Accuracy

Epoch Accuracy (Val_Accuracy)

1 0.2111 0.5588
2 0.6227 0.7647
3 0.7344 0.7353
4 0.7618 0.7353
5 0.8407 0.8235
6 0.8917 0.8529
7 0.8878 0.8529
8 0.8999 0.8971
9 0.8958 0.6324
10 0.8746 0.9118
11 0.9257 0.8971
12 0.9470 0.9412
13 0.9261 0.8971
14 0.9306 0.9412
15 0.9572 0.9118
16 0.9607 0.9706
17 0.9455 0.9559
18 0.9722 0.9559
19 0.9550 0.9559
20 0.9471 0.9853
21 0.9403 0.9559
22 0.9568 0.9706
23 0.9616 0.7941
24 0.9664 0.9559
25 0.9564 0.9853
26 0.9598 0.9412
27 0.9769 0.9412
28 0.9489 0.9265
29 0.9644 0.9853
30 0.9159 0.9559

280



Tuncer, C., Kozkurt, C., Kiligarslan S. JournalMM (2024), 5(2) 263-285

The tests carried out with the numerical and graphical results obtained have shown that the
model creation and training work has sufficient reliability. The "Test loss" obtained using the test
dataset was 0.1437525451183319, while the "Test accuracy" was 0.96875. In other words, it is
understood that the success of the model has reached the level of 96.88%. The confidence interval
was calculated as CI=[0.92621,1.01139] by using the test accuracy and test loss values obtained at
the end of the testing of the model. A 95% confidence interval is acceptable between 0.926 and 1.0,
as the confidence interval cannot be greater than 1. It is also aimed to calculate the p-value in order
to support the successful result. However, in order to calculate the p-value, there must be two different
groups of comparable results. Since validation results are obtained during the training process, it may
be misleading to use them for calculating the p-value together with the test results. However, since
we do not have any other comparison elements, it was decided to obtain the p value using validation
data.

The values obtained at the end of the T-Test were "T-Statistic: -2.9503" and "P-Value: 0.0046".
Since the value of 0.0046 is considerably smaller than the generally accepted significance value of
0.05, it can be said that there is a statistically significant difference between the two groups. If the T-
statistic value is negative, it means that the Validation results are lower than the Test results. In other
words, it is possible to say that the model exhibits a higher success in the Test set, that is, it produces
a more successful result in real-world conditions that it does not encounter in the training process. On
the other hand, some important parameters such as learning rate, number of batches, number of
epochs, and optimizer type used in the establishment of the CNN model are factors that can affect the
performance of the model. These values were selected based on the mean values used in the sample
studies found in the literature, and the evaluation of the effects of different parameters on the model
can be considered as a new study.

This study has many similarities and differences with similar studies in the literature. For
example, in a similar study, innovative improvements were made to the Faster R-CNN algorithm,
such as restructuring the network structure and using a deformed convolution network, to improve
the detection of small and complex steel surface defects. In this way, the detection accuracy was
increased by 12.8% to 75.2% (Zhao et al., 2021).

Another study is developing a CCVAE model that generates data for each type of defect using
a Convolutional Variational Autoencoder (CVAE) to generate sufficient data for rare defects. This
improves the generalization performance of DCNN-based classification, enabling defect detection
with high accuracy in industrial applications (Yun et al., 2020).

In another application, a combination of improved ResNet50 and improved Faster R-CNN
algorithms is proposed to enable automatic detection of steel surface defects. This method aims to
overcome the limitations of traditional and existing deep learning-based methods by offering a 98.2%
accuracy rate and faster uptime (Wang et al., 2021).

This model is ready for both academic and industrial use. At the end of the training process of
the model, the final model file, which includes the weights and configuration properties learned, is
saved out of the code as an external file. By using the weights in this file, it has become possible to
make industrial-level applications using different data sets and real test samples (metal plates). In
order to test the model in real conditions, it was decided to use the Nvidia Jetson Nano Developer Kit
hardware to be used in the application development phase. It has been shown that these and similar
devices can exhibit sufficient success for beginner and intermediate industrial applications.

It will be useful to work with a larger data set to increase the level of performance of the study.
In addition, it may be possible to obtain a lower loss rate with a higher accuracy, as different results
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are obtained when model training is reconsidered using different layers, activation functions and
parametric values. In this context, studies can be carried out on the use of different parameters to
shorten the training time of the model. For example, the model can be retrained using different values
for filter sizes and quantities, either individually or in different combinations. Thus, optimization can
be made for model training in a shorter time with lower batch and epoch values. On the industrial
application side of the study, application performance will increase when higher resolution cameras
and industrial computers with higher image processing capabilities are used. The prototype devices
to be developed can be equipped with many functions at the simple or advanced robotic level to record
and transmit data, make statistical evaluations, perform mechanical marking or repair.

In this context, the study has been presented to the literature as a basic study in order to shed
light on scientific, technological or industrial studies to be carried out in the future.

5. CONCLUSION

In this study, the developed model demonstrated sufficient reliability and robustness,
confirming its readiness for both academic and industrial applications. The final model file,
incorporating the learned weights and configuration properties, enables industrial-level applications
with varied data sets and real test samples, such as metal plates. The use of the Nvidia Jetson Nano
Developer Kit for real-world testing confirmed its capability for beginner and intermediate industrial
applications. Future work with larger datasets could enhance the model's performance. Moreover,
retraining the model with different layers, activation functions, and parametric values could yield
lower loss rates and higher accuracy. Optimizing training time by adjusting filter sizes, quantities,
batch, and epoch values is another avenue for improving the model. Industrial applications could
benefit from higher resolution cameras and more powerful image processing computers. Enhanced
prototype devices could incorporate functions for data recording, statistical evaluations, mechanical
marking, or repairs at both simple and advanced robotic levels. This study contributes to the literature
as a foundational work, providing valuable insights for future scientific, technological, and industrial
research.
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ABSTRACT: In this study, the changes in tensile strength of PLA and ABS specimens, the most
commonly used materials in additive manufacturing with FFF, were investigated as a function of fill
rate and print speed. Tensile specimens were fabricated for different fill rates and speeds and tensile
tests were performed. Increasing the fill rate increases the tensile strength. Increasing or decreasing
the print speed too much has a negative effect on tensile strength. Filament usage and printing times
were also calculated. With the data obtained, an optimization model was created using response
surface methodology. The aim of this study is to optimize the strength/cost of ABS and PLA, the two
preferred FFF materials. The novelty of the study is to investigate the strength/cost optimization for
different material types in terms of UTS, filament consumption and printing speed. For each material
type, high tensile strength, low printing time and low filament used conditions were determined for
the optimization model. The optimum parameters for PLA are obtained at 66.77% fill level and
78.43% speed rate. For ABS, optimum values are obtained at 79.5% fill rate and 135% speed rate.
Then, samples were produced for optimum conditions and experiments and calculations were
repeated. The numerical results obtained with the model were compared with the experimental results.
It is found that the model estimates the output parameters with high accuracy. This proves the
accuracy of the proposed optimization model.
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1. INTRODUCTION

Metal Fused filament fabrication (FFF), a type of additive manufacturing (AM), is a method
based on converting the designs prepared with computer aided design (CAD) data programs into G
codes, and then melting the raw material (filament) with an extruder in accordance with the G codes
and depositing it in layers (Khan et al., 2018). This method has rapidly popularized due to its low
equipment and raw material costs, short production time and easy applicability (Alabd and Temiz,
2024). With this rapid expansion, FFF has been used in various fields such as aerospace industry (Yao
etal., 2019), robotics (Kaya et al., 2023), biomedical applications (Pehlivan et al., 2024). This method
is also preferred because infill rate, infill pattern and printing speed are adjustable (Fontana et al.,
2022). In addition, the process allows for functional grading and manufacturing at different fill rates,
making it possible to create regions with different mechanical properties on the same product (Temiz,
2024b). This is especially desirable for biomedical structures such as individually specialized
prosthesis-orthotics (X. Wang et al., 2016).

Although there are many positive aspects, there are also negative aspects of the FFF process.
The mechanical properties and dimensional stability of the products obtained as a result of the process
vary as a function of many parameters such as fill rate and fill pattern, layer height (Srinivasan et al.,
2020), build orientation (Oz and Oztiirk, 2023), extrusion temperature (Hikmat et al., 2021), operating
conditions of the product (Grasso et al., 2018). The fact that the mechanical performance of FFF,
which is quite new and developing day by day, depends on many parameters has caused researchers
to focus on this field. The most preferred filament types as printing raw materials are polylactic acid
(PLA), acrylonitrile butadiene styrene (ABS) and polyethylene terephthalate glycol (PETG) (Giidiir
et al., 2023). In the study performed by Rajpurohit and Dave in which the variation of the ultimate
tensile strength (UTS) value of PLA according to the printing parameters was investigated; raster
angle, raster width, layer height indicating layer angle were selected as variables (Rajpurohit and
Dave, 2019). Tensile tests demonstrated that all variables were effective on UTS. It was also found
that the raster angle has an effect on fracture mechanics (Rajpurohit and Dave, 2019). In another
study, the effect of fill pattern on UTS and flexural strength was investigated. Rectilinear, concentric,
HoneyComb and HilbertCurve patterns were selected as fill patterns. The tests showed that the fill
pattern was effective on the mechanical properties and the best strength was obtained with rectilinear
fill pattern (Khan et al., 2018). In the study by Dwiyati et al. in which the variation of tensile strength
of ABS according to layer thickness was investigated, it was found that the decrease in layer thickness
increased the tensile strength (Dwivyati et al., 2019). Rifuggiato et al. examined the effect of fill rate
and fill pattern on UTS and reported that the gaps formed in the microstructure and the distribution
of these gaps are effective in the differentiation of UTSs (Rifuggiato et al., 2022).

The changes in mechanical properties depending on quite different parameters require
optimization studies to be carried out on production parameters. In the study by Samykano et al. layer
height, raster angle and filler density for ABS material were optimized according to UTS and
production costs. According to the results, the best UTS/cost ratio was obtained with 0.5 mm layer
height, 65° raster angle and 80% fill density (Samykano et al., 2019). In another study, optimization
of layer height, raster angle and layer width for UTS and surface roughness of PLA specimens was
performed. Optimum results were obtained for 0 © raster angle, 0.1 mm layer height and 0.6 mm layer
width (Temiz, 2024a). Although optimization studies focus on changing the printing parameters, there
are also comparative optimization of specimens produced by different AM methods. Bayraklilar et
al. compared the mechanical properties of ultraviolet radiation (UVR) polymer produced by
stereolithography (SLA) with ABS and PLA produced by FFF. The comparisons were made on
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tensile and flexural strengths and hardnesses. The best results for all input parameters were obtained
with UVR. Differences in mechanical properties were found to be based on differences in
microstructure (Bayraklilar et al., 2023).

Although there are studies in the literature on both the mechanical properties of the specimens
produced with FFF and the optimization of printing parameters, there is no study in which both the
mechanical properties and strength/cost ratios of different materials are investigated in detailed. In
addition, previous studies have investigated the effect of fill rate, layer height and printing orientation
on mechanical properties for a single material type. However, the comparison of mechanical
properties and cost changes for different material types is a gap in the literature. The parameters
investigated were selected according to this gap in the literature. In the current study, tensile tests
were performed on specimens produced from two different materials, ABS and PLA, at different fill
rates and at different printing speeds. The data obtained were evaluated in terms of UTS, printing
times and the amount of filament spent. The results were optimized by response surface methodology
(RSM). The aim of this study is to optimize the strength/cost of ABS and PLA, the two preferred FFF
materials. The novelty of the study is to investigate the strength/cost optimization for different
material types in terms of UTS, filament consumption and printing speed. By establishing the
optimum parameters, it will be possible to increase the strength of the parts produced with 3D printing
for the manufacturing sector and reduce labor and production costs.

2. MATERIALS AND METHODS

2.1 Materilas
The specimens investigated in the study were produced from two different filaments compatible
with FFF, namely PLA and ABS. The filaments were purchased from the same company and have a
diameter of 1.75 mm. The mechanical properties of the filaments are detailed in Table 1. The fill
pattern for all specimens is grid.

Table 1. Mechanical Properties of PLA and ABS (Esun, 2024b, 2024a)

Bending

. Density Flexural Modulus Tensile Strength Elongation
Material 3 Strength o
(g/em’) (MPa) (MPa) (MPa) (%)
PLA 1.23 1973 60 74 20
ABS 1.04 1177 43 66 22

2.2 Optimization Methodology

Optimizations were performed using RSM. The reason for choosing this optimization method
is that RSM allows the estimation of non-experiment conditions with great accuracy with a small
number of experiments. (Karamanli et al., 2024). The inputs for this study are material type, fill rate
and speed rate. The outputs are UTS, spent filament and printing time. The aim of the optimization
is to find the optimum printing parameters for high tensile strength, low spent filament and printing
time conditions. The design matrix for RSM was created with MiniTab Software. The matrix used
was L18 full factor design. The design matrix and printing parameters are given in Table 2. The inputs
for the RSM model can be given as in equation 1(K. Wang and Lam, 1999):

y = F(x1,X2, X3, v\ Xpm) @
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where x4, x5, X3, ..., X, and y indicates input and output parameters respectively. The main principle
of RSM is to relate inputs to outputs. This is obtained by modelling a quadratic equation (equation 2)
(K. Wang and Lam, 1999);

m m-1 m m
y = bO + z bixi + Z Z bijxl- x]' + biixiz + £ (2)
i=1 i=1 j=i i=1

In the equation, i indicates the linear coefficient, j indicates the second-order coefficient, b
indicates the regression coefficient, m indicates the number of parameters, and ¢ indicates the error
defined in the response (K. Wang and Lam, 1999). Furthermore, the effect levels of the parameters
were evaluated utilizing Analysis of Variance (ANOVA). The calculations regarding statistics
occurred with a confidence level of 95%.

Table 2. L18 full factor design matrix for response surface methodology

Test No Material Type Fill Rate (%) Speed Rate (%)
1 ABS 70 125
2 ABS 100 75
3 ABS 100 100
4 ABS 85 135
5 PLA 100 100
6 ABS 70 75
7 PLA 70 75
8 PLA 65 100
9 PLA 70 125
10 PLA 85 135
11 PLA 100 125
12 PLA 85 100
13 PLA 85 65
14 ABS 65 100
15 ABS 85 65
16 ABS 100 125
17 PLA 100 75
18 ABS 85 100

2.3 Specimen Production
For tensile tests, a tensile specimen in the shape of a dog-bone according to ASTM D638-14
Type-1 was preferred (ASTM, 2022). The dimensions of the specimen are illustrated in Figure 1. The
computer aided design (CAD) model of the specimen was created with the student version of
SOLIDWORKS and saved in STL format. Slicing and G-code generation was performed with
Creality's slicing software.
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Figure 1. ASTM D638-14 Type-1 tensile test specimen (ASTM, 2022)

The specimens were produced with a Creality K1 model 3D printer. Printing parameters were
selected according to the parameters recommended by Esun company for Creality K1 model 3D
printer (Esun, 2024c). The recommended printing speeds were accepted as 100% speed rate. Printing
parameters for 100% speed rate are given in Table 3. All of the printing speed parameters were
changed in the same percentages according to the optimum value of each material type. For example,
for a PLA sample produced under 75% speed rate conditions, the infill production speed is 225 mm/s,
while for ABS it is 37.5 mm/s. During printing operations, the in-cab conditions were controlled by
a temperature and humidity meter. The whole production was carried out at 26-38 °C in-cabinet
temperature and 32-44% humidity conditions. At least 3 specimens were produced for each condition.
The heating table temperature for PLA specimens was 60 °C and for ABS was 105 °C. No adhesion
enhancing adhesive was used in the production of both specimens.

Table 3. Printing parameters for 100% speed rate (Esun, 2024c)

Material Type Printing Temperature (°C) Layer Height (mm) Printing Speed (mm/s)
Infill :300
Outer Wall 200
Inner Wall :300

PLA 220 0.2 Top/Bottom 200
Travel :500
Layer :50
Skirt :50
Infill :50
Outer Wall :30
Inner Wall 25

ABS 240 0.2 Top/Bottom 25
Travel :100
Layer 20
Skirt 20

2.3 Tensile Tests
Tensile tests were performed using a 60 kKN tensile machine at room temperature at a speed of
5 mm/min in accordance with ASTM D638 (ASTM, 2022). The specimens were subjected to tensile
tests until fracture. The tests were repeated at least three times for each condition and the final values
were determined by averaging the results. The process steps of the study are presented in Figure 2.
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Figure 2. Specimen production and tensile tests processes

3. RESULTS AND DISCUSSION

3.1 Tensile Tests Results

In this section, tensile test results were analyzed and evaluated. The results obtained are given
in Table 4. The stress-elongation curves obtained as a result of the tests are shown in Figure 3. When
the results for 85% fill rate (Figure 3(a)) were analyzed; it was found that all PLA specimens reached
better tensile strength values than ABS specimens. The best UTS were obtained in PLA specimens
for 100% speed rate with 39.02 MPa. The UTS of the specimens produced at 65% speed rate with
35.45 MPa were close to the maximum. When the speed rate increased to 135%, a decrease in UTS
was observed. This indicates that increasing the speed rate too much negatively affects the tensile
strength. When the UTSs of ABS were analyzed, it was found that the specimens produced with 135%
speed rate exhibited the best performance with 29.56 MPa. The specimens produced with 100% speed
rate exhibited similar UTS performance. However, the UTS of the specimens produced with 65%
speed rate decreased by approximately 29% with 20.96 MPa. ABS materials require higher printing
and table temperature. When the printing speeds are reduced, the material melted with the extruder
cools faster than desired. The decrease in UTSs for 65% speed rate could be explained by layer
adhesion and delamination defects (Darsin et al., 2022; Singaravel et al., 2024). Analyzing the

291



Karamanli, I. A., Tahnal, K. JournalMM (2024), 5(2) 286-302

elongation ratios, it was observed that ABS performed better in contrast to the UTS results. For ABS,
the transformation from the elastic to the plastic region occurs at higher elongation ratios. This
difference could be explained by the better ductility of ABS (Esun, 2024b, 2024a). The results
demonstrated that the yield strength of PLA specimens was better than that of ABS. The best yield
strength of 34.03 MPa was obtained for PLA specimens for 100% speed rate. The best yield strength
for ABS was 24.95 MPa for 135% speed rate. The yield strength results were in parallel with the

tensile strength results.

Table 4. Tensile test results

. . Printing
. Fill Rate Speed Rate UTS  Spent Filament .
Material Type o o Time
(%) (%) (MPa) (m) (min)
ABS 70 125 23.123 6.15 47.5
ABS 100 75 29.987 7.54 86.5
ABS 100 100 32.915 7.54 65.5
ABS 85 135 29.559 6.99 51
PLA 100 100 45.191 7.53 235
ABS 70 75 23.253 6.15 72.5
PLA 70 75 34.29 6.18 21
PLA 65 100 28.094 59 20
PLA 70 125 33.502 6.18 20
PLA 85 135 33.807 6.94 215
PLA 100 125 42.365 7.53 23
PLA 85 100 39.204 6.94 22
PLA 85 65 38.448 6.94 235
ABS 65 100 20.958 5.94 55
ABS 85 65 26.316 6.99 81.5
ABS 100 125 32.79 7.54 55
PLA 100 75 39.204 6.94 22
ABS 85 100 27.605 6.99 61
50 - 50 4
= PLA-%100 Printing Speed -
45 4 - :—— PLA-%85 Printing Speed 45 [~ PLA-%100 Fill Rate
elastic region : plastic region i PLA-%135 Printing Speed = PLA-%385 Fill Rate
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i= - ABS-%65 Printing Speed = =ABS-%100 Fill Rate
i= = ABS-%135 Printing Speed 35 - = = ABS-%85 Fill Rate
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g 20 ' : % 20 C R i S sieme
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(@) (b)
Figure 3. Stress-elongation curves for 85% fill rate (a) and stress-elongation curves for 100% speed rate (b)

Figure 3(b) shows the stress-elongation curves for different fill rates at 100% speed rate. The
results clearly indicate that the UTS increases with the increase in the fill rate. The highest UTS of
45.19 MPa was obtained for PLA specimens produced at 100% filling rate. For 85% fill rate, this
value decreased to 39.20 MPa and for 65% fill rate it decreased to 28.09 MPa. The reason for this is
that the air gap decreases with the increase in the fill rate and the product exhibits a more
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homogeneous property. Air gaps affect the heat distribution during production, causing residual
stresses and reducing the UTS (Atakok et al., 2022). For ABS, the results are parallel to PLA results
and UTS increases as the fill rate increases. Another significant result is that the ductility increases
with the decrease in the fill rate for the specimens with the same properties. The reason for this is that
the specimens have a more homogeneous structure and show more rigid behavior with the increase
in the fill rate as in UTS (Atakok et al., 2022; Rifuggiato et al., 2022). As stiffness increases, ductility
decreases and therefore elongation decreases.

Similarly, in a study examining the tensile strength of ABS for three different filling ratios, it
was found that increasing the filling rate increased the UTS. In addition, SEM analyses showed that
the changes in tensile strength were caused by internal gaps (Rifuggiato et al., 2022). In another study
in which the change of the tensile strength of PLA according to the printing parameters was examined,
it was found that the increase in the fill rate increases the UTS in parallel with the results obtained
(Rismalia et al., 2019). Although the increase in the fill rate also increases the UTS, it also increases
the printing times and the amount of filament spent. This has a negative impact on production costs.
This situation requires an optimization study examining the printing parameters.

3.2 Statistical Evaluation and Optimization

In this section, ANOVA and optimization results are evaluated. The summary of the
optimization model is presented in Table 5. Here, it is observed that the R? value, which expresses
the realism of the model, is greater than 94% for all output parameters. This indicates that the model
is highly compatible with experimental data and has a high representation ability. Pred. R? value,
which expresses the predictive ability of the model, varies between 84-97%. It means that the
prediction accuracy is between 84-97% for specimens that have not been examined experimentally
and this indicates that the model has a very high prediction accuracy.

Table 5. Model summary

S R? Adj.R?>  Pred.R?
UTS (MPa) 1.996  94.47%  91.45%  84.11%
Flament Spent (%) 0.156  95.58%  93.17%  85.71%
Printing Time (%) 2.647  99.19%  98.74%  97.70%

ANOVA results are given in Table 6. The results obtained show that material type and fill rate
are effective in the change of UTS (p<0.05). Speed rate had no significant effect on UTS (p>0.05).
The most effective parameter in the change of UTS was material type with 53.83%, while the effect
of fill rate was found to be 38.68%. The related regression equations are given in equation 3(a) and
equation 3(b).

When the filament spent results were analyzed, the only output that was effective on this
parameter was the fill rate with 93.09%. Other parameters had no significant effect on filament spent
(p>0.05). The related regression equations are shown in equation 4(a) and equation 4(b). All
parameters have an effect on printing time change. The most effective parameter on printing time is
material type with 84.06%, followed by speed rate with 6.92% and fill rate with 1.45%. Although the
fill rate is significant (p<0.05), the reason for the low effect rate is that the preparation time for
printing is quite high and most of the printing time is spent here. The regression equations for filament
spent are given in equation 5(a) and equation 5(b).
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Table 6. ANOVA results

Source DF Contribution F-Value P-Value

UTS (MPa) Fill Rate 1 38.68% 76.92 0.000
Speed Rate 1 0.08% 0.01 0.922
Material Type 1 53.83% 103.30 0.000
2-Way Interaction 3 1.88% 1.25 0.340
Error 11 5.53%
Total 17 100%

Flament Spent (m) Fill Rate 1 93.09% 231.73 0.000
Speed Rate 1 0.36% 0.39 0.548
Material Type 1 0.52% 0.91 0.361
2-Way Interaction 3 1.61% 1.33 0.313
Error 11 4.42%
Total 17 100%

Printing Time (%) Fill Rate 1 1.45% 19.58 0.001
Speed Rate 1 6.92% 86.26 0.000
Material Type 1 84.06% 1086.63 0.000
2-Way Interaction 3 6.77% 30.56 0.000
Error 11 0.81%
Total 17 100%

UTS for PLA = 30.50 + 0.104 Fill Rate - 0.216 Speed Rate + 0.00229 Fill Rate

x Speed Rate (32)
UTS for ABS = 1790 + 0.071 Fill Rate - 0.159 Speed Rate + 0.00229 Fill Rate (3b)
x Speed Rate

Flament Spent for PLA = 4.80 + 0.0201 Fill Rate - 0.0137 Speed Rate + (4a)
0.000197 Fill Rate x Speed Rate

Flament Spent for ABS = 4.64 + 0.0265 Fill Rate - 0.0167 Speed Rate + (4b)
0.000197 Fill Rate x Speed Rate

Printing Time for PLA = 3.70 + 0.230 Fill Rate + 0.113 Speed Rate — (5a)

0.0015 Fill Rate x Speed Rate
Printing Time for ABS = 72.20 + 0.495 Fill Rate — 0.374 Speed Rate — (5b)

0.0015 Fill Rate x Speed Rate

3D surface plots and contour plots were generated for each parameter to analyze the interactions
of the optimization parameters UTS, speed rate and fill rate with respect to each other. 3D surface
plots and counter plots generated for UTS are illustrated in Figure 4. When the results for PLA (Figure
4(a) and (b)) were analyzed; the best UTS values were found to be at 100% fill rate and 80-110%
speed rate conditions. Reducing the fill rates and increasing the speed rate could negatively affect the
UTS. When produced at lower speeds, PLA has more time to absorb heat, which increases the degree
of crystallization of PLA. Increased crystallinity could improve tensile strength as the material
transforms from a more amorphous form to a semi-crystalline form (Hsueh et al., 2021; Tichy et al.,
2021). If the printing speed is reduced too much, it may cause separation between layers
(delamination) with excessive solidification. When the printing speed is increased too much, internal
stress may occur and this may cause delamination (Balasubramanian et al., 2024).
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When the plots for ABS (Figure 4(c) and (d)) were analyzed, it was found that the best UTS
values were obtained at high speeds in opposite to PLA. At very low printing speeds, the time between
two sequential layers increases. This may cause interlayer non-bonding and thermal problems
(Guimaraes et al., 2020). Another remarkable issue was that for ABS specimens produced at speed
rates above 130% and low fill rates, the UTS was minimum. The reason for this situation could be
explained by the fact that the time required for cooling between the 2 overlapping layers cannot be
fulfilled with both the decrease in the fill rate and the decrease in the printing speed and there is not
enough cooling time for the molten material (Daly et al., 2023). The increase in the fill rate increased
the tensile strength as in PLA specimens. The reason for this increase is related to the decrease in the
micro gaps in the specimen and the more homogeneous structure as mentioned before (Atakok et al.,
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In Figure 5, changes of printing time for PLA and ABS according to the input parameters are
given. According to the plots; as the fill rates decrease and the speed rate increases, the printing time
decreases. This result was more evident in the plots of ABS samples due to the longer production
times (Figure 5(c) and (d)). According to the optimization plots for PLA (Figure 4(a) and (b)), after
115% speed rate, the printing time increases slightly as the speed rate increases. The experimental
data (Table 4) clearly indicates that the increase in speed rate decreases the printing time for all
speeds. This difference is within the range of errors for the model formed and is since the production
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times for PLA samples are considerably shorter than ABS samples. In addition, the fact that the
material type and fill rate are highly effective on the printing time causes deviations for the speed rate
results. This caused a mismatch within the optimizations model for rates above 115%. A further study
examining only high speed rate values could be performed to eliminate these variations and errors.
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Figure 5. 3D surface plots of PLA (a) and ABS (c), contour (2D) plots of PLA (b) and ABS (d) for printing time

The change plots of filament spent according to the input parameters are given in Figure 6. The
effective parameter in the change of filament spent is the fill rate. Speed rate and material type have
no effect on filament spent. For a sample produced at 65% fill rate, 6 meters of filament was spent.
When the fill rate was increased to 100%, the amount of filament spent increased to over 7.5 meters.
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Figure 6. 3D surface plots of PLA (a) and ABS (c), contour (2D) plots of PLA (b) and ABS (d) for filament spent

Optimization was performed with the obtained data. Optimum values were found for both PLA
and ABS. The values found for PLA also represented the optimum results for the model.
Optimizations were performed in attempts to maximize UTS and minimize filament spent and
printing time. Optimization curves are shown in Figure 7. According to the results, optimum values
for PLA were obtained at 66.77% fill rate and 78.43% speed rate conditions. In addition, predictions
were made to the optimization model for these conditions. The model predicted UTS as 32.08 MPa,
filament spent as 6.01 m and printing time as 20 min. Optimum values for ABS were obtained at
79.5% fill rate and 135% speed rate. For these conditions, the model predicted UTS as 26.5 MPa,
filament spent as 6.67 m and printing time as 46.5 min. For optimum parameters, 3 samples were
produced and tensile tests were performed The optimum input-output values and experimental results
for both material types are given in Table 7. According to this, the optimization model can predict
the UTS with an error of 4.02% for PLA and 10.52% for ABS. Likewise, the model was able to
predict the printing time with an error of 6.98% for PLA and 2.11% for ABS. For filament spent,
these values decrease to 0.17% and 1.37% respectively. The prediction errors are very low, which
proves the accuracy of the optimization model.
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Figure 7. Optimization curves for PLA (2) and for ABS (b)
Table 7. Results of optimization and experimental evaluation
Input Parameters Output Parameters
Fill Rate Speed Rate UTS Flament Spent Printing
(%) (%) (MPa) (m) Time
(min)
Optimization Results
For PLA 66.77 78.43 32.084 6.01 20.0
For ABS 79.50 135 26.501 6.67 46.5
Experimental Results
For PLA 66.77 78.43 30.842 6.00 21.5
For ABS 79.50 135 29.615 6.58 47.5

The results were consistent with previous optimization studies. In the study in which the
optimum conditions of the printing parameters of ABS specimens were investigated with RSM, it
was found that the increase in fill rate increased the UTS (Srinivasan et al., 2020). Similarly, the
optimization study by Samykano et al. confirms the results (Samykano et al., 2019). In another study
investigating the optimum production parameters of PLA specimens, it was stated that the speed rate
increases the UTS at up to certain speed rates, but very high speed rates cause a decrease in UTS
(Hikmat et al., 2021).

PLA is a biodegradable material, non-toxic (Yao et al., 2020) and particularly suitable for
biomedical applications (Mishra et al., 2021). Tensile strength is also higher than ABS. However,
working conditions begin to undergo structural deformation at temperatures above 60-65 °C. It is not
suitable for applications operating under high temperature conditions. ABS begins to undergo
structural deformation above 100 °C. This could make ABS the preferred choice of applications with
high temperature operating conditions. However, contrary to PLA, ABS is toxic (Pellejero et al.,
2020). By using the optimization model, predictions can be made for different applications according
to material preference. In applications where durability is more important, fill rate, speed rate and
calculations can be made according to the desired UTS values. Similarly, in applications where
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production speed and costs are important, production can be realized by decreasing fill rate and
increasing speed rate. Due to the optimization model proposed in this study, all desired properties
could be predicted with great accuracy without the need for experimental investigation.

4. CONCLUSION

In this study, tensile strength, filament spent and printing time changes of PLA and ABS
produced by FFF according to printing parameters were investigated and optimized. According to
the results obtained:

e Tensile strength of PLA specimens is higher than ABS specimens. The UTS of PLA
produced at 100% fill rate and 100% speed rate is 45.19 MPa, while the UTS of ABS produced with
the same printing parameters is approximately 32.92 MPa. However, the elongation rate of ABS
specimens is higher.

e For both PLA and ABS, the tensile strength increases as the fill rate increases. However, the
amount of filament spent and production times also increase. Thus, this increases production costs.

e Increasing the speed rate too much negatively affected the UTS of PLA samples. On the
other hand, the best UTSs of ABS samples were obtained at 135% speed rate. It is obvious that
increasing the speed rate too much for ABS will have negative effects. The fact that the speed increase
rate used for the optimization model is the same for PLA and ABS is an obstacle for investigating the
effect of higher speeds on ABS, in this study. In another study, the effect of higher speed rates on
ABS could be investigated in more detail.

e The optimum parameters for PLA are obtained under 66.77% fill rate and 78.43% speed
rate. For ABS, optimum values are obtained at 79.5% filling rate and 135% speed rate.

e The optimization model was able to predict the tensile strength with an error of 4.02% for
PLA and 10.52% for ABS. Likewise, the model was able to predict the printing time with an error of
6.98% for PLA and 2.11% for ABS. For filament spent, these values decrease to 0.17% and 1.37%
respectively.

e Through optimization, printing parameters could be selected according to the desired tensile
strength and the time spent for trial and error could be reduced. In addition, by selecting the correct
printing parameters according to the desired mechanical properties, the material and labor costs and
the time spent for printing could also be reduced.
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engineering applications.
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1. INTRODUCTION

Sandwich structures consist of core material and fiber-reinforced layers placed on this core.
According to the literature research, it has been observed that these structures have been examined in
a wide range of mechanical properties, especially impact strength (Abid et al., 2020; He et al., 2021)
and bending strength (Djafar et al., 2021; Adin and Adin, 2022). These studies show that the
mechanical performance of structures is directly related to important engineering parameters.
Composite materials are used in many sectors, such as the automotive sector (Bhong et al., 2023;
Gebrehiwet et al., 2023), defense, aviation (Ozturk et al., 2023) and construction (Fan, 2024),
especially due to their properties such as low weight and high strength (Khan et al., 2024). In addition
to these features, the processability of sandwich composites is also important in industrial
applications. The easy-to-process structure accelerates the production processes of these materials
and increases their adaptability to different designs (Ceritbinmez et al., 2021; Ceritbinmez et al.,
2022; Dogan et al., 2024) The most preferred of these composite materials are carbon fiber reinforced
composite materials (Wu et al., 2023). (Wu et al., 2023). In engineering application areas, carbon
fiber-reinforced materials exhibit good performance in terms of strength as well as lightness. The
mechanical behavior of these materials has been studied in the literature using different weights and
parameters (Muthukumarana et al., 2023). These materials offer both high strength and durability and
are advantageous in terms of energy efficiency with their low weight (Mohanty et al., 2023). The
factors affecting the mechanical properties of carbon fiber include fiber weight and number of layers.
Increasing the fiber density can increase impact resistance and flexural strength but reduce
deformation resistance (Burley and Aitharaju, 2023).

Within the realm of sandwich composites design framework, the core material is just as critical,
as the fiber layers (Habib et al., 2024). Core materials that possess properties, like energy absorption
and being lightweight and flexible are usually favored choices. In scenarios where impact and bending
resilience're vital factors extruded polystyrene foam (XPS) is a preferred option because of its low
water absorption rate, exceptional insulation capabilities and lightweight nature (Izvolt et al., 2023;
Karpenko et al., 2023; Yavuz et al., 2024). Many studies in the literature have shown the impact of
XPS on structures; XPS contributes to the lightweight nature of sandwich composite structures due,
to its low-density feature and simultaneously enhances their mechanical strength. XPS is highly
favored as a material, in industries like automotive and aviation due to its unique qualities (Tawil et
al., 2022). The cellular makeup of XPS enhances its impact absorption capabilities significantly.
Studies indicate that the use of XPS core sandwich composites can improve impact resistance
effectively (Zhang et al., 2023). XPS protects the structural integrity of the composite structure with
its capacity to absorb impact energy. Using XPS as a material helps minimize distortions that may
develop in the material post impact (Ozcan, 2024).

Impact resistance is an important criterion when comparing the overall performance of
composite materials. Low-velocity impact tests are often used to determine the post-impact behavior
of materials. (Acanfora et al., 2023; Mohammadi et al., 2023). For safety purposes, especially in the
automotive and aerospace industries, impact tests are used to evaluate how long materials can
maintain their structural integrity during impact. The relationship between fiber weight and type of
core material and impact toughness has been discussed in detail in many studies.

At the same time, bending resistance is likewise the most extensively used approach to deciding
the electricity of composite substances. Three-factor bending assessments are used to degree how
composite systems react below bending forces (Acanfora et al., 2023; Mohammadi et al., 2023).
Studies show that bending strength varies depending on the weight of the fiber. The range of fiber
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layers and the weaving form make a contribution to the cloth turning into extra immune to bending
forces. The number of layers of fibers and the texture properties (such as weight, density, and
expansion) increase the strength, resistance to bending forces; However, this increase causes a
decrease in the flexibility capacity. In this study, XPS foam and carbon fiber composites with different
weights were used as core materials. Different carbon fiber weights and mechanical properties of
XPS core material were investigated. The combination of core material and fiber weights used
contributes to the literature and presents a new technique.

2. MATERIALS AND METHODS

Sandwich composites are a special class of composite materials produced by bonding two rigid
shells to a core. In this study, extruded polystyrene (XPS) foam was used as the core material (Figure
1). Different carbon fiber woven fabrics with weight ratios of 200 g/m? and 400 g/m? have been
favored because of the layer fabric (Figure 2). The thickness of the carbon fiber fabrics used in this
study was measured as 0.25 mm for those with a density of 200 g/m? and 0.50 mm for those with a
density of 400 g/m>. The 200 g/m? fabric was used in 1 cm thickness in the upper and lower layers,
and the 400 g/m? fabric was used in 2 cm thickness. In the layout of those systems, a total of 8 layers
of carbon fiber woven cloth have been used, positioned 4 layers above and 4 layers underneath the
XPS middle fabric. Carbon fiber woven fabric stands out as a crucial fabric in lots of commercial
packages with their excessive power and lightness properties. This fabric, which might be broadly
favored in terms of electricity performance due to their low weight, additionally permits the
manufacturing of long-lasting and dependable merchandise via means of displaying excessive
resistance to corrosion and chemical effects.

Figure 1. XPS foam core material

Porous structures are widely used in many sectors due to their lightness and superior energy
absorption ability (Yavuz and Yildirim, 2023). The energy absorption capacity of these structures is
directly determined by many factors, such as the shape, length and distribution of the air voids they
contain. Extruded polystyrene (XPS) foam is a polymer foam cloth produced through extrusion
beneath excessive temperature and pressure. During the production process, polystyrene granules are
melted and passed through various molds in the extrusion line. These molds allow the material to take
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the desired form, and the formation of the cell structure is achieved by adding foaming agents. In
addition, XPS is resistant to chemical and biological effects, which allows the material to maintain
its structural integrity even in various difficult environmental conditions. As a result, a dense,
lightweight, waterproof, and highly insulating material is obtained.

.....

Figure 2. Carbon fiber woven fabrics used a) 200 g/m?, b) 400 g/m

Figure 3 shows the production process of the composite sample with XPS core material and
carbon fiber coating. The production process starts with the homogeneous mixing of MGS LR 285
epoxy resin and LH 285 hardener with a mixer. This mixture is applied to the XPS core material and
the surface of the carbon fiber layers. The composite structure is created with the carbon fiber layer
placed four layers above and four layers below the XPS core material. Then, these prepared layers
are processed in a hot-pressing machine for about two hours at a temperature of 40 °C and turned into
composite panels. After the process is finished, the produced panels are cut with a bandsaw according
to the test dimensions, and the samples are prepared. Finally, these samples are prepared for testing
by subjecting them to low-speed impact and three-point bending tests.

Test Samples

|

Figure 3. Schematic representation of the manufacturing process
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2.1 Low Speed Impact Test

This test method measures the response of materials to impact energy. This technique is used
to determine the impact resistance, energy absorption, and damage mechanisms of composite
materials. Low-velocity impact events provide important information about the durability and
strength of the material. Test results are very important in the safety and performance analysis of
materials used in sectors such as construction, automobiles, and aviation. Thus, the structural integrity
of materials after impact is evaluated, and the service life of the materials can be predicted. Low-
velocity impact testing is a valuable method for improving safety and durability in engineering
applications.

In this study, impact tests were carried out at Hitit University Scientific Technical Application
and Research Center (HUBTUAM). A CEAST 9350-Fractovis Plus impact testing machine was used,
shown in Figure 4. The testing machine used in this study is presented in Figure 1. The striking tip
used in the tests is 20 mm in diameter and made of steel in a hemispherical shape; this tip weighs
4.926 kg. The experiments were carried out at room temperature (20 °C), the released height was set
as 1.657 m, and the impact energy was determined as 30, 50, and 70 Joules. All tests were performed
in accordance with ASTM D7136 standard (Simsir et al., 2021; Ferreira et al., 2023).

Figure 4. Low speed impact tester

The impact energy (joule) values applied in the study were calculated using the weight of the
striking tip and the free fall height. Impact energy calculation is made with the equation given below:

E=m.g.h 1)
In the equation, E is the impact energy (joule), m is the mass of the striking tip (kg), g is the
acceleration due to gravity (9.81 m/s?) and h is the free fall height. These calculations were made

automatically by the data logger system used during the low-speed impact test. Thus, energy levels
of 30, 50 and 70 joules were achieved.
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2.2 Three Point Bending Test

The three-point bending test was performed using the Shimadzu Autograph tensile device with
a capacity of 10 kN located in the Mechanical Engineering Laboratory of Afyon Kocatepe University.
The feed rate in the test was determined as 1 mm/min. The tests were carried out in accordance with
the ASTM D7264 standard (Mohamad et al., 2023; Burkov et al., 2024), and the feed rate was
determined as 1 mm/min. Samples were prepared in accordance with ASTM D7264 standards, with
a width of 13 mm and a length of 125 mm. Sample thicknesses were measured as 22 mm for 200 g/m?
fabrics and 24 mm for 400 g/m? fabrics. Figure 5 shows images of the samples during the test.

—

Figure 5.) 200 g/m?, b) 400 g/m? Three point bending test

3. RESULTS AND DISCUSSION

3.1 Low Speed Impact Test Results
In this study, the results of the experiments carried out using carbon fiber fabrics with two
different weights of 200 g/m? and 400 g/m? and XPS core material were investigated. Three test
samples were prepared for each energy value with dimensions of 100 mm x 100 mm and thickness
of 22 mm and 24 mm to be used in the impact test. Force-deformation graphs were obtained at energy
levels of 30 Joule, 50 Joule and 70 Joule.

3.1.1 Effect of fiber weight on strength under 30 Joule energy
Figure 6 shows the Force-Deformation graph of carbon fiber-reinforced composites at different
weights and 30 joules of energy.

7000
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©
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Figure 6. Effect of fiber weight on 30 Joule impact energy
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30 Joule impact energy was applied to samples with fiber weights of 200 g/m? and 400 g/m?.
The sample weighing 200 g/m? reached a maximum force value of approximately 1200 N, and a
puncture occurred on both surfaces, creating an open curve. The sample weighing 400 g/m?, on the
other hand, created a closed curve by bouncing back to the upper surface of the striking tip. This
sample reached a maximum force value of approximately 6400 N and showed a deformation of
approximately 10 mm at this level. The damage types in the upper-lower surfaces and core material
of the samples as a result of the 30 Joule impact are given in Figure 7.

30 Joule
Cross Section Bottom
Core Material Damage H Fiber Breakage
= .
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Figure 7. Damage image of the sample after a 30 Joule impact

3.1.3 Effect of fiber weight on strength under 50 Joule energy
Figure 8 shows the Force-Deformation graph of carbon fiber-reinforced composites at different
weights and 50 Joules of energy.
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Figure 8. Effect of fiber weight on 50 Joule impact energy
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50 Joule impact energy was applied to samples with fiber weights of 200 g/m? and 400 g/m?.
The sample weighing 200 g/m? reached a maximum force value of approximately 1000 N, and an
open curve was formed by perforation on both surfaces. The test sample weighing 400 g/m? had a
closed curve formed by bouncing back from the striking tip of the sample. The sample showed a
deformation of about 12 mm and reached a max. value of about 9000 Newtons. The damage types in

the upper-lower surfaces and core material of the samples as a result of the 50 Joule impact are given
in Figure 9.
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Figure 9. Damage image of the sample after a 50 Joule impact

3.1.4 Effect of fiber weight on strength under 70 joule energy
Figure 10 shows the Force-Deformation graph of carbon fiber-reinforced composites at
different weights and 70 Joules of energy.
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Figure 10. Effect of fiber weight on 70 Joule impact energy
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70 Joule impact energy was applied to samples with fiber weights of 200 g/m? and 400 g/m?.
The sample weighing 200 g/m? reached a maximum force value of approximately 2000 N, and an
open curve was formed by perforation on both surfaces. The sample weighing 400 g/m?, on the other
hand, created a closed curve by bouncing back to the upper surface of the striking tip. This sample
reached a maximum force value of approximately 8000 N and showed a deformation of
approximately 15 mm at this level. The damage types in the upper-lower surfaces and core material
of the samples as a result of the 70 Joule impact are given in Figure 11.
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Figure 11. Damage image of the sample after a 70 Joule impact

3.2 Three Point Bending Test Results
The graph in Figure 12 shows the Force-Displacement curves of carbon fiber-reinforced
composite samples with different fiber weights subjected to three-point bending tests.
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Figure 12. Three point bend test chart
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In the three-point bending tests, the sample with a fiber weight of 200 g/m? reached a maximum
force value of approximately 200 N and showed the lowest force-carrying capacity. The 200 g/m?
sample showed little resistance to bending resistance, and the first fracture occurred. The sample with
a density/weight of 400 g/m? showed the highest performance. This sample reached a maximum force
value of approximately 450 N and showed the highest force-carrying capacity. The 400 g/m? sample
was found to be more resistant to bending resistance than the 200 g/m? sample. Therefore, the increase
in fiber density/weight significantly increased the strength of the material.

4. CONCLUSION

In this study, mechanical tests of sandwich structures prepared using carbon fiber-reinforced
composite materials and XPS foam cores of different weights were carried out. Impact resistance and
bending strength of these structures were investigated at 30 J, 50 J, and 70 J energy levels. According
to the results:

Low-speed impact tests applied to carbon fiber-reinforced samples with different fiber weights
showed that fiber weight significantly increased impact resistance In the 30 J, 50 J and 70 J impact
test results, it is revealed that the sample with a fiber weight of 200 g/m? reached the maximum force
elements of approximately 2000 N and punctured on both surfaces. In contrast, the sample with a
fiber weight of 400 g/m? reached the maximum force of approximately 9000 N and less damage was
observed after the new impact. However, less deformation was observed in heavier fiber materials at
the same energy level. The first increase and then the decrease in forces for the 400 g/m? fabric is due
to the material being able to absorb energy up to 50 J and being pushed to its structural limits at 70 J.
Addition, it was determined that the sample with a fiber weight of 400 g/m? reached a deformation of
approximately 10 mm. Three-point bending tests also showed similar results. The sample with a fiber
weight of 200 g/m? reached a maximum force of 200 N, while the sample with a fiber weight of 400
g/m? showed the highest performance with 450 N. It was observed that the bending strength improved
significantly by increasing the fiber weight in the produced samples. These results show that
increasing the fiber weight has a positive effect on both impact strength and bending strength.

As a result, the weight of the fibers must be taken into account as a factor when selecting
materials and designing products. It is stressed that this aspect needs to be evaluated to enhance
performance, in engineering applications. These results suggest that enhancing the impact resistance
and flexural strength of materials can lead to the creation of robust and dependable structures
particularly in the automotive and aviation sectors.
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1. INTRODUCTION

Composite materials are of critical importance due to their ability to combine the advantageous
properties of different constituent materials, resulting in superior mechanical, thermal, and chemical
performance compared to traditional materials. They offer a high strength-to-weight ratio, enhanced
durability, and excellent resistance to environmental factors such as corrosion, fatigue, and wear.
These properties make composites particularly valuable in applications where lightweight and high-
performance materials are essential. Composite materials are widely used in a variety of industries,
including aerospace, automotive, marine, and construction. In aerospace and automotive sectors, for
instance, composites reduce vehicle weight, leading to improved fuel efficiency and lower emissions.
In civil engineering, they are utilized in bridge reinforcement, building structures, and pipelines for
their superior durability and resistance to harsh environmental conditions. Furthermore, composites
are increasingly found in sporting goods, medical devices, and renewable energy systems, such as
wind turbine blades, due to their versatile and customizable nature. This broad range of applications
highlights the significance of composite materials in advancing modern technology and engineering
solutions (Demircan et al., 2021).

Nanoparticle-reinforced composite materials are important due to their ability to significantly
enhance the mechanical, thermal, and functional properties of conventional composites (Ekici et al.,
2022). The incorporation of nanoparticles, such as nanoclay, carbon nanotubes, or graphene, into
composite matrices can improve properties like strength, stiffness, toughness, and thermal stability
without substantially increasing the material's weight. This is particularly advantageous in
applications requiring high-performance materials with a low density. Additionally, nanoparticles
contribute to enhanced resistance against environmental degradation factors, such as UV radiation,
moisture, and chemical exposure, thus extending the lifespan of the composite materials in harsh
conditions. Nanoparticles also facilitate better load transfer at the microscopic level due to their high
surface area and interaction with the polymer matrix, resulting in superior damage tolerance and
impact resistance. As a result, nanoparticle-reinforced composites are increasingly used in cutting-
edge technologies, including advanced electronics, medical devices, and energy storage systems,
where multifunctionality and superior performance are required.

The impact test is crucial for assessing the mechanical performance of composite materials and
ensuring their reliability in various applications. Composite materials, known for their lightweight,
high strength, and corrosion resistance, exhibit complex fracture behaviors when subjected to sudden
impacts. Impact testing provides critical insights into their energy absorption capacity, fracture
toughness, and damage propagation under dynamic loading conditions (Kdsedag et al., 2022) By
evaluating the interaction between different layers of composite structures and identifying potential
weak points, impact testing helps in optimizing material design and selection for enhanced durability
and safety. Thus, the impact test plays a vital role in advancing the application of composites in high-
performance environments.

Literature review has shown that composite materials are subjected to single or repeated impact
tests (Zhou et al., 2020; Dogan et al., 2022; Kueh et al., 2023). Additionally, the impact properties of
composites after hydrothermal aging conditioning was investigated by researchers (Ferreira et al.,
2023; Oguz et al., 2021a; Oguz et al., 2021b).

In addition to composite materials subjected to impact testing without exposure to any
environment or by exposure to hydrothermal/hygrothermal environments, the effect of UV aging on
the impact resistance of various composite materials was also investigated. Dogan and Arman (2019)
applied drop weight impact test to glass fiber reinforced composite materials after keeping them in
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different environments including UV aging. It was reported that aging affected the perforation
threshold and absorbed energy values. Especially at low impact energies, delamination emerged as
the main failure mode, while fiber fracture became more pronounced at higher energies. UV aging
was found to reduce impact resistance by approximately 33% compared to the unaged group. Alsaadi
and Erklig (2021) investigated the mode I fracture properties of glass/epoxy samples with micro
particle reinforcement ranging from 0 to 20 wt% after 1000 hours of UV aging. It was found that the
addition of 10% of micro particles improved the fracture toughness of aged samples by 14.3%, while
the improvement in unaged samples was 1.7%. Ovali and Sancak (2022) added various UV protective
agents to jute fiber reinforced low density polyethylene materials and left the materials in the UV
environment for 120 and 240 hours. Impact tests were applied to the samples at the end of two
different aging periods. While the change in impact strength was seen as minor after short-term aging,
dramatic decreases were observed in the impact strength of the samples after long-term aging. In
addition, samples containing protective agents were less affected by UV aging than the group without.
Nasri et al. (2022), evaluated the drop weight properties of natural fiber reinforced polypropylene
after UV radiation. All samples were aged for 960 h. This study showed that flax fiber reinforced
polypropylene (PP30-F) was more sensitive to UV radiation, with its impact strength decreasing by
33% after 960 hours of UV exposure. In addition, pine fiber reinforced polypropylene (PP30-P)
showed a lower decrease, with the impact strength decreasing by around 10%.

In contrast to previous studies, this research focuses on the Charpy impact resistance of intraply
carbon/aramid hybrid composites reinforced with six different weight percentages of nanoclay
particles, both before and after UV aging. Specifically, the samples were subjected to UV exposure
for 450 and 900 hours, without the use of UV stabilizers, in order to investigate the effect of varying
nanoclay content on impact resistance over different aging periods. The absence of UV retardants and
the exploration of the influence of nanoclay on UV-induced degradation marks a critical distinction
from existing literature. This study aims to provide new insights into how nanoclay reinforcement
alters the impact performance of hybrid composites under prolonged UV exposure, offering valuable
data for outdoor and high-durability applications of such materials.

2. MATERIALS AND METHODS

2.1 Materials
The reinforcing material utilized in this study was a carbon/aramid twill woven fabric. To
fabricate the composite laminates, epoxy resin MGS L 160 was mixed with hardener MGS H 160 in
a stoichiometric ratio of 100:25 by weight. The fabric and chemical components used in the
production of the composite plates were supplied by Dost Kimya (Turkey), while the nanoparticles
were sourced from Grafen Kimya (Turkey). The physical properties of these materials are
summarized in Table 1.

318



Oguz, Z. A. JournalMM (2024), 5(2) 316-326

Table 1. Physical properties of materials

Material Specifications Dimensions
- . Areal density 210 g/m?
Carbon/aramid intraply fabric Fiber thickness 0.12 mm
Density 1.13-1.17 g/m?®
Viscosity 700-900 mPas
. Flexural Strength 110-140 (N/mm?)
Epoxy Resin MGS L.160 Modulus of Elasticity 3.2-3.5 (kN/mm?)
Tensile Strength 70-80 (N/mm?)
Impact Strength 40-50 (kJ/m?)
Lateral width 0.5-2 um
Nanoclay Thickness 1-10 nm
Bulk Density 200-500 kg/m3

Composite samples were produced by vacuum-assisted hand lay-up method that include two
primary steps. In the first step the MGS L 160 epoxy resin was mixed with varying weight percentages
of nanoclay particles (0, 0.5, 1.0, 1.5, 2.0, and 3.0 wt.%) using an ultrasonic mixer. Then MGS H 160
hardener was added till a homogenous mixture was achieved. Epoxy resin and hardener were
combined using a mechanical stirrer set at 8000 rpm for 10 minutes. After the first step was
completed, the mixture prepared in the first step was applied to 12 layers of intraply carbon/aramid
fabrics with 0°/90° stacking sequence by means of a roller. Attention was paid to the curing times of
the resin system according to the manufacturer's recommendations and plate production was
completed under 700 mm-Hg vacuum pressure. The sample thicknesses for each weight group are
given in Table 2.

Table 2. Thickness of the composite groups

Thickness (mm)
0 wt% 0.5 wt% 1 wt% 1.5 wt% 2 wt% 3 wt%
3.12+0.05 3.07+0.02 3.16+0.01 3.11+0.07 3.08+0.04 3.09+0.02

In this article, coding has been done for sample groups in the text or in their graphical
representations. For example, in a name like CA0.5-450, CA represents carbon/aramid intraply fabric.
The numerical expression immediately following CA (0.5, 1.0 etc.) refers to the reinforcement ratio.
The number in the last part (0, 450 or 900) indicates the aging period.

2.2 UV Aging of Samples
For this study, an OSRAM brand UV lamp was used in a cabin according to ASTM G 154
standards. In addition, a fan was used for homogeneous heat distribution in the cabin. Two-thirds of
the prepared samples were subjected to UV aging. Two different aging periods were determined for
UV aging as 450 and 900 hours.

2.3 Charpy Impact Test
The impact strength of the samples was assessed using a Charpy impact testing machine (Koger
3/70) in compliance with the 1SO 179/92 standard. The specimens, each with dimensions of 55 x 10
mm, were prepared for testing in a flatwise impact direction. An impact hammer with an energy
capacity of 15 J was used for the tests. Fig. 1 illustrates the flatwise impact testing setup. The absorbed
energy and impact strength values were calculated using Egs. 1 and 2, based on the energy differences
between the initial (E1) and final (E2) energy levels,
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Where E and U represent the absorbed energy and impact strength values. The width b and
thickness h of the samples were used to calculate the impacted area.

W Indicator Impoct hammer
¥ with 154

Impact direction

Figure 1. llustration of Charpy impact test

After the Charpy impact test, the SEM images were taken to identify the damage character of
samples.

3. RESULTS AND DISCUSSION

3.1 Charpy Impact Test Results

The Charpy impact test results of the samples are clearly shown in Figure 2. The Charpy impact
test results for intraply carbon/aramid hybrid composites reinforced with varying weight percentages
of nanoparticles (0, 0.5, 1.0, 1.5, 2.0, and 3.0 wt.%) showed a clear enhancement (45.95, 53.4, 56.74,
64.94, 72.55 and 72.04 kJ/m?) in impact strength with increasing nanoparticle content up to a certain
threshold. The impact strength values for the composites ranged from 45.95 kJ/m? for the
unreinforced (0 wt.%) sample to a peak value of 72.55 kJ/m? at 2.0 wt.% nanoparticle reinforcement.
This represents a significant improvement in impact performance, particularly between 0 and 2.0
wt.% reinforcement, indicating that the inclusion of nanoparticles effectively increases energy
absorption during impact. However, beyond 2.0 wt.%, a slight decrease to 72.04 kJ/m? was observed
at 3.0 wt.%, suggesting a potential saturation point or agglomeration effect, where the addition of
further nanoparticles may no longer contribute positively to the composite’s impact strength. These
findings highlight the optimal nanoparticle concentration for improving the mechanical properties of
hybrid composites and emphasize the importance of controlling filler content to maximize
performance.
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Figure 2. Impact strength results of samples

The Charpy impact test results for hybrid carbon/aramid intraply composites reinforced with
varying weight percentages of nanoparticles (0, 0.5, 1.0, 1.5, 2.0, and 3.0 wt.%) demonstrated notable
differences in impact performance after 450 and 900 hours of UV aging. For the 450-hour UV-aged
samples, impact strengths were found as 36.6, 43.62, 48.09, 54.47, 46.78 ve 59.03 kJ/m? for 0, 0.5,
1.0, 1.5, 2.0, and 3.0 wt.%, respectively. It is clear that the impact strengths decreased across all
nanoparticle concentrations compared to the unaged composites, with the maximum impact strength
observed at 1.5 wt.% reinforcement (54.47 kJ/m?), followed by a significant drop at 2.0 wt.% (46.78
kJ/m?). This suggests that prolonged UV exposure up to 450 hours induces degradation that weakens
the composite, particularly at higher nanoparticle concentrations, potentially due to UV-induced
surface microcracking or material embrittlement. After 900 hours of UV aging, however, the impact
strength values showed a recovery trend compared to the 450-hour aged samples, with a peak value
of 70.61 kJ/m? at 3.0 wt.% reinforcement. For the 0, 0.5, 1.0, 1.5, 2.0, and 3.0 wt.% nanoparticle
reinforced composite samples the impact strengths were found as 39.18, 49.04, 53.59, 63.35, 60.69
ve 70.61 kJ/m?, respectively. This improvement after extended UV exposure might be attributed to
the relaxation or reformation of the polymer matrix after prolonged aging, allowing better load
distribution during impact. Although the 900-hour aged samples did not fully regain the initial impact
strengths of the unaged composites, the results indicate that nanoparticle reinforcement helps mitigate
UV degradation over time, particularly in higher concentrations.

These findings imply that the extended UV aging period increased the cross-linking and rigidity
on the outermost layer of the samples by allowing the free radicals produced during radiation
exposure to recombine. This durability improvement can be ascribed to a potential crosslinking
among adjacent molecules from both resin and particles, which results in a stronger durability against
UV aging after 900 hours of UV aging degradation (Silva et al., 2020; Azim, 2016).

However, when the impact test results were examined in general, it was observed that UV aging
reduced the impact strength of nanoclay reinforced intraply samples. UV aging negatively affects
impact strength due to several key mechanisms that degrade the material’s structural integrity over
time. Prolonged exposure to UV radiation leads to both physical and chemical changes in the polymer
matrix of composite materials, resulting in a reduction in their ability to absorb and dissipate energy
during impact events (Dogan and Arman, 2019). UV exposure induces photo-oxidation in the
polymer matrix, breaking down polymer chains and leading to a loss of mechanical properties. This
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chemical degradation weakens the polymer structure, making the material more brittle. As a result,
the material’s ability to resist impact diminishes, as it becomes more prone to cracking and failure
under stress (Alsaadi and Erklig, 2021; Ovali and Sancak, 2022). In addition, UV aging typically
causes the polymer matrix to stiffen, reducing its ductility and flexibility. As the material becomes
more brittle, its capacity to deform and absorb energy during an impact event decreases. Instead of
absorbing the impact energy through plastic deformation, UV-aged materials are more likely to
fracture suddenly, leading to lower impact strength (Nicholas et al., 2016; Dogan and Arman, 2019).
In fiber-reinforced composites, UV radiation can deteriorate the fiber-matrix interface. This
weakening reduces the efficiency of load transfer between the fibers and the matrix, a critical factor
in the composite’s overall impact performance. The compromised interface leads to poor bonding
and reduced ability to withstand impact forces, resulting in lower impact strength (Nasri et al., 2022;
Silva et al., 2020).

The amount of energy absorbed by the samples during the flatwise Charpy impact test is shown
in Figure 3. When the absorbed energy amounts are taken into consideration, it is clearly seen that
the results are parallel to the impact strength results. An increase in the absorbed energy amounts was
detected with particle reinforcement. The increasing trend continued up to 2.0 wt.%. Although a slight
decrease was observed for the 3.0 wt.% samples, the amount of absorbed energy was still high for
this ratio compared to the unreinforced samples. Also, similar to the impact strength results, the
absorbed energy amounts decreased after 450 hours of UV aging. Although the absorbed energy
amounts after 900 hours of UV aging improved compared to 450 hours, they were still lower than the
unaged samples.
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Figure 3. Absorbed energy values of samples

For the unaged samples, absorbed energies were found as 1.4, 1.58, 1.6, 1.93, 2.08 and 2.0 J for
0,05, 1.0, 1.5, 2.0, and 3.0 wt.%, respectively. In addition, the absorbed energy amounts after 450-
900 h of UV aging were 1.16-1.23, 1.28-1.51, 1.41-1.52, 1.63-1.87, 1.37-1.77 and 1.58-1.98 J for 0,
0.5,1.0, 1.5, 2.0, and 3.0 wt.%, respectively.
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3.2 SEM Results

SEM images were taken from the broken samples after the Flatwise Charpy impact test. Figure
4 displays the typical configuration of the impact damage and distributions across a laminate. In most
cases, low-velocity impacts result from things like fallen tools and collision damage. The laminate
displays a quasi-static behavior in these circumstances, with bending of the laminate being the
predominant stress state (Bibo and Hogg, 1996). As a result, ply cracking and delamination are
frequently the most common damage types. The SEM images of samples are shown in Figure 5. As
clearly observed from the images, impact-induced fiber breakage, matrix breakage or crack,
delamination between fiber-matrix and fiber-fiber were identified as the main types of failures.

Impact location
Surface deformation ¢ Delamination

/]

Matrix cracks Fibre breakage Matrix cracks
due to bending due to shear

Figure 4. Schematic designation of a general low impact failure of a composite (Shyr and Pan, 2003)
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4. CONCLUSION

This study investigated the impact strength of nanoparticle-reinforced carbon/aramid hybrid
composites subjected to various UV aging periods (450 and 900 hours) to assess the effect of UV
exposure on mechanical performance. Charpy impact tests were performed on composites with
different weight percentages of nanoclay reinforcement (0, 0.5, 1.0, 1.5, 2.0, and 3.0 wt.%).

The results for unaged samples showed a steady increase in impact strength as the nanoclay
content increased, reaching a peak value of 72.55 kJ/m? at 2.0 wt.% reinforcement. Beyond this
concentration, a slight decrease in impact strength was observed, with the 3.0 wt.% sample registering
72.04 kJ/m?. This suggests that nanoparticle addition improves the energy absorption capacity of the
composites up to an optimal threshold, after which further reinforcement does not provide additional
benefits.

However, UV aging significantly impacted the composite’s performance. After 450 hours of
UV exposure, a notable decline in impact strength was observed across all samples. The impact
strength of the 0 wt.% sample dropped from 45.95 kJ/m? to 36.6 kJ/m?, indicating the material's
sensitivity to UV degradation. The highest impact strength after 450 hours was recorded at 1.5 wt.%
reinforcement (54.47 kJ/m?), but a significant drop occurred for the 2.0 wt.% sample (46.78 kJ/m?).
This suggests that while nanoclay reinforcement initially improves UV resistance, higher
concentrations may lead to diminished benefits under prolonged UV exposure due to potential
agglomeration or interface weakening.

After 900 hours of UV aging, the impact strength of all samples recovered to some extent
compared to their 450-hour values. The 3.0 wt.% sample exhibited the highest impact strength after
900 hours (70.61 kJ/m?), demonstrating a significant improvement over the 2.0 wt.% sample, which
had the highest unaged performance. This recovery indicates that extended UV exposure may lead to
matrix reorganization or relaxation, allowing for better load distribution during impact. Nonetheless,
even after 900 hours of aging, the composites did not fully regain their unaged impact strength levels,
reflecting the persistent effects of UV-induced degradation.

In conclusion, the addition of nanoclay particles significantly enhances the impact strength of
carbon/aramid hybrid composites, particularly at concentrations up to 2.0 wt.%. However, UV aging
introduces degradation mechanisms that reduce impact performance, particularly after shorter
exposure periods. Despite some recovery in impact strength with prolonged aging, the results
underscore the importance of optimizing nanoparticle content and UV stabilization strategies to
improve the long-term durability of hybrid composites in outdoor applications.
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1. INTRODUCTION

Hardfacing is a powerful and inexpensive deposition method used to repair worn parts or to
improve their wear properties. This method is widely used in heavy industries and extends the service
life of components by improving their wear, corrosion and impact resistance (Ahn, 2013; Durmus et
al., 2018; Variables & Works, 2023). Various welding methods are used for hardfacing. Among these
methods, plasma transfer arc (PTA) welding (Brezinova et al., 2021; D’Oliveira et al., 2006; Huang
et al., 2022), laser cladding (Hu et al., 2024), gas metal arc welding (GMAW) (Pawlik et al., 2023)
and tungsten inert gas (T1G) welding (Jozwik et al., 2018) etc. are the most common ones. Among
these methods, hardfacing coatings made by TIG welding are more preferred due to the low cost of
equipment (Kumar & Das, 2022; Lin et al., 2010). In the TIG method, an arc is created between the
tungsten electrode and the workpiece, and the resulting high heat melts the layer previously placed
on the steel surface. Thus, by melting the coating powder on the steel substrate, coating layers with
high hardness and high wear properties are obtained. (Buytoz & Ulutan, 2006). For this reason, many
researchers have successfully used the TIG method to produce a hard and wear-resistant coating in
their work.

In composite coatings, the mixture of a highly ductile metal matrix and hard reinforcement
phases improves wear and hardness properties. To produce these composites, firstly, high hardness
ceramic particles are directly reinforced. In the second method, various reinforcement phases (TiB,
TiB2 and TiC, etc.) are formed by in-situ synthesis in a melt pool (Weng et al., 2022). TiBz and TiC
ceramics are the most widely used ceramics to improve the mechanical performance of coatings due
to their great features such as high melting point, high hardness, and high thermal stability (Chen et
al., 2022; Gupta et al., 2022). Wang et al (Wang et al., 2008) produced composite hardfacing coatings
reinforced with in situ TiC and TiB: particles by forming different mixtures of Fe, Ti and B4C
powders by argon arc welding. Zhang et al. (Zhang et al., 2017) fabricated Fe-based composite
coatings reinforced with Fe-Ti-Cr-B-C particles by laser cladding technique. They prepared FeTi30
(Ti about 30 wt%), B4C (90 wt%) and iron powders in a mixed ratio as precursor powders. The effects
of ferrochrome (FeCr) addition to these powders on the microstructure and mechanical properties of
the coatings were investigated. Tang (Tang, 2016), deposited TiC-TiB2 composite coating on the
surface of 40Cr steel by electrical discharge hardening with a TiC-TiB2 composite rod as an electrode.
The structure, phase compositions, hardness and wear properties of the composite coating were
investigated. The composite rod used for the coating process was prepared by self-propagating high-
temperature synthesis of Ti and B4C powders. In the literature, the use of Ti and B4+C powders to
produce in situ TiC-TiB> reinforced hardfacing coatings is common, but the use of ferroalloys is
limited.

In this research, ferrous-boron, ferrous-chromium and ferrous-titanium were used as coating
powders to produce TiC-TiB: reinforced Fe based hardfacing coating. The use of such ferroalloys as
coating powders significantly reduces the cost of the coating material and also lowers the melting
point of the coating material through eutectic reactions (Du et al., 2008). In this research, Fe-Cr-Ti-
(C,B) based coatings with three different boron contents were deposited on low carbon steel surface
by TIG welding method. The phase constituents, microstructure and hardness properties of the
produced hardfacing coatings were systematically investigated.
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2. MATERIALS AND METHODS

2.1 Materials
The steel substrate was first cut in dimensions of 30 mm x 80 mm x 10 mm and then grooved
on its surfaces with a depth of 2 mm and a width of 10 mm on a milling machine. The surfaces of the
prepared steel substrates to be subjected to the coating process were cleaned from dirt and oil.

Table 1. Chemical composition of the DIN St37 steel (wt.%)
C Mn S P Fe
0.22 15 0.03 0.033 Bal.

Ferrous-boron, ferrous-titanium, ferrous-chromium, and iron powder were used for the
hardfacing process. The compositions of the ferroalloy powders used for the formation of Fe-Cr-Ti-
(B,C) based hardfacing coatings are given in Table 2. Ferroalloys in rock form were first crushed.
After crushing, they were ground in a Retch ring mill with a sieve size of 75 pum.

Table 2. Composition of used ferroalloys (wt.%)

Ferro-alloys Fe B Ti Cr C Al
Ferrous-boron 81.82 18.1 - - 0.19 -
Ferrous-chromium 33.35 - - 60 0.15 15
Ferrous-titanium 25.2 - 70.95 - 0.13 3.96
Pure iron 99.98 - - - - -

Iron powder, which was supplied in powder form, was directly sieved to a sieve size of 75 pum.
A pre-written excel programmed was used to atomically determine the hardfacing compositions at
the desired ratios. With the help of this program, the ferroalloys whose weight ratios are given in
Table 2 were first converted into atomic ratios. Then, by entering the desired atomic values, the
required amount of each ferroalloy by weight was calculated. Finally, the powders were weighed and
mixed on a precision balance according to the composition ratios given in Table 3. Thus, the desired
alloy ratios for hardfacing were formed.

Table 3. Atomic ratios of the compositions prepared for hardfacing (at.%)

Metal Alloys Fe Cr Ti C B
10B-Ti 55 15 15 5 10
20B-Ti 45 15 15 5 20
30B-Ti 35 15 15 5 30

2.2 Hardfacing Process

The powders prepared in three different compositions were subjected to grinding and mixing
process in MSE TECH brand mill at 200 rpm for 1 hour. In the mixing process, the powder/ball ratio
was selected as 1/3. Steel balls with a diameter of 7 mm were used for mixing. The containers and
balls were thoroughly cleaned with pure alcohol before mixing. The powder mixtures were mixed
with potassium silicate (K2OsSi) with the help of a metal rod until a paste consistency was obtained.
The powder mixture was plastered one by one to fill the channels in the substrate materials. The
resulting sample was dried in the open air for 24 hours and then heated in an oven at 250°C for 2
hours.
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The powders dried in channels on the steel substrate surface were melted by tungsten inert gas
(TIG) welding method for hardfacing. Hardfacing operations were carried out using a Magmaweld
ID 220T AC/DC Pulse brand TIG inverter welding machine with 160 A welding current, 20 V
welding voltage, 12 L/min argon (99.9%) flow rate and Type W-2 pct ThO2 tungsten electrode. The
coated specimens were then cooled in an open atmosphere and subjected to sandblasting to remove
the oxide layer and slag formed during coating.

2.3 Metallographic Study

The samples coated by TIG process were cut perpendicular to the welding direction and bakelite
was taken for microstructure examinations. The specimens were first subjected to sanding process for
microstructure investigations. They were then polished with 1 um Al203 paste and etched with 3%
Nital solution. SEM-EDS examinations of the Fe-Cr-Ti-(C, B) based alloy formed on the surface
were carried out with JEOL-JSM-6060 scanning electron microscope.

Phase analyses of the samples in which Fe-Cr-Ti-(C, B) based alloys were produced on their
surfaces were carried out by using RIGAKU D/MAX/2200/PC brand x-ray diffractometer. CuKa (A=
1,5408 A°) radiation was used during the analyses.

The microhardness measurements of the produced samples were carried out using FutureTech
FM700 microhardness tester under 200 g load from the surfaces prepared for microstructure
investigations. Measurements were made with a Vickers tool (HVo.2) from the substrate to the surface
at 0.2 mm intervals from three different areas as row hardness and the arithmetic mean was calculated.

3. RESULTS AND DISCUSSION

3.1 Microstructural and Phase Analysis

Figure 1 shows the SEM microstructure image of the cross-sectional area of the 30B-Ti sample
coated on the DIN St37 steel surface. It can be seen that the hardfacing produced formed a
metallurgical bond with the steel substrate and did not contain pores and any microscopic cracks.
From the microstructure images, it is observed that there is a harmonious transition between the
hardfacing and the substrate material, and a homogeneous coating structure is formed. In addition,
the substrate, interface (fusion line), transition zone and coating layer can be clearly distinguished. In
the hardfacing process performed by TIG welding, dilution of the coating layer may occur due to
some melting of the substrate.

In this layer, called the transition zone in Figure 1, there is more iron content than the hardfacing
coating layer. Therefore, the black rod-like (TiB2) structures seen in the upper layers are not seen in
this region. This is a result of solidification rate changes that are much higher in the upper regions of
the coating layer. The solidification rate (R) from the fusion line (interface) to the coating surface
increased and at the same time the temperature gradient (G) decreased. Therefore, this transition zone
consists of planar growth, cellular and coaxial dendrite growth (Hajihashemi et al., 2015).
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Figure 1. Cross-section of 30B-Ti sample

Figure 2 shows the XRD patterns of hardfacing coatings. As a result of XRD analyses, o-
(Fe,Cr), M2B (M= Fe,Cr), TiC and M7Cz phases were detected in the coating containing 10% B. In
the coatings with 20% and 30% B content, the presence of TiB. phase was determined together with
the above phases. Zhang et al. investigated the effect of Cr element in Fe-Cr-Ti-(C,B) based coatings
and reported the presence of similar phases (Zhang et al., 2017).
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Figure 2. X-ray analysis patterns of hardfacing coatings

Figure 3 shows the SEM images, EDS, and MAP analyses of the 10B-Ti sample with an atomic
boron content of 10%. SEM images show that the produced coating layer exhibits a hypoeutectic
solidification. It is seen that Ti and C elements are dense in the EDS number 1 taken from the equiaxed
dark regions distributed in the coating microstructure and in the MAP analysis given in Figure 3(i
and j). In addition, the presence of TiC phase in this coating was found in the X-ray analysis given in

331



Kiling, B. JournalMM (2024), 5(2) 327-340

Figure 2, supporting that these regions consist of TiC phase. In the EDS analysis number 2 taken from
the light grey regions in the coating microstructure, signals of Fe and Cr elements were obtained. The
same situation is also observed in MAP analysis and these regions are thought to be the hypoeutectic
a-(Fe,Cr) phase. In the EDS analysis number 3 taken from the eutectic region of the coating, Fe and
Cr peaks were quite intense, but very few B and C peaks were measured (Figure 3 (e)). Again, when
the elemental distribution maps of the eutectic region were analysed, Cr and Fe were found to be
intense, and C and B elements were also detected in these regions, albeit slightly (Figure 3 (f-k).

As a result of the X-ray analysis given in Figure 2, it was determined that M2B and M-Cs (M=
Fe,Cr) phases were also present in this composition. Therefore, it is thought that the eutectic structure
consists of a-Fe+M2B and/or M7Cs phases.

Figure 4 shows the SEM images, EDS, and MAP analyses of the 20B-Ti sample in which the
boron ratio atomically increases to 20%. SEM images show that the coating microstructure consists
of complex structures (Figure 4 (a and b)). During coating on the steel surface by TIG welding
method, the melt pool of this compound is rich in B and it is easier to form TiB2 phase. For this
reason, it is thought that the first structure formed in the melt pool due to cooling is the TiB> phase.
It is expected that the TiC phase will be formed in the continuation of solidification. In their study,
Weng et al. reported that thin TiB, lamellae were first formed in the melt pool and then the TiC phase
nucleated on these lamellae by heterogeneous nucleation (Weng et al., 2022). SEM images, EDS and
MAP analyses given in Figure 4 show that TiC phase is present around the polygonal TiB> structures.

As aresult of the EDS analysis number 2 taken from the black colored polygonal regions shown
in Figure 4 (d) and the MAP analysis given in Figure 4 (j and 1), it is seen that these structures are
rich in Ti and B elements. When evaluated with the X-ray analysis given in Figure 2, it can be
assumed that these structures consist of TiB> phase. As a result of the EDS signal number 4 taken
from the dark grey colored coaxial structures and the MAP analysis given in Figure 4 (j and k), it is
clearly seen that these regions are rich in Ti and C elements. When compared with XRD results, it is
possible to say that these regions consist of TiC phase.

EDS analyses of the light white regions in the coating layer showed that they are rich in iron,
and also contain Cr and very little Ti elements (Figure 4 (c)). According to MAP analyses and XRD
results, it was determined that these structures consist of a-(Fe,Cr). In addition, light grey long strip-
like structures were observed in the microstructure in SEM images. Gramajo et al. identified these
structures as M+(B,C)z (Gramajo et al., 2020). In addition, it was determined by EDS analysis number
3 that these structures are rich in Cr and Fe elements. According to XRD analyses, these structures
are thought to be (Fe,Cr)7 (B,C)a.
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Figure 3. SEM images (a and b), EDS analyses (c-e) and elemental distribution maps (f-k) of 10B-Ti sample
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Figure 4. SEM iages (aand b), EDS anélyses (c-f) and elemental distribution maps (g-1) of 20B-Ti sample
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SEM images, EDS and MAP analyses of 30B-Ti sample are given in Figure 5. This sample also
exhibits a hypereutectic microstructure like the 20B-Ti sample. However, the black colored polygonal
structures seen in the 20B-Ti sample are seen as black colored rod-like and long sharp-cornered phase
formations in the 30B-Ti sample. It has been reported that increasing titanium and boron
concentrations in the alloy system are effective in the formation of these structures. (Kaptanoglu &
Eroglu, 2017; Kocaman et al., 2022).

As a result of the EDS and MAP analyses given in Figure 5, it was determined that these
structures are also rich in Ti and B elements. Therefore, it can be said that these structures are TiB>
phase. Ti and C elements were detected in the dark grey coloured equiaxed structures around the TiB>
phase and in the matrix. As a result of the x-ray analysis given in Figure 2, these structures were
determined to be TiC. A similar microstructure formation was shown in the study by Zhang et al.
Two different types of coloured particles were identified in the coating layer. One is grey particles
forming the cubic or flower-like TiC phase and the other is black particles forming the block-like
TiB> phase (Zhang et al., 2020). Similar to our study, TiC phases are located in the matrix and around
TiB> phases.

It can be said that the first structure to form during the solidification of the 30B-Ti sample
formed on the steel surface is the TiB> phase. In the continuation of solidification, TiC phase was
formed and clustered around the TiB. phase. As explained above, TiC phase will nucleate
heterogeneously on thin TiB, lamellas solidified in the coating bath. With the nucleation and
subsequent growth of the TiC phase on the TiB, lamellae, the B element dissociates at the liquid-
solid interface. With the dissociated B element, TiB: is ready to nucleate and grow again. Therefore,
the TiB. phase continues to grow by two-dimensional nucleation and lateral spreading (Li et al.,
2013). Weng et al. stated that due to the rapid cooling and rapid solidification occurring in the coating
layer, the lamellar structures formed from the TiB. phase in this layer will not transform into
hierarchical tower-like and dendritic morphologies, but will remain in plate-like morphology (Weng
et al., 2022). When the SEM images and EDS analyses of the 30B-Ti sample given in Figure 5 are
examined, it is seen that the microstructure formation is in accordance with the above description.

As in the 20B-Ti sample, Cr and Fe elements are present in the light-colored regions of this
sample. Therefore, it is possible to say that in addition to the iron-rich a-(Fe,Cr) phase, very little
M:B phase is also present in the structure. In this coating, the light grey long rod (Fe,Cr)7(B,C)s phase
is also present.
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Figure 5. SEM images (a and b), EDS analyses (c-f) and elemental distribution maps (g-1) of 30B-Ti sample
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3.2 Hardness

Figure 6 shows the microhardness values of the coated samples measured at 0.2 mm intervals
from the substrate to the coating surface. In such composite coatings, the microhardness values are
strongly influenced by the volume fraction of phases with high hardness values, such as borides and
carbides, present in the structure as reinforcing phases (Amushahi et al., 2010; Du et al., 2008;
Venkatesh et al., 2015). When the graph is examined, it is seen that the microhardness increases as
the B content in the coating increases.

When the B content was increased from 10at.% to 30 at.%, the hardness of the coating increased
from an average of 544 to 1045 HVo.2. The maximum hardness was determined in the 30B-Ti sample
with 30 at.% B content, which is approximately 4.5 times higher than the microhardness value of DIN
St37 steel (234HVo.2).

As determined in the microstructure examinations, the 10B-Ti sample with the lowest B ratio
had a hypoeutectic microstructure and the hard particle phase TiC was homogeneously distributed in
the structure. However, the volume fraction of the hard particle reinforcement phase in this sample
was very low compared to the matrix phase. In addition, eutectic structures with M>B and
(Fe,Cr)7(B,C)s phases were also observed to be present at lower rates compared to other samples. In
the 20B-Ti and 30B-Ti samples, where the B ratio increased, a microstructure hypereutectic was
detected. In these samples, TiB2, which is a hard particle reinforcement phase, was observed to
increase significantly in the microstructure. Therefore, the increase in the B ratio in the coating greatly
affected the microstructure and significantly increased the microhardness of the hardfacing.

When the graph given in Figure 6 is analyzed, it is determined that there are fluctuations in
microhardness values. It is known that these fluctuations in hardness results are due to hard particle
reinforcement structures such as TiC and TiB: in the coating microstructure (Kocaman et al., 2020;
Kumar & Das, 2022). It is also observed that the microhardness values for all specimens increase
slightly from the substrate to the coating layer. Microhardness values depend on the concentration
and shape of the coating layer as well as the distribution of the coating microstructure (Kumar & Das,
2022). Hardness values are expected to be lower in the coating layer close to the substrate due to the
dilution effect. As you move to the upper layers of the coating layer, the volume fractions of hard
phases such as TiB, and TiC increase, which leads to an increase in microhardness.

1400

1200

1000

V\\ \/-\._./'/" ~0

0.2

Z sl
)
w
5] 600 [
o=
e
£ a0f
—e— 10B-Ti
200 .‘”/v —o— 20B-Ti
v— 30B-Ti
O -
05 0,0 0,5 1,0 15 2,0 25 30

Distance from substrate metal, mm
Figure 6. Microhardness values of Fe-Cr-Ti-(C, B) based hardfacing
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4. CONCLUSION

This study presents the effects of B content on the microstructural changes and hardness of Fe-
based in-situ TiC-TiB> hardfacing coatings. The main conclusions are as follows:

e Fe-Cr-Ti-(C,B) based coatings were successfully produced by TIG method and the coatings
were found to be compatible with the substrate. No porosity and microscopic cracks were
observed in the coating layer. The hardfacing layer, transition zone and interface (fusion
line) were determined by microstructure images.

e Boron content significantly affected the microstructure of hardfacing coatings. The coating
layer with a B content of 10% had a hypoeutectic microstructure. In this sample, a
homogeneously distributed equiaxed dark colored TiC phase and a- (Fe, Cr) phase were
detected. In eutectic regions, a-Fe+M2B and/or M7Cs phases were found. The proportion of
black colored polygonal TiB2 phases was intense in the coating microstructure where the B
ratio increased to 20%. In addition, (Fe, Cr)7(B,C)s phases were also detected in the
structure as long strips. Polygonal TiB: structures were observed as black colored rod-like
and long sharp-cornered phases in the coating with 30% B content, which exhibited eutectic
microstructure. TiC phase was detected around the TiB: phase and in the matrix. In this
coating, the light grey long rod (Fe, Cr)7(B,C)s phase is also present in this coating together
with the M2B phase.

e |t was observed that the microhardness of Fe-Cr-Ti-(C,B) hardfacing coatings increased as
the amount of B increased. The highest microhardness was found in 30B-Ti sample with
1045 HVo... It was also observed that the microhardness values increased from the substrate
to the surface of the coating layer.
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ABSTRACT: With the developing technology, studies on the production and development of new materials
are intensifying as traditional materials are inadequate to meet the needs of the industry. As an alternative to
traditional steels, the use of low, medium and high entropy alloys and nanomaterials has recently become one
of the most suitable solutions. Based on these solutions, in this study; the effect of nanoparticle reinforcement
material on the boride layer structure in pack boriding of FeCo alloy, which is described as a soft magnetic
alloy and produced by different methods, was investigated. Firstly, 2% and 4% graphene reinforced, medium
entropy FeCo alloy was produced by 2 different methods melt casting (MC) and powder metallurgy (PM).
Then, medium entropy alloys (MEASs) produced by both methods were subjected to a pack boronizing process
at 1073 K temperature for 2 hours. Both the produced MEAs and the boride layers of the borided MEAs were
characterized. When the microstructures of the produced alloys are examined, it is seen that with the increase
in graphene reinforcement, the tendency for dendritic structure increases in alloys using the MC method, while
crack formation increases in alloys using the PM method. According to the XRD pattern analysis of the alloys
produced by both methods, peaks belonging to the CoFe phase were detected in the main peaks of the alloys.
The microhardness of the alloys ranges between 258 HV s and 314 HVoes. In the boride layer structures
obtained by pack boronizing, no transition zone is formed, they are columnar and have a sawtooth appearance.
Boride layer thicknesses range between 22 pm and 34 um. According to the XRD pattern analysis of the boride
layers of the alloys produced by both methods, FeB, Fe.B, CoFe phases were detected in the main peaks, while
the CozFe phase was also present in the alloys produced by the MC method. The surface microhardness of the
boride layers varies between 1922 HVo 05 and 2124 HVq es.
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1. INTRODUCTION

With the rapid development of technology in recent years, traditional commercial materials
may be inadequate to meet the needs of the industry. In order to provide the expected properties,
intensive studies are being carried out by researchers to develop different alloys. Especially high
entropy alloys (HEA), medium entropy alloys (MEA) and low entropy alloys (LEA) are among the
leading solutions in obtaining the desired properties in recent years.

Entropy, in physics, refers to the thermal energy of a system that cannot be converted into
mechanical work. It is defined as disorder and randomness in the system. In the literature, the concept
of entropy is divided into 2 classes. It is defined as alloys consisting of at least five elements and their
concentrations are between 5% and 35% On the other hand, according to the entropy-based definition,
it is examined in 3 classes as low, medium and high entropy alloys according to the amount of
elements they contain. When determining the class to which the alloy belongs, calculations are made
according to the configuration entropy; alloys formed up to 2 elements are called low entropy, alloys
containing 3 and 4 elements are called medium entropy, and alloys containing 5 and more elements
are called high entropy.

Magnetic materials constitute a significant portion of engineering alloys. Among commercial
magnetic materials, FeCo alloys are considered to have the highest saturation. These alloys are soft
magnetic materials and are used in high temperature applications because they have low coercivity,
high Curie temperature and high magnetization (Kiiciikilhan et al., 2024; Yu et al., 1999). In the
production of alloys, melting and powder metallurgy methods are mostly preferred.

In cases where alloys are exposed to wear or work in corrosive environments, surface coating
applications are also carried out as in conventional steels. The most common surface coating methods
used are laser coatings (Riquelme & Rodrigo, 2021) aluminization (Boliikbasi et al., 2023),
atmospheric plasma spray (APS) (Michalak et al., 2021), electro spark deposition (Padgurskas et al.,
2017), high-velocity oxygen fuel injection (HVOF) (Pulido-Gonzalez et al., 2020) and boronization
(Elias-Espinosa et al., 2015; Mishigdorzhiyn et al., 2020).

Boriding is based on the formation of a hard boride layer on the surface depending on the
chemical composition of the substrate material in liquid, solid and gas environments. The process is
a thermochemical method based on diffusion performed at high temperatures. Therefore, the boride
layer formed on the surface of the material has low roughness, is solid and permanent. The pack-
boriding method is widely used due to its easy applicability and economic operation. The process can
be performed in a wide range of temperatures ranging from 973 K to 1273 K and durations of 1-10
hours.

According to literature research; There are quite a few studies on the production method and
magnetic properties of FeCo alloy. However, studies on the effect of nanoparticle reinforcement
elements on the alloy system and the effects of reinforcement elements on surface coatings are quite
limited in these alloys. In this study, the manufacturability of FeCo alloy was investigated using MC
and PM methods. In addition, different amounts of graphene reinforcement were added to FeCo alloys
produced with different methods. The effect of graphene on the boride layer to be formed on the
alloys was examined in detail using the pack-boriding method of FeCo alloys containing different
amounts of graphene reinforcement.
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2. MATERIALS AND METHODS

In this study, iron (Fe) and cobalt (Co) powders with a size of -325 mesh and graphene (G)
powder with a size of 3 nm supplied by Nanografi company were used. The chemical equivalents of
the Fe/Co alloy used are given in Table 1, and the powder mixing ratios of the prepared MEAs are
given in Table 2.

Table 1. Information on Fe/Co alloy

Element Atomic weight Mixing ratio Mixing ratio
(u) (Yowt) (Yoat)
Fe 55.845 50 51.3444
Co 58.933 50 48.6556

Table 2. MEA codes, production methods and mixing ratios
Alloy code  Production method  Graphene (%) Fe(g) Co(g) Graphene(g) Total (g)

MC-0 Melt Casting 0 5.00 5.00 10.00
MC-2 Melt Casting 2 4.90 4.90 0.20 10.00
MC-4 Melt Casting 4 4.80 4.80 0.40 10.00
PM-0 Powder Metallurgy 0 5.00 5.00 - 10.00
PM-2 Powder Metallurgy 2 4.90 4.90 0.20 10.00
PM-4 Powder Metallurgy 4 4.80 4.80 0.40 10.00

A lathe machine was used to mix the powders whose compositions were determined and
weighed, and they were mixed at 120 rpm for 12 hours. A Seles brand JTA model scale with a 0.001
gr sensitivity was used to weigh the powders. The powders, which were mixed and made
homogeneous, were pressed in a @20 mm diameter mold, with a single-axis press at 400 bar pressure,
and turned into cylindrical pellets for powder metallurgy and melt casting.

The alloys to be produced with the powder metallurgy method were sintered for 1 hour at 1273
K in a protective gas atmosphere and made ready for boronization. In the alloys to be produced with
the melt casting method, pellets shaped in the press were used. Two molds were designed for the
melting process; the first was used for the master alloy production and the second was used for the
final alloy production. In the master alloy production, the alloys were turned upside down in each
melting process and melting was done 4 times and all processes were carried out in an argon
protective gas atmosphere. In the mold used in the production of the final alloy, a reverse vacuum
system was used and when the alloy reached the liquid phase during melting, the air previously
collected in the air accumulator chamber with a vacuum pump was drawn (-0.1 atm) to produce the
final alloy. In the production of the alloys, a Welder TIG 400 DC pulse model TIG welding machine
was used at 210 A. The copper melting molds used for the production of the alloys is given in Figure
1(a) and the alloy production system is given in Figure 1(b).
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Figure 1. a) Copper mold and b) production system used in the MC process ¢) Schematic view of the pack-boronizing
method

Boriding of alloys produced by MC and PM methods was carried out in a chamber type furnace
with commercial Ekabor 11 (90% SiC, 5% B4C and 5% KBF4) coating powder environment at 1073
K for 2 hours by package boronizing method. Alloys to be coated were placed in Ekabor Il powder
in the center of the box made of stainless steel (at least 20 mm distance from the box edges).

For microstructural examination of boronized and non-boronized alloys, non-boronized alloys
were prepared metallographically and SEM analyses were performed by LEO 1430VP brand SEM
imaging, SEM analyses of boronized alloys were performed without metallographic preparation. X-
ray diffraction analysis using CuKa (a= 1.5406°A) radiation, Shimadzu XRD-6000 brand X-ray
diffractometer and microhardness measurements were performed at three separate points at 10 pm
intervals under a 50 g load for 15 seconds, Shimadzu HMV-2L model microhardness measuring
device were used. The flow chart of this study is given in Figure 2.

Preparing MEAs
400 bar (pressure)

T Melt Casting Powder Metallurgy ot
Ch £ i Characterization
aracterization |<Z|  2104-0.1atm 1273 K - 1 Hour ==

Pack Boriding
1073 K -2 Hour

j

Characterization

Figure 2. Flow chart of the study
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3. RESULTS AND DISCUSSION

3.1 Characterization of MEAs
In Figure 3, SEM (backscatter electrons) microstructure images of unreinforced, 2% and 4%
graphene reinforced alloys produced by melt casting (MC) and powder metallurgy methods (PM) are
given together with EDS elemental analysis.

Ffe Co C A O Fe C C€C A O

Pl e o o4 POt oy 0 0 (0 (%)
1 1173 935 -~ 5241 2336 1 4673 50.75 -  0.28 2.24
2 4978 459 - -~ 426 2 4864 4392 - 202 542
3 4892 4379 287 1.04 3.38 3 47.68 49.78 1.14 0.44 0.96
4 4542 4828 171 0.46 4.13 4 5212 37,70 2.92 3.14 4.12
5 4982 3923 514 0.75 5.06 5 4564 46.76 3.56 0.32 3.72

MCl 6 4244 5025 307 022 402 [PM]| 6 47.84 3414 502 426 874
Figure 3. MEAs, SEM(BE) microstructure and EDS point analyses (%wt)
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When the microstructures of the samples produced by the melt casting and powder metallurgy
methods are examined together, the microstructure of those produced by the casting method has a
multiphase structure, while the single-phase structure is dominant in the production with powder
metallurgy. In the production with melt casting, due to the unstable solidification of alloy elements
with different melting temperatures in the system with graphene reinforcement, the matrix structure
tends to form dendritic (Li et al., 2022). In powder metallurgy production, an increase in inclusions
and cracks is observed with the increase in the amount of graphene reinforcement. This situation is
attributed to the fact that the alloy elements in the system have different thermal properties and that
there are weak bonds on the surfaces (Zhu et al, 2023). On the other hand, according to the EDS
elemental analyses in production with both methods, the Fe and Co ratios are approximately at the
production amounts, and the C amount increases with graphene reinforcement. In addition, according
to elemental analysis, the dendritic parts formed in production by arc melting are carbon-rich regions.
Although the melting process is carried out in a protective gas (argon) atmosphere, since there is no
vacuum system, there is oxygen in the structure, albeit in low amounts. The increase in oxygen
amounts in carbon-rich dendritic regions is due to the increase in the melting temperature of carbon
during melting. The fact that the amount of aluminum is high (in the elemental analysis of MC-0
sample) along with oxygen at point number 1 shows that this grain is not due to production, but rather
due to alumina suspension during polishing at the sample preparation stage. The amount of oxygen
in production with powder metallurgy is higher than in production with melt casting. The biggest
disadvantage of production with powder metallurgy method is that the oxide phases formed in the
material cannot be removed due to their stable structure and do not decompose easily. Therefore, even
if protective gas is used both during production and sintering, if the temperature does not reach a
sufficient value, the oxides continue to exist in the structure, albeit partially (Fang et al., 2018).

Figure 4 shows the XRD pattern analysis of the unreinforced and graphene reinforced MEA
produced by MC (Figure 4a) and PM (Figure 4b) methods.

-CoFe ¢ -CoFe;0, *-Fe30s -CoFe s -CoFe,0, %-Fe;0, '-FeO 1-C
* ” : 7
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Figure 4. XRD pattern analysis of unreinforced and graphene reinforced MEAs a) melt casting, b) Powder Metallurgy

CoFe (PDF: 01-071-5029) phase with a single-phase solution crystal structure and a body-
centered cubic (BCC) structure is located in the main peaks. In the secondary peaks, there are peaks
belonging to the oxide phases CoFe>O4 (PDF: 01.074.6403) and Fe3O4 (PDF: 00-026-1136) due to
Fe and Co (Allaedini et al., 2015; Gill et al., 2019). In the MEAS produced by powder metallurgy, the
peaks belonging to the FeO (PDF: 00-006-0615) phase and the C (graphite) (PDF: 00-056-0159)
phase become more pronounced, and the volume of these phases increases with the increase in the
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amount of graphene reinforcement. This result is also consistent with the EDS analysis in Figure 3.
While the C peak is not present in the productions made with the melt casting method, its presence
in the productions made with powder metallurgy can be attributed to the insufficient sintering
temperature or time. The increase in the peaks of oxide phases in production by powder metallurgy
method is due to insufficient protective gas environment or temperature (Tan et al., 2021).

Figure 5 shows the graph of microhardness values of MEA alloys.
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Figure 5. Microhardness of MEAs

The microhardness values of the graphene unreinforced alloys (MC-0 and PM-0) were
measured as 264 HVo.0s5 - 270 HVo.05. 2% and 4% graphene reinforced alloys (MC-2, MC-4, PM-2
and PM-4) MEAs produced by MC and PM methods were measured as 289 HVo.05 - 274 HV 05 and
314 HVo05 - 258 HVo 05, respectively. In literature studies on FeCo alloys, it has been recorded that
hardness values are evaluated between 235 HV and 314 HV (Albaaji et al., 2017; Mani et al., 2014).
It has been recorded in the literature that graphene reinforcement to different alloys causes an increase
in properties such as hardness, density, corrosion and wear resistance of the alloys (Liang et al., 2025;
Zhang et al., 2022). In samples produced with the melt casting method, microhardness values also
increase with the increase in the reinforcement ratio. It is thought that this situation is due to the more
homogeneous distribution of the carbon element in the alloy system by using the melt casting method.
On the other hand, in the samples produced with the powder metallurgy method, although the
hardness values were close to each other, there was no stable change depending on the reinforcement
ratio. As can be seen in the SEM images of the samples produced with powder metallurgy (Figure 3),
there are cracks in the samples with graphene reinforcement and their distribution is irregular. The
instability of the measurement values may be due to phase differences at the points where the hardness
values are measured and discontinuities such as porosity, precipitation and cracks.

3.1 Characterization of Boride Layers
Figure 6 shows the SEM microstructure images of the boride layers of unreinforced, 2% and
4% graphene reinforced FeCo alloy produced by melt casting and powder metallurgy methods, which
were boronized at 1073 K for 2 hours, and Figure 7 shows the graph of boride layer thicknesses.
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When the boride layer structures of MEAs produced by melt casting and powder metallurgy
methods are examined, it is seen that no transition region is formed and the boride layers are columnar
and have a sawtooth appearance.
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Figure 7. Boride layer thicknesses of unreinforced, 2% and 4% graphene reinforced MEAs
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In the boriding of unreinforced, 2% and 4% graphene reinforced FeCo alloy produced using
melt casting and powder metallurgy methods at 1073 K for 2 hours, the boride layer thicknesses were
obtained as 30 um - 34 pm, 22 um - 28 pum and 24 pm - 23 pm, respectively. The formation of a
thicker boride layer in unreinforced alloys is thought to be due to the absence of graphene
reinforcement in these alloys and the interstitial atom behavior of boron atoms allowing them to
diffuse to longer distances without any carbon element barrier.

When the microstructure images in Figure 6 is evaluated together with the boride layer
thicknesses in Figure 7; it is seen that the boride layer thicknesses decrease as the amount of graphene
reinforcement increases. It can be thought that as the amount of the element in the alloy increases,
the boron element strengthens the diffusion to enter deeper distances. (Gao et al., 2022; Mertgeng and
Kayali, 2022). Again, as the amount and ratio of alloying elements increase, the cracks in the boride
layer increase, their lengths tend to extend, and fractures occur in the boride layer. This is due to the
different thermal expansion properties of the alloy elements with different properties in the system
(Cengiz, 2021).

Figure 8 shows the XRD pattern analysis taken from the boride layer surface of unreinforced,
2% and 4% graphene reinforced MEAs produced by melt casting and powder metallurgy methods,
after boronizing at 1073 K for 2 hours.
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Figure 8. XRD pattern analysis of boride layer of MEAs a) Melt casting, b) Powder Metallurgy method

According to the XRD pattern analyses there are peaks belonging to the FeB (PDF: 03-065-
2599), Fe;B (PDF: 01-072-1301), CoB (PDF: 03-065-2596) phases in the main peaks of the boride
layers (Alkan, 2023). While there are also low amounts of Co.B (PDF: 03-065-2962) phase peaks in
MEAs produced by the casting method, peaks belonging to this phase cannot be found in MEAS
produced by the PM method. In addition, in the boronization of alloys produced by PM, the Fe;B
phase decreases in volume as the reinforcement ratio increases compared to the alloy without
graphene reinforcement. In the microstructure images of the coated MEAs (Figure 6, Figure 7), it can
be seen that the coating layers of the samples produced by PM are composed of similar phases
compared to those produced by the casting method. This supports the absence of the Co2B phase in
the samples produced by powder metallurgy and the decrease in volume of the Fe2B phase. On the
other hand, cobalt and iron, which are the main elements that make up MEA, have very close atomic
radii (rco = 0.125 nm, rre = 0.126 nm). Therefore, they have a high solid solution degree with each
other in iron and cobalt alloys (Wang et al., 2021) and it is very difficult to separate the two elements
from each other in these systems.

349



Kiigiikelci, N. N., Mertgeng, E., Kara, R. JournalMM (2024), 5(2) 341-353

Figure 9 shows the graph of microhardness values taken from the surface towards the matrix of
unreinforced and graphene reinforced MEAs with different ratios produced by melt casting and
powder metallurgy methods, after boronizing at 1073 K for 2 hours.
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Figure 9. Microhardness graph of boride layers of MEASs

When Figure 9 is examined, the borided surface hardness of the MC-0, MC-2 and MC-4 alloys
produced by the casting method were measured as 1922 HVo0s5, 2018 HVo.0s and 1956 HVo s,
respectively, and the surface hardness of the PM-0, PM-2 and PM-4 alloys produced by the powder
metallurgy method were measured as 2124 HVo.0s, 2086 HVo.0s and 2040 HVo 05, respectively. In the
literature, it has been recorded that in previous studies conducted on the surfaces of different materials
by pack boronizing, the hardness of the FeB phase obtained is around 2350 HV (Kulka et al., 2017),
the hardness of the CoB phase is between 2200 HV and 2753 HV (Campos-Silva et al., 2013;
Rodriguez-Castro et al., 2015), the hardness of the Fe;B phase is between 1748 HV and 1866 HV
(Kulka et al., 2017), and the hardness of the Co.B phase is around 1835 HV (Campos-Silva et al.,
2013). So, in the present study, the measured boride layer surface hardnesses are compatible with the
literature.

4. CONCLUSION

The results obtained in the investigation of the production of FeCo alloys produced without
reinforcement, with 2% and 4% graphene reinforcement by melt casting and powder metallurgy
methods and their boronization at 1073 K for 2 hours using the pack boronizing method are given
below;

e While the microstructures of the alloy produced with the PM method graphene
unreinforcement (PM-0) consist of a single phase, it was observed that the microstructure of
the alloy produced with the MC method graphene unreinforcement (MC-0) consists of a
double phase. With the increase in the graphene reinforcement ratio, the tendency for dentritic
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structure in MEASs produced by the melt casting method increases, while cracks and porosities
increase in MEASs produced by the powder metallurgy method.

e Peaks belonging to CoFe, CoFe20O4 and Fe3O4 phases were detected in alloys produced by the
melt casting method, while peaks belonging to CoFe, CoFe204, Fe304, FeO and C phases
were detected in alloys produced by the powder metallurgy method.

e The microhardness of unreinforced and graphene reinforced MEASs varies between 264 HV o5
and 314 HVy os.

e The boride layers of MEASs produced by both methods and boronized at 1073 K for 2 hours
are columnar and have a sawtooth appearance.

e The boride layer thicknesses of the MEAs produced by the melt casting method and boronized
were 30 um in the unreinforced alloy, 22 pm in the 2% graphene reinforced alloy, and 24 pm
in the 4% graphene reinforced alloy. The boride layer thicknesses of the MEAs produced by
the powder metallurgy method were 34 pm in the unreinforced alloy, 28 pum in the 2%
graphene reinforced alloy, and 23 pm in the 4% graphene reinforced alloy.

e Peaks belonging to FeB, Fe:B, CoB and Co.B phases were detected on the boride layer
surfaces of MEAs produced by the melt casting method, and peaks belonging to FeB, Fe.B
and CoB phases were detected on the boride layers of MEAs produced by the powder
metallurgy method.

e The boride layer hardnesses of the reinforced and graphene reinforced MEAs ranged between
1922 HVo.05 and 2086 HVo.05, and the surface hardnesses of the boronized alloys produced by
both methods increased by 8 to 10 times.
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OZET: Kamyon, tir vb. agir hizmet araglarinda siiriis konforunu artirmak ve motor bélgesinde ortaya
cikan ses ve yilksek sicakligin kabin icerisine gegigini engellemek amaciyla, kompozit yapilar
kullanilmaktadir. Bu ¢aligmada, kamyon, tir vb. gibi agir hizmet araglarinda, motor bolgesinde ortaya
cikan ses ve yiiksek sicakligin ortamlar arasi gecisini engelleyip, kabin i¢i siiriis konforu saglamak
iizere, ses ve darbe izolasyonu saglamakla gorevli alt ve iist katmanda fenolik kege, akustik ve termal
dayanimi arttirmakla gorevli ara katmanda aerojel, seramik kumas, cam kumas ve kombinasyonlari
kullanilarak diiz kalipta, 185 °C sicaklikta ve 170 bar basing altinda hibrit kompozit yapilar
olusturulmus ve bu yapilarin empedans tiiplinde ses yutum katsayilari, 1s1l iletkenlik 6l¢iim cihazinda
1s1l iletkenlik katsayilari Olgtlilerek birbiriyle karsilastirilmistir. Akustik performans test sonuglari
incelendiginde, genis frekans araliginda kararl bir ses yutum performansi gosteren hibrit kompozit
yapinin 1s1 Uireten yapiya bakacak yonde iki kaplama telas1 arasi fenolik kege, cam kumas, toz formda
aerojel ve fenolik kece iceren malzeme kompozisyonu 5 oldugu tespit edilmistir. Termal izolasyon
performansi en yliksek hibrit kompozit yapinin ise sirayla, iki kaplama telas: aras1 fenolik kege, t0z
formda aerojel ve fenolik kece iceren malzeme kompozisyonu 3 ve iki kaplama telas1 aras1 fenolik
kece, cam kumas, toz formda aerojel ve fenolik kege igeren malzeme kompozisyonu 5 oldugu tespit
edilmistir. Elde edilen veriler goz Oniine alindiginda hem akustik hem de termal izolasyon
performansini bir arada sunabilecek kompozit yap1 malzeme kompozisyonu 5 ile saglanmistir.
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Investigation of Thermal and Acoustic Performance of Hybrid Composites Developed to be
Used in Cabin Insulation of Heavy-Duty Vehicles

ABSTRACT: Composite structures are used in heavy-duty vehicles, such as trucks and lorries, to
improve driving comfort by reducing noise and heat transmission from the engine compartment into
the passenger area. This study develops such structures using phenolic felt in the upper and lower
layers for sound and impact insulation, with aerogel, ceramic fabric, and glass fabric in the
intermediate layer to enhance acoustic and thermal resistance. The composite structures were
fabricated using a flat mold at 185 °C and 170 bar pressure, employing glass fabric and various
combinations of materials. Their sound absorption coefficients were measured with an impedance
tube, and thermal conductivity coefficients were determined using a thermal conductivity meter. The
results were then compared for performance evaluation. The results showed that hybrid composite
structure 5, which included phenolic felt, glass fabric, aerogel powder, and phenolic felt between two
coating interlinings, achieved stable sound absorption across a wide frequency range. Additionally,
structure 3, made with phenolic felt and aerogel powder, offered the best thermal insulation. Structure
5 was also identified as a promising option for providing both acoustic and thermal insulation
benefits. Overall, the study demonstrates that composite structures can effectively enhance both
acoustic and thermal insulation in heavy-duty vehicles, contributing to improve in-cabin comfort.

Keywords: Thermal conductivity, Acoustic, Composite, Insulation material, Aerogel

1. GIRIS

Diinya genelindeki agir CO2 emisyon yonetmeliklerinden kaynakli, otomotiv endiistrisinde
onemli dl¢tide agrilik azaltilmasi ihtiyaci olusmaktadir (European Environment Agency, 2018). Arag
agirhigindaki %10’luk bir azalmanin yakit ekonomisinde %6-8 oraninda iyilesme sagladigi da
goriilmiistiir (Kazan, 2019). Son zamanlarda, gelisen teknoloji ve teknik ile ara¢ performansini ve
yakit verimliligini arttirirken, yayilan emisyonu en aza indirmek, arag¢ i¢i kabinlerde giiriiltii ve 1s1
izolasyonu saglayarak siirlici ve yolcularin i¢ mekan konforunu arttirip, siirlis deneyimini
iyilestirmek gibi pek ¢ok hedefe, diisiik {iretim maliyetleriyle ulasmay1 saglayacak arastirma
gelistirme faaliyetlerine agirlik verilmistir (Ahmed, 2023; Keskin, 2023). Bu calismalar
dogrultusunda, amaca uygun ozellikleri barindiran, birden fazla malzemenin bir araya getirilmesiyle
elde edilen kompozit malzemelerin kullanimi da hizla yayginlagmistir.

Kompozit malzemeler, makroskobik diizeyde bir araya getirilmis ve birbiri i¢inde ¢dziinmeyen
iki veya daha fazla bilesenden olusan yap1 malzemeleridir (Kaw, 2005). Kompozit malzemeler,
bilesenlerde tek basina olmayan mukavemet, hafiflik, estetik, termal dayanim ve akustik performans
gibi 6zelliklerin gelistirilmesi ve bir araya getirilmesi amaciyla elde edilmektedir (Danyildiz, 2023).
Kompozit malzemelerin otomotiv endiistrisinde kullanimi ise, araglarin tasariminda kolaylik
saglamasi, cevreci olmasi ile 80 yillik bir gegmise dayanmaktadir (Agirgan, 2024). Ayn1 kompozit
yapida iki ya da daha fazla takviye elemani ¢esidinin bulundugu kompozitlere ise hibrid kompozitler
denilmektedir (Goz, 2016). Hibrit kompozitlerin, tek malzemeli kompozitlere oranla daha iyi 6zellik
kombinasyonu sundugundan yeni tip kompozitlerin gelistirilmesine en uygun kompozit sinifi oldugu
diisiiniilmektedir. Ancak, kullanilacak olan kompozit malzemenin kalinhigiyla ilgili belirli
sinirlamalar bulunmaktadir. Buna ek olarak, aracin hiz1 ve siiriis kosullariyla degiskenlik gdsteren
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giiriiltii miktar1 kontroliiniin de kalinlig1 azaltilmig hafif malzemeler ile etkin bir sekilde saglanmasi
gerekmektedir. (Nayak ve Padhye, 2016).

Gelisen teknoloji ile iiretimi ve kullanim1 yayginlasan elektrikli araglarda, tahrik sistemi olarak
kullanilan elektrik motorlari, fosil yakitla ¢calisan giiniimiiz araglarindaki i¢ten yanmali motorlara gore
farkli termal ve akustik izolasyon ihtiyaglarina sahiptir. I¢ten yanmali motorlarda, giiriiltii frekans
dagilimi diisiik frekanslarda (100-1500 Hz) yogunlasirken; elektrik motorlarinda bu yogunlagma
yiiksek frekans bandinda (1250-6000 Hz) gerceklesmektedir. Akustik banttaki bu degisim, elektrikli
araclarda bambagka akustik izolasyon ihtiyaglarini da beraberinde getirmektedir (Karabulut, 2022).
Akustik performansi iyilestirmeye yonelik olarak literatiirde yapilan bir calismada, ara¢ kabinlerinde
gliriiltii seviyesini azaltmak tizere, 0zellikle 2000-6300 Hz araliginda ses yutum katsayisi (o) 1
degerine yakin olan, distan ice dogru iki kaplama telas1 arasinda PP/GF, PE film, tas ylinii i¢eren bir
kompozit sandvi¢ yapi ortaya koyulmustur (Aydin ve ark., 2024). Elektrikli araclarda (EV),
bataryalarin konumlandirildig1 batarya muhafazalarinda, termal ve mekanik &zelliklerin yani sira
hafiflik saglamak iizere, aliiminyuma alternatif olarak polimer kompozit malzemelerin kullanilmasina
yonelik calismalar da bulunmaktadir (Cebe ve Irez, 2024). Elektrikli ara¢ (EV) batarya
muhafazalarinda kullanilmak tizere, hem elektromanyetik girisim (EMI) koruma hem de termal
yalitim saglama kapasitesine sahip yeni bir sandvi¢ yapinin gelistirildigi ¢alismada, yazarlar karbon
fiber takviyeli kompozit malzeme iizerine odaklanmiglardir. Calisma sonucunda, dnerilen kompozit
malzemenin dis katmanlarinda karbon fiber takviyeli kompozit, ara katmanlarda ise bakir kaph
polyester, melamin kopiik ve grafit parcaciklari ile zenginlestirilmis re¢ine bulunmaktadir (Hu ve
ark., 2024).

Termal ve ses izolasyonu saglamak amaciyla diisiik termal iletkenlige sahip olan, poliliretan
kopiik, kece, mineral katkilt malzemeler ve elyaflarla takviye edilmis polimer malzemeler tek bagina
veya farkli kombinasyonlarda yaygin olarak kullanilmaktadir. Bu malzemelere ek olarak, havadan
bile daha diisiik 1s1 iletim katsayis1 degerine sahip olan aerojeller, bu 6zelligi nedeniyle 1s1 yalitim
malzemesi olarak ¢ok iyi bir alternatif olusturmakta ve birgok alanda basariyla kullanilmaktadir (Caps
ve Fricke, 2004). 21. yiizyilin en ilgi ¢ekici malzemelerinden biri olarak kabul edilen aerojeller,
inorganik (metal ve metal oksitler), organik (sentetik polimerler ve biyopolimerler) ve hibrid
(organik—inorganik) malzemeler olmak iizere temel olarak ii¢ ana kategoriye ayrilmaktadir (Meti ve
ark., 2023). Inorganik aerojeller, genellikle metal oksitlerden ve diger inorganik malzemelerden zel
bir siirecle tiiretilen malzemeler olarak tanimlanirken (Aegerter ve ark., 2022), organik aerojeller,
genellikle polimerlerin stiperkritik kurutma yontemiyle aerojel formuna doniistiiriilmesiyle elde
edilen 6zel malzemelerdir. Organik aerojellerin belirgin 6zellikleri, diisiik yogunluk ve esnek yapiya
sahip olmasidir (Mazraeh-shahi ve ark., 2015). Hibrit aerojeller ise, inorganik ve organik bilesenlerin
entegre edilmesiyle olusturulan 6zel malzemelerdir (Zuo vd., 2015).

Termal ve akustik yalitim agisindan yiiksek performans gosteren goézenekli ve hafif yapilara
sahip olan aerojellerin kompozit malzemeler ile birlikte kullanilmasina yonelik literatiirde ¢esitli
caligmalar yer almaktadir (Karabulut, 2022; Giindogdu, 2023). Cam lifi/ silika aerojel ve cam lifi/
karbon lifi/ silika aerojel kompozit yapilarin 1s1 yalitim performanslarinin karsilagtirildigr calismada,
sandvi¢ termal yalitim battaniyesi olarak olusturulan silika aerojel/ cam lifi/ karbon lifi kompozit
yapisinin, cam lifi/ silika aerojel kompozit yapisina gore daha iyi egilme mukavemeti ve daha diistik
termal iletkenlik gosterdigi belirlenmistir (Hung ve ark., 2020). Ist yalitimi saglamak tizere, silika-
elyaf kecgeleri ve silika-aerojel ¢ekirdek tabakasindan katmanli bir sandvi¢ yapilarin olusturuldugu
calismada, elde edilen bu yapinin, otomotiv katalitik konverterleri i¢in termal genlesme mati olarak
kullanilacag1 varsayilmistir. S6z konusu ¢alisma, iki farkli hazirlama siirecini ve karsilastirilmasini
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icermektedir. Sunulan karakterizasyon analizleri, 1s1 radyasyonunu dnlemek i¢in SiC pargaciklarinin
aerojel cekirdek tabakasina ve 1sitilmis ylizeye yakin konumlandirildig: yapilarda daha iyi sonug elde
edilecegini gostermistir (Kawaoka ve ark., 2020). Bir diger calismada, silika aerojel, poliliretan
aerojel, poliimid aerojel, silika-poliimid hibrit aerojel, silika-politiretan hibrit aerojel, poliimid-
poliiiretan hibrit aerojel ve silika-poliimid-poliiiretan hibrit acrojellerin sentezleri gergeklestirilmis ve
bu aerojellerin toz/ pargacik formda farkli sekillerde otomotiv trim malzemelerine aktarimi
saglanmistir. Elde edilen yeni aerojel katkili kege malzemelerin, termal ve akustik 6zellikleri hem
birbiri ile hem de aerojel icermeyen katmanli kege malzemeler ile karsilastirilmistir. Yapilan bu
caligma ile gozenekliligin, literatiirdeki verilerle uyumlu olarak termal ve akustik 6zellikleri arttiric
sonuclar1 gozlemlenmistir (Karabulut, 2022).

Bu calismada, literatiirdeki calismalardan farkli olarak kamyon, tir vb. agir hizmet araglarinda,
stirlis konforunu artirmak ve motor bdlgesinde ortaya ¢ikan ses ve yiiksek sicakligin kabin igerisine
gecisini engelleyen kompozit sandvi¢ plaka elde edilmesine yonelik, ses ve darbe izolasyonu
saglamakla gorevli alt ve iist katmanda fenolik kege, akustik ve termal dayanimi arttirmakla gorevli
ara katmanda aerojel, seramik kumas, cam kumas ve kombinasyonlar1 kullanilarak hibrit kompozit
yapilarin olusturulmasi iizerine ¢aligmalar gerceklestirilmistir. Bahsedilen yapilarin olusturulmasinda
kullanilan malzeme kombinasyonlari, benzer izolasyon malzemelerinin test sartnameleri, maliyet,
akustik ve termal izolasyon ihtiyag¢lar1 dikkate alinmistir. Belirlenen malzemelerin diiz bir kalipta
preslenmesiyle sandvi¢ plaka numuneleri elde edilmistir. Uretilen numunelerin, termal ve akustik
performanslari, 1s1l iletkenlik ve empedans tiipii testleriyle degerlendirilmis ve hedefe yonelik en iyi
performans1 gosteren malzeme kompozisyonu secilmistir. Bu ¢alismanin amaci, akustik
performanstan 6diin vermeden 6zellikle kamyon, tir gibi agir hizmet araglarinin motor bosluk
bolgelerinde olusan yiiksek 1smin kabin igerisine transferini engelleyen ve bu sayede kabin ici
iklimlendirmeden kaynakli enerji ve yakit sarfiyatim azaltirken ara¢ agirhigina olumsuz etki
yaratmayan bir kompozit yapinin ortaya koyulmasidir.

2. MATERYAL VE YONTEM

2.1 Malzeme Kompozisyonunun Gelistirilmesi

Bu calismada, kamyon, tir vb. agir hizmet araglarinda siiriis konforunu artirmak ve motor
bolgesinde ortaya ¢ikan ses ve yiiksek sicakligin kabin igerisine gegisini engellemek amaciyla, hibrit
kompozit plaka elde edilmesine yonelik Cizelge 1°de verilen malzeme kombinasyonlar1 {izerine
caligmalar gerceklestirilmistir. Malzeme kombinasyonlari, benzer izolasyon malzemelerinin test
sartnameleri, maliyet, akustik ve termal izolasyon ihtiyaglar1 dikkate alinarak belirlenmistir.
Belirlenen malzemeler diiz bir kalipta preslenerek hibrit kompozit plakalar elde edilmistir. Uretilen
numunelerin termal ve akustik performanslari, 1sil iletkenlik ve empedans tiipii testleriyle
degerlendirilmis ve hedefe yonelik en iyi performansi gdsteren malzeme kompozisyonu secilmistir.
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Cizelge 1. Malzeme kompozisyonlari (MK)
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icerik
. . %30.
%4.89 %30.08 Fenolik  9%30.08 Seramik 630 98 %4.89
MK 1 Fenolik
Tela Kege Kumas Tela
Kece
%33.
%5.51 %33.90 Fenolik %21.19 633 90 %5.51
MK 2 Fenolik
Tela Kege Cam Kumas Tela
Kege
0
%6.64 % 40.86 Fenolik %5 o 40'2.36 %6.64
MK 3 ) Fenolik
Tela Kege Aerojel Tela
Kece
MK 4 %4.84 %29.77 Fenolik  %29.77 Seramik %1 Aeroiel 9%29.77 Fenolik %4.84
Tela Kege Kumas . Kege Tela
MK 5 %5.45 %33.56 Fenolik %20.97 %1 Aeroiel %33.56 Fenolik %5.45
Tela Kege Cam kumas ° . Kege Tela

Motor bolgesinde konumlanan pargalar su ve yag ile temas halindedir. Bu nedenle en dis
katmanda, su ve yag itici 6zellikli, kolay deforme olmayan bir kaplama malzemesi olan tela kullanim1
ve bununla birlikte 6zellikle akustik performansi yiiksek ve diger kegelere oranla maliyet avantaji
saglamasi sebebiyle ana bilesen olarak fenolik kege kullanimi kararlastirilmistir. Ara katmanda ise
akustik ve termal izolasyonu desteklemesi adina, 1siya dayanikli kumaglar ve aerojel malzeme
kombinasyonlari eklenmistir.

2.2 Prototip Uriinlerin Hazirlanmasi

Tiim prototip iiriinlerde {ist ve alt katmanda tela & fenolik kege yapisi sandvi¢ olusturabilmek
amaciyla sabit olarak kullanilmistir. Sekil 1°de gosterilen bu yapi, akustik performans ve termal
yalitim ozellikleri agisindan, agir hizmet araclarinin bulundugu zorlu kosullarda ¢alisan sistemlerin
gereksinimlerini karsilamak i¢in ideal kombinasyondur. Fenolik kege, termoset bir malzemedir.
Iceriginde bulunan fenol formaldehit reine, malzemenin yiiksek 1silara dayanikli olmasini saglarken,
kecenin gozenekli yapist akustik performansin artmasini saglamaktadir. Kullanilan kaplama telasi
ise, yaptya mekanik dayanim ve esneklik kazandirmakta ve bu sayede, yapisal stabilite saglayarak
deformasyonu Onlemektedir. Ayn1 zamanda hafif bir malzeme olmasi1 sebebiyle de toplam agirlig1
arttirmamaktadir. Kullanilan kaplama telasi, piyasada PANOX® ticari ismi ile bilinen, %50 karbon
icerikli NW kumagtan mamul olup, yogunlugu 130 kg/m*tiir. Fenolik kege ise, %60 oraninda
polyester & pamuk karigimindan olusan elyaf ve %40 oraninda fenol formaldehit recine icermektedir.
800 kg/m® yogunluga sahiptir. Ara katman olarak, MK 1°de 800 gr/m? seramik kumas, MK 2’ de
500 gr/m? cam kumas kullanilmis olup, MK 3’te Omer Liitfii Ozgiil Kimyevi Maddeler firmasindan
tedarik edilen, Cizelge 2’de teknik 6zellikleri verilen ve OSIL SUPER S220 ticari ismiyle bilinen
hidrofilik ve amorf yapida iiretilen silika bazli aerojel malzeme kullanilmis olup, kompozit yapinin
toplam agirliginin %5°1 oraninda katkilandirilmistir. Aerojel malzeme, genis yiizey alani, diisiik
yogunluk, nano gozenekli yapi, yiiksek saflikta SiO: igerigi, yiiksek su absorpsiyon kapasitesi ve notr
pH ile istiin termal ve akustik yalitim Ozellikleri ile 6n plana ¢ikmaktadir. Seramik kumas,
aliminyum oksit ve silisyum dioksit bazli seramik liflerden tiretilmis, yliksek performansa sahip bir
tekstil malzemesidir. Yiiksek sicakliklarda yapisal biitiinliigli bozulmamakta ve termal bir bariyer
gorevi gormektedir. Cam kumas, S-cam liflerinden dokunan, hafif ve yiiksek mukavemetli bir tekstil
malzemesidir. Yiiksek sicakliklarda yapisal ozelliklerini koruyabilmekte ve zorlu ortamlara
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dayaniklilik gostermektedir. MK 4 ve MK 5 ‘de sirayla seramik kumas-aerojel, cam kumas-aerojel
kombinasyonlar1 uygulanmistir. Aerojel katkis1 kompozit yapinin agirlikga %1°1 olacak sekilde
kullantlmistir.

Cizelge 2. OSIL SUPER 5220 teknik 6zellikleri

Ozellik Test metodu Deger Birim
Goriiniim - Beyaz, ince kokusuz toz -
Spesifik yiizey alani BET 220+30 m?/g
Gozenek boyutu BJH 3-5 nm
SiO; igerigi 1SO 3262/19 98.64 %
Na;S04, ¢oziinmils tuz icerigi ISO 787/13 1.36 %
Yogunluk ISO 787/11 92 g/l
Kurutmada kiitle kayb1 ISO 787-2 4.38 %
pH degeri 50 g/l ISO 787-9 6.87 -
Su absorplama kapasitesi W;-QCP-03 262 %
Partikiil boyutu (Dv50) ISO 13320-1 13.11 um

Cizelge 1°de verilen malzemeler, 1 x 1 m ebatlarinda kesilerek, iist {iste olacak sekilde dizilmis
ve Sekil 1°de gosterilen katmanli bir yap1 olusturulmustur.

Tela

Fenolik Kece
Ara Katman
Fenolik Kece
Tela

Sekil 1. Malzeme kompozisyonu katmanlari

Ardindan diiz yiizeye sahip bir kalip kullanilarak (Sekil 2), 185 °C sicaklikta ve 170 bar basing
altinda 120 saniye preslenerek, sandvi¢ panel formunda prototip iiriin liretimleri gerceklestirilmistir.

Sekil 2. Pres ve kalip gorseli
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Makine parametreleri belirlenirken, kompozisyonun ana yapisini olusturan fenolik kecenin
kiirleserek sert bir form almasi i¢in gerekli degerler dikkate alinmistir. Fenolik kege igerisinde
bulunan fenol formaldehit reginenin kiirleserek termoset bir hal almasi i¢in minimum 170 °C sicaklik
kullanilmas1 gerekmektedir. Bununla birlikte, 185 °C sicaklik, reaksiyonu hizlandirarak kiirlesme
siirecinin daha kararli bir yapida olmasini saglamaktadir. Daha diisiik sicakliklar, kiirlesme siiresini
uzatarak bag yapisinin zayiflamasina neden olabilmektedir. Daha yiiksek sicakliklar ise, re¢inenin
yanmasina sebep olarak, iiriinlin mekanik ve termal 6zelliklerini olumsuz etkilemektedir. 170 bar
basing ve 120 saniye presleme siiresi, sandvi¢ yapida bulunan katmanlarin, homojen birlesmesini ve
aralarinda kuvvetli bir bag olusmasin1 saglamaktadir. Yeterli basing uygulanmadigi takdirde,
katmanlar arasinda istenen birlesme saglanamamaktadir. Bu durumda yapisal biitiinligi
bozmaktadir. Daha yiiksek basing degerleri ise, malzemede deformasyona neden olabilmektedir.
Calisma kapsaminda, benzer malzemelerin {iretimine yonelik daha once yapilmis ¢alismalar temel
aliarak, en uygun makine parametreler belirlenmistir.

Kompozit malzemelerin {iretiminde, numune kalinliginin sabit tutulmasi, performans
ozelliklerinin karsilastirilabilmesi ve deneysel sonuglarin giivenilirligi acisindan kritik 6neme
sahiptir. Otomotiv sektdriinde, termal ve akustik izolasyon amaciyla iiretilen sandvi¢ paneller
genellikle 0.025 m kalinliginda {iretilmektedir. Bu kalinlik, hafiflik ve performans beklentileri
acisindan ideal bir se¢cimdir. Tiim numunelerin 0.025 m kalinlikta olmasi i¢in, presleme esnasinda
farkl1 kalinliklarda stoperler kullanilmistir. Stoper, kalipta sikistirmayr simirlayan fiziksel
bariyerlerdir.

2.3 Empedans Tiipii Ol¢iimleri

Ses yutum katsayisinin dl¢limlerinde kullanilan yaygin yontemlerden biri, empedans tiipiinde
gerceklestirilen ses siddeti dl¢limleridir. Ses yutum katsayisi, emilen dalganin kaynaktan gelen
dalgaya orani olarak tanimlanmaktadir (Aydin, 2008). Empedans tiipii icerisine yerlestirilen, 0.03 m
ve 0.1 m boyutlarindaki numunenin ses yutum katsayisi ve ses iletim kaybi degerleri, numune {izerine
yerlestirilen mikrofonlar araciligiyla dl¢iilmektedir (Dogru, 2020).

Ses yutum katsayisi (a), gelen ses dalgasi enerjisi ile yansiyan ses dalgasi enerjisi arasindaki
farkin oran1 olup, genellikle asagidaki formiille hesaplanmaktadir.

a=1-|r}=1-1r2—-1? (1)

Formiilde “’r’’ yansima katsayisini ifade etmektedir. Yansima katsayisi, ses dalgalarinin
malzeme ylizeyinde ne kadarinin yansidigini géstermekte ve empedans tiipiinde yapilan hassas basing
olgiimleri ile belirlenmektedir. Olgiimlerde, ses basinci, yansima katsayisi, ses yutum giicii ve farkli
frekanslardaki dalgalarin 6zellikleri dikkate alinmaktadir. Genellikle, malzemenin ses yutum
davranig1 genis bir frekans araliginda incelenerek degerlendirilmektedir. Bu yontem sayesinde,
malzemenin akustik performansi, Ozellikle giriiltii kontrolii ve akustik tasarim alanlarinda
kullanilabilecek sekilde analiz edilmektedir (Batmaz ve Aydin, 2013).

Test islemi, TS EN ISO 10534-2 standardina uygun olarak Formfleks Ar-Ge laboratuvarinda
gerceklestirilmistir. Bu test yontemi, ses yutucu malzemelerin ses yutum katsayisinin belirlenmesi
icin bir empedans tiipii (Sekil 3), iki mikrofon ve bir frekans analiz sisteminin kullanimini
kapsamaktadir. TS EN ISO 10534-2 standardina gore, transfer-fonksiyon yontemi ile malzemenin
ses yutma katsayis1 belirlenmektedir. Bu test, malzemenin yiizeyine gdnderilen ve geri yansiyan ses
dalgalarinin analiziyle gerceklestirilmistir.

359



Arslan Atmaca, S., Iskender, O., Seving, T. JournalMM (2024), 5(2) 354-368

Sekil 3. Empedans tiipii

Test edilecek malzemelere ait numuneler, Sekil 4’te gosterildigi iizere, tiipiin capina uygun
olacak sekilde 0.03 m ve 0.1 m boyutlarinda kesim presinde hazirlanmaktadir. Empedans tiipii
icerisinde herhangi bir kir olup olmadig1 ve mikrofon giris noktalarinin temizligi kontrol edilmekte
ve kullanilacak mikrofonlarin kalibrasyonlar1 yapilmaktadir. Akabinde, kullanilan yazilim ve sistem
baglantilar1 kontrol edilmektedir. Laboratuvar ortami, 23 °C sicaklik ve %45 bagil neme sahip olacak
sekilde sartlandirilmaktadir. Test esnasinda dis ortamdan gelen giiriiltii minimum seviyede olacak
sekilde ortam izole edilmektedir.

Test malzemesi, tiipiin u¢ kismina yerlestirilip, sizdirmazlik saglanmaktadir. Hoparlor
aracilifiyla tiip igerisine 200 Hz ila 6300 Hz arasinda degisen frekanslarda ses dalgalarn
gonderilmektedir. Bu kisimda, sinyal tipi olarak beyaz giiriiltii ve pembe giiriiltii kullanilmaktadir.
Tiip tizerinde farkli noktalara yerlestirilmis mikrofonlar tiip boyunca ilerleyen ve numuneden
yanstyan ses dalgalarini 6lgmektedir.

Sekil 4. 0.03 m ve 0.1 m empedans tiipii numuneleri
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2.4 Isil iletkenlik Ol¢iimleri

Is1 iletkenlik Katsayis1 A (W/m.K), bir malzemenin fiziksel ve kimyasal yapisina bagl olarak o
malzemenin 1s1y1 ne kadar ilettiginin ifadesidir. Is1 iletimi, bir kat1 malzeme veya durgun akiskan
icindeki sicak bir bolgeden daha soguk bir bolgeye dogru 1sinin gegisi olarak tanimlanmaktadir. Bir
kat1 cisim i¢inde sicaklik farklar1 varsa, yiiksek sicaklik bolgesinden diisiik sicaklik bolgesine iletim
yoluyla aktarilmaktadir. (Variyenli ve Arslan, 2017).

Uretilen tiim numunelerin 1s1] iletkenlik testleri, Sekil 5’te gosterilen TA Instruments markali,
Lasercomp Fox 314 modeli cihazda, TS ISO 8301 standardina uygun olarak ger¢eklestirilmistir. Bu
standart diiz levha halindeki deney parcalarinda, kararli 1s1 aktarimini 6lgmek igin 1s1 akis sayacinin
kullanilmasini1 ve deney parcalarinin 1s1 aktarim 6zelliklerinin hesaplanmasin1 kapsamaktadir. Isil
iletkenlik 6l¢iim cihazi, iki plaka arasina yerlestirilen numune boyunca bir sicaklik farki olusturarak
1s1l iletkenligi 6lgmektedir. Plakalara yerlestirilen hassas termokupllar, numune yiizeyindeki sicaklik
ve 1s1 akisin1 dogru bir sekilde algilanmaktadir.

Test numuneleri, 0.3 X 0.3 x 0.025 m ebatlarinda hazirlanmaktadir. Test cihazinda alt plaka
sicaklign 10 °C, st plaka sicakligi 30 °C olarak ayarlanmakta ve plakalar arasi sicaklik farki
olusturulmasi saglanmaktadir. Bu sayede, numune boyunca 1s1 akisi olusturulmaktadir. Hassas
termokupllar, numune yiizeyine yerlestirilerek 10 farkli noktadan sicaklik 6l¢iimii yapilmaktadir.
Tiim lgimlerin ortalama degeri alinarak, 1sil iletkenlik katsayisi A (W/m.K) belirlenmektedir.

Sekil 5. Isil iletkenlik 6l¢tim cihazi

3. BULGULAR VE TARTISMA

3.1 Empedans Tiipii Test Sonuclar:

Ayni proses parametreleri kullanilarak (185 °C, 170 Bar, 120 saniye) malzeme kompozisyonu
1 ile prototip numune 1, malzeme kompozisyonu 2 ile prototip numune 2, malzeme kompozisyonu 3
ile prototip numune 3, malzeme kompozisyonu 4 ile prototip numune 4 ve malzeme kompozisyonu
5 ile de prototip numune 5 elde edilmistir. Tiim prototip numunelerde, hibrit kompozit yapinin
olusturulmasinda, sesin yani sira darbe izolasyonu saglamak iizere, en alt ve en iist katmanda fenolik
kece kullanilirken, tiim yapiy1 saracak sekilde kaplama katmani olarak tela kullanilmistir. Sekil 6’da
tiim prototip numunelere ait ses yutum katsayisi-frekans grafigi, Cizelge 3’te prototip numunelere ait
ses yutum katsayilar (o) verilmistir. X ekseninde verilen frekans degerleri, sesin titresim hizini ifade
etmektedir. Bu eksende, sesin diisiik frekanslardan (200 Hz) yiiksek frekanslara (6300 Hz) kadar nasil
davrandig1 analiz edilmektedir. Y ekseninde verilen Ses yutum katsayisi, bir malzemenin ses
enerjisini ne kadar iyi emdigini gostermektedir. 0 ile 1 arasinda degigsmekte olup, 0, sesin tamamen
yansitildigini, 1 ise tamamen yutuldugunu ifade etmektedir.
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Sekil 6. Tiim prototip numunelere ait ses yutum katsayisi(o))-frekans (Hz) grafigi

Cizelge 3. Prototip numunelere ait ses yutum katsayilari (o)

Frekans [Hz] MK 1 [a] MK 2 [a] MK 3 [a] MK 4 [a] MK 5 [a]
200 0.01 0.02 0.04 0.03 0.03
250 0.03 0.04 0.08 0.07 0.06
315 0.1 0.06 0.18 0.15 0.13
400 0.23 0.13 0.3 0.25 0.25
500 0.25 0.2 0.33 0.3 0.29
630 0.24 0.24 0.33 0.33 0.32
800 0.25 0.32 0.37 0.38 0.38
1000 0.29 0.38 0.53 0.43 0.43
1250 0.35 0.42 0.47 0.55 0.57
1600 0.45 0.58 0.48 0.46 05
2000 0.54 0.6 0.5 0.42 0.48
2500 0.54 0.61 0.53 0.48 0.53
3150 0.62 0.63 0.58 0.55 0.58
4000 0.71 0.65 0.65 0.64 0.67
5000 0.81 0.71 0.76 0.75 0.78
6300 0.86 0.75 0.83 0.8 0.85

Ses yalitiminin yani sira termal dayanimi arttirmak tizere, fenolik kegeler arasina cam kumas
ve seramik kumasin konumlandirildigit MK1 ve MK2 kompozisyonlarindan iiretilen prototip
numunelerinin ses yutum performansi incelendiginde; 6zellikle 630-3150 Hz frekans araliginda, cam
kumas iceren prototip 2 numunesinin ses yutum performansinin, seramik kumas iceren prototip 1
numunesine gore daha iyi oldugu, 3150Hz frekanstan sonra ise prototip 1 numunesinin ses yutum
performansinin prototip 2 numunesine oranla iyilestigi goriilmiistiir. Diisiik frekansli sesler uzun
dalga boyuna, yiiksek frekansl sesler kisa dalga boyuna sahiptir. Cam kumasin sahip oldugu
gozenekli ve hafif yapi, 630-3150Hz frekanstaki seslerin malzeme iginde daha iyi absorbe edilmesini
saglarken yogun ve sert yapiya sahip seramik kumasin, kisa dalga boylarina sahip yiiksek frekansli
seslerde daha etkin performans sergiledigi diisiiniilmektedir (Kaya ve Dalgar, 2017).

Ses yalitim1 ve termal dayanimi arttirmak {izere, fenolik kecgeler arasina toz formda aerojel
katkilandirilarak tiretilen prototip 3 numunesinin diisiik frekanslarda, prototip 1 numunesi ve prototip
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2 numunesine oranla daha yiiksek ses yutum performansi sagladigi goriilmiistiir. Aerojeller, nano
Olcekli gozeneklere sahip ¢ok diisiik yogunluklu ve son derece gozenekli malzemelerdir.
Gozeneklerin igindeki hava, diisik frekanslhi ses dalgalarinin yayilmasinda 6nemli bir rol
oynamaktadir. Diisiik frekansli ses dalgalari, uzun dalga boylarina sahiptir ve malzemenin gozenekli
yapisinda daha uzun siire hapsolmaktadir. Aerojelin igindeki hava bosluklar1 sayesinde, ses
dalgalarinin bu goézenekler icinde defalarca yansimasini saglamaktadir. Bu siire¢ sirasinda, ses
enerjisi siirtinme ve viskoz diren¢ nedeniyle kaybolurken diisiik frekansta ses yutumu artmaktadir
(Begum ve ark., 2022). Bunun yani sira, aerojelin akustik empedansi hava ile uyum saglamaktadir.
Bu uyumluluk, sesin malzeme tarafindan sogurulmasina yardimei olmaktadir. Calismada kullanilan
aerojel, hidrofilik yapida olmasi sebebiyle nem ve suyu hapsetmektedir. Su emilimi, malzemenin
yogunlugunu artirarak agirlasmasina sebep olmaktadir. Bu da yiiksek frekanslarda ses yutumunu
olumsuz etkilemektedir. Gelecek caligmalarda, hidrofobik ozellikli aerojel katkisi ile g¢aligma
tekrarlanarak, yliksek frekanslarda ses yutum performansinin incelenebilecegi diisiintilmektedir.

Termal dayanimi arttirmak tiizere, 1s1 iireten yapiya bakacak yonde, fenolik kege ile toz formda
aerojel arasina seramik kumas konumlandirilarak prototip 4 numunesi, yine fenolik kece ile toz
formda aerojel arasina cam kumas konumlandirilarak prototip 5 numunesi elde edilmistir. Ses yutum
katsayisi-frekans grafigi incelendiginde, diisiik frekans araliginda (200- 1250Hz) benzer ozellikler
gostermistir. Yiiksek frekans araliginda (1250-6000Hz) ise prototip 5 numunesinin ses yutum
performansinda prototip 4 numunesine gore artis oldugu gozlenmektedir. Cam kumas, 6zellikle
yiiksek frekansli ses dalgalarini absorbe etmede etkili iken aerojel gozenekli yapisi ile disiik
frekanslarda yiiksek ses yutma kapasitesine sahiptir (Shao ve ark., 2024). Aerojelin goézenekli
yapisinin, ses dalgalarinin malzeme i¢inde yayilmasina ve c¢ok sayida yansimasina izin verdigi
diistintilmektedir. Ses dalgalari, aerojel katmanini gegtikten sonra cam kumasa g¢arptiginda, cam
kumasin lifli yapisi, sesin daha fazla difiize olmasini saglamaktadir. Dolayisiyla, prototip 5
numunesinde kullanilan cam kumas ve aerojel kombinasyonunun sinerjik bir etki yaratarak genis bir
frekans araliginda etkili ses yaliimi sagladigi diisiinlilmektedir. Seramik kumasglar ise, genellikle
daha sert ve yogun yapilar1 nedeniyle, yiiksek frekansli ses dalgalarini geri yansitma egilimindedir.
Seramik kumas, aerojel ile birlestiginde, malzemenin gozenek yapisi ve hava gecirgenligi azaldig
icin ses emilim performansinin diisebilecegi 6n goriilmektedir. Elde edilen ses yutum katsayisi-
frekans grafigi de bu Ongoriiylti dogrular niteliktedir. Tiim malzeme kompozisyonlar1 goz oniine
alindiginda, prototip 5’in literatiirle uyumlu olarak genis frekans aralifinda kararli bir ses yutum
performansi sergiledigi gézlenmistir. Ozetle, diisiik frekansh sesler daha uzun dalga boylarina sahip
olduklart i¢in, malzeme icinde derinlere inebilmektedir. Bu sebeple, aerojel gibi nano olgekli
gbzenekli malzemeler, bu frekans bandinda daha etkili olmaktadir. Yiiksek frekansh sesler kisa dalga
boylarma sahip olduklari icin, yiizeye yakin kisimlarda yutum gerceklesmektedir. Bu nedenle, lifli
yapilar ses dalgalarinin yayilmasini saglayarak etkili olmaktadir.

3.2 Isil fletkenlik Test Sonuclar:

Gozenekli yaprya sahip izolasyon malzemelere ait kombinasyonlarin kullanildigi hibrit
kompozitlerin 1s1l iletkenlik performanslarini incelemek iizere, her bir prototip numunenin 1s1
iletkenlik katsayis1 Slciilerek sonuglart Cizelge 4 ve Sekil 7°de verilmistir. Tela & fenolik keceden
olusan alt katman ve {ist katman arasina seramik kumas, cam kumas ve toz formda aerojelin
konumlandirilarak elde edilen prototip numune 1, 2 ve 3’iin dl¢iilen 1s1l iletkenlik katsayilar1 birbiri
ile kiyaslandiginda, termal izolasyon performansi en yiiksek numunenin aerojel katkili prototip 3
numunesi oldugu tespit edilmistir. Aerojel, diistik 1s1l iletkenlik 6zellikleri ile bilinmektedir (Alan ve
ark., 2021). Dolayisiyla en diisiik 1s1l iletkenlik katsayisina sahip numunenin, prototip 3 numunesinin
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olmasi beklenen bir sonuctur. Aerojel katkili kompozitler, gozeneklik yapilari sayesinde, -200°C ile
650°C araliginda etkin bir 1s1 yalitimi saglamaktadir (Koken ve Kanmik, 2022). Kararli yapilar
sayesinde, ani sicaklik degisimlerinden minimum seviyede etkilenmektedirler. Bu da aerojel katkilt
kompozitlerin, otomotiv, insaat, petrol, dogalgaz ve uzay sanayi gibi ¢ok cesitli alanlarda etkin bir
sekilde kullanilmasina olanak saglamaktadir. Seramik kumas ve cam kumas igeren numuneler birbiri
ile kiyaslandiginda ise, prototip 2 numunesinin, prototip 1 numunesine kiyasla seramik kumasin daha
diisiik 1s1l iletim ozellikleri sergiledigi gozlemlenmis olup, elde edilen bu sonug, cam kumasin
seramik kumasa gore daha etkili bir 1s1 yalitimi saglama kapasitesine sahip oldugunu destekler
niteliktedir. Cam kumasin istiin 1s1 yaliim performansinin temelinde, cam liflerinin gozenekli ve
hafif yapis ile diisiik 1s1] iletkenlik katsayisi yatmaktadir. Cam liflerinin sahip oldugu bu yapisal
ozellikler, 1smin etkin bir sekilde emilmesini ve dagitilmasini saglayarak 1s1l iletkenligi minimize
etmektedir. Bununla birlikte, seramik kumaslar daha sert ve yogun oldugundan daha diisiik bir yalitim
0zelligine sahiptir. Bu durum, seramik kumaslarin 1s1 yalitim1 agisindan cam kumaslara gore daha az
etkili olmasina yol agmaktadir (Li ve ark., 2002). Cam kumas ve seramik kumasa ayrica aerojelin
katkilandirilmasi ile olusturulan prototip 4 ve prototip 5 numunelerinin 1s1l iletkenlik katsayilari
incelendiginde, s6z konusu kumaslarin tek basina kullanildiginda 6l¢iilen sonuclara paralel olarak
prototip 5 numunesinin prototip 4 numunesine kiyasla daha iyi bir 1s1 yaliimi sagladigi
goriilmektedir. Yine bu kumaslara aerojel katkisinin etkisi incelendiginde ise, elde edilen 1s1l
iletkenlik 6l¢timlerinde farkl: bir sonug elde edilmemistir fakat, aerojel katkisi cam kumas ve seramik
kumasim 1s1 yalitim o6zelligini anlamli bir bi¢imde arttirmistir. Tek basina seramik kumagin
kullanildig1 prototip 1 numunesine gore aerojel katkili seramik kumagin kullanildig: prototip 4’iin 1s1l
iletkenlik katsayisinda %16.4’liik diisiis kaydedilmisken, sadece cam kumasin kullanildigi prototip 2
numunesine gore aerojel katkili cam kumasin kullanildig1 prototip 5’in 1s1l iletkenlik katsayisinda
%8.03’liik diisiis elde edilmistir. Cam kumas ve seramik kumasin aerojel ile kombinasyonunda 1s1l
iletkenlik diislisii farkli olabilmektedir. Cam kumasin 1s1l iletkenligi orta seviyede oldugu icin
aerojelin etkisi seramik kumasa gore daha az belirgin olmustur. Seramik kumasin yiiksek 1sil
iletkenligi ise aerojelin etkisini daha belirgin hale getirmistir.

Cizelge 4. Prototip numunelere ait 1s1l iletkenlik katsayis1 (W/m.K) sonuglari

Test sonuglari
Olciim Sayis1 MK 1 MK 2 MK 3 MK 4 MK'5

1 0.04276 0.03738 0.03388 0.03601 0.03436
2 0.04274 003728 0.03383 0.03591 0.03428
3 0.04273 0.03722 0.03379 0.03581 0.03423
4 0.04271 003716 0.03376 0.03575 0.03417
5 0.04269 0.0371 0.03373 0.03567 0.03414
6 0.04268 003708 0.03371 0.03564 0.03411
7 0.04267 0.03705 0.03368 0.03558 0.03408
8 0.04265 0.03703 0.03368 0.03554 0.03404
9 0.04264 0.03702 0.03367 0.03553 0.03404
10 0.04263 003701 0.03366 0.03551 0.03402
O]r)tsgna 0.04269 0.03713 0.03374 0.03570 0.03415

Bu calisma, herhangi bir malzemeye/ yapiya aerojel eklenmesinin 1s1 yalitimi tizerinde belirgin
bir iyilestirme sagladigin1 gostermektedir. Diislik yogunluklu ve yliksek gézeneklilige sahip yapisi,
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aerojelin ¢ok diisiik 1s1l iletkenlik katsayilarina (0,018 W/m.K) sahip olmasina olanak taninmaktadir.
Bu 6zellikleri, aerojeli son derece etkili bir 1s1 yalitim malzemesi yapmaktadir. Diistik 1s1l iletkenlik,
aerojelin 1s1n1n gegisini sinirlandirarak 1s1l yalitma dogrudan etki ettigini ortaya koymaktadir (Koebel
ve ark., 2012; Chang ve ark., 2014).

Isil iletkenlik katsayis1 (W/m.K)

0,050
0,040
0,030
0,020
0,010
0,000
MK 1 MK 2 MK'3 MK 4 MK'5

Sekil 7. Prototip numunelere ait 1s1l iletkenlik katsayis1 (W/m.K) sonuglari

4. SONUC

The Bu ¢alismada, kamyon, tir vb. gibi agir hizmet araglarinda, motor bélgesinde ortaya ¢ikan
ses ve yliksek sicakligin ortamlar arast gecisini engelleyip, kabin i¢i siiriis konforu saglamak {izere,
ses ve darbe izolasyonu saglamakla gorevli alt ve iist katmanda fenolik kece, akustik ve termal
dayanimi arttirmakla gorevli ara katmanda aerojel, seramik kumag, cam kumas ve kombinasyonlari
kullanilarak diiz kalipta, 185 °C sicaklikta ve 170 bar basing altinda hibrit kompozit sandvi¢ yapilar
olusturulmustur. Akabinde, bu yapilarin empedans tiipiinde ses yutum katsayilari, 1s1l iletkenlik
ol¢lim cihazinda 151l iletkenlik katsayilar1 6l¢iilerek birbiriyle karsilastirilmistir. Ses yutum katsayais,
ses enerjisinin yansima ve emilim oraniyla ilgilidir ve genellikle frekansa bagli olarak dl¢tilmektedir.
Isil iletim katsayis1 ise, malzemenin 1s1 enerjisini iletme kapasitesini tanimlamakta ve sabit bir deger
olarak alinmaktadir. Gozenekli yapilarin 1s1 iletim katsayisi, malzemenin yogunlugu ve termal
ozelliklerine gore degismekte iken, ses yutum 6zellikleri akustik dalga yayilimina baglhidir. Ses yutum
katsayisi ile 1s1l iletim katsayist arasinda dogrudan bir orant1 bulunmamakla birlikte, malzemelerin
termal ve akustik performansi arasindaki iliski, genellikle malzemenin yapisina ve yogunluguna
baglhidir. Malzemelerin gozenekliligi hem 1s1l iletkenlik hem de ses yutum Ozelliklerini
etkilemektedir. Ornegin, hafif, gdzenekli malzemeler genellikle diisiik 1s1l iletim katsayisina ve
yiiksek ses yutum katsayisina sahip olmasi beklenmektedir. Buna karsilik literatiirde, iyi bir 1s1
yalittmimin saglanmasi durumunda, malzemelerin ses yalitim Ozelliklerinin olumsuz yodnde
etkilendigi gozlemlenmistir (Nurzynski, 2015).

Akustik performans test sonuglari incelendiginde, genis frekans araliginda kararli bir ses yutum
performansi gdsteren hibrit kompozit yapinin, 1s1 iireten yapiya bakacak yonde iki kaplama telasi
arasi fenolik kege, cam kumas, toz formda aerojel ve fenolik kece igeren malzeme kompozisyonu 5
oldugu tespit edilmistir. Termal izolasyon performansi en yiiksek hibrit kompozit yapinin ise sirayla,
iki kaplama telas1 arasi1 fenolik kece, toz formda aerojel ve fenolik kece iceren malzeme
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kompozisyonu 3 ve iki kaplama telas1 aras1 fenolik kege, cam kumas, toz formda aerojel ve fenolik
kece iceren malzeme kompozisyonu 5 oldugu tespit edilmistir. Elde edilen veriler géz Oniine
alindiginda, hem akustik hem de termal izolasyon performansini bir arada sunabilecek hibrit
kompozit yapt malzeme kompozisyonu 5 ile saglanmistir. Yapilan bu calismada, agir hizmet
araclarinin motor bolgesinde kullanilmaya yonelik hibrit kompozit yapilarinin gelistirilmesinde
uzmanlara destek olacak malzeme kompozisyonlar1 ortaya koyulmus olup, gelecekte farklt malzeme
kompozisyonlar1 ile NVH alaninda c¢aligmak isteyen uzmanlara yol gosterecegi diisiiniilmektedir.
Bununla birlikte, gelistirilen malzeme kompozisyonunun kullanim alanlar1 agir hizmet araglar ile
sinirl degildir. Benzer akustik ve termal izolasyon beklentilerine sahip tarim makineleri (traktor), is
makineleri ve deniz tasitlarinin motor bdlmeleri gibi diger endiistriyel uygulama alanlarinda da
degerlendirilmesi miimkiindiir. Bu malzemeler, sicaklik degisimlerine karst direngli yapilari
sayesinde, enerji tasarrufu ve ayni zamanda iiretim kolaylig1 avantajlarina sahiptir. Bu 6zellikleri
sayesinde, gelecek yillarda yenilenebilir enerji sistemlerinde, sogutma ve 1sitma teknolojilerinde ve
iklim degisikligiyle miicadele i¢in siirdiiriilebilir ¢oztiimler gelistiren sektorlerde 6énemli bir rol
oynamasina olanak saglayacag diisliniilmektedir.

5. TESEKKUR

Bu ¢alisma, Formfleks Otomotiv A.S- Ar-Ge Merkezi biinyesinde gerceklestirilmistir. Yazarlar
degerli katkilarindan dolay1 Ar-Ge Lideri Sn. Ibrahim AYDIN’a tesekkiir eder.

6. CIKAR CATISMASI

Yazarlar, bilinen herhangi bir ¢ikar ¢atismasi veya herhangi bir kurum/kurulus ya da kisi ile
ortak ¢ikar bulunmadigini onaylamaktadirlar.

7. YAZAR KATKISI
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kisimlarinda katkida bulunmustur. Oznur ISKENDER veri toplama, veri analizi ve yorumlama,
makale taslaginin olusturulmasi, fikirsel icerigin elestirel incelemesi, son onay ve tam sorumluluk
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Development of Ni-Co-W-B Bulk Metallic Glass Alloys with Low Boron Content for the
Production of Ni-CoWB Composites

ABSTRACT: In this study, Ni-Co-W-B metallic glass alloys were developed as precursors to
produce a composite material group with high hardness, high fracture toughness, high temperature
oxidation resistance and high corrosion resistance. The alloy that forms the basis for the studies
carried out for the development of Ni-Co-W-B metallic glass alloys with low boron content is
Nis2.6C020W20B17.4 alloy. In order to determine the alloys with the highest glass forming ability, the
amounts of Ni, Co and W were systematically changed. As a result of these studies, metallic glass
alloys containing 13 at.% B and 15 at. % B were developed. It was determined that the critical casting
thicknesses of all alloys with 13 at.% B and 15 at.% B content were 0.3 mm.

Keywords: Metallic glass, Glass forming ability, Thermal properties

1. GIRIS

Seramik malzemeler diger geleneksel malzemelere gore yiiksek sertlik, korozyon direnci ve
yiiksek sicaklik dayanimi gibi ozelliklere sahip olmalari nedeniyle pek cok uygulamada tercih
edilirler. Ancak seramik malzemelerin gevrek yapida olmalart  kullanim alanlarmi
siirlandirmaktadir. Bu nedenle daha az dayanikli ve simirli alanlarda kullanima sahip olan
malzemelerin 6zelliklerini iyilestirmek ve uygulamada daha ¢ok kullanim alani bulabilen malzemeler
tiretmek amactyla kompozit adi verilen malzemeler gelistirilmistir. Bu amag dogrultusunda kompozit
malzemeler, yliksek kirilma tokluguna sahip metal malzemeler ile yiiksek mekanik 6zelliklere sahip
seramik malzemelerin bir araya getirilmesi ile elde edilebilirler. Bu sekilde {iiretilen kompozit
malzemeler literatiirde sermet olarak adlandirilmaktadir. Sermetler takviye fazinin seramik, matrisin
ise metalik bir malzeme oldugu malzeme grubudur. Takviye fazi ile matrisin tiiriiniin ve hacim
oraninin degistirilmesi ile sertlik-kirilma toklugu kombinasyonunu elde etmek miimkiindiir (Lou vd.
2022). Takviye fazinin igerigine gore sermetleri; oksit esasli (Cr-Al203), karbiir esasli (WC-Co),
karbonitriir esasli (TiC/TiN), nitriir esasli (ZrN) ve boriir esasli (CrB-Mo) olarak siniflandirmak
miinkiindiir.

Karbiir esasli sermetlerden en yaygmn olarak kullanilan sermetin  WC-Co oldugu
gozlemlenmistir. Kobaltin baglayici faz (matris) ve tungsten karbiiriin takviye fazi olarak bir araya
getirilmesi sonucunda olusturulan WC-Co sermeti imalat, tip, havacilik gibi bir¢ok uygulama
alaninda tercih edilmektedir. WC-Co sermetler imalat alaninda kesici ug¢ olarak olduk¢a yaygin
kullanilmaktadir. WC-Co sermetinin kullanimi1 esnasinda yapi igerisindeki kobaltin zamanla
oksidasyona ugramasi ve yiiksek kesme hizlarinda tungsten karbiiriin ayrismasi nedeniyle kesici ucun
zamanla islevselligini kaybetmektedir. Bu da WC-Co sermetinin sektorel anlamda en biiyiik
dezavantaj1 olarak kabul edilir.

Karbiir esasli sermetlerin bu gibi dezavantajlari nedeniyle, boriir esasli sermetlerin liretimi daha
fazla onem kazanmustir. Boriir esasli sermetler yiiksek sicaklik oksidasyon direnci agisindan karbiir
esasli sermetlerden daha avantajlidir (Zakhariev vd. 1986). Sermetlerin iiretiminde takviye fazi olarak
yaygin bir sekilde kullanilan WC, CoWB, TiB2 ve TiC fazlar1, 1273 K sicakliginda hava ortaminda
4 saat boyunca oksidasyon sonucunda meydana gelen kiitle artiglarini belirlemek amaciyla teste tabi
tutulmustur. Cizelge 1°de yapilan testler sonucunda meydana gelen kiitle artislar1 verilmistir.
Cizelgeden de goriilecegi lizere, CoOWB takviye fazinin karbiir esash takviye fazlarina goére daha iyi
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oksidasyon direncine sahip oldugunu séylemek miimkiindiir. Karbiir esaslt sermetlerin 600 “C ve
tizeri sicakliklara ¢ikildiginda oksitlenmesinden kaynakli asinma dayanimlari ve sertlik degerleri
diismektedir (Shi vd. 2008).

Cizelge 1. Bazi takviye fazlarinin 1273 K sicakliginda hava ortamindaki kiitle kazanim degerleri (Zackariev vd. 1986)

Takviye Fazi Kiitle artis1
(mg/cm?)
wC 9.7
TiC 6
TiB: 55
CowB 3.5

Malzemelerin daha iistiin 6zelliklere sahip olmasimi saglamak ve istenmeyen bazi mekanik
ozelliklerini iyilestirmek amaciyla, son 20 yildir metalik cam kompozitleri ¢alisilan konular arasinda
yerini almaktadir. Metalik cam alagimlariin kristalizasyonu sonucu takviye edilen fazlar yiiksek
¢ekirdeklenme hizina sahip olduklarindan dolayi, matris igerisinde ¢okeltilmis ¢ok ince taneli ultra
sert nanokompozitler meydana gelmektedir. Bu ve bunun gibi nedenlerden dolayr metalik camlar;
kompozit malzeme eldesi amaciyla 6nciil olarak tercih edilirler (Igbal vd. 2008, Hitit vd. 2015).

Metalik cam alasimlarininin kristalizasyonu ile ilgili son yillarda yapilan ¢aligsmalar, boriir veya
karbiir takviyeli kompozit malzemelerinde metalik cam kristalizasyonu ile de miimkiin oldugunu
gostermistir. Yiiksek oranda bor ve/veya karbon igerigine sahip Fe ve Co esasli metalik camlarin
kristalizasyonu ile ¢ok yiiksek sertlik degerine sahip kompozitler tretilmistir (Hitit vd. 2019).
Uretilen bu kompozit malzemeler yapida ¢okelen Cr23Cs, (Fe, Cr)23(C,B)s, FesB, (Co, Fe).B, (Co,
Fe)21TazBe ve CoWB fazlar1 sayesinde yiiksek sertlik degerlerine sahiptir. Ancak yapilan bu
caligmalar da iiretilen kompozitlerin hi¢biri CoWB ile takviye edilen kompozit hari¢ siinek faz
icermemektedir (Hitit vd. 2019). Ni-Co-W-B metalik camlarin kristalizasyonu yontemi ile tiretilen
kompozitin yapisinda hem siinek faz hem de yiiksek sertlige sahip CoWB fazi bulunmaktadir. Ni-
CoWB kompozitinin igerisinde ¢okelen CoWB fazi1 boriirler ve karbiirler arasinda bilinen en sert
fazdir (Zakhariev vd. 1986). Literatiir incelendiginde Niz76W225C022 5B17.4 alagiminin kristalizasyonu
ile tiretilen CoWB takviyeli kompozit malzemenin oldukga yiiksek bir sertlik degerine sahip oldugu
ortaya koyulmustur (Akdag 2022).

Bu ¢alismada, yiiksek kirilma tokluguna ve yiiksek korozyon dayanimina sahip Ni-CoWB
kompozitlerinin liretiminde onciil olarak kullanmak amaciyla diisiik bor ve ytiksek nikel icerigine
sahip Ni-Co-W-B alagimlarinin gelisirilmesi hedeflenmistir.

2. MATERYAL VE YONTEM

Calismada diisiik bor icerigine sahip alasimlarin gelistirilmesi i¢in sentezlenen alagimlarin
hazirlanmasi, dokiilmesi ve karakterizasyon testleri uygulanmistir.

2.1 Deney Numunelerin Uretimi
Calismada kullanilacak olan alagim sistemi tasarlanirken, yiiksek sertlige ve yiiksek kirilma
tokluguna sahip Ni-CoWB sermetlerinin iiretiminde 6nciil olarak kullanilan Ni-Co-W-B iri hacimli
metalik cam alagimlariin bor i¢erigini azaltmak amaclanmistir. Bu amag¢ dogrultusunda bor elementi
miktaria bagli olarak nikel, kobalt ve tungsten elementlerinin de miktarlar1 farkli kombinasyonlar
halinde sistematik olarak degistirilmistir. Alasim tasarimi sirasinda alagimlarin Co ve W oranlari
sistematik olarak azaltilmis ve dolayisiyla Ni miktar1 da sistematik olarak artirilmistir. Co ve W
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miktarlarinin azaltilmasinin sebebi daha sonra kompozit tiretiminde 6nciil olarak kullanilacak Ni-Co-
W-B metalik cam alagiminin kristalizasyonu sirasinda yapida ¢okelen nikel kati ¢ozeltisinin Co ve W
icerigini miimkiin oldugunca diisiik olmasini saglamaktir. Bu sayede kompozitin kirilma toklugu
yiiksek olacaktir.

Kompozisyon igerisindeki safsizlik olusumunu engellemek ve homojen bir yap1 elde edebilmek
icin alasimlar hazirlanirken, mikron seviyesinde tane boyutuna sahip, oldukga yiiksek saflikta tozlar
kullanilmigtir. Cizelge 2’de alasimlarin hazirlanmasinda kullanilan elementler ve bunlarin ¢esitli
ozellikleri yer almaktadir.

Cizelge 2. Kullanilan elementlerin saflik dereceleri, tane boyutlar1 ve atomik yarigaplari

Element Saflik Tane Boyutu Atomik Yaricap
(%) (nm) (hm)

Nikel 99.9 3 0.124

Kobalt 99.8 <2 0.12510

Tungsten 99.9 1-5 1.367

Bor 98 <44 0.082

Atomik yarigaplar (Senkov and Miracle 2001)

Diisiik B icerigine sahip Ni-Co-W-B metalik cam alagimlarmin gelistirilmesi i¢in yapilan
caligmalar temel olusturacak olan alagim Nis26C020W20B17.4 alagimidir. Bu ¢alismalar sonucunda
%13 B ve %15 B iceren alasimlar gelistirilecektir. %15 B igeren alasimlarin ilki NissC020W20B15
olacaktir. Camlasma kabiliyeti i¢in en uygun Co ve W miktarlarin1 belirlemek i¢in bu elementlerin
miktarlar1 sistematik olarak degistirilecektir (Cizelge 3). %13 B iceren alasgimlarin ilki
Nis7C020W20B13 olacaktir. En iyi camlagma kabiliyetine sahip alagimi belirlemek i¢in Co ve W
icerikleri sistematik olarak degisttirilmistir.

Cizelge 3. Diisiik bor igerigine sahip alasimlarin gelistirilmesi amaciyla iiretilecek alagimlar (% atomik.)

Ni Co W B
45 20 20 15
47 20 18 15
47 18 20 15
49 18 18 15
47 20 20 13
49 20 18 13
49 18 20 13
51 18 18 13
53 16 18 13
53 18 16 13
55 16 16 13
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(b)
Sekil 1. Hassas terazi yardimi ile 100 gr. tartilan toz karisimi. a) Kullanilan hassas terazi b) Toz karigimi

Karistirma islemi sonrasinda homojen hale getirilen tozlar, gelik toz basma kalibina
konulmustur. Tek etkili bir pres yardimi ile 80 MPa’lik basing uygulanarak 12 mm ¢apa ve 6-7 mm
yiikseklige sahip tabletler halinde sekillendirilmistir (Sekil 2).

-~
o

r—

(@) (b)

Sekil 2. Hidrolik pres, ¢elik toz basma kalib1 ve sekillendirilen tablet. a) Hidrolik pres b) Sekillendirilen tablet

Tablet haline gelen alasimlar, 5x10° mbar’in altinda basing degerine indirilmis ark ocaginin
(Sekil 3) i¢indeki haznede bulunan bakir kalip icerisine ergitilmek lizere yerlestirilmistir. Ergitme
islemleri oncesinde oksitlenme riskini en aza indirmek amaciyla hazne yaklasik 1.3 atm basing
degerine sahip %99.999 safliktaki Argon (Ar) gazi ile doldurulmustur. Herhangi bir oksitlenme
meydana gelip gelmedigini gézlemleyebilmek amaciyla Ti-Zr-Al fedai alasimi hazne igerisinde
ergitilmistir (Sekil 4). Fedai alasimda herhangi bir renk degisimi gézlemlenmedigi takdirde bakir
kalip igerisindeki tabletlerin ark giic kaynagindan gelen ve tungsten elektrod ile tabletlere aktarilan
350 A akim ile ilk ergitmeleri tamamlanmistir. Tabletlerin daha homojen ergiyebilmeleri igin, cihaz
icerisinde bulunan manipiilator kol yardimu ile tabletler her defasinda ters c¢evrilip tungsten elektrod
ile li¢ kez ergitilerek bulk halde master alasimlar (0.15 mol) elde edilmistir (Sekil 4). Ergitme islemi
tamamlanarak dokiim islemi i¢in hazir hale getirilen numuneler master alasim olarak adlandirilir.
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Sekil 3.Vakum ark ocag: iinitesi (1; Sogutma iinitesi, 2; Argon gazi, 3; X ve Y eksenlerinde hareketi saglayan koriik, 4;
Manipiilator kol, 5; Ark ocagi haznesi, 6; Pndmatik emis vanasi, 7; Kontrol panosu, 8; Rotary vakum pompasi ve turbo
molekiiler pompa, 9; Ark gii¢ kaynag1)

Fedai

alasim

et

I} & e ;

_;__o itme sonrasi T

Sekil 4. Vakum ark ocaginda ergitme oncesi ve sonrasi master alasim numunesi. a) Ergitme 6ncesi master alasimi b)

Ergitme sonrasi master alagimi

Dokiim islemi i¢in emme dokiim yontemi kullanilmistir. Bu yontem esnasinda %99.999 safliga
sahip 0.3 mm ve 0.5 mm kesit kalinligina sahip elekrolitik bakir kaliplar kullanilmigtir. Dokiim islemi
oncesinde bakir kalip cihaz icerisindeki hazneye oturtulmustur. Ergitme islemi tamamlanan master
alasimlar daha kiiciik pargalara ayrilmistir. Yapilan denemeler sonucunda master alasim belirlenen
miktarlar da (0.6-0.7 gr.) tartilarak, bakir kalip icerisine yerlestirilmistir. Cihazin kapagi kapatilarak
haznenin yaklasik 3x10* mbar’in altindaki basing degerine inmesi beklenmistir. Sonrasinda
koruyucu atmosfer i¢in hazne yaklasik 1.3 atm argon gazi ile doldurulmustur. Emme dokiim islemi
i¢in tiim kosullar saglandiginda tungsten elektot yardimiyla master alasimlar gii¢ kaynagidan gelen
100 ile 130 A arasinda degisen akim degerinde ergitilmistir. Islem sirasinda kériik yatay ve diisey
olarak hareket ettirilerek master alasimin homojen bir sekilde ergimesi saglanmistir. Ergitme islemi
sonrast akigkan hale gelen master alasimin, cihazin alt ve iist kismindaki basing farkindan ve
yer¢ekiminden yararlanilarak pnomatik emis vanasinin agilmasi ile kaliba emilmesi saglanmis ve eg
zamanli olarak bakir kalip igerisinde hizli sogutma islemi gerceklestirilmistir (Sekil 5).
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a)

Sekil 5. Yiiksek safliktaki bakir kalip ve emme dokiim yontemi ile elde edilmis a) 0.3 mm, b) 0.5 mm kesit kalinligina
sahip numuneler

2.2 XRD Analizi

Elde edilen numunelerin igerisindeki fazlarin belirlenmesi amaciyla XRD analizi yapilmstir.
Bu analiz yontemi, geneli temsil edecek sekilde malzemenin amorf yapida olup olmadigini
belirlemede oldukga kullanish ve verimlidir. XRD analizi sonucunda, amorf yapiya sahip malzemeler
genis difraksiyon desenine sahip tek bir pik sergilerken, kristal yapidaki malzemeler dar ve keskin
pikler halinde goriintiilenirler.

Calismada gerceklestirilen tiim XRD analizleri Afyon Kocatepe Universitesi biinyesinde
bulunan Bruker D8 Advance marka XRD cihazinda gerceklestirilmistir. Analiz 6ncesinde yeterli ve
esit miktardaki metalik cam numuneleri 6giitlilerek toz haline getirilmistir. Toz halindeki numuneler
cihaz igerisine konularak, Cu-K, (1.544 A) X-1sm1 ile 26=10° - 100° araliginda ve 1°/dk. tarama
hizinda analizleri gerceklestirilmigtir. X-1ginlarinin numuneye yonlendirmek ve paralel sekilde
ulagmasini saglamak amaciyla 2 mm’lik slit ve 2 mm’lik kolimatdr kullanilmistir.

3. BULGULAR VE TARTISMA

%15 B igeren alasgimlarin 0.3 mm kesit kalinligma sahip numunelerin XRD desenleri
alagimlarinin tamaminin amorf yapida elde edildigini gostermektedir (Sekil 6).

MiggCoqgWaaBys

Mig7 G0 WaoBys

Siddet

Migy Co2gW1aBys

MizsCoagWaaB s

10 20 30 40 50 60 70 80 90 100
20 (derece)
Sekil 6. %15 B igeren alagimlarin 0.3 mm kesit kalinligina sahip numunelerinin XRD desenleri
g
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Ancak ayni alagimlarin 0.5 mm kesit kalinligina sahip numuneleri ¢ok yliksek oranda Ni-kat1
¢oOzeltisi ¢ok az miktarda da CoWB fazi igermektedir (Sekil 7). Bu sonuglar %15 bor igceren
alagimlarin kritik dokiim kalinliklarinin 0.3 mm oldugunu géstermektedir.
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Sekil 7. %15 B igeren alagimlarin 0.5 mm kesit kalinligina sahip numunelerinin XRD desenleri

%15 B iceren alasgimlarin DSC analizleri yapilmis, Ty ve Tx sicakliklar belirlenmis (Sekil 8) ve
Cizelge 4’te verilmistir. Sonuglar %20 W icerigine sahip alasimlarin Ty ve Tx degerlerinin, %18 W
icerigine sahip alagimlarin Ty ve Tx degerlerinden daha yiiksek oldugunu gostermistir. Bu da W
iceriginin termal kararliligini etkileyen ana faktor oldugunu gostemektedir.
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Sekil 8. %15 B igeren alagimlarin DSC analizi sonuglari
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Cizelge 4. %15 B iceren alasimlarin termal 6zellikleri
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Alasim Ty Tx

(K) (K)
NissC020W20B15 827 861
Ni47C020W18B1s 802 833
Nis7C018W20B15 826 860
NisgCo18W1sB1s 797 827

%15 B iceren alagimlarin 0.5 mm kesit kalinliginda yapilan dokiimleri sirasinda CoWB fazinin
olusmasi alasimin diisiik Co, W ve B iceriginden dolay1 zordur. Bu yilizden de 0.5 mm kesit
kalinligindaki numunelerin CoWB igerigi oldukca diisiiktiir. Ancak alasim ¢ok yiiksek oranda Ni
icerdigi i¢in Ni-kat1 ¢ozeltisinin olusabilmesi gerekli minimum ¢ekirdeklenme zamani daha diisiik
olmakta ve bunun sonucunda da ¢ok yiiksek oranda Ni-kat1 ¢ozeltisi ¢okelmektedir (Sekil 9).

sivi
T,
CoWB
Ni
T
Ts
Rﬂ 3 mm RO 5 mm
cam

Sekil 9. %15 B igeren alagimlarin sematik TTT diyagrami

%13 B igeren alagimlarin 0.3 mm kesit kalinligina sahip numunelerinin XRD desenleri
Nia7C020W20B13, Ni2gC020W18B13, Ni2gC018W20B13 Ve Nis1C018W1sB13 alagimlarinin tamamen amorf
yapida oldugunu gostermektedir (Sekil 10). NissCo16W1gB13 alagimi yiiksek oranda amorf faz
icermesine ragmen bir miktar da Ni-kat1 ¢ozeltisi icermektedir. Nis3C018W16B13 ve NissC016W16B13
alagimlar1 yliksek oranda Ni-kati ¢ozeltisi ve bir miktar da CoWB fazi1 igermektedir.
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Sekil 10. %13 B iceren alagimlarin 0.3 mm kesit kalinligina sahip numunelerinin XRD desenleri

0.3 mm kesit kalinliginda tamamen amorf yapida elde edilen alagimlarin 0.5 mm kesit
kalinligina sahip numuneleri yiiksek oranda Ni-kat1 ¢6zeltisi ve bir miktar da CoWB fazi1 igermektedir
(Sekil 11). Bu sonuglar Nis7C020W20B13, NisC020W18B13, NisgC018W20B13 ve NisiCo18W1sB13
alasimlarinin kritik dékiim kalinliklarinin 0.3 mm oldugunu ve diger %13 B iceren alagimlarin kritik
dokiim kalinliklarinin 0.3 mm’den kii¢iik oldugunu gostermektedir. Ayrica %13 B igeren alasimlarin
DSC analizleri yapilarak Tq ve Tx sicakliklari belirlenmis (Sekil 12) ve Cizelge 5’te verilmistir. %15
B katkil1 alagimlarda oldugu gibi %20 W igerigine sahip alasimlarin Tg¢ ve Tx degerlerinin, %18 W
icerigine sahip alagimlarin Ty ve Tx degerlerinden daha yiiksek oldugunu goéstermistir. Bu da W
iceriginin termal kararliligini etkileyen ana faktor oldugunu gostemektedir.
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Sekil 11. %13 B igeren alasimlarin 0.5 mm kesit kalinligina sahip numunelerinin XRD desenleri
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Sekil 12. %13 B iceren alagimlarin DSC analizi sonuglar1

Cizelge 5. %13 B iceren alagimlarin termal 6zellikleri

Alasim Ty Tx

(K) (K)

N i47C020W20813 820 848
N i49C020W18813 786 822
Nis9C018W20B13 819 845
N i51C018W18815 780 819

%13 B igeren alasimlarinda Ni i¢eriginin %53 e ¢ikarilmasi sonucu Nis3C016W18B13 alagiminin
0.3 mm kesit kalinligina sahip numune tamamen amorf yap1 elde edilememis, yapida bir miktar Ni-
kat1 ¢ozeltisi ¢cokelmistir. Yine %53 Ni igerigine sahip olan Nis3C018W16B13 alasiminda ise yapida
cokelen Ni-kat1 ¢ozeltisinin miktarinin ¢ok daha yiiksek oldugu goriilmektedir. Bunun sebebi
Nis3C016W18B13 alagiminin Nis3C018W16B13 gore daha diisiik W igerigine sahip olmasindan dolay1 Ty
sicakliginin daha diisiik olmasidir. Daha diisiik Tg sicakligindan dolayr T\-Tg fark: arttig1 i¢in ayni
kesit kalinliginda elde edilebilecek soguma hiz1 diismektedir. Soguma hizinin diismesinden dolay: da
Ni-kat1 ¢ozeltisinin ¢ekirdeklenmesi s6z konusu olmaktadir. % 55 Ni i¢eren NissC016W16B13 alagimi
da hem daha yiiksek Ni igerigine sahip oldugu i¢in hem de Ty sicakligi diisiik oldugu i¢in, 0.3 mm
kesit kalinligina sahip numunesinin yapisinda yiiksek oranda Ni-kat1 ¢dzeltisi olusumu meydana
gelmistir. 0.3 mm kesit kalinliginda amorf yapida elde edilen %13 B igeren alagimlarin 0.5 mm kesit
kalinligina sahip numuneleri ayn1 %15 B iceren alasgimlarimin 0.5 mm kesit kalinligma sahip
numunelerinde oldugu gibi yiiksek oranda Ni-kat1 ¢ozeltisi icermektedir. Bunun sebebi %15 B igeren
alasimlarda oldugu gibi yiiksek Ni igeriginden dolay1 Ni-kat1 ¢ozeltisinin olusumu ic¢in gerekli
minimum ¢ekirdeklenme zamaninin oldukga diisiik olmasidir (Sekil 9).

%15 B igeren alasimlarin tamami 0.3 mm kesit kalinliginda amorf yapida elde edilmistir. Bu
alasimlarin tamami da Ni-CoWB kompozitlerinin iiretiminde 6nciil olarak kullanilabilir. Ancak bu
alasimlardan digerlerine gore en diisiik Co ve W igerigine sahip olan NisC018W18B1s5 alagimi onciil
olarak se¢ilmesi durumunda, alagim digerlerine gore en yliksek Ni igerigine ve en diisiik Co ve W
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icerigine sahip oldugu i¢in hem 1s1l islem sirasinda ¢okelecek Ni-kat1 ¢ozeltisinin hacim orani yiiksek
olacaktir hem de Ni-kat1 ¢ozeltisinin Co ve W igerigi digerlerine gore diisiik olacaktir. Boylece elde
edilecek Ni-CoWB kompoziti hem yiiksek kirilma tokluguna hem de yiiksek korozyon direncine
sahip olacaktir.

%13 B igeren alagimlardan sadece Nis7C020W18B13, NisgC020W1gB13, NisgC018W20B13 ve
Nis1C018W1gB13 alasimi 0.3 mm kesit kalinliginda tamamen amorf yapida elde edilmistir. Bu
alagimlarin tamami da Ni-CoWB kompozitlerinin {iretiminde 6nciil olarak kullanilabilir. Ancak bu
alasimlardan en yiiksek Ni igerigine ve en diisiik Co ve W igerigine sahip olan Nis1C018W18B13
alasim1 onciil olarak secilmesi durumunda, %15 B igeren alasimlarda oldugu gibi elde edilecek
kompozitin yapisinda bulunan Ni-kat1 ¢ozeltisinin miktart digerlerinden daha yiiksek olacaktir.
Ayrica bu Ni-kat1 ¢ozeltisi digerlerinden daha diisiik oranda Co ve W igerecektir. Boylece elde
edilecek kompozitin kirilma toklugu ve korozyon direncinin digerlerinden daha yiiksek olacaktir.

4. SONUC

Diisiik bor igerigine sahip alasimlardan %15 B iceren alagimlarin tamami 0.3 mm kesit
kalinliginda amorf yapida elde edilmistir. Bu alagimlarin tamami da Ni-CoWB kompozitlerinin
iiretiminde Onciil olarak kullanilabilir. Ancak bu alagimlardan digerlerine gore en diisiik Co ve W
icerigine sahip olan NisC018W18B15 alagimi dnciil olarak kullanilmasi en uygun yaklasim olacaktir.
Bunun sebebi; soz konusu alasim digerlerine gore en yiiksek Ni icerigine ve en diisiik Co ve W
icerigine sahip oldugu i¢in hem 1s1l islem sirasinda ¢okelecek Ni-kat1 ¢ozeltisinin hacim orani yiiksek
olacaktir hem de Ni-kat1 ¢ozeltisinin Co ve W igeri8i digerlerine gore diisiik olacaktir. Boylece elde
edilecek Ni-CoWB kompoziti hem yiiksek kirilma tokluguna hem de yiiksek korozyon direncine
sahip olmast beklenmektedir. Diisiik bor icerigine sahip alagimlardan %13 B iceren alasimlardan
sadece Nis7C020W20B13, Ni2gC020W18B13, Ni2gC018W20B13 ve Nis1C018W1sB13 alasimi 0.3 mm kesit
kalinliginda tamamen amorf yapida elde edilmistir. Bu alasgimlarin tamami: da Ni-CoWB
kompozitlerinin tiretiminde 6nciil olarak kullanilabilir. Ancak bu alasimlardan en yiiksek Ni igerigine
ve en diisiik Co ve W igerigine sahip olan Nis1C018W1gB13 alagimi dnciil olarak secilmesi en uygun
yaklasim olacaktir. Bunun sebebi; %15 B igeren alagimlarda oldugu gibi elde edilecek kompozitin
yapisinda bulunan Ni-kat1 ¢6zeltisinin miktar1 digerlerinden daha yiiksek olacaktir. Ayrica bu Ni-kati
cozeltisi digerlerinden daha diisiik oranda Co ve W igerecektir. Boylece elde edilecek kompozitin
kirilma toklugu ve korozyon direncinin digerlerinden daha yiiksek olmas1 beklenmektedir.

5. TESEKKUR
Bu ¢aligma 122M548 No’lu TUBITAK projesi kapsaminda desteklenmistir.

6. CIKAR CATISMASI

Yazarlar, bilinen herhangi bir ¢ikar ¢atigsmasi veya herhangi bir kurum/kurulus ya da kisi ile
ortak ¢ikar bulunmadigini onaylamaktadirlar.

7. YAZAR KATKISI

Cumali DINCER c¢alismanin kavramsal ve/veya tasarim siireglerinin yonetimi, veri toplama,
veri analizi ve yorumlama, makale taslaginin olusturulmasi, son onay ve tam sorumluluk kisimlarinda
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katkida bulunmustur. Aytekin HITIT c¢alismanin kavramsal ve/veya tasarim Siireclerinin
belirlenmesi, ¢alismanin kavramsal ve/veya tasarim siire¢lerinin yonetimi, veri analizi ve yorumlama,
fikirsel icerigin elestirel incelemesi, son onay ve tam sorumluluk kisimlarinda katkida bulunmustur.
Selinnur AKSU c¢aligmanin kavramsal ve/veya tasarim siireclerinin yonetimi, veri toplama, veri
analizi ve yorumlama, fikirsel igerigin elestirel incelemesi, makale taslaginin olusturulmasi, son onay
ve tam sorumluluk kisimlarinda katkida bulunmustur.
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OZET: P2-NaMnO- tabakali metal oksit katot malzemeleri sarj edilebilir piller icin yiiksek kapasiteli
ve ucuz bir pil malzemesi olarak bilinmektedir. Ancak Na* iyonlarinin interkalasyonu sirasinda
olugan “Jahn-Teller bozulmasi1” uygulamalarda kisitlamalara neden olmaktadir. Yapilan cesitli
katkilamalarla bu bozulmalarin baskilandigina dair ¢alismalar mevcuttur. Bu ¢alismada, x=0-0.5
mol% araliginda degisen oranlarda Ni katkilama ile kati hal sentezi yontemi ile Naos7Mnos.
«NixFeo.43Al00702 kompozisyonlarinda katot malzemesi tozlari iiretildi. Uretilen &rneklerin mikro
yap1 incelemeleri i¢in SEM, kristal yapi tayini i¢in XRD ve bag tiirlerinin tespiti i¢in FTIR analizleri
ile yapisal karakterizasyonlar gerceklestirildi. Incelenen 6rnekler arasinda en diisiik BET yiizey alan1
katkisiz kompozisyonda gdzlemlenmistir. Uretilen Kkatotlarin elektrokimyasal analizleri igin
Nao.67Mno.sxNixFeo.43Al0.0702/sodyum metali ile hazirlanan CR2032 diigme pil hiicreleri kullanild.
Olusturulan hiicrelerin CV, EIS ve kapasite dl¢limleri oda sicakliginda gerceklestirildi. Hiicrelerin en
yiiksek kapasitesi katkisiz 6rneklerde C/3 ve C/20 hizlarinda sirastyla 172 mAh/g ve 203 mAh/g
olarak bulundu. Ni'in Nag.67Mno.sFeo.43Al0.0702 igindeki igeriginin artmasiyla Na tabakalari arasindaki
mesafenin azaldigi goriilmiistiir. Bu durumun kristal yapidaki Mn ve onunla yer degistiren Ni
iyonlarinin iyonik yaricaplarindaki farkliliktan kaynaklandigi sdylenebilir.

Anahtar Kelimeler: Yeni nesil piller, Sodyum-iyon piller, MnFe-bazli katotlar, Ni katkilama,
Nao.67Mno.s-xNixFeo.43Al0.0702
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Investigation of the Effect of Ni in MnFe-Based Cathodes Used in Sodium-lon Batteries

ABSTRACT: P2-NaMnO- layered metal oxide cathode materials are known as high-capacity and
cost-effective battery materials for rechargeable batteries. However, applications are restricted due to
Jahn-Teller distortion occurring during the intercalation of Na* ions. Numerous studies have been
conducted, suggesting that these distortions can be suppressed with various modifications. In this
study, cathode material powders were produced via solid-state synthesis using varying ratios of Ni
doping in the Naoe7MnosxNixFeo43Aloo7O2 (x=0-0.5 mol%) compositions. Structural
characterizations were performed by SEM for microstructural study, XRD for crystal structure
determination, and FTIR analyses for detecting bond types. The lowest BET surface area was
observed in the undoped composition among the investigated samples. CR2032 coin cells prepared
with Nao.s7Mnos.xNixFeg.43Alo.0702/sodium metal were used for electrochemical analyses of the
produced cathodes. CV, EIS, and capacity measurements of the cells were performed at room
temperature. The highest capacity of the cells was found to be 172 mAh/g and 203 mAh/g at C/3 and
C/20 rates, respectively, for the undoped samples. It was observed that with the increase in Ni content
in Nao.s7MnosFeo.43Al0.0702, the distance between Na layers decreased. This can be attributed to the
differences in the ionic radii of Mn and Ni ions replacing it in the crystal structure.

Keywords: Next-generation batteries, Sodium-ion batteries, MnFe-based cathodes, Ni doping,
Nao.67Mno 5-xNixFeo.43Al0.0702

1. GIRIS

Karbon saliniminin en az indirilmesi i¢in siirdiiriilebilir kaynaklar kullanilarak yesil enerji
sistemlerinin yayginlastirilmas1 kritik bir gerekliliktir. Bu ¢evreci sistemlerin stirekliligi ve
ulagilabilirligi i¢in sarj edilebilir enerji depolama teknolojilerinin gelistirilmesi {izerine ciddi
caligmalar yapilmaktadir. Bunlar arasinda kuskusuz en ciddi dneme sahip olami sarj edilebilen pil
teknolojilerinin ARGE ¢alismalar1 gelmektedir. Ozellikle de iyon piller (6rn., Li-iyon piller; LIB’ler)
hacimsel enerji yogunlugu, giivenlik ve hafiflik gibi ticari gereksinimleri kargilamalarindan dolay1
cok dnemli bir yer teskil etmektedir. Fakat dogadaki lityum kaynaklarinin sinirl olmasi ile birlikte
artan enerji talebi LIB’lerde kullanilan basta lityum olmak tizere Ni ve Co gibi kaynaklarin da
tilkenme problemlerini beraberinde getirmektedir. Yeni pil kimyalar1 ile Li, Ni ve Co’a olan
bagimliligin en aza indirilmesine yonelik calisilmalar her gecen gilin artmaktadir. Bu dogrultuda
yapilan caligmalar sodyum iyon pillerin (SIB’ler) en 6nemli alternatif olarak one ¢iktigini ortaya
koymaktadir. Ozellikle Na bilesikleri, lityum tuzlarindan ¢ok daha bol bulundugundan fiyatlar:
lityumdan 10 ila 50 kat daha ucuzdur (Palomares ve ark., 2012). Bu nedenle Na iyon pilleri (SIB'ler)
yeni nesil sarj edilebilir piller olarak beklenmektedir. SIB’lerin gelisim siire¢lerindeki ilerlemeler
bakimindan giivenilir katot malzemelerinin incelenmesi {izerine yapilan ¢alismalar kritik bir 6nem
tasimaktadir (Ellis ve Nazar, 2012). Gergeklestirilmis olan arastirmalarda SIB’ler i¢in en umut vaat
eden katot malzemesi tabakali sodyum manganez oksitleri olarak degerlendirilmektedir (Cao ve ark.,
2023; Liu ve ark., 2020; Mortemard de Boisse ve ark., 2014). Cesitli yapilarda mangan oksitler
arasinda P2 faz1 NaxMnO> (0 <x < 1), 215 mAg/h kapasite ve 2.0-3.5 V voltaj penceresi ile 6nemli
Olclide daha yiiksek bir kapasite sergilemektedir. Ancak, ornekler arasinda interkalasyon ve
deinterkalasyon sirasinda Jahn-Teller bozulmasindan kaynaklanan faz doniistimleri goriilmistiir
(Caballero ve ark., 2002; Kumakura ve ark., 2016).
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Tabakal1 P2-NaMnO: yapil1 katot malzemeleri lizerinde gerceklestirilen mevcut arastirmalarin
biliyilk bir ¢ogunlugu malzemenin dongiisel kullanimi sirasinda yapisal bozulma ile ilgili
elektrokimyasal davraniglari iyilestirmeye odaklanmistir. Bu amagla en yaygin kullanilan yontem ise,
Mn bolgelerine farkli oranlarda gesitli gecis metallerinin katkilanmast ile olusturulan NaxMni-yMyO>
(M=Gegis metali, 0 < x < 1) yapilaridir. Mg, Ti, Co, Ni, Cu ve Zn gecis metallerinin katkilanmasi ile
elde edilen NaxMn;-yMyO; yapilarinda ana malzemenin bozulma derecesi ve elektrokimyasal
ozellikleri tizerinde katkilamanin etkileri rapor edilmistir (Kumakura ve ark., 2017). Yapilan
arastirmalarda metal katkilamanin 6rgli parametresini ve ge¢is metali tabakalar arasi mesafesini
degistirerek geri doniisii olmayan faz gecislerini bastirabilecegini, dongii ve hiz performansini
iyilestirebilecegini, daha iyi malzemeler i¢in bir referans saglayabilecegini gostermektedir. Ayrica
gecis metali katkilama oksijen redoks reaksiyonlarini tetikler ve yiiksek enerji yogunluguna katkida
bulunur. Hatta farkli elementler segilerek yapilan cok elementli katkilamanin, tek element
katkilamadan daha iyi elektrokimyasal 6zelliklerin elde edilmesinde oldukga etkili oldugu literatiirde
rapor edilmistir (Jiangh ve ark., 2023; Zhou ve ark., 2022). Coklu katkilama sarj/desarj sirasinda
meydana gelen P2-OP4 ve P2-P2’ faz gegislerini biiyiik 6l¢giide azalttigi bilinmektedir (Huang ve ark.,
2021). Benzer sonuglar Cu?*/Ni?*/Ti*, Mg?*/Ni?* ¢oklu katkilamalarda da goriilmiistiir (Ma ve ark.,
2020; Zhang ve ark., 2020). Fe** ve Ni?* coklu katkilama P2-OP4 ve P2-P2’ faz gegislerini kismen
baskilamis, Mn®" igerigini azaltmis, Jahn—Teller etkisini bastirmis ve malzemenin kararliligini
artirmistir (Hwang ve ark., 2019).

Genel olarak gecis metalleri ile katkilamanin elektrokimyasal davraniglar iyilestirip, orgii
bozulma derecesini azalttig1 ortaya konulmustur. Al katkilamanin Nag.e7MnosFeosO2'nin yapist ve
elektrokimyasal 6zellikleri iizerindeki etkileri incelendiginde, Al'un Mn veya Fe yerine ge¢gmesinin
“a” ve ‘“c” orgll parametrelerini azalttigi ancak, “d” araligim1 biiyiitiip, Na-O baglarin1 uzatarak
ozellikle Naog.s7MnosFeo47Alo0302 i¢in Na* difiizyonunu ve hiz kapasitesini artirdign goriilmiistiir
(Altin ve ark., 2020). Ayrica Al katkilamanin Mn3* ve Jahn—Teller distorsiyonunu azalttigi ve
katmanli yapinin stabilitesini artirarak dongii performansini yiikselttigi raporlanmistir (Wang ve ark.,
2018). Yapilan galismalarda dortlii sistemli katkilamanin ti¢lii katkilamadan daha kararli oldugu ve
cevrim sirasinda olusan gecis metali ¢oziinmesini Onleyerek pil performansini arttirdigi da
goriilmiistiir (Hwang ve ark., 2018; Mullaliu ve ark., 2020). Mevcut literatiir incelendiginde, Ni?* ve
APR*/Fe** katkilamanin zayif ve istenmeyen P2'-P2 faz gecisini bastirdig1 ve yapisal kararliligi
artirdigr goriilmektedir. Ancak yine de sarj sirasinda P2'-OP4 faz gecisinin gercgeklestigi
belirtilmektedir (Choi ve ark., 2019; Liu ve ark., 2020). P2-Nags7Nio.33Mnoe7O2 yiiksek enerji
yogunlugu, yiiksek calisma voltaj1 (3.8 V), yiiksek spesifik kapasite, kolay sentez ve iyi hava
stabilitesi nedeniyle pratik SIB uygulamalar1 i¢cin umut verici bir katot malzemesi olarak
degerlendirilmektedir (Zhang ve ark., 2019). Ancak yiiksek voltajda (Na*/Na karsisinda 4.2 V) P2—
02 faz gecisi, geri doniisii olmayan oksijen kaybr meydana gelmesi ile metal oksit tabakasinin
kaymasina ve ¢evrim sirasinda hizli kapasite bozulmasina neden olmasi gibi baz1 dezavantajlara
sahiptir (Wu ve ark., 2016; Feng ve ark., 2022). Yapilan yogun g¢alismalar sonucunda 6nemli
ilerlemeler kaydedilmesine ragmen Mn tabanli katot malzemelerin pil performanslari hala ideal
seviyede degildir. Performans: arttirmaya yonelik olarak gerceklestirilen birbirinden farkli birgok
caligmalardan rapor edilen olumlu sonuglara ragmen heniiz ticarilesme asamasina gecilememistir.

Bu caligmada, P2-Naos7Mnos-Feo.43Al00702 yapisinda Mn latis pozisyonlarina Ni katkilama
yapilarak tabakali yapilarin 6rgii bozulmalarina ¢6ziim sunulmasi ve performansin arttirilmasi
amaglanmustir. SIB’ler i¢in katot malzemesi olarak kullanilmak tizere Nao.67Mno s-xNixFeo.43Al0.0702
(x=0-0.5) kompozisyonunda tozlarin kati hal sentezi teknigi ile yiiksek sicakliklarda tiretimi
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gerceklestirilmigtir. Tozlarin yapisal 6zelliklerinin karakterizasyonu i¢in XRD, FTIR, Raman, SEM
ve BET analizleri yapilmistir. Elektrokimyasal analizler i¢in anot malzemesi olarak saf sodyum
metali kullanilarak CV, EIS ve kapasite 6l¢iimleri oda sicakliginda gergeklestirilerek pil hiicreleri
incelenmistir. Calisma kapsaminda elde edilen sonuglarin yakin gelecekte Li-iyon pillere alternatif
olarak Na-iyon pillerin ticarilesmesi ve yayginlasmasi siirecine olumlu katkilar yapmasi
beklenmektedir.

2. MATERYAL VE YONTEM

Calisma kapsaminda SIB hiicrelerinde kullanilacak Nag.s67Mno.s.xNixFeo.43Al0.0702 katot tozlari
x=0-0.5 olarak yiiksek saflikta Na2O2 (%99.9, Alfa Aesar), Mn203 (%99.9, Sigma Aldrich), Fe2O3
(%99.8, Alfa Aesar), Al.Oz (%99.9, Sigma Aldrich) ve NiO (%99 Alfa Aesar) baslangig¢ toz
bilesenleri kullanilarak iiretilmistir. Bu calismada Ni*? katkis1 ve oranlarmin secimi, literatiirde
bulunan Onceki arastirmalar 1s18inda gergeklestirilmistir (Zhao ve ark., 2021; Li ve ark., 2022).
Baslangic toz bilesenleri hassas terazi yardimiyla stokiyometrik regeteye gore tartilarak bir agat
havanda yaklasik 1 saat boyunca karistirilmistir. Sentezlenen tozlardan hidrolik pres yardimai ile 5 ton
altinda peletler olusturulduktan sonra 900°C'de 6 saat boyunca 1s1l islem uygulanmistir. Ardindan
yapisal karakterizasyonlar i¢in hazirlanan Grneklerin XRD, SEM ve BET Oolgiimleri
gerceklestirilmistir. Farkli kompozisyonlarda (x=0-0.5) Ni igerigine sahip numunelerde faz
olusumlari ve kristal yap1 incelemeleri X-1sinlar1 kirmimi (XRD) yéntemiyle CuKa (AKa=1.5405 A)
kullanilarak Bruker D 8 Advance model cihaz ile gergeklestirilmistir. Orneklerin FTIR spektrumlar,
Perkin Elmer Spectrum One spektrofotometre ile dl¢iilmiistiir. Mikroyap1 goriintiileri LEO 1430 VP
model SEM cihaz ile elde edilmistir. Uretilen tozlarm yiizey alanlari, Gemini VII 2390t model cihaz
kullanilarak Brunauer-Elmet-Teller (BET) teknigi ile arastirilmistir. Farkli kompozisyonlardan
secilen orneklerin Raman spektrumlari, 532 nm lazer kullanilarak Konfokal Raman Mikroskobu
(JASCO, NRS-4500 NMDS) ile elde edilmistir.

Elektrokimyasal olgtimler icin CR2032 diigme pil hiicreleri kullanildi. Hiicrelerin katotlarini
hazirlamak i¢in sirasiyla 70:15:15 agirlik oranlarinda aktif katot tozu, siiper karbon ve PVDF
karigtirtlarak N-methylpyrrolidone (NMP) i¢inde bir manyetik karistiricida bir gece boyunca
karistiritlmis ve bir doktor bicagi kullamilarak 100 pm kalinhiginda aliiminyum folyo {izerine
serilmistir. Ardindan vakumlu etiivde 110°C'de 24 saat boyunca kurutma yapilmis ve silindirik hadde
cihaziyla haddeleme islemi uygulanmistir. CR2032 pil hiicrelerine uygun 15 mm ¢apinda bir diskler
halinde kesildikten sonra yiiksek saflikta Ar gazi igeren koruyucu atmosfere alinmustir. Pil
hiicrelerinin birlestirme isleminde katot olarak hazirlanan Naos7Mnos.xNixFeo.43Alo.0702 (x=0-0.5)
diskleri, anot olarak saf sodyum metali, elektrolit olarak 1M NaClO4 (PC/EC=50/50) ve membran
olarak Whatman GF/B kullanilmistir. Redoks reaksiyonlarin belirlenmesi 1.5 V — 4.3 V araliginda
0.1 mVs™? tarama hiziyla Dongiisel Voltametri (CV) teknigi ile gerceklestirilmistir. CV dl¢iimleri
Ivium Octostat30 potansiyostat/galvanostat cihazinda oda sicaklifinda gerceklestirilmistir.
Galvanostatik sarj/desarj 6lgtimleri ise Neware BTS4000 ile, elektrokimyasal empedans spektroskopi
(EIS) caligsmalar1 ise 0.1 mHz'den 200 kHz'e kadar 10mV AC gerilim kullanilarak ZIVE SP1
potansiyostat/galvanostat ile yapilmistir.
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3. BULGULAR VE TARTISMA

3.1 Yapisal Ozellikler

Sentezlenen Nao.s7Mno.sxNixFeo43Aloo7O2 (Xx=0-0.5) Orneklerine ait oOrneklerin 10 kX
biiyiitmedeki SEM goriintiileri Sekil 1°de verilmistir. Mikroyap1 goriintiilerinde farkli Ni icerigine
sahip orneklerde benzer morfoloji ve boyutlarda tane olusumlar1 gézlemlenmistir. Ayrica tanelerin
tabakali yap1 olusumlarini isaret eden plakacik formunda oldugu dikkat cekmektedir. Yine tiim
orneklerde belirli oranda bir porozite goriilmekle beraber x=0.3 Ni iceren kompozisyonda gorece
daha yogun ve homojen yap1 olusumu goriilmektedir. Sonu¢ olarak SEM ile gergeklestirilen
mikroyap1 incelemeleri farkli oranlarda Ni katkisinin tane olusumuna boyut ve morfoloji olarak
belirgin bir etkisinin olmadigin1 ortaya koymaktadir. Mevcut literatiir incelendiginde P2 tipi katotlar
icin bu ¢aligmadaki sonuglara benzer tane olusumlariin gézlemlendigi goriilmektedir (Yabuuchi ve
ark., 2014; Ramasamy ve ark., 2017; Kanwade ve ark., 2022).

Mag= 10.00KX — =SE1 Mag= 10.00KX
EHT = 20,00 kV =W EHT = 20,00 kV

N </ — LA
[ Signal A = SE1 Mag= 10.00KX [N Signal A = SE1 Mag= 10.00 KX Mag= 10.00KX
PR W= 17mm EHT = 20,00 kV QYWD = 18mm EHT = 20.00 kV Al = EHT = 20.00 kV

Sekil 1. 900°C’de 6 saat 1s1l islem gormiis Nao.s7MnosxNixFeo.43Al0.0702 (X= 0-0,5) numunelerine ait 10000x bityiitmede
SEM goriintiileri

Katkisiz ve degisen oranlarda Ni katkisi igeren Orneklerden elde edilen XRD desenleri
indekslenerek Sekil 2’de verilmistir. XRD desenlerinde degisen Ni icerigine bagl olarak farkli pik
olusumlar1 ve/veya pik siddeti degisimleri gozlemlenmektedir. Bu durum farkli faz olusumlarini
isaret etmekle birlikte tiim kompozisyonlarda kristal yapinin P2-tipi ve P63/mmc simetrisi (No. 194)
ile uyumlu oldugu belirlenmistir (Yuan ve ark., 2014). Katki olarak kullanilan Ni iyonlarinin kristal
yapida ¢6ziindiigli ve Ni’in Mn iyon bolgelerine basarili bir sekilde yerlestigi ve olusmasi beklenen
fazin olugtugunu goriilmektedir. P63/mmc simetrisine sahip kristallerin 0,0,0 pozisyonunda iki farkli
Na iyon bolgesi bulundugu ve gecis metallerinin kristal 6rgii i¢inde 0,0,0 pozisyonuna yerlesmekte
oldugu, dolayisiyla bu calismada tiretilen kompozisyonlarda Ni iyonlarinin Mn iyonlar ile basarili
bir sekilde yer degistirdigi mevcut literatiir 1s181inda sdylenebilir (Wang ve ark, 2018).
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Sekil 2. 900°C’de 6 saat 1s1l islem gérmiis Nag 67MnosxNixFeo.43Alo0702 numunelerine ait XRD desenleri

Bu calismada, katki1 olarak seg¢ilen Ni iyonlarinin yap1 igerisinde Mn iyonlart ile yer degistirmesi
amaclanmustir. Kristal yapida bulunan mangan katyonlarmin Mn*3, Mn** gibi farkli degerliklerde
bulunabildigi ve atomik olarak Ni elementinin elektron konfigiirasyonunun [Ar] 3d® 4s? olarak
yazildig1 bilinmektedir. Ni*? iyonlar1, [Ar]3d? ile kararl1 bir yapiya sahip olsa da yap1 icinde Ni*? ve
Ni*®'iin varligina dair rapor edilen ¢alismalar bulunmaktadir. Bu durumda, Ni iyonlarini Ni*? ve Ni*3
olarak Mn*3® veya Mn** ile degerlik durumlar ve yari gaplara gére yer degistirmesi miimkiin
olabilir. Bu iyonlarm yarigaplar1 dikkate alindiginda, Ni*® ile Mn*® yer degisiminin kristal kafes
hacminde bir azalmaya neden oldugu ancak Ni*? ile Mn*® ve Mn** yer degisiminin kristal yapinin
hacminde tam tersine bir artisa neden oldugu goézlemlenmistir. Bu durum, Mn iyonlarinin degerlik
durumunun Ni*? ile yap1 iginde yer degistirmesiyle Mn*™ten Mn**e déniismesi ile aciklanabilir
(Wang ve ark., 2019; Kalyoncuoglu ve ark., 2024).

Sekil 3.a'da {tretilen katkisiz ve Ni katkili Naoe7MnosFeo43Alo0702 tozlarmin FTIR
spektrumlart verilmistir. Elde edilen FTIR bantlar1 yapida beklendigi gibi Fe-O, Mn-O, Na-O ve Ni-
O piklerinin bulundugunu ortaya koymustur. 481 cm™'de goriilen (P1) karakteristik Fe-O, Ni-O
baglari ile iliskilidir (Yuliantika ve ark., 2019). 541 cm™'deki ve 615 cm™deki bantlar (P2 ve P3),
Mn-O ve Mn-O-Mn Fe-O-Fe'den kaynaklanirken 868 ‘deki P4 Na-O kaynaklidir (Zheng ve ark.,
2013; Rahmawati ve ark., 2020). 1019 ve 1450 cm™'de gériilen P5 piklerinin, Ni-O ve 1450’deki
pikinin de Fe-O ve Ni-O'dan kaynaklanmakta oldugunu belirtmislerdir (Adekunle ve ark., 2014; Yuan
ve ark., 2009). Son olarak FTIR spektrumlarindaki 1559 cm 'deki bantlar, havadan gelen nemden
kaynaklanan su molekiilleri ile iliskilendirilmektedir (Adekunle ve ark., 2014).

Sekli 3.b‘de verilen 6rneklerde 5 farkli Raman kaymasi gézlemlenmistir. Literatiirde rapor
edilen ¢aligmalarda da benzer sonuglar gozlemlemis olup 200 cm™ ile 700 cm™ arasindaki Raman
kaymalariin P2-tipi yapilarin Alg, Elg ve E2g modlar ile agiklanabilecegi ifade edilmistir (Zhao
ve ark., 2014). 1094 cm "'deki pikin de yapidaki Na,COs'e ait oldugu belirtilmektedir (You ve ark.,
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Sekil 3. 900°C’de 6 saat 151l islem gormiis Nage7Mnos«xNixFega3Aloo7O2 numunelerine ait a) FTIR spektrumlari, b)
RAMAN spektrumlari, ¢) Azot adsorpsiyon-desorpsiyon izotermal egrileri, d) BJH gbzenek boyutu dagilim egrileri

Cizelge 1. 900°C’de 6 saat 1s1l iglem gormiis Nags7Mno s.xNixFeo.43Al0.0702 tozlarina ait yiizey alanlari

Katki orani NaMnNiFeAlO:Yiizey Alani (m?/g)
x=0.0 0.4216
x=0.1 1.1536
x=0.2 1.7543
x=0.3 1.8020
x=0.4 1.6480
x=0.5 1.2950

2018). MnOx Raman spektrumu genellikle 450-550 cm™ ve 550—750 cm™! arasinda iki farkli belirgin
marker moduyla karakterize edilebilmektedir (Xia ve ark., 2013).

900 °C'de 1s1l islem gormiis 6rneklerin yiizey ve gozenek boyutu analizleri azot adsorpsiyon-
desorpsiyon teknigi ile gerceklestirilmis olup Sekil 3.c ve 3.d'de izotermal egrileri ve Barrett-Joyner-
Halenda (BJH) gbzenek boyutu dagilimi egrileri gosterilmektedir. Belirgin bir histerezis dongiisii
olmayan azot adsorpsiyon-desorpsiyon izotermal egrileri, oOrneklerin gozeneksiz dogasini
gostermektedir. BJH gbzenek boyutu dagilim egrilerinden hesaplanan gézenek hacmi ihmal edilebilir
diizeydedir. Naos7MnosxNixFeo43Alo0702 tozlarma ait BET yontemine dayali izoterm tabanli
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hesaplanan 6zgiil yiizey alanlar1 Cizelge 1°de verilmistir. Sonuglar irdelendiginde azot adsorpsiyon-
desorpsiyon izotermal egrileri, BJH gbozenek boyutu dagilim egrileri ve BET 6zgiil ylizey alam
degerlerinin Ni katkilama ile 6nemli dl¢iide arttig1 ve 6zellikle x=0.3 ve 0.4 oranlarinda en yiiksek
degerlere ulasildigi sdylenebilir.

3.2 Elektrokimyasal Olciimler

Elektrokimyasal 6zellikleri test etmek i¢in CR2032 diigme pil hiicreleri ile 6rnek elektrotlarin
sodyum metale kars1 galvanostatik sarj/desarj 6l¢timleri gergeklestirildi. C/3 akim hizinda 100 ¢evrim
gerceklestirilen Olglimlerin voltaj-kapasite grafikleri Sekil 4’te verilmistir. Desarj kapasiteleri ve
kapasite kayb1 degerleri Cizelge 2’de, kapasite egrileri ise Sekil 5.a’da verilmektedir. Ni katkisiz
ornek, 172 mAh/g ile en yliksek baslangic desarj kapasitesini gostermistir ancak 100 dongii
sonrasinda sadece %54'liik bir kapasite tutma orani ile bu degerin 92 mAh/g'a diistiigii
gdzlemlenmistir. Ote yandan Ni katkilamanin kapasite degerlerinde ciddi diismelere yol agtig1 ancak
kapasite tutma performansinin x=0.3 katk1 oranina kadar ¢ok biiyiik dl¢iide diislis gostermedigi tespit
edilmistir. En 1y1 kapasite tutma oran1 yaklasik %57 degeri ile x=0.2 katki oraninda elde edilmistir.
Kapasite kayip oranlarini gosteren grafik Sekli 5.b’de verilmistir. C/20 akim hizinda 50 ¢evrim
gercgeklestirilen galvanostatik sarj/desarj 6l¢lim grafigi de Sekil 5.c’de goriilmektedir. Bu kosullarda
Ol¢iilen en yliksek desarj kapasitesi yine 203 mAh/g baslangi¢ ve 50 ¢evrim sonrasinda 131 mAh/g
ve %64 kapasite tutma orani ile katkisiz 6rnege aittir. Artan Ni igeriginin hiicre kapasitesinde
sistematik olarak azalmaya neden oldugu da belirgin olarak goriilmiistiir. Benzer caligsmalar
incelendiginde, farkli oranlara sahip yapilarda da belirli oranlarin iizerinde katki elementinin artigi
tersinir olmayan faz gecisleri sergileyerek yapisal kararsizliga ve bununda kapasite kayiplarina neden
oldugu goriilmiistiir (Wang ve ark., 2016; Luo ve ark., 2017, Liang ve ark., 2024).
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Sekil 4. C/3 akim hizlarinda 100 ¢evrim gergeklestirilen x= 0—0.5 araliginda Nag 67Mno 5.xNixF€o.43Al.0702 6rneklerine ait
galvanostatik desarj grafikleri
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Sekil 5. Naos7MnosxNixFep.a3Alo o702 (X= 0-0.5) numunelerine ait a) C/3 akim hizinda galvanostatik desarj gevirim
sayisina bagli kapasite, b) Ni orani ile kapasite kaybu iligkisi, ¢) C/20 akim hizinda galvanostatik desarj ¢evirim sayisina
bagli kapasite, d) farkli akim hizlarinda desarj ¢evirim sayisina bagh kapasite, e) 1.5-4.3 V araliginda akim-voltaj (CV)
ve f) EIS egrileri
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Cizelge 2. 900°C’de 6 saat 1s1l islem gérmiis Nage7MngsxNixF€.43Alo.0702 (X= 0-0.5) Ni katkili numunelere ait C/3’de
farkli ¢evrim sayilarinda dl¢lilen mAh/g olarak kapasite degerleri ve 100 ¢cevrim sonunda kapasite kayip/tutma oranlari

x=0.0 172 149 125 119 102 92 54
x=0.1 156 124 105 92 88 86 55
x=0.2 131 110 91 86 82 74 57
x=0.3 109 87 75 69 65 59 54
x=0.4 76 51 54 40 37 35 46
x=0.5 4 3 2 2 2 2 50

Sekil 5.d’de 5 g¢evrim olarak gercgeklestirilen 6rneklere ait C/10, C/5, C/3, C ve 2C akim
hizlarina ait farkli akim hizlarinda desarj ¢evirim sayisina bagl kapasite degisimleri goriilmektedir.
Artan Ni iceriginin hiicre kapasitesinde azalmaya neden oldugu goriilmektedir. Ni katkisiz 6rnegin
farkli akim oranlarn igin yiiksek kapasite degerlerini gosterdigi gozlemlenmistir. Bu durum
Nao.s7MnosFeo43Alo0702 katoduna 0.1-0.5 oranlarinda Ni katkilamanin katman ic¢ine Na
yerlestirme/¢ikarma mekanizmasini olumsuz etkiledigini gostermektedir. 0.1<x gibi yiiksek
oranlarda Ni katkilamanin sonucu olarak farkli C hizlarinda da diistik kapasiteler elde edilmistir.
Yiiksek akim yogunluklarina ¢ikildiginda belirli oranda tersinir kapasitenin korundugu goriilmiistiir.
Meydana gelen kapasite kayiplart Mn®" kaynakli Jahn-Teller distorsiyonu ve biiyiik Na iyonlarimnin
interkalasyon/deinterkalasyon nedeniyle meydana gelen hacim degisikliklerinden kaynakli oldugu
diistiniilmektedir (Li ve ark., 2017).

Omeklerin CV (Déngiisel Volltametri) dlgiimleri 0.1 mV/s taramada hizinda ve 1.5-4.3V
araliginda Ivium marka Octostat30 potansiyostat-galvanostat cihazinda gerceklestirilmigtir.
Omneklerin genis bir elektrokimyasal pencereyi destekledigi goriilmiistir. Hem Ni hem de Fe
elektrokimyasal olarak aktif oldugu ve sarj voltaj araliginda (4.0-4.3V) mevcut oldugu yapilan benzer
calismalarla da benzerlik gosterdigi goriilmustiir (Xie ve ark., 2016; Jeong ve ark., 2019). Sekil 5.¢’de
goriildiigii iizere en yiiksek redoks pikleri katkisiz érnege aittir. Mn**Mn** piki olan ilk pik yaklasik
2.5V, ikinci pik Fe**'Fe** redoks piki yaklasik 4.2 V dolaylarinda 6rneklere ait CV grafiklerinde
goriildiigi tizere 0.2 ve sonrasinda Mn yerine konulan Ni’in pik siddetlerini degistirdigi ve yapida
bozulmalarin oldugu goriilmektedir. 3.5 V civarinda goriilen bu bozulmalarin hiicrelerdeki John
Teller distorsiyon (JTD) etkileri ile iliskili oldugu bilinmektedir (Zhang ve ark., 2021). Ni katki
oraninin arttirilmasmin Na girig-¢ikisinin olumsuz etkiledigi, bunun da kapasitelere yansidigi
galvanostatik sarj-desarj sonuclartyla desteklenmistir.

Ornek elektrotlarmin Nyquist grafiklerindeki EIS (Elektrokimyasal impedans Spektroskopisi)
Sekil 5.f'de gosterilmistir. Orneklerin yiiksek frekansta bir yar1 gemberle ile birlesen dogrusal bir ¢izgi
gosterdigi goriilmektedir. Tipik olarak, yar1 ¢ember bolgesi elektrot/elektrolit arayiiziindeki sarj
tasima direncini temsil etmektedir (Choi ve ark., 2020). Orneklerden x=0.2 elektrodunun, en kiiciik
yar1 ¢apli yar1 gemberi gostererek en kiigiik sarj tasima direncine sahip oldugu belirlenmistir. Yap1
icerisinde farkli faz/faz gegislerinin meydana gelmesi Nyquist egrilerinin olusumuyla bilinmektedir
(Chaali ve ark., 2023). Bu ¢alismada elde edilen bulgular yap1 icerisinde faz gegislerinin oldugunu
destekler niteliktedir.
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4. SONUC

Bu ¢alismada, dogadaki lityum kaynaklariin smirli olmas ile birlikte artan enerji talebi ve
maliyet nedeniyle Li-iyon pillere (LIB) alternatif olarak son yillarda yeni nesil sarj edilebilir piller
olarak iizerine yogun arastirmalarin yiiriitilmekte oldugu Na iyon piller (SIB) i¢in en umut vaat eden
katot malzemesi olarak One ¢ikan tabakali sodyum manganez oksitleri arasinda P2 faz yapili
Nao.67Mno.sxNixFeo.43Al0.0702 (x=0-0.5) elektrotlar, yiiksek sicakliklarda hizli sogutma ile kati hal
reaksiyon yontemi kullanilarak basariyla sentezlenmistir. Calisma kapsaminda elde edilen baslica
sonuclar sdyle 6zetlenebilir:

¢ XRD analizleri, tiim 6rneklerin P2 tipi bir kristal yap1 sergiledigini ortaya koymaktadir.

e FTIR ve Raman 6l¢timleri, XRD sonuglari ile uyumludur ve Ni, Fe ve Mn iyonlarinin ¢oklu
degerlik durumlarinin varligini kanitlamaktadir.

¢ BET o6lciimleri de x=0.2 kompozisyonunun 1.7543 m?/g degeriyle katkisiza (0.4216 m?/g)
oranla yaklasik dort kat1 daha fazla spesifik ylizey alanina sahip oldugunu gostermistir.

e Elektrokimyasal 6zellikler kapsaminda en iyi kapasite tutma orani yaklasik %57 degeri ile
x=0.2 Ni katk1 oraninda elde edilmistir.

e Orneklerden x=0.2 elektrodunun, en kiiciik yar1 ¢apl1 yar1 gemberi gostererek en kiigiik sarj
tasima direncine sahip oldugu belirlenmistir.

¢ CV profillerinde Mn/Ni ve Fe iyonlarindan kaynaklanan iki belirgin redoks piki tespit
edilmisgtir.

e CV olglimleri Ni katki oraninin x=0.2 ve sonrasinda piki siddetlerinde belirgin olarak
degisime akim-voltaj karakteristiklerinde bozulmalarin oldugunu ortaya koymustur. Goriilen bu
bozulmalarin hiicrelerdeki John Teller distorsiyon (JTD) etkileri ile iligkili oldugu literatiirde rapor
edilmistir.

e Nao 67Mnos-xNixFeo43Alo 0702 igin x=0 ile 0.5 araliginda Ni katkilamanin Na iyonlarmimn
interkalasyon/deinterkalasyon siirecinde kisitlamalara yol agtig1 goriilmiistiir.

eNa iyonunun stokiyometrisi degisen Ni-katkili 6rneklerde difiizyon davranisinin yapi ve
elektrokimyasal 6zellikleri arasindaki korelasyonlara iliskin ipuglarinin elde edilmis oldugu goriilen
bu calismanin bulgulari, Na-iyon piller i¢in yeni katot malzemesi gelistirilmesi ¢alismalarina 11k
tutucu niteliktedir. Gelecek c¢alismalar kapsaminda katkisiz ve Ni katkili numunelerde iyonik
iletkenlik Olctimlerinin sonuglar1 bu c¢alismada elde edilen bulgularin teyidi agisindan degerli
olacaktir.
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